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Abstract:  Telomerase plays a key role in cell fate: loss of telomerase 

in normal differentiated cells heralds senescence and limits cell divi-

sion, whereas reactivation of telomerase sustains proliferation and 

potentiates mutagenesis and transformation. Given this pivotal role, 

telomerase has been the subject of intense investigation in the field 

of developmental cancer therapeutics. To date, a broad spectrum of 

therapeutic strategies has been developed, ranging from direct target-

ing or reprogramming of the enzyme, to immune or virus-mediated 

targeting of cells expressing telomerase, to strategies focusing on the 

telomeres themselves. The recent discovery and growing interest in 

cancer stem cells has thrust telomerase therapy into new relief as an 

approach that may be uniquely suited to neutralizing this treatment-

resistant subpopulation of cancer cells. Here we will review the 

mechanistic rationale and preclinical and clinical state of develop-

ment of the various telomerase-based therapeutic approaches, with 

emphasis on the role of telomerase in cancer stem cell biology and its 

implications for therapeutic efforts.

Introduction

In 2009, the Nobel Prize in Physiology or Medicine was awarded  
to Elizabeth H. Blackburn, Carol W. Greider, and Jack W. Szostak 
for their discovery of telomerase a quarter century ago.1-2 Since 
that time, the telomerase field has advanced by leaps and bounds, 
currently boasting hundreds of studies each year seeking to elu-
cidate basic telomerase structure/function and to parlay these 
insights into biomedical applications. The latter goal has perhaps 
been closest to the hearts of investigators in the fields of oncology 
and developmental therapeutics—who for the past 15 years have 
striven to deliver on the promise of telomerase as a nearly universal 
cancer target that plays a critical role in virtually every common 
malignancy. Most recently, efforts to develop telomerase-based 
therapies have been reinvigorated by their potential efficacy against 
cancer stem cells, subpopulations of cancer cells that are highly 
tumorigenic and generally resistant to standard therapies. In this 
review, we will outline the principal features of telomerase biology 
and its role in cancer, and we will review the main strategies under-
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taken to date for targeting cancer vis-à-vis telomerase. 
Also, we will discuss the evolving concept of cancer stem 
cells and recent observations made by our group and 
others about the biologic role and therapeutic potential 
of telomerase in this special subpopulation of cells. 

Biology of Telomeres and Telomerase

Telomere Biology
The well-established canonical function of the telomerase 
enzyme is the maintenance and lengthening of telomeres, 
the tandem repetitive DNA sequences located at the ends 
of human chromosomes.3 The 3’ telomeric strand con-
sists of G-rich tandem repeats (TTAGGG) terminating 
in a single stranded 3’-overhang with a lariat structure 
that often loops back and reinserts as a terminal T-loop 
into the double-stranded telomeric region (Figure 1).4 
The 2 essential functions of telomeres are protecting 
chromosome ends (the “capping” function of telomeres) 
and facilitating their complete replication. The average 
human telomere length at birth is approximately 15–20 
kb5-6; however, as a result of telomerase down-regulation 
in normal somatic cells, human chromosomes can lose 
up to 50–200 nucleotides of telomeric sequence per cell 
division.7-8 Such shortening of telomeres is attributed to 
the so-called “end replication problem,” wherein spaces 

left by RNA primers during lagging strand replication 
lead to progressive shortening with each division/replica-
tion cycle.9 The resulting telomeric shortening has been 
proposed to be a mitotic clock that monitors cell division, 
and sufficiently short telomeres in the absence of telom-
erase may signal replicative senescence at approximately  
4–6 kb, known as mortality stage 1 (M1).6,7,10 Some cells 
may bypass M1 via inactivation of p53 or the retinoblas-
toma protein (RB1) and enter mortality stage 2 (M2 or 
crisis), manifested by genomic instability and fusion/
breakage mutagenic events and massive cell death. Activa-
tion of telomerase at M1 or M2 can stabilize telomere 
length and immortalize cells, which may potentiate can-
cer formation as cells proliferate beyond M2.6,11 

Although telomerase plays a central role in telo-
mere maintenance, it is important to note that other 
factors also contribute significantly to telomere biology. 
Numerous proteins have been shown to interact with 
telomeres, among them the 6 members of the shelterin 
complex (TRF1, TRF2, Pot1, Tin2, Rap1, TPP1),12 
which interact directly or indirectly with telomeric DNA 
to regulate telomere length and recruit telomerase and 
additional proteins to single-stranded or double-stranded 
telomeric regions. Moreover, a small but significant group 
of benign and malignant cell types (eg, some fibroblasts 
and sarcomas, respectively) do not activate telomerase at 

Figure 1.  Telomeres and telomerase. Schematic depicting the main components of telomeres (top) and of the telomerase 
ribonucleoprotein (bottom). 

TCAB1=telomerase Cajal protein body 1; TERT=telomerase reverse transcriptase; Ter=telomerase RNA.
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all but rather rely on telomeric recombination—so-called 
alternative lengthening of telomeres (ALT)—to maintain 
telomere lengths.13 Cancers that employ ALT rather than 
telomerase for telomere maintenance are few in num-
ber and therefore have not significantly dampened the 
enthusiasm for telomerase-based approaches; however, it 
is conceivable that ALT may in time emerge as a poten-
tial resistance mechanism in telomerase-positive cancers 
treated with telomerase-based therapies.14,15

Telomerase Biology
The telomerase core ribonucleoprotein (RNP) consists of 
2 components: a reverse transcriptase protein (telomerase 
reverse transcriptase [TERT], 127 kD in humans) and 
an intrinsic telomerase RNA molecule (Ter, 153kD, and  
451 nt in humans; Figure 1).16 Ter contains a short 
template sequence used by TERT to reverse transcribe 
telomeric DNA.17 The secondary and tertiary structures 
of TERT and Ter and the elucidation of their functional 
domains are the subject of ongoing investigation and are 
beyond the scope of this review.18-19 Several additional pro-
teins that associate with the core RNP have been identi-
fied,16,20 among them dyskerin and telomerase Cajal body 
protein 1,21 both of which play a pivotal role in telomerase 
biogenesis and function. Mutations in dyskerin are impli-
cated in the telomerase dysfunction disease dyskeratosis 
congenital.22,23 Although these proteins play a critical role 
in telomerase holoenzyme biogenesis and function, their 
potential as therapeutic targets has not been extensively 
explored to date.

Telomerase in Cancer
Expression of telomerase protein (TERT) is tightly regu-
lated at the transcriptional level; with the exception of 
renewable progenitor compartments (hematopoietic, epi-
dermal, gastrointestinal), most benign, terminally differ-
entiated tissues have extremely low telomerase activity.24,25 
In contrast, malignant cells from as many as 90% of all 
human cancers—including prostate, melanoma, breast, 
colon, sarcoma, and ovarian—have significant telomerase 
expression and telomerase activity levels that correlate 
directly with malignant/metastatic potential by enabling 
continued proliferation and telomere stabilization beyond 
M1 and M2/crisis.26-32 As a result of this sharp phenotypic 
dichotomy between benign and malignant tissues (Figure 
1), telomerase has been recognized as a highly promising 
cancer therapeutic target: minimally toxic to host tissues 
and potentially efficacious against a majority of malig-
nancies. Indeed, early in vitro studies demonstrated that 
activation of telomerase by ectopic expression of TERT, 
combined with expression of SV40 antigen (inactivates 
pRB and p53) and H-ras, was sufficient to transform 
benign cells in culture.33,34 Conversely, attempts to 

attenuate telomerase function in cell culture led to not 
only telomere shortening35 but also cellular apoptosis and 
inhibition of cancer cell growth in vitro,36,37 thus provid-
ing additional compelling mechanistic evidence that 
telomerase-dependent telomere maintenance is essential 
for cancer cell immortalization, tumor progression, and 
disease metastasis. 

Telomerase Therapeutics

The pivotal role of telomeres and telomerase both in 
early carcinogenesis and in advanced malignancy across a 
majority of cancer types has stimulated efforts to develop 
therapies aimed at disrupting their functions. Over the 
past decade, some telomerase-based therapeutic strategies 
have progressed into clinical trials, whereas others are 
still undergoing in vitro study and preclinical develop-
ment. Testing these novel therapeutics preclinically and 
then clinically requires concurrent use of informative 
pharmacodynamic endpoints that confirm effective drug-
on-target effects, such as inhibition of telomerase activity, 
alteration of telomere lengths, or induction of apoptosis 
in the cancer cells being targeted. Because host regenera-
tive compartments (eg, hematopoietic, gastrointestinal) 
possess low levels of telomerase activity, cells from these 
tissues must also be assayed to quantify off-target tox-
icities. As with other targeted therapies, some forms of 
telomerase targeting may exert tumoristatic rather than 
tumoricidal effects. Thus, it would require that clinical 
trials include not only radiographic endpoints of tumor 
response, but also clinical endpoints of disease progression 
and survival, as well as correlative biologic endpoints (eg, 
post-treatment tumor specimens, circulating tumor cells, 
host lymphocytes) in order to document disease response. 
Furthermore, because some telomerase therapeutics may 
preferentially eliminate particular cancer subpopulations 
such as cancer stem cells, ultimately their optimal thera-
peutic efficacy may be in combination with more standard 
chemotherapies, radiotherapies, or other targeted agents.

For the purposes of this review, the main therapeu-
tic approaches will be discussed based on their general 
mechanism of action: 1) approaches that directly target 
the enzymatic function of telomerase; 2) approaches 
that target telomerase as a cancer-specific marker; and 
3) approaches aimed at targeting telomeres in order to 
disrupt telomerase function (Figure 2). 

Targeting the Enzymatic Function of Telomerase
Telomerase Inhibition  Perhaps the most straightforward 
therapeutic strategy seeks to inhibit the enzymatic activity 
of telomerase, thus abolishing its telomere-lengthening 
function, leaving telomeres to shorten with subsequent 
cell divisions, ultimately resulting in senescence or 
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apoptosis. Significant efforts to identify small molecule 
inhibitors of telomerase reverse transcriptase function 
have failed to yield an agent with adequate efficacy and 
specificity. However, an alternative tact undertaken by 
Geron Corp. has yielded an inhibitor, which has been 
the single most clinically tested telomerase therapeutic 
to date (Figure 2A). Imetelstat (GRN163L) is an oligo-
nucleotide with the sequence TAGGGTTAGACAA that 
is complementary to the 11-nucleotide hTer template, 
the highly conserved region of telomerase RNA used by 
the RNP to reverse transcribe telomeric repeats. Bind-
ing of the hTer template region by imetelstat blocks the 
biogenesis of an active telomerase RNP and results in 
progressive telomere shortening, cellular senescence, or 
apoptosis, and inhibition of cancer proliferation—either 
alone or in combination with standard therapies—in a 
variety of in vitro and mouse cancer models.38-41 Modi-

fication of the imetelstat oligonucleotide backbone via 
an N3’ to P5’ thio-phosphoramidate (NPS) transi-
tion stabilizes oligonucleotide-hTER duplex forma-
tion, and addition of a lipid group at 5’ terminus of 
imetelstat facilitates cellular and tissue penetration. 
Currently, imetelstat is undergoing extensive phase I/II 
clinical testing in breast cancer, lung cancer, mul-
tiple myeloma, and chronic myeloproliferative diseases  
(Table 1, www.clinicaltrials.gov). Preliminary reports 
cite cytopenias, prolonged clotting, gastrointestinal side 
effects, fatigue, and peripheral neuropathy as the most 
common toxicities.42,43 As it proceeds towards additional 
phase II and upcoming phase III trials, imetelstat con-
tinues to be a very promising agent, and is among the 
most highly developed of the telomerase therapeutics. 
One theoretical concern about this drug stems from its 
mechanism of action. After imetelstat inhibited telom-

Figure 2.  Overview of telomerase therapeutic strategies. Various telomerase-based therapeutic approaches have been developed: 
(A) direct telomerase inhibition via an oligonucleotide (GRN163) that binds hTer template; (B) telomerase interference  
(MT-hTer) that reprograms telomerase enzyme to add incorrect telomeric repeats; (C) telomerase vaccines (various) that induce 
cytotoxic T lymphocyte by either direct inoculation or ex-vivo activation; (D) oncolytic viruses (various) that cause tumor-specific 
cell lysis; (E) suicide gene therapy that employs telomerase RNA and telomerase reverse transcriptase promoter-driven activation  
of pro-drugs; (F) telomeric oligos (T-oligos) that mimic uncapped telomeres.

NTR=nitroreductase; TERT=telomerase reverse transcriptase.
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Table 1.  Telomerase Therapeutics Currently in Clinical Development

Telomerase Inhibitor

Agent (Sponsor) Trial Status Results NCT Identifier

GRN163L (Geron) Ph II: Breast cancer Recruiting N/A NCT01256762

GRN163L (Geron) Ph II: NSCLC Recruiting N/A NCT01137968

GRN163L (Geron) Ph I: CLD Active,  
not recruiting N/A NCT00124189

GRN163L (Geron) Ph I: NSCLC Active,  
not recruiting N/A NCT00510445

GRN163L (Geron) Ph I: Melanoma Active,  
not recruiting N/A NCT00718601

GRN163L (Geron)154 Ph I: Solid tumor Active,  
not recruiting

Thrombocytopenia at doses  
>3.2 mg/kg/wk NCT00310895

GRN163L (Indiana U.) Ph I: Breast cancer Not recruiting N/A NCT01265927

GRN163L (Geron)42 Ph I/II: Breast 
cancer

Active,  
not recruiting No DLTs, cytopenias NCT00732056

GRN163L (Geron) Ph II: ET Recruiting N/A NCT01243073

GRN163L (Geron) Ph I: Myeloma Active,  
not recruiting N/A NCT00594126

GRN163L (Geron) Ph II: Myeloma Recruiting N/A NCT01242930

Telomerase Vaccine

Agent (Sponsor) Trial Status Results NCT Identifier

GV1001 (Lytix  
Biopharma) Ph I: Carcinoma Recruiting N/A NCT01223209

GV1001 (Pharmexa)89 Ph II: HCC Completed
Well tolerated, mild injection site 
reaction; no antitumor immune 
response

NCT00444782

GV1001 (Oslo U. H.)87 Ph I/II: NSCLC Completed
Minor side effects, no bone marrow 
toxicity; immune response in 13/24 
pts

NCT00509457

GV1001 (Oslo U. H.)88 Ph I/II: Melanoma Completed
Well tolerated with neutropenia 
in 1/14 pts; immune response in 
17/21 pts

NCT01247623

GV1001 (Pharmexa)90 Ph III: Pancreatic 
cancer Terminated No survival benefit NCT00358566

GV1001 (Royal Liverpool 
U. H.)

Ph III: Pancreatic 
cancer Recruiting N/A NCT00425360

hTERT 540-548 peptide 
(NCI)155

Ph II: Melanoma, 
solid tumor Completed No immune response against 

hTERT+ tumor NCT00021164

hTERT 540-548 peptide 
(DFCI)

Ph I: Brain tumor, 
sarcoma

Active, not 
recruiting N/A NCT00069940

hTERT 540-548 peptide 
(UPenn)94 Ph I: Breast cancer Active, not 

recruiting

Injection site reactions; suggestion 
of prolonged survival in immune 
responders

NCT00079157

hTERT multi-peptide 
(UMGCC)156 Ph I/II: Myeloma Completed Mild to moderate chills and rigors; 

antitumor immunity in 10/28 pts NCT00499577

(Table continues on following page)
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Blackburn as a tool to dissect telomerase reverse tran-
scriptase function in ciliates,46 was subsequently noted to 
exert an inhibitory effect on cancer cells.47-52 Specifically, 
endogenous wild-type hTer is depleted using a short 
hairpin RNA knockdown, and simultaneously, an hTer 
with a mutated template region (MT-hTer) is ectopically 
introduced in its place. We and others have shown that 
MT-hTer is incorporated into active telomerase in cancer 
cells, where it essentially “reprograms” the enzyme to 
add incorrect telomeric tandem repeats. These altered 
telomeric repeats are recognized as “uncapped” telomeres, 
eliciting a rapid DNA damage response and apoptotic 
cascade, culminating in inhibition of proliferation.49,50,53 
A potential strength of telomerase interference is its 
immediate, dominant effects. Telomerase reprogramming 
is not dependent on subsequent telomeric shortening and 
therefore has an almost immediate effect on cancer cells 

erase in some preclinical studies, multiple cell divisions 
with progressive telomere shortening had to occur over 
several weeks before inhibition of cancer proliferation 
was observed.44,45 This “phenotypic delay” raises the pos-
sibility that some cancer cells might have the opportu-
nity to develop resistance mechanisms, such as upregula-
tion of TERT or alternative maintenance of telomeres 
via recombination.13 Whether such phenomena will play 
a clinical role or will impact the efficacy of imetelstat will 
soon be addressed in additional phase II and upcoming 
phase III trials.

Telomerase Interference  A different approach, which 
directly targets telomerase, involves telomerase interfer-
ence, which refers to altering the template region of hTer 
to reprogram the RNP (Figure 2B). This strategy, which 
was initially developed in the laboratory of Dr. Elizabeth 

Telomerase Vaccine (continued)

Agent (Sponsor) Trial Status Results NCT Identifier

hTERT multi-peptide 
(UPenn)157 Ph I: Breast cancer Recruiting Well tolerated; immune response in 

80% of pts NCT00573495

hTERT multi-peptide 
(UPenn) Ph I/II: Myeloma Active, not 

recruiting N/A NCT00834665

DC pulsed with hTERT 
540-548 peptide (DFCI)93

Ph I: Breast and 
prostate cancer N/A

Well tolerated, no changes in  
B cell number; immune response 
in 4/7 pts

DC pulsed with telom-
erase peptide or tumor 
lysates (Herlev H.)158

Ph I/II: Melanoma Completed
TERT immune response and 
disease stabilization in subset  
of patients

NCT00197912

DC pulsed with telo
merase peptide or tumor 
lysates (Herlev H.)159

Ph I/II: RCC Active, not 
recruiting

Well tolerated without severe 
toxicities; disease stabilized  
in half of pts

NCT00197860

DC pulsed with hTERT 
mRNA (UF)160

Ph I/II: Prostate 
cancer

Active, not 
recruiting

Fatigue or flu-like symptoms, 
erythema/induration; immune 
response in 19/20 pts

NCT01153113

GRNVAC1 (DC pulsed 
with hTERT/hTERT-
LAMP mRNA, Geron)

Ph II: AML Active, not 
recruiting N/A NCT00510133

TLI (hTERT DNA frag-
ment, Cosmo Bioscience)96

Ph I: Prostate 
cancer Completed Feasible and safe: immune response 

by single-dose TLI NCT00061035

Oncolytic Virus

Agent (Sponsor) Trial Status Results NCT Identifier

Telomelysin (Oncolys 
BioPharma)99 Ph I: Solid tumor N/A Pain at injection site, fevers, chills; 

detected viral DNA in 13/16 pts

Table 1.  (Continued) Telomerase Therapeutics Currently in Clinical Development

AML=acute myeloid leukemia; CLD=chronic lymphoproliferative disease; DC=dendritic cell; DFCI=Dana-Farber Cancer Institute;  
DLT=dose-limiting toxicity; ET=essential thrombocythemia; HCC=hepatocellular carcinoma; N/A=not available; NCI=National Cancer  
Institute; NCT=National Clinical Trials; NSCLC=non-small-cell lung cancer; pts=patients; Ph=phase; RCC=renal cell carcinoma;  
TLI=transgenic lymphocyte immunization; UF=University of Florida; UMGCC=University of Maryland Greenebaum Cancer Center; 
UPenn=University of Pennsylvania. 
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by uncapping their telomeres within 1 or 2 cell divisions, 
manifested by significant apoptosis and growth inhibi-
tion within 48 hours of treatment. Moreover, cancer 
cells cannot upregulate TERT expression as a resistance 
mechanism, because increased levels of TERT actu-
ally potentiate the pro-apoptotic effects of MT-hTer by 
offering more enzyme to reprogram, and thus even more 
dramatic telomeric uncapping. On the other hand, the 
effects of telomerase reprogramming may be so rapid and 
pervasive as to raise concerns about telomeric uncapping 
and toxicity in normal stem cells that rely on telomerase 
activation to sustain progenitor tissue compartments. 
A second, more practical obstacle is the challenge of 
effective systemic delivery, as telomerase reprogramming 
currently is achieved via expression of the entire 451-nt 
MT-hTer from a DNA plasmid, making this an ineffec-
tive approach for systemic treatment. The challenges of 
systemic delivery and possible stem cell toxicity are being 
addressed in ongoing studies; our group has recently 
validated murine-targeting MT-mTer and shRNA con-
structs51 that are being used to address these questions in 
mouse models of malignancy. 

Targeting Telomerase as a Unique  
Cancer Marker
Telomerase as a Cancer Biomarker  Telomerase expres-
sion and activity are high in most cancer types but low 
in benign, differentiated cells, a specificity that has been 
exploited diagnostically and prognostically by quantify-
ing telomerase in primary tumor tissues and metastases, 
and more recently in peripheral blood circulating tumor 
cells.24,54-61 

Diagnostic  In prostate cancer, several studies assaying 
telomerase activity from expressed prostatic secretions have 
demonstrated cancer detection rates approaching 90%, as 
reviewed by Meeker.58 Multiple other studies of diagnostic 
utility have demonstrated a high sensitivity and specificity 
of detection in numerous cancer types, including bladder, 
breast, lung, pancreatic, hepatocellular, and gastric.56,62-72 

Prognostic  In breast cancer, 1 large study of nearly 400 
patients found that increased telomerase activity levels 
correlated with decreased disease-free survival and over-
all survival.73 Another breast cancer study using a tissue 
microarray of over 600 breast cancer specimens found a 
strong correlation (P<.001) between telomerase mRNA 
(TERT and hTer) expression and overall survival.30 

In non-small-cell lung cancer, the levels of telomerase 
activity correlated with the overall survival and disease-
free survival in stage I patients who underwent curative 
resection.57 In another lung cancer study, high levels of 
telomerase activity in transthoracic fine-needle biopsy 

specimens were associated with an increased risk of 
disease recurrence and death.74 Additional studies have 
shown a strong prognostic value for telomerase in gastric 
and colon cancer and in neuroblastoma.28,59,61,75-78

Telomerase in Circulating Tumor Cells  Telomerase also has 
been used to detect circulating tumor cells (CTC) in the 
blood of cancer patients. In one study, cells were isolated 
from the blood of women with metastatic breast cancer 
using magnetic beads coated with antibodies that bind 
epithelial cell adhesion molecule (EpCAM). Isolated cells 
were subjected to polymerase chain reaction (PCR)-based 
telomerase activity assays, which detected telomerase 
activity in 21 of 25 breast cancer patients and in none of 
9 healthy volunteers.79 The same group later applied this 
approach in a larger study of more than 100 men with 
prostate cancer and detected CTC by telomerase measure-
ment from a majority of patients with advanced and local 
disease, but none in normal healthy controls.80 Although 
these results constituted major strides in the application of 
telomerase as a CTC biomarker, they relied on EpCAM 
binding for CTC isolation; during dissemination, can-
cer cells frequently downregulate EpCAM, and several 
important malignancies (including HCC, sarcomas, 
and melanoma) express low levels of EpCAM to begin 
with.81-86 To address these limitations, our group recently 
developed, in collaboration with Caltech, a novel cancer 
detection platform that measures telomerase activity from 
live CTCs captured by size segregation on a parylene-C 
slot microfilter. Using a constant low-pressure delivery 
system, this platform achieved rapid CTC capture with 
high efficiency and viability, and telomerase activity was 
detected by real time quantitative PCR from as few as 25 
cancer cells added to 7.5 mL of whole blood. Moreover, 
significant telomerase activity elevation was also measured 
from patients’ blood samples and from single cancer cells 
lifted off of the microfilter.54

Thus, telomerase has been validated repeatedly as 
a valuable cancer biomarker for disease detection, diag-
nosis, and prognosis across a broad spectrum of malig-
nancy types and stages. Similarly, the cancer-specificity 
of telomerase (TERT) expression has been exploited 
therapeutically as a homing beacon for immune and 
virus-mediated strategies.

Immunotherapy That Exploits Telomerase as a Unique 
Cancer Marker  Telomerase-positive cancer cells display 
TERT peptide fragments on their surface in association 
with major histocompatibility complex (MHC) class I 
molecules; hence, TERT vaccines aim to break immune 
tolerance and induce a TERT-specific cytotoxic T lym-
phocyte (CTL) response (Figure 2C). There are 2 main 
vaccine strategies: 1) direct inoculation with antigen or 2) 
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ex-vivo activation of autologous antigen-presenting cells 
(APC, dendritic cells) or of B lymphocytes.

Direct Inoculation With Antigen  The most clinically 
advanced in this group is GV1001 (GemVax, Den-
mark), a TERT-derived p611–626 16-mer with the 
sequence EARPALLTSRLRFIPK that binds to and is 
subsequently presented by MHC class I. Multiple phase 
I/II studies have been conducted in pancreatic cancer, 
malignant melanoma, and non-small-cell lung carci-
noma wherein patients received intradermal injections 
of GV1001 (Table 1). Toxicities were relatively limited 
(local pain and inflammation at injection site, fevers, 
chills), and a majority of patients developed quantifi-
able immune responses (CTL which recognize TERT), 
with a suggestion of prolonged survival in immune 
responders.87,88 However, to date, larger follow-up phase 
II and III studies combining GV1001 with single-agent 
chemotherapy in hepatocellular and pancreatic cancer 
have demonstrated no survival benefit.89,90 Another 
phase III study of GV1001 in advanced pancreatic cancer 
(in combination with gemcitabine and capecitabine) is 
still ongoing. A similar approach using a TERT-derived 
p540–548 ILAKFLHWL peptide is also currently in 
early phase clinical trials, where it has been well-tolerated 
and was shown to generate hTERT-specific CD8 positive 
CTL, with tumor infiltration and partial tumor regression 
observed in some cases.87,91-94 

Ex-Vivo Pulsing of Antigen Presenting Cells (APC, Dendritic 
Cells) or of B Lymphocytes  Here, autologous immune 
cells are isolated from the cancer patient, activated ex-
vivo with TERT-derived peptides and reinfused into the 
patient. Several phase I/II trials using this approach 
have reported good tolerability, induction of immune 
response (TERT-targeting CTL), and some instances of 
disease stabilization (Table 1). A dendritic cell approach 
using RNA-based ex vivo activation (GRNVAC1, 
Geron Corp.) offers the advantage of encoding multiple 
epitopes (compared to 1 epitope with peptide pulsing), 
thus extending the scope of vaccination to strengthen 
the immune response.95 In a phase I/II trial in patients 
with prostate cancer, GRNVAC1 was well tolerated and 
hTERT-specific CD8-positive cells were detected in 
19 of 20 patients.96 In a similar approach using ex vivo 
DNA-pulsed autologous B lymphocytes, there were no 
observed toxicities and no vaccination-induced TERT-
specific T-cell responses.97

In summary, TERT-targeting vaccine strategies have 
been aggressively developed in the past decade, driven by 
enthusiasm for TERT’s specificity and ubiquity across a 
majority of malignancies. Early phase I/II trials have dem-
onstrated that these vaccines are able to break tolerance 

and activate a TERT-specific immune response, resulting 
in tumor infiltration and a suggestion of clinical response 
in some cases. These promising results are tempered by 
preliminary data from early phase III trials, which failed 
to show clinical benefit. There are 2 possible hurdles 
that may underlie these modest clinical results: 1) cancer 
patients are relatively immune-suppressed, a condition 
attributed to the cytokine milieu elaborated to varying 
degrees by their tumors; therefore, some patients may 
have difficulty “breaking tolerance” and mounting a clini-
cally significant response to the vaccine; 2) the absolute 
level of TERT even in telomerase-positive cancer cells 
is quite low, approximately 100 molecules per cell16,97; 
therefore, even if CTL are activated by the vaccine, the 
levels of TERT peptides displayed on tumor cells may not 
constitute a sufficient “homing beacon” for a clinically 
significant immune response. Newer vaccine strategies 
aimed at maximizing the immune response are currently 
in preclinical development, and additional phase III trials 
are ongoing. 

Virus-Mediated Therapy That Exploits Telomerase 
Upregulation in Cancer 
Oncolytic Viruses  A variety of preclinical viral and suicide 
gene strategies have been developed to exploit the active 
hTERT promoter in cancer cells. Of these, the furthest 
advanced in clinical development is the telomerase-spe-
cific oncolytic virus (Figure 2D). A conditionally replica-
tive adenovirus is created by inserting the adenovirus E1A 
and E1B genes downstream of the hTERT promoter, 
thus inducing adenoviral replication and cellular lysis 
in a tumor-specific manner.98 Telomelysin (OBP-301) 
is the first telomerase-specific oncolytic adenovirus to 
enter phase I study (Table 1). Patients with various solid 
tumors were administered a single intratumoral injection 
of telomelysin, which was associated with grade 1 and 2 
toxicities (pain at the injection site, fevers, chills). Of 16 
enrolled subjects, 13 were shown to have viral DNA in 
plasma, and 1 patient experienced partial response at the 
injected malignant lesion at day 56 after injection.99 These 
early results are promising, and the presence of viral DNA 
in plasma suggests a potential for therapeutic benefit 
beyond the local intratumoral injection site; however, the 
clinical benefit of this approach in the metastatic disease 
setting currently awaits further clinical testing.

Suicide Gene Therapy  A related therapeutic strategy, 
suicide gene therapy, entails delivery of a toxic gene to 
the cancer cells, where it is selectively activated to kill 
the cells (Figure 2E). Bilsland and colleagues developed 
such a system, wherein the nitroreductase (NTR) gene 
was packaged into an adenoviral vector under the tran-
scriptional control of the hTERT and hTer promoters.100 



450    Clinical Advances in Hematology & Oncology  Volume 9, Issue 6  June 2011

x u  e t a   l

When introduced into cancer cell lines in cell culture 
or in tumor xenografts, the high levels of hTERT and 
hTer promoter activity present in tumor cells induced 
hTERT and hTer promoter-driven transcription of 
NTR, a bacterial enzyme that bioactivates the prodrug 
CB1954 into an active cytotoxic alkylating agent. This 
in turn led to preferential chemosensitivity and killing 
of the cancer cells in response to CB1954. Although 
clinical data using this approach are not yet available, 
these promising preliminary results illustrate the poten-
tial strength of suicide gene therapy for exploiting the 
upregulation of telomerase as a unique cancer marker in 
a broad spectrum of malignancies. 

Telomere-Based Therapeutic Strategies
Telomere targeting efforts have sought to interfere directly 
with the telomeric sequences themselves rather than with 
telomerase. Telomere-based approaches have the potential 
benefit of selective toxicity to cancer cells, which often 
possess telomeres that are already much shorter than 
benign cells. Moreover, telomere-based approaches may 
prove beneficial even in the small but significant propor-
tion of cancers (eg, sarcomas) that rely on alternative 
lengthening of telomeres rather than on telomerase for 
their sustained proliferation.

G-quadruplex Stabilizers  The G-rich (TTAGGG) sin
gle stranded 3’ overhangs of telomeres have been observed 
to form intramolecular 4-stranded ribbon-like structures 
termed G-quadruplexes.101 Such structures, when stabi-
lized by small molecular compounds, prevent access of 
telomerase to telomeres, thus inhibiting the canonical 
telomere lengthening and capping process. To exploit 
the potential telomeric uncapping and shortening of 
the G-quadruplex phenomenon, several G-quadruplex 
stabilizing agents, such as TMPyP4,102 RHPS4,103 
BRACO-19,104,105 and telomestatin,106,107 were developed 
and shown to exert significant antitumor efficacy both in 
vitro and in vivo. Studies of RHPS4 and telomestatin 
have demonstrated displacement of shelterin compo-
nents (Pot1 and TRF2) from telomeres associated with 
the uncapping DNA damage response.108-111 However, 
to date, no telomere-specific G-quadruplex agents have 
entered clinical trials, although some (eg, telomestatin) 
are expected to enter phase I testing shortly. One general 
concern about this class of agents is a potential lack of 
specificity, because the G-quadruplex structure is not 
unique to telomeres and is shared by other genomic enti-
ties such as the c-MYC promoter, the VEGF promoter, 
and guanine-rich genomic sequences.112-114 Accordingly, 
it is worth noting that the only G-quadruplex-targeting 
agent to have entered phase I/II clinical testing—
CX-3543 (Quarfloxin, Cylene Pharmaceuticals)—in 
fact does not target telomeric G-quadruplexes, but 

rather is designed to disrupt nucleolin/rDNA G-qua-
druplex complexes. Preclinical studies of CX-3543 
showed anticancer efficacy that was not associated with 
altered telomere biology,115 but rather with disruption 
of nucleolin-rDNA interaction and inhibition of rRNA 
biosynthesis.

Telomeric Oligonucleotides  In an effort to mimic 
the telomeric uncapping and DNA damage induced by 
telomerase interference (MT-hTer) and by G-quadruplex 
stabilizers, investigators have attempted to treat cancer 
cells with DNA oligonucleotides homologous to the 
uncapped TTAGGG telomeric repeats (Figure 2F).116,117 

Introduction of so-called T-oligos directly into cancer 
cells has induced apoptosis, autophagy, and senescence, 
both in vitro and in vivo.118-121 Although these inhibitory 
effects were shown to be more pronounced in cancer than 
in benign cells, their degree of cancer specificity is the 
subject of continuing investigation, and they have not yet 
advanced into the clinical trial arena.

Telomerase and Cancer Stem Cells

Cancer Stem Cells: A New Cancer Paradigm? 
It has been proposed that tumor formation and dissemina-
tion may be caused by cancer stem cells (CSC)—pluripo-
tent cells with the capacity to differentiate and give rise to 
entire new tumors—much the same as normal tissue stem 
cells are able to differentiate and regenerate normal tissues 
(Figure 3). CSC are characterized by a relatively long life 
span, activation of pathways necessary for self-renewal  
(eg, Wnt/b-catenin, Notch, Shh, BMI1), relative resis-
tance to standard chemotherapy, and high tumorigenicity 
relative to unselected tumor cells. CSC subpopulations 
were first isolated in acute myeloid leukemia, followed 
by breast cancer and glioblastoma, and more recently 
reported in prostate, pancreatic, colon, and bladder can-
cers.122-127 Their resistance to therapy is attributed to high 
expression of ATP-binding cassette (ABC) drug trans-
porters (eg, ABCG2, ABCB1), which can actively pump 
out many chemotherapeutic agents.128-132 Given these 
properties, CSC have become an important therapeutic 
target, and their biology and role in cancer progression are 
under intense investigation.

Recently, it has been postulated that CSC are not 
a static “seed population” as traditionally assumed, but 
rather a dynamic phenotype that can be displayed by 
any cancer cell given the right stimulus.126,133,134 In sup-
port of this hypothesis, it has been shown in noncancer 
models that differentiated cells can be reprogrammed into 
a so-called “induced progenitor state” (iPS) by ectopic 
overexpression of several genes.135,136 Similarly in cancer 
models, differentiated cancer cells induced with cytokines 
to undergo epithelial to mesenchymal transformation 
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(EMT) take on a phenotype with many similarities to 
CSC.82 In other studies, cells with CSC features (drug 
resistance, high tumorigenicity) were able to emerge de 
novo under certain conditions from cancer cell popula-
tions initially lacking these phenotypes.137-139 In 2 recent 
reports, this plasticity was associated with expression of 
the H3K4 demethylases JARID1A and JARID1B,140,141 
raising the intriguing possibility of epigenetic regula-
tion of the CSC phenotype. Our group investigated 
when and how CSC arise by characterizing and tracking 
CSC-like subpopulations in vitro and in vivo over time. 
Using flow cytometry with Hoechst dye and GFP label-
ing, we observed a dynamic 2-way equilibrium between 
the CSC-like and non–CSC-like subpopulations in cell 
culture and in tumor xenografts.142 Specifically, the highly 
tumorigenic, drug-resistant CSC-like subpopulations 
first became depleted by differentiation into non–CSC-
like cells, and subsequently the CSC-like subpopulation 
was reconstituted by direct conversion of numerous 
non–CSC-like cells simultaneously back to the CSC-like 
phenotype. These transitions occurred spontaneously in 
the course of proliferation without exogenous selection 
pressures or separation into constituent subpopulations. 
Our findings demonstrated that intact cancer cell lines 
exhibit continuous, spontaneous plasticity, whereby 
large numbers of cells lose and subsequently regain a 
drug-resistant highly tumorigenic CSC-like phenotype in 
a cyclical manner. Our findings reaffirmed the possibil-
ity that CSC do not represent a static, progenitor seed 

population, but rather a transient phenotype, which the 
bulk of cancer cells can reacquire, perhaps in response to 
specific environmental stimuli encountered during prolif-
eration (Figure 3A).

Telomerase and Cancer Stem Cells
The discovery of CSC and the recognition of their 
potential role in cancer formation and progression have 
prompted a broad search for therapies capable of targeting 
this cancer phenotype.125,126,143 Intriguingly, telomerase 
targeting may offer this therapeutic benefit. Traditionally, 
telomerase activity has been considered a nearly universal 
characteristic of cancer cells, an assumption that may exist 
because early surveys of telomerase activity were conducted 
indiscriminately from lysates of entire cancer popula-
tions,60 and because the oncogenic role of telomerase was 
demonstrated by ectopically introducing the enzyme into 
unselected cell populations.33,144 Contrary to this model of 
homogeneous telomerase activation, studies of normal tis-
sue stem cell compartments have demonstrated a unique 
role for telomerase in stem cell activation,145,146 raising the 
possibility that perhaps telomerase plays a parallel unique 
role in CSC. In support of such a role, ectopic overex-
pression of telomerase in cancer cell lines has indeed been 
shown to enhance tumor initiation, perhaps reflecting a 
potentiation of the CSC phenotype.147,148

Our group has investigated the relative telomerase 
activity and expression levels within CSC and non-
CSC subpopulations isolated (using flow cytometry) 

Figure 3.  Cancer stem cells (CSC) and telomerase. A) A high degree of phenotypic plasticity in some cancer models whereby 
cancer cells may alternately lose or re-acquire cancer stem–like features. B) Potential benefit of telomerase targeting as a therapeutic 
strategy aimed at cancer stem cells. 
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from freshly resected human prostate tumors and from 
prostate cancer cell lines. Remarkably, both in tumors 
and cell lines, CSC possessed markedly elevated levels of 
telomerase expression and activity compared with non-
CSC. Moreover, induction of telomerase interference 
via ectopic expression of MT-hTer/siRNA (described 
earlier) effectively reprogrammed the active telomerase 
of prostate CSC to induce rapid apoptosis and abrogate 
tumor initiation.149 Hence, these results demonstrated 
that telomerase expression and activity may not be a uni-
form phenotype common to all cancer cells, but rather 
may be concentrated in a subpopulation of cells with 
CSC-like properties, which in turn renders these cells 
exceedingly susceptible to telomerase interference. Our 
observations were consistent with findings from a handful 
of other recent studies. Elevated telomerase activity was 
observed in CSC-like subpopulations in breast and lung 
cancers,150,151 and the telomerase inhibitor imetelstat was 
shown to effectively inhibit the proliferation of CSC-like 
cells in prostate cancer and glioblastoma models.152,153 
Collectively, these studies suggest that targeting telomer-
ase may constitute a promising new therapeutic strategy 
for neutralizing CSC (Figure 3B). 

Conclusion

The unique role of telomeres and telomerase in cellular 
immortality and carcinogenesis has spurred an entire new 
field driven by the promise of potent cancer therapeutics 
with broad efficacy and minimal toxicity. Currently, a 
broad array of approaches is being pursued, each marked 
by its own unique balance of clinical potential and techni-
cal challenges. The recent focus on CSC and their role in 
tumor formation, therapy resistance, and cancer progres-
sion, have recast telomerase therapeutics in a new light. 
Preliminary studies of CSC subpopulations have demon-
strated that, much like normal stem cells, these cancer cells 
do have high levels of telomerase expression and activity 
that may constitute an “Achilles heel” for neutralizing 
these cells. Moreover, intriguing new insights into cancer 
stem cell and telomerase biology suggest a greater degree 
of plasticity than previously realized. Cancer cells may 
have the capacity to transition in and out of the cancer 
stem cell phenotype, and such phenotypic changes may 
in fact be facilitated by a noncanonical signaling role only 
now being discovered for telomerase. These previously 
unsuspected roles for telomerase in cancer offer entirely 
new mechanisms and therapeutic possibilities, and rein-
vigorate our continuing efforts to develop telomere- and 
telomerase-based cures.

Acknowledgment: Dr. Yucheng Xu and Mr. Kaijie He  
contributed equally to the preparation of this manuscript.

References

1.  Greider CW, Blackburn EH. Identification of a specific telomere terminal 
transferase activity in Tetrahymena extracts. Cell. 1985;43:405-413.
2.  de Lange T. Lasker Laurels for telomerase. Cell. 2006;126:1017-1020.
3.  de Lange T IV, Blackburn EH. Telomeres. NY: Cold Spring Harbor Laboratory 
Press; 2005.
4.  Griffith JD, Comeau L, Rosenfield S, et al. Mammalian telomeres end in a large 
duplex loop. Cell. 1999;97:503-514.
5.  Hastie ND, Dempster M, Dunlop MG, Thompson AM, Green DK, Allshire 
RC. Telomere reduction in human colorectal carcinoma and with ageing. Nature. 
1990;346:866-868.
6.  Verdun RE, Karlseder J. Replication and protection of telomeres. Nature. 
2007;447:924-931.
7.  Allsopp RC, Vaziri H, Patterson C, et al. Telomere length predicts replicative 
capacity of human fibroblasts. Proc Natl Acad Sci U S A. 1992;89:10114-10118.
8.  Smogorzewska A, de Lange T. Regulation of telomerase by telomeric proteins. 
Annu Rev Biochem. 2004;73:177-208.
9.  Watson JD. Origin of concatemeric T7 DNA. Nat New Biol. 1972;239:
197-201.
10.  Blackburn EH. Telomere states and cell fates. Nature. 2000;408:53-56.
11.  Wright WE, Pereira-Smith OM, Shay JW. Reversible cellular senescence: 
implications for immortalization of normal human diploid fibroblasts. Mol Cell 
Biol. 1989;9:3088-3092.
12.  de Lange T. Shelterin: the protein complex that shapes and safeguards human 
telomeres. Genes Dev. 2005;19:2100-2110.
13.  Cesare AJ, Reddel RR. Alternative lengthening of telomeres: models, mecha-
nisms and implications. Nat Rev Genet. 2010;11:319-330.
14.  Cerone MA, Londono-Vallejo JA, Bacchetti S. Telomere maintenance by 
telomerase and by recombination can coexist in human cells. Hum Mol Genet. 
2001;10:1945-1952.
15.  Chen W, Xiao BK, Liu JP, Chen SM, Tao ZZ. Alternative lengthening of 
telomeres in hTERT-inhibited laryngeal cancer cells. Cancer Sci. 2010;101:
1769-1776.
16.  Cohen SB, Graham ME, Lovrecz GO, Bache N, Robinson PJ, Reddel RR. 
Protein composition of catalytically active human telomerase from immortal cells. 
Science. 2007;315:1850-1853.
17.  Greider CW, Blackburn EH. A telomeric sequence in the RNA of Tetra-
hymena telomerase required for telomere repeat synthesis. Nature. 1989;337:
331-337.
18.  Collins K. Physiological assembly and activity of human telomerase com-
plexes. Mech Ageing Dev. 2008;129:91-98.
19.  Collins K. The biogenesis and regulation of telomerase holoenzymes. Nat Rev 
Mol Cell Biol. 2006;7:484-494.
20.  Egan ED, Collins K. Specificity and stoichiometry of subunit interactions 
in the human telomerase holoenzyme assembled in vivo. Molecular and Cellular 
Biology. 2010;30:2775-2786.
21.  Venteicher AS, Abreu EB, Meng Z, et al. A human telomerase holoenzyme 
protein required for Cajal body localization and telomere synthesis. Science. 
2009;323:644-648.
22.  Mitchell JR, Wood E, Collins K. A telomerase component is defective in the 
human disease dyskeratosis congenita. Nature. 1999;402:551-555.
23.  Kirwan M, Dokal I. Dyskeratosis congenita: a genetic disorder of many faces. 
Clin Genet. 2008;73:103-112.
24.  Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW. Telomerase activity 
in human germline and embryonic tissues and cells. Dev Genet. 1996;18:173-179.
25.  Forsyth NR, Wright WE, Shay JW. Telomerase and differentiation in mul-
ticellular organisms: turn it off, turn it on, and turn it off again. Differentiation. 
2002;69:188-197.
26.  Carey LA, Kim NW, Goodman S, et al. Telomerase activity and prognosis in 
primary breast cancers. J Clin Oncol. 1999;17:3075-3081.
27.  Oishi T, Kigawa J, Minagawa Y, Shimada M, Takahashi M, Terakawa N. 
Alteration of telomerase activity associated with development and extension of 
epithelial ovarian cancer. Obstet Gynecol. 1998;91:568-571.
28.  Okayasu I, Mitomi H, Yamashita K, et al. Telomerase activity significantly 
correlates with cell differentiation, proliferation and lymph node metastasis in 
colorectal carcinomas. J Cancer Res Clin Oncol. 1998;124:444-449.
29.  Pirker C, Holzmann K, Spiegl-Kreinecker S, et al. Chromosomal imbalances 
in primary and metastatic melanomas: over-representation of essential telomerase 
genes. Melanoma Res. 2003;13:483-492.



Clinical Advances in Hematology & Oncology  Volume 9, Issue 6  June 2011    453

T e l o m e r a s e  T a r g e t e d  T h e r a p y  i  n  C a n c e r  a  n d  C a n c e r  St   e m  C e l l s

30.  Poremba C, Heine B, Diallo R, et al. Telomerase as a prognostic marker in 
breast cancer: high-throughput tissue microarray analysis of hTERT and hTR. J 
Pathol. 2002;198:181-189.
31.  Tomoda R, Seto M, Tsumuki H, et al. Telomerase activity and human telom-
erase reverse transcriptase mRNA expression are correlated with clinical aggressive-
ness in soft tissue tumors. Cancer. 2002;95:1127-1133.
32.  Yoshida R, Kiyozuka Y, Ichiyoshi H, et al. Change in telomerase activity dur-
ing human colorectal carcinogenesis. Anticancer Res. 1999;19:2167-2172.
33.  Hahn WC, Counter CM, Lundberg AS, Beijersbergen RL, Brooks MW, 
Weinberg RA. Creation of human tumour cells with defined genetic elements. 
Nature. 1999;400:464-468.
34.  Hahn WC. Immortalization and transformation of human cells. Mol Cells. 
2002;13:351-361.
35.  Strahl C, Blackburn EH. Effects of reverse transcriptase inhibitors on telomere 
length and telomerase activity in two immortalized human cell lines. Mol Cell Biol. 
1996;16:53-65.
36.  Hahn WC, Stewart SA, Brooks MW, et al. Inhibition of telomerase limits the 
growth of human cancer cells. Nat Med. 1999;5:1164-1170.
37.  Zhang X, Mar V, Zhou W, Harrington L, Robinson MO. Telomere short-
ening and apoptosis in telomerase-inhibited human tumor cells. Genes Dev. 
1999;13:2388-2399.
38.  Asai A, Oshima Y, Yamamoto Y, et al. A novel telomerase template antagonist 
(GRN163) as a potential anticancer agent. Cancer Res. 2003;63:3931-3939.
39.  Dikmen ZG, Gellert GC, Jackson S, et al. In vivo inhibition of lung cancer by 
GRN163L: a novel human telomerase inhibitor. Cancer Res. 2005;65:7866-7873.
40.  Tamakawa RA, Fleisig HB, Wong JM. Telomerase inhibition potentiates 
the effects of genotoxic agents in breast and colorectal cancer cells in a cell cycle-
specific manner. Cancer Res. 2010;70:8684-8694.
41.  Joseph I, Tressler R, Bassett E, et al. The telomerase inhibitor imetelstat 
depletes cancer stem cells in breast and pancreatic cancer cell lines. Cancer Res. 
2010;70:9494-9504.
42.  Kozloff M, Sledge GW, Benedetti FM, et al. Phase I study of imetelstat 
(GRN163L) in combination with paclitaxel (P) and bevacizumab (B) in patients 
(pts) with locally recurrent or metastatic breast cancer (MBC). J Clin Oncol 
(ASCO Annual Meeting Abstracts). 2010;28:Abstract 2598.
43.  Ratain MJ, Benedetti FM, Janisch L, et al. A phase I trial of GRN163L 
(GRN), a first-in-class telomerase inhibitor, in advanced solid tumors. J Clin Oncol 
(ASCO Annual Meeting Abstracts). 2008;26:Abstract 3581.
44.  Herbert BS, Pongracz K, Shay JW, Gryaznov SM. Oligonucleotide N3’-
->P5’ phosphoramidates as efficient telomerase inhibitors. Oncogene. 2002;
21:638-642.
45.  Shammas MA, Koley H, Bertheau RC, et al. Telomerase inhibitor GRN163L 
inhibits myeloma cell growth in vitro and in vivo. Leukemia. 2008;22:1410-1418.
46.  Yu GL, Bradley JD, Attardi LD, Blackburn EH. In vivo alteration of telomere 
sequences and senescence caused by mutated Tetrahymena telomerase RNAs. 
Nature. 1990;344:126-132.
47.  Kim MM, Rivera MA, Botchkina IL, Shalaby R, Thor AD, Blackburn EH. 
A low threshold level of expression of mutant-template telomerase RNA inhibits 
human tumor cell proliferation. Proc Natl Acad Sci U S A. 2001;98:7982-7987.
48.  Guiducci C, Cerone MA, Bacchetti S. Expression of mutant telomerase 
in immortal telomerase-negative human cells results in cell cycle deregulation, 
nuclear and chromosomal abnormalities and rapid loss of viability. Oncogene. 
2001;20:714-725.
49.  Li S, Rosenberg JE, Donjacour AA, et al. Rapid inhibition of cancer cell 
growth induced by lentiviral delivery and expression of mutant-template telom-
erase RNA and anti-telomerase short-interfering RNA. Cancer Res. 2004;64:
4833-4840.
50.  Goldkorn A, Blackburn EH. Assembly of mutant-template telomerase RNA 
into catalytically active telomerase ribonucleoprotein that can act on telomeres 
is required for apoptosis and cell cycle arrest in human cancer cells. Cancer Res. 
2006;66:5763-5771.
51.  Marie-Egyptienne DT, Brault ME, Nimmo GA, Londono-Vallejo JA, 
Autexier C. Growth defects in mouse telomerase RNA-deficient cells expressing a 
template-mutated mouse telomerase RNA. Cancer Lett. 2009;275:266-276.
52.  Xu T, Xu Y, Liao CP, Lau R, Goldkorn A. Reprogramming murine telomerase 
rapidly inhibits the growth of mouse cancer cells in vitro and in vivo. Mol Cancer 
Ther. 2010;9:438-449.
53.  Stohr BA, Blackburn EH. ATM mediates cytotoxicity of a mutant telomerase 
RNA in human cancer cells. Cancer Res. 2008;68:5309-5317.
54.  Xu T, Lu B, Tai YC, Goldkorn A. A cancer detection platform which measures 
telomerase activity from live circulating tumor cells captured on a microfilter. 
Cancer Res. 2010;70:6420-6426.

55.  Bravaccini S, Sanchini MA, Amadori A, et al. Potential of telomerase 
expression and activity in cervical specimens as a diagnostic tool. J Clin Pathol. 
2005;58:911-914.
56.  Hiyama E, Saeki T, Hiyama K, et al. Telomerase activity as a marker of breast 
carcinoma in fine-needle aspirated samples. Cancer. 2000;90:235-238.
57.  Marchetti A, Bertacca G, Buttitta F, et al. Telomerase activity as a prognostic 
indicator in stage I non-small cell lung cancer. Clin Cancer Res. 1999;5:2077-2081.
58.  Meeker AK. Telomeres and telomerase in prostatic intraepithelial neoplasia 
and prostate cancer biology. Urol Oncol. 2006;24:122-130.
59.  Poremba C, Willenbring H, Hero B, et al. Telomerase activity distinguishes 
between neuroblastomas with good and poor prognosis. Ann Oncol. 1999;10:
715-721.
60.  Shay JW, Bacchetti S. A survey of telomerase activity in human cancer. Eur J 
Cancer. 1997;33:787-791.
61.  Streutker CJ, Thorner P, Fabricius N, Weitzman S, Zielenska M. Telomer-
ase activity as a prognostic factor in neuroblastomas. Pediatr Dev Pathol. 2001;
4:62-67.
62.  Sanchini MA, Gunelli R, Nanni O, et al. Relevance of urine telomerase in the 
diagnosis of bladder cancer. JAMA. 2005;294:2052-2056.
63.  Hiyama K, Ishioka S, Shay JW, et al. Telomerase activity as a novel marker of 
lung cancer and immune-associated lung diseases. Int J Mol Med. 1998;1:545-549.
64.  Sen S, Reddy VG, Khanna N, Guleria R, Kapila K, Singh N. A comparative 
study of telomerase activity in sputum, bronchial washing and biopsy specimens of 
lung cancer. Lung Cancer. 2001;33:41-49.
65.  Yahata N, Ohyashiki K, Ohyashiki JH, et al. Telomerase activity in lung can-
cer cells obtained from bronchial washings. J Natl Cancer Inst. 1998;90:684-690.
66.  Targowski T, Jahnz-Rozyk K, Szkoda T, From S, Qandil N, Plusa T. Telomer-
ase activity in transthoracic fine needle biopsy aspirates as a marker of peripheral 
lung cancer. Thorax. 2008;63:342-344.
67.  Iwao T, Hiyama E, Yokoyama T, et al. Telomerase activity for the preoperative 
diagnosis of pancreatic cancer. J Natl Cancer Inst. 1997;89:1621-1623.
68.  Morales CP, Burdick JS, Saboorian MH, Wright WE, Shay JW. In situ hybrid-
ization for telomerase RNA in routine cytologic brushings for the diagnosis of 
pancreaticobiliary malignancies. Gastrointest Endosc. 1998;48:402-405.
69.  Suehara N, Mizumoto K, Tanaka M, et al. Telomerase activity in pancreatic 
juice differentiates ductal carcinoma from adenoma and pancreatitis. Clin Cancer 
Res. 1997;3:2479-2483.
70.  Uehara H, Nakaizumi A, Iishi H, et al. In situ telomerase activity in pancreatic 
juice may discriminate pancreatic cancer from other pancreatic diseases. Pancreas. 
2008;36:236-240.
71.  Miura N, Maruyama S, Oyama K, et al. Development of a novel assay to 
quantify serum human telomerase reverse transcriptase messenger RNA and its 
significance as a tumor marker for hepatocellular carcinoma. Oncology. 2007;72 
Suppl 1:45-51.
72.  Da MX, Wu XT, Guo TK, et al. Clinical significance of telomerase activity in 
peritoneal lavage fluid from patients with gastric cancer and its relationship with 
cellular proliferation. World J Gastroenterol.  2007;13:3122-3127.
73.  Clark GM, Osborne CK, Levitt D, Wu F, Kim NW. Telomerase activ-
ity and survival of patients with node-positive breast cancer. J Natl Cancer Inst. 
1997;89:1874-1881.
74.  Targowski T, Jahnz-Rozyk K, Szkoda T, Plusa T, From S. Telomerase activity 
in transthoracic fine-needle biopsy aspirates from non-small cell lung cancer as 
prognostic factor of patients’ survival. Lung Cancer. 2008;61:97-103.
75.  Hiyama E, Yokoyama T, Tatsumoto N, et al. Telomerase activity in gastric 
cancer. Cancer Res. 1995;55:3258-3262.
76.  Tatsumoto N, Hiyama E, Murakami Y, et al. High telomerase activity is an 
independent prognostic indicator of poor outcome in colorectal cancer. Clin Can-
cer Res. 2000;6:2696-2701.
77.  Soreide K, Gudlaugsson E, Skaland I, et al. Metachronous cancer develop-
ment in patients with sporadic colorectal adenomas-multivariate risk model with 
independent and combined value of hTERT and survivin. Int J Colorectal Dis. 
2008;23:389-400.
78.  Hiyama E, Hiyama K, Yokoyama T, Matsuura Y, Piatyszek MA, Shay JW. 
Correlating telomerase activity levels with human neuroblastoma outcomes. Nat 
Med. 1995;1:249-255.
79.  Soria JC, Gauthier LR, Raymond E, et al. Molecular detection of telomerase-
positive circulating epithelial cells in metastatic breast cancer patients. Clin Cancer 
Res. 1999;5:971-975.
80.  Fizazi K, Morat L, Chauveinc L, et al. High detection rate of circulating 
tumor cells in blood of patients with prostate cancer using telomerase activity. Ann 
Oncol. 2007;18:518-521.



454    Clinical Advances in Hematology & Oncology  Volume 9, Issue 6  June 2011

x u  e t a   l

81.  FDA. 510(k) #K050245 premarket notification of intent to market device. 
March 15 2005.
82.  Went PT, Lugli A, Meier S, et al. Frequent EpCam protein expression in 
human carcinomas. Hum Pathol. 2004;35:122-128.
83.  Mani SA, Guo W, Liao MJ, et al. The epithelial-mesenchymal transition gen-
erates cells with properties of stem cells. Cell. 2008;133:704-715.
84.  Cheng GZ, Chan J, Wang Q, Zhang W, Sun CD, Wang LH. Twist transcrip-
tionally up-regulates AKT2 in breast cancer cells leading to increased migration, 
invasion, and resistance to paclitaxel. Cancer Res. 2007;67:1979-1987.
85.  Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal 
states: acquisition of malignant and stem cell traits. Nat Rev Cancer. 2009;9:
265-273.
86.  Balzar M, Winter MJ, de Boer CJ, Litvinov SV. The biology of the 17-1A 
antigen (Ep-CAM). J Mol Med. 1999;77:699-712.
87.  Brunsvig PF, Aamdal S, Gjertsen MK, et al. Telomerase peptide vaccination: 
a phase I/II study in patients with non-small cell lung cancer. Cancer Immunol 
Immunother. 2006;55:1553-1564.
88.  Aamdal S, Dueland S, Engebraaten O, et al. A phase I/II study of telom-
erase peptide vaccination in combination with chemotherapy in patients with 
stage IV malignant melanoma. J Clin Oncol (ASCO Annual Meeting Abstracts). 
2006;24:Abstract 8031.
89.  Greten TF, Forner A, Korangy F, et al. A phase II open label trial evaluating 
safety and efficacy of a telomerase peptide vaccination in patients with advanced 
hepatocellular carcinoma. BMC Cancer. 2010;10:209.
90.  T. Buanes JM, W. Liauw, M. Hebbar, and J. Nemunaitis. A randomized phase 
III study of gemcitabine (G) versus GV1001 in sequential combination with G 
in patients with unresectable and metastatic pancreatic cancer (PC). J Clin Oncol 
(ASCO Annual Meeting Abstracts). 2009;27:Abstract 4601.
91.  Vonderheide RH, Hahn WC, Schultze JL, Nadler LM. The telomerase cata-
lytic subunit is a widely expressed tumor-associated antigen recognized by cyto-
toxic T lymphocytes. Immunity. 1999;10:673-679.
92.  Minev B, Hipp J, Firat H, Schmidt JD, Langlade-Demoyen P, Zanetti M. 
Cytotoxic T cell immunity against telomerase reverse transcriptase in humans. Proc 
Natl Acad Sci U S A. 2000;97:4796-4801.
93.  Vonderheide RH, Domchek SM, Schultze JL, et al. Vaccination of cancer 
patients against telomerase induces functional antitumor CD8+ T lymphocytes. 
Clin Cancer Res. 2004;10:828-839.
94.  Domchek SM, Recio A, Mick R, et al. Telomerase-specific T-cell immunity 
in breast cancer: effect of vaccination on tumor immunosurveillance. Cancer Res. 
2007;67:10546-10555.
95.  Su Z, Dannull J, Yang BK, et al. Telomerase mRNA-transfected dendritic 
cells stimulate antigen-specific CD8+ and CD4+ T cell responses in patients with 
metastatic prostate cancer. J Immunol. 2005;174:3798-3807.
96.  Millard, F, Gerloni M, Darrah D, Monsurro V, Zanetti M. Phase I study 
of transgenic B lymphocyte immunization (TLI) against telomerase in andro-
gen-independent prostate cancer (PC). J Clin Oncol (ASCO Annual Meeting 
Abstracts). 2005;23:Abstract 257.
97.  Yi X, Shay JW, Wright WE. Quantitation of telomerase components and 
hTERT mRNA splicing patterns in immortal human cells. Nucleic Acids Res. 
2001;29:4818-4825.
98.  Irving J, Wang Z, Powell S, et al. Conditionally replicative adenovirus driven 
by the human telomerase promoter provides broad-spectrum antitumor activity 
without liver toxicity. Cancer Gene Ther. 2004;11:174-185.
99.  Nemunaitis J, Tong AW, Nemunaitis M, et al. A phase I study of telomerase-
specific replication competent oncolytic adenovirus (telomelysin) for various solid 
tumors. Mol Ther. 2010;18:429-434.
100.  Bilsland AE, Anderson CJ, Fletcher-Monaghan AJ, et al. Selective ablation of 
human cancer cells by telomerase-specific adenoviral suicide gene therapy vectors 
expressing bacterial nitroreductase. Oncogene. 2003;22:370-380.
101.  Smith FW, Feigon J. Quadruplex structure of Oxytricha telomeric DNA 
oligonucleotides. Nature. 1992;356:164-168.
102.  Mikami-Terao Y, Akiyama M, Yuza Y, Yanagisawa T, Yamada O, Yamada H. 
Antitumor activity of G-quadruplex-interactive agent TMPyP4 in K562 leukemic 
cells. Cancer Lett. 2008;261:226-234.
103.  Leonetti C, Scarsella M, Riggio G, et al. G-quadruplex ligand RHPS4 
potentiates the antitumor activity of camptothecins in preclinical models of solid 
tumors. Clin Cancer Res. 2008;14:7284-7291.
104.  Burger AM, Dai F, Schultes CM, et al. The G-quadruplex-interactive mol-
ecule BRACO-19 inhibits tumor growth, consistent with telomere targeting and 
interference with telomerase function. Cancer Res. 2005;65:1489-1496.

105.  Gowan SM, Harrison JR, Patterson L, et al. A G-quadruplex-interactive 
potent small-molecule inhibitor of telomerase exhibiting in vitro and in vivo anti-
tumor activity. Mol Pharmacol. 2002;61:1154-1162.
106.  Waki K, Anno K, Ono T, Ide T, Chayama K, Tahara H. Establishment 
of functional telomerase immortalized human hepatocytes and a hepatic stel-
late cell line for telomere-targeting anticancer drug development. Cancer Sci. 
2010;101:1678-1685.
107.  Doi T, Shibata K, Yoshida M, et al. (S)-Stereoisomer of telomestatin as a 
potent G-quadruplex binder and telomerase inhibitor. Org Biomol Chem. 2011;
9:387-393.
108.  Tahara H, Shin-Ya K, Seimiya H, Yamada H, Tsuruo T, Ide T. G-Quadruplex 
stabilization by telomestatin induces TRF2 protein dissociation from telomeres 
and anaphase bridge formation accompanied by loss of the 3’ telomeric overhang 
in cancer cells. Oncogene. 2006;25:1955-1966.
109.  Salvati E, Leonetti C, Rizzo A, et al. Telomere damage induced by the  
G-quadruplex ligand RHPS4 has an antitumor effect. J Clin Invest. 2007;117:
3236-3247.
110.  Gomez D, Wenner T, Brassart B, et al. Telomestatin-induced telomere 
uncapping is modulated by POT1 through G-overhang extension in HT1080 
human tumor cells. J Biol Chem. 2006;281:38721-38729.
111.  Gomez D, O’Donohue MF, Wenner T, et al. The G-quadruplex ligand 
telomestatin inhibits POT1 binding to telomeric sequences in vitro and induces  
GFP-POT1 dissociation from telomeres in human cells. Cancer Res. 2006;66:
6908-6912.
112.  Siddiqui-Jain A, Grand CL, Bearss DJ, Hurley LH. Direct evidence for a 
G-quadruplex in a promoter region and its targeting with a small molecule to 
repress c-MYC transcription. Proc Natl Acad Sci U S A. 2002;99:11593-11598.
113.  Sun D, Guo K, Rusche JJ, Hurley LH. Facilitation of a structural transition 
in the polypurine/polypyrimidine tract within the proximal promoter region of the 
human VEGF gene by the presence of potassium and G-quadruplex-interactive 
agents. Nucleic Acids Res. 2005;33:6070-6080.
114.  Eddy J, Maizels N. Gene function correlates with potential for G4 DNA 
formation in the human genome. Nucleic Acids Res. 2006;34:3887-3896.
115.  Drygin D, Siddiqui-Jain A, O’Brien S, et al. Anticancer activity of CX-3543: 
a direct inhibitor of rRNA biogenesis. Cancer Res. 2009;69:7653-7661.
116.  Saretzki G, Sitte N, Merkel U, Wurm RE, von Zglinicki T. Telomere short-
ening triggers a p53-dependent cell cycle arrest via accumulation of G-rich single 
stranded DNA fragments. Oncogene. 1999;18:5148-5158.
117.  Eller MS, Puri N, Hadshiew IM, Venna SS, Gilchrest BA. Induction of 
apoptosis by telomere 3’ overhang-specific DNA. Exp Cell Res. 2002;276:185-193.
118.  Yaar M, Eller MS, Panova I, et al. Telomeric DNA induces apoptosis and 
senescence of human breast carcinoma cells. Breast Cancer Res. 2007;9:R13.
119.  Aoki H, Iwado E, Eller MS, et al. Telomere 3’ overhang-specific DNA oli-
gonucleotides induce autophagy in malignant glioma cells. FASEB J. Sep 2007;
21(11):2918-2930.
120.  Puri N, Eller MS, Byers HR, Dykstra S, Kubera J, Gilchrest BA. Telo-
mere-based DNA damage responses: a new approach to melanoma. FASEB J. 
2004;18:1373-1381.
121.  Tsolou A, Passos JF, Nelson G, Arai Y, Zglinicki T. ssDNA fragments induce 
cell senescence by telomere uncapping. Exp Gerontol. 2008;43:892-899.
122.  Gangemi R, Paleari L, Orengo AM, et al. Cancer stem cells: a new paradigm 
for understanding tumor growth and progression and drug resistance. Curr Med 
Chem. 2009;16:1688-1703.
123.  Akhtar K, Bussen W, Scott SP. Cancer stem cells - from initiation to elimina-
tion, how far have we reached? (Review). Int J Oncol. 2009;34:1491-1503.
124.  Park CY, Tseng D, Weissman IL. Cancer stem cell-directed therapies: recent 
data from the laboratory and clinic. Mol Ther. 2009;17:219-230.
125.  Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulat-
ing evidence and unresolved questions. Nat Rev Cancer. 2008;8:755-768.
126.  Gupta PB, Chaffer CL, Weinberg RA. Cancer stem cells: mirage or reality? 
Nat Med. 2009;15:1010-1012.
127.  O’Brien CA, Kreso A, Dick JE. Cancer stem cells in solid tumors: an over-
view. Semin Radiat Oncol. 2009;19:71-77.
128.  Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev 
Cancer. 2005;5:275-284.
129.  Steiniger SC, Coppinger JA, Kruger JA, Yates J, 3rd, Janda KD. Quantita-
tive mass spectrometry identifies drug targets in cancer stem cell-containing side 
population. Stem Cells. 2008;26:3037-3046.
130.  Chikazawa N, Tanaka H, Tasaka T, et al. Inhibition of Wnt signaling path-
way decreases chemotherapy-resistant side-population colon cancer cells. Antican-
cer Res. 2010;30:2041-2048.



Clinical Advances in Hematology & Oncology  Volume 9, Issue 6  June 2011    455

T e l o m e r a s e  T a r g e t e d  T h e r a p y  i  n  C a n c e r  a  n d  C a n c e r  St   e m  C e l l s

131.  Hu L, McArthur C, Jaffe RB. Ovarian cancer stem-like side-population cells 
are tumourigenic and chemoresistant. Br J Cancer. 2010;102:1276-1283.
132.  Singh A, Wu H, Zhang P, Happel C, Ma J, Biswal S. Expression of ABCG2 
(BCRP) is regulated by Nrf2 in cancer cells that confers side population and che-
moresistance phenotype. Mol Cancer Ther. Aug 2010;9(8):2365-2376.
133.  Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer 
stem cells. Nature. 2001;414:105-111.
134.  Polyak K, Hahn WC. Roots and stems: stem cells in cancer. Nat Med. 
2006;12:296-300.
135.  Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem cells 
from adult human fibroblasts by defined factors. Cell. 2007;131:861-872.
136.  Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines 
derived from human somatic cells. Science. 2007;318:1917-1920.
137.  Kelly PN, Dakic A, Adams JM, Nutt SL, Strasser A. Tumor growth need not 
be driven by rare cancer stem cells. Science. 2007;317:337.
138.  Quintana E, Shackleton M, Sabel MS, Fullen DR, Johnson TM, Mor-
rison SJ. Efficient tumour formation by single human melanoma cells. Nature. 
2008;456:593-598.
139.  Shmelkov SV, Butler JM, Hooper AT, et al. CD133 expression is not 
restricted to stem cells, and both CD133+ and CD133- metastatic colon cancer 
cells initiate tumors. J Clin Invest. 2008;118:2111-2120.
140.  Sharma SV, Lee DY, Li B, et al. A chromatin-mediated reversible drug-
tolerant state in cancer cell subpopulations. Cell. 2010;141:69-80.
141.  Roesch A, Fukunaga-Kalabis M, Schmidt EC, et al. A temporarily distinct 
subpopulation of slow-cycling melanoma cells is required for continuous tumor 
growth. Cell. 2010;141:583-594.
142.  He K, Xu T, Goldkorn A. Cancer cells cyclically lose and regain a drug-
resistant highly-tumorigenic phenotype in culture and in tumor xenografts. Mol 
Cancer Ther. 2011 Apr 25. [Epub ahead of print]
143.  Maitland NJ, Collins AT. Prostate cancer stem cells: a new target for therapy. 
J Clin Oncol. 2008;26:2862-2870.
144.  Bodnar AG, Ouellette M, Frolkis M, et al. Extension of life-span by intro-
duction of telomerase into normal human cells. Science. 1998;279:349-352.
145.  Lee HW, Blasco MA, Gottlieb GJ, Horner JW, 2nd, Greider CW, DePinho 
RA. Essential role of mouse telomerase in highly proliferative organs. Nature. 
1998;392:569-574.
146.  Sarin KY, Cheung P, Gilison D, et al. Conditional telomerase induction 
causes proliferation of hair follicle stem cells. Nature. 2005;436:1048-1052.
147.  Gu G, Yuan J, Wills M, Kasper S. Prostate cancer cells with stem cell char-
acteristics reconstitute the original human tumor in vivo. Cancer Res. 2007;67:
4807-4815.

148.  Stewart SA, Hahn WC, O’Connor BF, et al. Telomerase contributes to 
tumorigenesis by a telomere length-independent mechanism. Proc Natl Acad Sci 
U S A. 2002;99:12606-12611.
149.  Xu T, He K, Wang L, Goldkorn A. Prostate tumor cells with cancer progeni-
tor properties have high telomerase activity and are rapidly killed by telomerase 
interference. Prostate. 2011 Feb 14. [Epub ahead of print]
150.  Ho MM, Ng AV, Lam S, Hung JY. Side population in human lung can-
cer cell lines and tumors is enriched with stem-like cancer cells. Cancer Res. 
2007;67:4827-4833.
151.  Lin T, Meng L, Li Y, Tsai RY. Tumor-initiating function of nucleostemin-
enriched mammary tumor cells. Cancer Res. 2010;70:9444-9452.
152.  Marian CO, Cho SK, McEllin BM, et al. The telomerase antagonist, ime-
telstat, efficiently targets glioblastoma tumor-initiating cells leading to decreased 
proliferation and tumor growth. Clin Cancer Res. 2010;16:154-163.
153.  Marian CO, Wright WE, Shay JW. The effects of telomerase inhibition on 
prostate tumor-initiating cells. Int J Cancer. 2010;127:321-331.
154.  Ratain MJ, Benedetti FM, Janisch L, et al. A phase I trial of GRN163L 
(GRN), a first-in-class telomerase inhibitor, in advanced solid tumors. J Clin Oncol 
(ASCO Annual Meeting Abstracts). 2008;26:Abstract 3581.
155.  Parkhurst MR, Riley JP, Igarashi T, Li Y, Robbins PF, Rosenberg SA. Immu-
nization of patients with the hTERT:540-548 peptide induces peptide-reactive T 
lymphocytes that do not recognize tumors endogenously expressing telomerase. 
Clin Cancer Res. 2004;10:4688-4698.
156.  Rapoport AP, Aqui NA, Stadtmauer EA, et al. Combination immunotherapy 
using adoptive T-cell transfer and tumor antigen vaccination based on hTERT and 
survivin following ASCT for myeloma. Blood. 2011;3:788-797.
157.  Rech AJ, Mick R, Recio A, et al. Phase I study of anti-CD25 mab dacli-
zumab to deplete regulatory T cells prior to telomerase/survivin peptide vaccina-
tion in patients (pts) with metastatic breast cancer (MBC). J Clin Oncol (ASCO 
Annual Meeting Abstracts). 2010;28:Abstract 2508.
158.  Trepiakas R, Berntsen A, Hadrup SR, et al. Vaccination with autologous den
dritic cells pulsed with multiple tumor antigens for treatment of patients with mal
ignant melanoma: results from a phase I/II trial. Cytotherapy. 2010;12:721-734.
159.  Berntsen A, Geertsen P, Trepiakas R, et al. Dendritic cell based vaccination in 
combination with IL-2 as a treatment for advanced renal cell carcinoma patients: 
results from a phase I/II trial. J Clin Oncol (ASCO Annual Meeting Abstracts). 
2006;24:Abstract 2575.
160.  Su Z, Dannull J, Yang BK, et al. Telomerase mRNA-transfected dendritic 
cells stimulate antigen-specific CD8+ and CD4+ T cell responses in patients with 
metastatic prostate cancer. J Immunol. 2005;174:3798-3807.


