
© 2015 Heeg. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

Pharmacogenomics and Personalized Medicine 2015:8 171–180

Pharmacogenomics and Personalized Medicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
171

R e v i e w

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/PGPM.S52808

Variations in telomere maintenance and the role 
of telomerase inhibition in gastrointestinal cancer

Steffen Heeg
Department of Medicine II, 
Gastroenterology, Hepatology, 
Endocrinology, and Infectious 
Diseases, Medical Center – University 
of Freiburg, Freiburg, Germany

Correspondence: Steffen Heeg 
Department of Medicine II, 
Gastroenterology, Hepatology, 
Endocrinology, and Infectious Diseases, 
Medical Center – University of Freiburg, 
Hugstetter Strasse 55, 79106 Freiburg, 
Germany 
Tel +49 761 270 33290 
Email steffen.heeg@uniklinik-freiburg.de

Abstract: Immortalization is an important step toward the malignant transformation of human 

cells and is critically dependent upon telomere maintenance. There are two known mechanisms 

to maintain human telomeres. The process of telomere maintenance is either mediated through 

activation of the enzyme telomerase or through an alternative mechanism of telomere lengthen-

ing called ALT. While 85% of all human tumors show reactivation of telomerase, the remaining 

15% are able to maintain telomeres via ALT. The therapeutic potential of telomerase inhibitors 

is currently investigated in a variety of human cancers. Gastrointestinal tumors are highly depen-

dent on telomerase as a mechanism of telomere maintenance, rendering telomeres as well as 

telomerase potential targets for cancer therapy. This article focuses on the molecular mechanisms 

of telomere biology and telomerase activation in gastrointestinal cancers and reviews strategies 

of telomerase inhibition and their potential therapeutic use in these tumor entities.

Keywords: telomere based therapy, gastrointestinal cancer, telomere maintenance, telomerase 

inhibition

Introduction
Circumvention of telomere-based senescence via activation of telomere maintenance 

mechanisms has been defined as a hallmark of cancer. During the last decade, our under-

standing of telomere biology and mechanisms of telomere maintenance in normal tissue 

and cancer development has improved significantly and fostered the development of telom-

ere and telomerase-based therapeutic strategies. In this article, the genetic and molecular 

underpinnings of telomere maintenance in gastrointestinal cancer and their therapeutic 

implications are reviewed. As epithelial tumors, gastrointestinal cancers predominantly 

utilize telomerase to maintain telomeres. However, the molecular mechanisms that induce 

activation of telomerase differ remarkably among cancers of the gastrointestinal tract 

including transcriptional and posttranscriptional mechanisms as well as receptor tyrosine 

kinase signaling. Current telomerase-based therapies do either target telomerase directly to 

inhibit its enzyme function or use telomerase as an antigen to elicit antitumor immunity. 

Preclinical and early clinical trials have revealed promising results in gastrointestinal 

cancers and might provide novel therapeutic options in the future.

Telomere biology and mechanisms of telomere maintenance
Telomere biology
The current understanding that chromosome ends are important for the maintenance 

of chromosomal stability originated almost 80 years ago with two independent publi-

cations by McClintock and Muller.1,2 In the 1980s, it was demonstrated that the DNA 
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sequences at the end of chromosomes consisted of DNA 

repeats comprising TTAGGG in humans.3,4 These terminal 

DNA sequences were named telomeres, and later experi-

ments in yeast showed that artificial chromosomes could be 

stabilized by the addition of these telomere repeats, indicat-

ing their crucial role in the maintenance of chromosomal 

stability. To exert this function, one of two higher-order 

structures named T-loop and G-quadruplex, respectively, is 

formed by a 150–250 nucleotide long single-stranded G-rich 

3′ overhang.5,6 The T-loop structure is stabilized by a complex 

of six specialized proteins known as shelterins that cap the 

telomeres and protect the single-stranded overhangs from 

DNA-damage repair and end-to-end fusions7 (Figure 1A).

The G-quadruplex is formed by stacked guanosine quartets 

incorporating a 16-nucleotide d(GGGTTAGGGTTAGGGT) 

and a 6-nucleotide d(TAGGGT) sequence of telomeric 

3′ overhang, folded via hydrogen bonding (Figure 1A). 

G-quadruplexes protect the telomeric DNA from being 

accessed by telomerase, regulating its catalytic activity.8 

Moreover, recent data indicate that G-quadruplexes can 

protect telomeres from DNA-damage signaling.9 In normal 

cells, telomeres shorten by 50–150 bp with each cell division. 

After 60–80 cell divisions, telomeres normally reach a critical 

length that impairs their protective function, leading to the 

activation of DNA-damage responses very similar to those 

induced by DNA double-strand breaks.10 The induction of 

DNA-damage responses results in cellular growth arrest 

called “replicative senescence”.11 Thus, the stepwise loss 

of telomeric DNA with aging restricts the life span of each 

individual cell and serves as an essential mechanism of tis-

sue homeostasis. Moreover, replicative senescence forms 

an important barrier against tumorigenesis that can only be 

overcome when cells acquire the ability to maintain their 

telomeres in the process of malignant transformation.

Mechanisms of telomere maintenance
The observation of immortal tumor cells with an unrestricted 

capacity of cell divisions implies the ability to stabilize telom-

ere length.12 In 85% of all human tumors, this process is medi-

ated by the enzyme telomerase,13,14 a reverse transcriptase, 

which contains the catalytic subunit human telomerase 

reverse transcriptase (hTERT)15 and its own intrinsic RNA 

moiety human telomerase RNA (hTER), which serves as a 

template for the synthesis of telomeric DNA16 (Figure 1B). 

The remaining 15% of telomerase-negative tumors are able 

to maintain their telomere length by one or more mechanisms 
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Figure 1 Telomeres and telomerase as therapeutic targets.
Notes: (A) Telomeres display a single-stranded G-rich 3′ overhang that is bound by telomeric proteins and forms higher-order structures of telomerase such as T-loop 
and G-quadruplex that are required for proper telomere maintenance and protection of chromosomal integrity. In addition, a D-loop structure can be observed serving 
as the primer for telomerase during elongation of telomeres. Six telomere-associated proteins form the shelterin complex that serves as a telomere cap and is involved in 
the regulation of telomere length. In this context, TRF1 serves as a negative regulator of telomeres that prevents telomerase from telomere access. Therapeutic strategies 
targeting telomere structures are depicted at their respective site of action. (B) Telomerase comprises the catalytic subunit hTERT and the intrinsic RNA moiety hTER, 
which serves as a template for the synthesis of telomeric DNA. Telomerase inhibition can be either achieved by blocking of the active site of the enzyme (BIBR1532) or by 
targeting the RNA template of the enzyme with an antisense oligonucleotide (GRN163L).
Abbreviations: hTER, human telomerase RNA; hTERT, human telomerase reverse transcriptase; PARP, poly (ADP-ribose) polymerase.
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referred to as alternative lengthening of telomeres (ALT).17 

While the vast majority of carcinomas expresses telomerase, 

ALT is frequently found in sarcomas and other tumors 

arising from tissues of mesenchymal origin.14,18 Activity of 

telomerase and ALT are not mutually exclusive and it has 

been demonstrated that telomerase and ALT can coexist in 

human tumors.19,20

Regulation of telomerase activity
Transcriptional regulation of hTERT expression
The major mechanism to regulate telomerase activity in 

human cells is the transcriptional control of the catalytic 

subunit hTERT. Analytical studies of the hTERT promoter 

have identified several transcription factors that directly 

bind to the hTERT promoter, resulting in the activation of 

hTERT transcription. Sp1 is a zinc finger transcription factor 

that binds to five GC-boxes on the hTERT promoter most 

likely in cooperation with the oncogenic transcription factor 

c-Myc.21,22 Cellular signaling and regulatory pathways with 

transcriptional factors as downstream effectors are involved 

in the transcriptional regulation of hTERT. In this context, 

phosphatidylinositol-4,5-bisphosphate 3-kinase/AKT (PI3K/

AKT) and mitogen-activated protein kinase signaling induces 

hTERT expression via phosphorylation of the transcriptional 

repressor Mad1, resulting in its ubiquitinylation and degrada-

tion.23,24 Moreover, the receptors of the ErbB family can act as 

oncoproteins and activate hTERT expression through PI3K/

AKT signaling in breast and esophageal cancer as demon-

strated by our group and others.25,26 Besides activating factors, 

a number of negative regulatory factors have been identified. In 

this context, the downstream E-box located in close proximity 

to the transcriptional start site was found to mediate the repres-

sion of hTERT transcription by Mad1 and USF1.27

CPG-sites as potential targets of methylation can be 

frequently found within the hTERT promoter, suggest-

ing an epigenetic mechanism in the regulation of hTERT 

expression. However, a clear correlation between promoter 

methylation and transcriptional activation of hTERT could 

not be established. While several groups have demonstrated 

that promoter methylation is associated with lower hTERT 

expression reflecting the well-described mechanism of 

gene silencing through hypermethylation of promoter 

regions,28–31 others have shown that hypermethylation of the 

hTERT promoter region leads to increased hTERT expres-

sion, whereas demethylation of this region inhibits hTERT 

transcription.32,33 This discrepancy might at least in part 

result from the different cell lines and methylation-specific 

methods that have been used in various studies.31 Moreover, 

the local distribution of methylation events across the hTERT 

promoter seems to be critical for the regulation of hTERT 

expression. In a study by Zinn et al,34 the hTERT promoter 

was analyzed in telomerase-positive breast, lung, and colon 

cancer cell lines, which displayed little or no methylation 

within an area close to the transcriptional start site of hTERT 

despite abundant methylation within promoter regions 

further upstream, indicating that demethylation of the core 

promoter might be required for the transcriptional activation 

of hTERT in tumor cells. In contrast, observations in normal 

tumor cells and tissues without hTERT expression revealed 

un- or hypomethylated promoters indicating that promoter 

methylation is not required for developmental silencing of 

hTERT.35 To date, the available data are contradictory, sug-

gesting that changes in the methylation status of the hTERT 

promoter may not represent a major mechanism regulating 

hTERT expression.

Posttranslational modifications
Posttranslational regulation of telomerase activity can occur 

via reversible phosphorylation of hTERT at specific serine/

threonine or tyrosine residues.36,37 For example, besides its 

role in the transcriptional regulation of hTERT expression, 

AKT can also directly phosphorylate hTERT leading to 

increased telomerase activity.26,37 Moreover, studies in head 

and neck as well as in breast cancer cells have demonstrated 

that telomerase activation can be induced by protein kinase 

C-dependent phosphorylation of hTERT leading to increased 

stability of the telomerase holoenzyme.38,39 While phosphory-

lation of hTERT by AKT and protein kinase C is associated 

with increased telomerase activity, phosphorylation by the 

c-ABL kinase at specific tyrosine residues has been reported 

to decrease telomerase activity and telomere length.40

Nuclear transport, telomerase complex assembly, 
and telomere binding
According to Tomlinson et al,41 the two essential components 

of telomerase hTER and hTERT accumulate at distinct intra-

nuclear sites separate from telomeres throughout most of the 

cell cycle. During S-phase, both components are specifically 

recruited to subsets of telomeres. The assembly of the telom-

erase complex involves multiple additional proteins that are 

crucial for maturation of the holoenzyme and its binding 

to telomeres. Heat shock protein 90 and p23 are molecular 

chaperones required for the assembly, maturation, and acti-

vation of the telomerase complex. Blocking the adenosine 

triphosphate-dependent binding of heat shock protein 90 

to p23 disrupts the formation of the chaperone complex 
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resulting in telomerase inhibition.42 Moreover, interaction of 

telomerase with the telomere-binding proteins of the shelterin 

complex seems to be critical for the regulation of telomerase 

activity. TRF1 is a telomeric DNA-binding protein that serves 

as a negative regulator of telomere length by blocking access 

of telomerase to telomeres. Consequently, removal of TRF1 

from telomeres allows telomerase to access and results in 

telomerase activity and elongation of telomeres.8

ALT – characteristics and regulation
The one common feature of all potential ALT subtypes is the 

maintenance of telomeres in the absence of telomerase. The 

initial characteristics described in ALT cells were heteroge-

neous telomere length within a single cell and the presence 

of ALT-associated promyelocytic leukemia bodies.43–45 For 

a subgroup of ALT, more recent data suggest that telomere 

maintenance is based upon recombination,46,47 which seems 

to be associated with proteins involved in common reciprocal 

recombination.48,49 Moreover, ALT cells contain both linear and 

circular extrachromosomal telomeric repeats representing telo-

meric templates for recombination.50 Interestingly, the presence 

of one of the two known telomere maintenance mechanisms 

varies with specific tumor type. While the majority of epithelial 

tumors display telomerase activity, cancers of mesenchymal 

origin such as osteosarcoma or astrocytoma more frequently 

activate ALT to maintain their telomeres.18,51 The molecular 

mechanisms involved in the regulation of ALT are not fully 

understood. However, mutations in genes that physiologi-

cally repress DNA recombination such as p53, ATRX, DAXX, 

and H3F3A seem to facilitate recombination-based telomere 

maintenance.52 Mutations permissive for ALT include those 

that are involved in telomerase regulation, and our group and 

others have recently demonstrated that ALT can be activated 

by inhibition of telomerase and ALT cells that actively repress 

telomerase expression.26,53 Moreover, data from human sarcoma 

indicate that tumors can be mosaic for cells using either telom-

erase activity or ALT as mechanisms of telomere maintenance.54 

These findings suggest that telomerase activity and ALT are not 

mutually exclusive and can be present in the same tumor and 

possibly even in the same cell, which might have important 

implications for telomere-based cancer therapies.

Regulation of telomere biology and 
maintenance in gastrointestinal tumors
Esophageal cancer
Esophageal cancer presents in two distinct histologic sub-

types, namely esophageal squamous cell cancer (ESCC) and 

esophageal adenocarcinoma (EAC). ESCC typically arises 

from the squamous epithelium in the upper two-thirds of the 

esophagus with alcohol and tobacco as major risk factors. 

EAC are frequently located in the lower third of the esopha-

gus and arise from mucus secreting glandular tissues that are 

reminiscent of an intestinal epithelium and often form after 

long-term exposure to acid and bile reflux.

Carcinoma in situ of ESCC exhibits telomeres shorter than 

those in the surrounding normal epithelium, indicating that 

telomere attrition occurs early in the process of esophageal 

carcinogenesis55 and is associated with chromosomal instability.56 

Telomerase is activated in the majority of ESCC during cancer 

progression leading to stabilization of telomere lengths. The 

molecular mechanisms involved in the activation of telomerase in 

ESCC development are not fully understood. Quante et al57 have 

demonstrated that genetic alterations frequently found in early 

esophageal carcinogenesis such as overexpression of cyclin D1 

or inactivation of p53 can independently induce transcriptional 

activation of hTERT through transcriptional activators that are 

specific for the respective genetic alteration.57 These data indicate 

that activation of telomerase might occur relatively early in the 

process of cancer progression and is at least in part regulated on 

a transcriptional level. Activating mutations within the hTERT 

promoter have been described in different types of cancer, but 

their frequency in both types of esophageal cancer is extremely 

low.58,59 The epidermal growth factor receptor (EGFR)-signaling 

pathway is frequently activated in ESCC and has been linked 

to telomerase activation through both transcriptional and post-

translational regulation of hTERT. In this context, EGFR induces 

hTERT transcription through the transcription factor hypoxia-

inducible factor 1α as well as phosphorylation and activation of 

hTERT via the PI3K/AKT-signaling pathway.26

Chromosomal instability is a hallmark of Barrett’s 

esophagus, an intestinal metaplasia in the esophagus that 

forms the precursor lesions of EAC, and is induced by telom-

ere shortening.60 Similar to ESCC, telomerase activity can 

be frequently detected in EAC and hTERT expression has 

been found to be gradually increasing during the Barrett’s 

metaplasia–dysplasia–adenocarcinoma sequence.61,62

HER2, a member of the EGFR family, is overexpressed 

in approximately 20% of EAC and is successfully used as 

a therapeutic target by the antibody trastuzumab. HER2 is 

involved in telomerase activation in breast cancer63 and could 

play a similar role in the HER2-positive subset of EAC.

Gastric cancer
The risk for the development of gastric cancer is increased 

in people with shorter telomeres in peripheral blood 

lymphocytes. Telomere length in peripheral leukocyte DNA 
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reflects cumulative oxidative stress and is associated with 

Helicobacter pylori positivity, cigarette smoking, and dietary 

fruit intake.64 A portion of gastric cancers (10%–25%) is char-

acterized by defects in the DNA mismatch repair, resulting in 

genomic instability characterized by microsatellite instability.  

These gastric cancers seem to preferentially utilize ALT to 

maintain telomere length, while tumors with proficient mis-

match repair show telomerase activity.65 The mechanisms by 

which telomerase is activated in gastric cancer remain elusive. 

Sequencing of the hTERT-promoter in a cohort of almost 800 

patients revealed the absence of activating mutations in gas-

tric cancer.66 Similar to esophageal cancer, EGFR-signaling 

via AKT has been linked to telomerase activation in gastric 

cancer. AKT activation by epidermal growth factor increased 

hTERT expression and telomerase activity in gastric cancer 

cells, while AKT inhibition had the opposite effect. Concur-

rently, in gastric cancer tissues, significant correlations were 

found among the levels of phosphorylated AKT, hTERT 

expression, and telomere length.67

Colorectal cancer
Like in other tumors, telomere shortening in colorectal cancer 

(CRC) occurs with cell proliferation in preneoplastic lesions 

and leads to chromosomal instability. Telomerase is activated 

during the progression of preneoplastic lesions as hTERT levels 

and telomerase activity increase with the adenoma–carcinoma 

sequence and are highest in carcinoma.68,69 Telomere lengths 

may then be stabilized with increasing telomerase activity dur-

ing tumor progression.70 Both telomere length and telomerase 

have been extensively studied in CRC.

Several groups have investigated the prognostic 

value of telomere length correlating telomere length with 

disease progression in CRC, but the results of these stud-

ies are inconsistent. Gertler et al observed a correlation of 

telomere length with disease progression and more advanced 

tumor stage in a cohort of 57 patients.71 However, these find-

ings could be confirmed in other cohorts.70,72

While the prognostic value of telomere length in CRC is 

still debated, it has been recently reported that telomere length 

might have the potential to serve as a predictive biomarker of 

sensitivity to anti-EGFR therapy in metastatic CRC. In their 

study, Bertorelle et al73 demonstrated that among patients with 

KRAS wild-type tumors treated with anti-EGFR therapy, 

those with longer telomeres had a superior progression-free 

survival than those with shorter ones (24.9 vs 11.1 weeks; 

hazard ratio: 0.31; P=0.048).73 Several studies have revealed 

that hTERT expression correlates with tumor progression and 

significantly higher levels of hTERT have been observed in 

poorly differentiated and higher stage tumors.72 The prognos-

tic value of hTERT expression in CRC has been evaluated in a 

cohort of 137 patients. Bertorelle et al were able to show that 

patients with high levels of hTERT messenger RNA (mRNA) 

in their tumor cells had a significantly higher risk of death 

during the observation period of 70 months.73 Importantly, 

high hTERT levels inversely correlated with the disease-free 

survival as well as overall survival of patients with stage II 

tumors, indicating that telomerase might be a useful predic-

tive tool to identify CRC patients with a stage II tumor that 

may benefit from adjuvant chemotherapy.

Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) typically develops in the 

setting of chronic liver inflammation leading to fibrosis and 

eventually cirrhosis caused by virus hepatitis, alcohol, non-

alcoholic fatty liver disease, and other environmental factors. 

Patients with chronic hepatitis B infection may even develop 

HCC in the absence of cirrhosis. Telomere length progres-

sively shortens during carcinogenesis from cirrhotic to low-

and high-grade dysplastic nodules and HCC.65 Telomerase 

activity can be detected in most HCC, and several groups 

have demonstrated telomerase activation already in precan-

cerous hepatic lesions.74 Oh et al75 have observed shortening 

of telomeres and activation of telomerase in precancerous 

dysplastic nodules with a significant induction of hTERT 

expression in the transition from low-grade dysplastic nod-

ules to high-grade dysplasia. Activating mutations within 

the hTERT promoter are among the most frequent genetic 

alterations in HCC and can be found in approximately 60% of 

these tumors. Consistent with increasing telomerase activity 

during hepatocellular carcinogenesis, their frequency rapidly 

increases during the different steps of the transformation 

from premalignant lesions into HCC.76 Moreover, recent data 

indicate that somatic hTERT promoter mutations might serve 

as a biomarker to predict transformation of premalignant 

lesions into HCC.77 hTERT mRNA can be detected in serum 

and has been investigated as a diagnostic marker for HCC. 

In cohort of 300 patients with HCC, serum levels of hTERT 

mRNA independently correlated with tumor size and tumor 

differentiation and proved to be superior to α-fetoprotein in 

the diagnosis of HCC. Moreover, the detection rate of small 

HCC was superior to α-fetoprotein warranting further evalu-

ation of hTERT as a serum marker for HCC.78

Pancreatic cancer
Pancreatic ductal adenocarcinoma (PDAC) arises from 

normal pancreatic ductal cells through premalignant lesions 
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called pancreatic intraepithelial neoplasms (PanIN). PanIN 

are categorized into three grades according to their histo-

pathologic features (PanIN1–3). Telomeres are shorter in 

PanIN than in normal pancreatic ductal cells, but do not vary 

significantly between PanIN1–3. The shortest telomeres can 

be found in PDAC.65 Telomerase activity can be detected in 

more than 80% of PDAC.79 Similar to other gastrointestinal 

cancers, promoter mutations are absent in pancreatic cancer 

and the molecular mechanisms that lead to activation of 

telomerase in PDAC are largely unknown.80 Activating KRAS 

mutations are the main driver of tumor progression in more 

than 90% of PDAC. Downstream effectors of RAS such as 

MEK and Ets-transcription factors have been identified as 

activators of hTERT expression in other tumors and might 

also play a pivotal role in telomerase regulation in PDAC.

Telomerase as therapeutic target in gastrointestinal 
cancer
Inhibition of telomerase can be mediated either through 

direct targeting of its catalytic subunit hTERT or its RNA 

template TER inducing telomere shortening and inhibition 

of cell proliferation. Indirect targeting aims to block telom-

erase access to telomeres or binds proteins that are involved 

in the assembly of the telomerase complex at the telomere. 

Furthermore, telomerase has been utilized as an antigen for 

the development of immunotherapies that induces CD8+ 

cytotoxic T lymphocytes directed against hTERT leading to 

inhibition of the enzyme function.8,81 The efficacy of thera-

peutic agents targeting telomerase function in gastrointestinal 

cancer either by inhibition (GRN163L) or induction of anti-

tumor immunity (GV1001) has been investigated in several 

preclinical and clinical trials over the last decade.

GRN163L (Imetelstat, Geron Corporation, Menlo Park, 

CA, USA) is an antisense oligonucleotide directed against the 

RNA template hTER and has been tested in several preclinical 

studies on multiple tumor models including breast and lung 

carcinoma as well as hematologic neoplasias in vitro and 

in vivo. Inhibition of telomerase by GRN163L resulted in 

decreased proliferation, increased senescence, and apoptosis. 

Moreover, reduced tumorigenicity and invasive capacity have 

been observed in various tumor types including gastrointestinal 

cancers.8 In EAC cells that were microdissected from human 

tumor samples, GRN163L successfully inhibited telomerase, 

induced apoptosis, and resulted in a reduction of tumor size 

in mouse xenografts.82 In several preclinical studies including 

esophageal squamous cancer and HCC, GRN163L has shown 

the potential to sensitize cells with critically short telomeres 

to radiation and chemotherapy.83,84

Interestingly, in PDAC, GRN163L successfully reduced 

the number of putative cancer stem cells, a cellular subpopu-

lation that is thought to be involved in both resistance to 

chemotherapy and in metastatic progression, and significantly 

impaired the engraftment of PANC1 cells in nude mice.85

GRN163L is currently investigated in several early clini-

cal trials assessing its safety and efficacy in the treatment of 

various solid tumors and hematologic malignancies. To date, 

clinical data on the effect of GRN163L on gastrointestinal 

cancers are lacking. However in late 2014, the manufacturer 

announced to further develop GRN163L for oncology, includ-

ing hematologic malignancies, and other human therapeutic 

uses.

We have recently demonstrated that alternative lengthen-

ing of telomeres can be induced by inhibition of telomerase 

in ESCC, indicating its role as a mechanism of resistance to 

telomerase inhibition.20 In line with these findings, Shammas 

et  al82 demonstrated that telomerase inhibition prevented 

telomere elongation, but induced homologous recombi-

nation, which contributed to telomere stabilization and 

reduced therapeutic efficacy. The authors investigated a dual 

approach targeting both mechanisms in EAC. Combining 

inhibition of homologous recombination with telomerase 

inhibition rendered telomeres more vulnerable to degradation 

and significantly enhanced their attrition, leading to increased 

apoptosis.86 These data indicate that future telomere-based 

therapeutic approaches might have to target both telomerase 

and ALT to inhibit tumor growth.

Despite its expression in normal human tissue, telomerase 

has been utilized as a tumor antigen for the development of 

telomere-based anticancer immunotherapies. As outlined, 

telomerase is present in the majority of cancers and its 

peptides are capable of producing strong immune responses 

through the induction of CD8+ cytotoxic T lymphocytes via 

major histocompatibility complex presentation resulting in 

cell lysis.8 Several hTERT-based vaccination strategies have 

been developed over the last decade.

GV1001 is a 16 amino acid major histocompatibility 

complex class II-restricted hTERT peptide vaccine and is 

used in combination with an adjuvant to enhance immune 

responses. GV1001 has completed several Phase I and Phase 

II clinical trials in patients with advanced stage solid tumors, 

including HCC and pancreatic cancer. While GV1001 did not 

induce a significant immune response and antitumor effect 

in patients with HCC,87 early trials in pancreatic cancer have 

reported promising results.88,89 For example, Bernhardt et al88 

investigated the safety and tolerability of GV1001 in com-

bination with granulocyte-macrophage colony-stimulating 
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factor. GV1001 was well tolerated and immune responses 

were observed in 63% of the patients, who had a greater 

median survival (218 days) than those without an immune 

response (88 days). Subsequently, GV1001 has been tested 

in patients with locally advanced or metastatic pancreatic 

cancer in a randomized Phase III trial in combination with 

chemotherapy. In this trial, the rate of immune responses 

was significantly lower and no effect of GV1001 on the 

median survival of patients with pancreatic cancer could be 

observed.90 For telomerase vaccination strategies to be effec-

tive, an active immune response is needed. Pancreatic cancer 

is a highly proliferative tumor characterized by aggressive 

local growth and early metastasis with a short median survival 

time that might be insufficient to establish a stronger anti-

tumor immunity. In addition, pancreatic cancer is generally 

poorly vascularized and less immunogenic than other tumors. 

In the future, hTERT vaccination studies will therefore have 

to focus on adjuvant strategies to enhance immune responses 

and antitumor effects.

Several other strategies of targeting telomeres and 

telomerase have been developed and are currently tested in 

preclinical and early clinical trials with no particular focus 

on gastrointestinal cancer (Table 1 and Figure 1).

Conclusion
Maintenance of telomeres is an extremely complex cel-

lular process that has been extensively studied over the 

last decades and our understanding of telomerase function 

and, to a lesser extent, ALT in normal tissue homeostasis 

and cancer has improved remarkably. Telomerase has been 

hailed as an ideal target for cancer therapies and several 

therapeutic strategies targeting telomerase showed poten-

tial in preclinical as well as early clinical trials. However, 

none of these has yet become part of standard therapeutic 

regimens in gastrointestinal cancer. One possible explana-

tion could be the redundancy of telomerase activity and 

ALT, with ALT being activated upon inhibition of telom-

erase. Even though these observations have been made in 

esophageal cancer, it is very likely that this redundancy is 

also present in other cancers. In vitro data indicate that this 

problem might be overcome in the future by dual inhibition 

of telomerase and ALT.

The molecular mechanisms of telomerase activation in 

cancers of the gastrointestinal tract vary significantly between 

tumor types and most likely also between patients. These 

variations add another layer of complexity to the sophisticated 

machinery of telomere maintenance in cancer. However, 

the age of next-generation sequencing, transcriptomics and 

proteomics might open new perspectives for individualized 

therapeutic strategies that interfere with the molecular mecha-

nisms of telomerase activation. As outlined in this article, 

receptor tyrosine kinases and their downstream signaling 

pathways are involved in the activation of telomerase. Inhibi-

tion of these and other receptors and pathways by agents that 

are already in clinical use for the treatment of cancer might 

serve as adjuvants or even alternatives to direct targeting of 

telomerase in the future.
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