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NOVEL ANTICANCER THERAPEUTICS TARGETING TELOMERASE
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ANTISENSE OLIGONUCLEOTIDES (AS-ODNs) - TARGETING hTER
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GRN163L - Preclinical Studies
GRN163L has been tested in several preclinical studies on multiple tumor models in
vitro and in vivo, resulting in a successful inhibition of TA 1-3. Gellert et al. have
shown that in vitro treatment of MDA-MB-231 and MDA-MB-435 breast cancer cell
lines with GRN163L led to inhibition of TA, resulting in decreased proliferation,
increased senescence and apoptosis, reduced tumorigenicity and diminished tumor
invasive potential, possibly due to inhibition of cell migration and prevention of
growth at distant sites 1,4. The latter indicates that GRN163L may be a prospective
drug candidate for treatment of patients after surgical removal of tumors 1,5. Studies
have found that the disruption of colony formation after treatment with GRN163L
was reversible, since cells had regained the ability to form colonies after being taken
off the drug treatment. This indicates that GRN163L may be causing an acute DNA
damage response 5. A study of GRN163L in multiple types of breast cancer cell lines,
including ER+, ER-, HER2+, BRCA1 mutant breast cancer cell lines in vitro have
shown a differential effect which may be dependent on the genetic composition of
these cell lines 1. In addition, GRN163L administered intranasally into human
intracerebral glioblastoma xenografts could successfully cross the blood-brain barrier
(BBB), leading to inhibition of tumor cell growth without imposing the cytotoxic
effects on normal human brain cells 6.
Studies have also shown that GRN163L can sensitize cells with critically shortened
telomeres to radiation, chemotherapy, as well as hyperthermia mediated IR treatment.
This may be linked with a decrease in HSP70, which is associated with the telomerase
complex and could be responsible for resistance to IR (44; 49; 52). Using GRN163L
in combination with IR therapy may require lower doses of the IR, which would be
less toxic on normal cells. Several preclinical studies have shown that GRN163L can
sensitize cancer cells to certain cytotoxic drugs or synergistically enhance the effect of
some chemotherapeutics on cancer cells 2,7-9. This may be due to a significant
telomere shortening as a result of GRN163L treatment, ultimately resulting in DNA
damage responses and enhanced cytotoxic drug responses. It has been shown that pretreating or treating cells with GRN163L can sensitize cancer cells to cisplatinum and
synergistically enhance the response to paclitaxel, leading to the impairment of the
DNA repair pathways and inhibition of cellular invasion in vitro and tumor growth in
vivo 2,7. These studies indicate that GRN163L may have great potential in preventing
tumor cell proliferation and metastasis 2.
Another novel finding about GRN163L is its ability to inhibit tumor initiating cells
(TICs) and cancer stem cells (CSCs) in breast, pancreatic, prostate, glioblastoma
(GBM) and multiple myeloma (MM) cell lines in vitro and, in xenograft models, in
vivo 3,10-12. In breast and prostate cancer cell lines, GRN163L reduced the growth of
bulk tumor cells and CSC subpopulations, suggesting that the depletion of CSCs may
be an alternative mechanism for the reduction of tumorigenicity 3,10. Because CSCs
are responsible for maintaining tumor progression and metastases, the ability of
GRN163L to target TICs and CSCs may be of great importance, especially for
treatment of highly metastatic and clonogenic cancers like prostate and MM 3,10,11.
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The potential negative effect of GRN163L is that it can inhibit normal proliferative
stem cells, which also contain telomerase, and this may further lead to a decline in
their regenerative capacity 12. However, in vitro study with bone-marrow-derived rat
mesenchymal stem cells and in vivo study with TICs in GBM tumors, this effect has
been found to be reversible 12,13. In conclusion, the results of multiple preclinical
studies have shown that GRN163L has a wide biodistribution and using it clinically
could achieve highly efficacious results 14,15.
TELOMERASE BASED IMMUNOTHERAPIES
GV1001 - Clinical Trials
The first successful phase I/II clinical trial with GV1001 conducted in 48 patients
with non-resectable histologically confirmed pancreatic adenocarcinoma has shown
63% overall immune response rate for 38 evaluable patients, after eight injections of
GV1001 with GM-CSF, administered over a 10-week period. Interestingly, the
median survival time for GV1001 (8.6 month) was higher than the median survival
time for Gemcitabine (4.8-5.6 months), which is a commonly used treatment for nonresectable pancreatic adenocarcinoma 16. This indicates that treatment with GV1001
as a single-regimen therapy may be a more effective method for non-resectable
pancreatic adenocarcinoma, producing fewer side effects and adverse events (AEs)
compare to Gemcitabine.
A phase I/II clinical study conducted in 25 stage IV metastatic melanoma patients has
shown 81% immune response rate in 17 out of 21 patients treated and a good clinical
response with some patients developing stable disease (SD) and 1 of the 25 patients,
exhibiting a partial response (PR), evidenced by shrinkage or disappearance of
multiple lung metastases, indicating that GV1001 could possibly be a successful
treatment for advanced stages of melanomas. The immune response was seen after
only 6 vaccinations with a combination of GV1001, temozolomide and GM-CSF,
over a period of three months. The vaccine did not produce delayed-type
hypersensitivity (DTH) reactions and CD4+ T cells displayed a Th1 cytokine profile
17,18
.
A phase I/II clinical trial conducted in patients with advanced stages of NSCLC (IIIB
and IV) has shown a positive immune response in 13 out of 24 patients after only
about 3 to 9 weeks of treatment 19. The immune response to high doses of the vaccine
could not be completely assessed, because patients who were in advanced stages of
NSCLC developed brain metastases (a common problem in patients with advanced
NSCLC) and had to be removed from the study. The median survival time for
NSCLC patients in this trial was 8.5 months, with 8 alive at 12, 6 at 18, and 4 at 30 to
45 months after beginning treatment 20. Based on the results of this trial, it is
suspected that better study results would have been obtained in patients with less
advanced stages of NSCLC.
TELOMERASE BASED GENE THERAPIES
Gene Therapy Approach Overview
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Gene therapy is defined by an introduction of exogenous nucleic acids into host cells
via delivery of suicide genes or viral vectors 21. Adenoviruses driven with hTERT or
hTER promoters can be used for targeting of telomerase positive cancer cells without
affecting normal human cells (106). One of the most prominent advantages of
hTERT/hTER promoter driven gene therapy compared to other anticancer treatments
is its tumor specificity and no toxicity on normal human cells. The oncolytic virus
therapy and suicide gene therapy are two of the most studied approaches that are
reviewed below 22
23
.
Oncolytic Virus Based Therapy
Oncolytic virus therapy is a rapidly growing method for selective targeting of tumor
cells with especially designed oncolytic adenoviruses. The adenovirus-mediated
tumor cell targeting is accomplished with a hTERT promoter that selectively drives
viral transgene expression and may serve as a central control mechanism for
transcription of several adenoviral genes, such as E1A and E1B, which encode
adenoviral proteins and are critical for viral replication 22,24,25. This approach is also
referred to as a hTERT/hTER promoter driven tumor-specific replication competent
adenoviral gene therapy (hTERT/hTERp-TRAD), since hTERT promoter controls the
replication of the lytic virus within specific telomerase positive tumor cells only,
leading to viral replication and tumor cell lysis 22,25-29. One of the advantages of this
therapy is that the oncolytic virus will replicate within the targeted cells until all
tumor cells are eliminated 30,31.
Telomelysin (OB-301)

Telomelysin (OB-301) (Oncolys BioPharma Inc., Tokyo, Japan) is one of the more
successful therapeutics in this category. Telomelysin is composed of an attenuated
TRAD-5 vector (Ad5), which has its E1 region replaced with the hTERT promoter
driving E1A and E1B genes and resulting in better therapeutic efficacy in tumor cells
and reduced toxicity in normal human cells 29,32 (Fig. 1S). The attachment of IRES
(internal ribosome entry site gene) to E1 and E2 gene complex may improve
specificity and therapeutic index of (TI) the adenovirus, as seen in a study with
hepatocellular carcinoma cells 32. Compared to other adenoviruses, telomelysin is
unique in its design as it contains a complete functional E3 viral region, which can
bind and retain the MHC class-I molecules, decrease viral clearance and increase viral
replication within specific tumors 33,34.
A preclinical study of telomelysin treatment of nu/nu mice in vivo has shown a
significant tumor reduction and direct tumor cell lysis after just 14 days of treatment
35,36
. A study of telomelysin treatment in NSCLC and colorectal carcinoma cell lines
in vitro has shown a selective targeting of malignant cells in a dose-dependent manner
without cytotoxic effect on normal human cells, indicating that viral replication is
only occurring in hTERT-positive cells 36. This cytotoxic effect on tumor cells and not
on normal cells was explained by viral replication occurring only in hTERT-positive
cells and was confirmed by tumor cell ulceration, indicating necrotic cell death. In
vivo study of telomelysin in xenograft orthotopic model of human colorectal tumors
has shown a significant inhibition of lymph node tumors, which have metastasized
into the regional draining lymphatic system, indicating that telomelysin treatment
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could potentially be an effective approach for treatment or prevention of lymph node
metastases 35. A more recent preclinical study showed that combination therapy of
telomelysin and standard chemotherapies might be an effective treatment for
telomelysin-resistant tumors. Pretreatment of telomelysin-resistant head and neck
squamous cell carcinoma (HNSCC) cell lines with cisplatin, paclitaxel, or streptolysin
O, has increased their virus infectivity and showed inhibition of early virus
proliferation 37. Thus, telomelysin, like many other telomerase inhibiting agents, may
be more effective when used in combination with other antitumor therapeutics 37.
Successful preclinical studies with telomelysin led to a phase I clinical trial, where
safety and PD of telomelysin monotherapy were evaluated in 16 patients with various
types of advanced solid tumors 34. The onset of the immune response was evident just
30 minutes after the treatment, followed by IL-6 production in 8 out of 9 patients, IL10 in 7 out of 9, and IFN-γ in 2 patients, indicating stimulation of CD4+ response
with activation of both Th1 and Th2 CTLs. This study has shown effective responses
in most patients with only minor grade 1 and 2 toxicities at the intratumoral injection
(IT) site in most of patients. Based on a RECIST evaluation criteria, one patient
reached PR and seven DS after 56 days of telomelysin treatment and 56.7% reduction
in tumor mass was seen in one patient. Overall, median survival for patients treated
with telomelysin was 10 months (ranging from 1 to 21). Further studies with
telomelysin may be required to fully assess its safety and its effect on various normal
cells, including stem cells that express hTERT and to determine whether telomelysin
therapy may be more effective in combination with other chemotherapy, IR,
immunotherapy, surgery or molecular therapy 38.
Suicide Gene-Directed Enzyme Prodrug Therapy (GDEPT)
Suicide gene therapy, also called gene-directed enzyme prodrug therapy (GDEPT),
uses the hTER/TERT promoter placed upstream of genes designed to kill cells when
their products are expressed. Similar to oncolytic gene therapy, this approach targets
tumor cells without negative effect on normal cells 39,40. In suicide gene therapy, the
E1/E3 region of the adenoviral promoter is replaced with the hTERT/hTER sequence
making the virus replication deficient 41. The suicide gene therapy approach consists
of three general steps. First, the targeting vector carrying an enzyme-encoding gene
driven by hTERT or hTER is transfected into the cell, second step is the addition of
the prodrug, and third is further activation of the prodrug to its toxic byproduct by the
enzyme, resulting in release of toxins into the cytoplasm and killing of telomerase
positive cells 39 (Fig. 2S).
Ad-hTER/hTERT-NTR/CB1954 - Suicide Gene Therapy
The Ad-hTER/hTERT-NTR/CB1954 is a well-studied telomerase-specific adenoviral
suicide gene therapy vector expressing the nitroreductase (NTR) gene. It works by
activating a prodrug CB1954, which is a weak alkylation agent, to its toxic form,
resulting in a cross-linking of dividing and non-dividing tumor cells thus making it
more effective compared to other suicide gene therapies 42. It has been found that the
hTER/NTR promoter activity is slightly stronger than the hTERT/NTR, and can
successfully sensitize various cell lines in vitro and in vivo to CB1954 prodrug,
leading to a bystander effect leading to destruction of infected cells and surrounding
tumor cells 42.
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hTERTp-HRP/IAA - Suicide Gene Therapy
Another suicide gene therapy, which may have promising results in the near future as
preclinical studies continue to show good outcomes, is the hTERT promoter
(hTERTp)-driven horseradish peroxidase (HRP)/indole-3-acetic acid (IAA). The HRP
is used to convert a non-cytotoxic IAA to cytotoxic metabolites, resulting in tumor
cell death and initiating a bystander effect on surrounding cells. In a preclinical study
with a combination of hTERTp-HRP/IAA and radiotherapy in laryngeal squamous
cell carcinoma (LSCC) cells, a synergistic effect was noticed, which was evidenced
by the upregulation of hTERT promoter activity, increased hTERT expression, and
HRP expression, leading to more efficient liposome-mediated gene transfection in
both radiosensitive and radioresistant cells 43. Another study has shown that
combination therapy of cisplatin along with hTERTp-HRP/IAA GDEPT in human
uterine cervical cancer (HeLa) cell lines significantly enhanced GDEPT therapy
response 44. With future research, oncolytic and suicide gene therapies targeting
telomerase may prove to be more effective than other anticancer therapies since their
tumor specificity could prevent undesirable DLT’s 41.
Although suicide gene therapy or oncolytic vector hTERT/hTER promoter driven
therapy have shown good results, they are not as effective as vaccines or
oligonucleotide type of telomerase inhibitors and further research and must be tested
on humans to prove their safety.
OTHER TELOMERASE INHIBITING STRATEGIES
BRACO-19 - a Trisubstituted Acridine G-quadruplex Ligand
BRACO-19, is a 3,6,9-trisubstituted acridine (9-[4-(N,N-dimethylamino)]-3,6-bis(3pyrolodinopropionamido)) compound, designed with computerized modeling using
Molecular Dynamics Stimulation Methods to act as G-quadruplex stabilizer 45,46.
BRACO19 may not be as potent a G-quadruplex ligand as telomestatin, since it
induces senescence in only a limited number of cell lines and causes incomplete
disruption of telomeric proteins 47. At sub-lethal doses and in short-term treatments of
only 2 weeks, BRACO19 has shown high tumor selectivity and growth inhibition
without long lag-times, resulting in a quiescent and non-replicative tumor cell
phenotype in multiple types of tumors. In addition, treatment with BRACO19 resulted
in a dose-dependent reduction in the overhang signal, evidenced by complete
dissociation of POT1 and no effect on TRF2 association. These findings indicate that
BRACO19 causes telomere uncapping and may lead to telomere shortening as a result
of partial telomerase inhibition 48.
In a study of BRACO19 on early stage uterine carcinoma xenograft models, which
have very short telomeres, almost complete inhibition of hTERT was observed after
only a short period of treatment. In this study, it has been shown that BRACO19 was
able to quickly localize to cell nuclei, without significant lag time, and resulted in
quick inhibition of telomerase. This was suggested to be due to an ubiquitin-mediated
proteolysis and a complete blocking of hTERT to telomeres 49. In addition, due to
limited membrane permeability of BRACO19 50 in xenograft tumor models,
BRACO19 has proven to be more effective when administered intraperitoneally (i.p.)
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rather than by mouth (p.o.) 49. These data indicate that BRACO19 may be a successful
single agent therapy for tumors with shorter telomeres.
RHPS4

RHPS4 is another promising and potent small molecule G-quadruplex stabilizing
ligand, similar in structure to telomestatin but smaller in size and with less tumor
selectivity. RHPS4, a 3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-kl]acridinium
methosulfate, is a water soluble 51 polycyclic fluorinated acridinium cation, which
carries a net positive charge in its small acridinium rings. This gives it an enhanced
affinity to G-quadruplex and ability to penetrate heavy tumor masses 52-54. Similar to
telomestatin, RHPS4 forms stacking interactions, by binding with high affinity, with
G-quadruplex at the terminal G-tetrads, thus leading to telomere uncapping and
telomerase inhibition 51,55. In a study of its efficacy and antineoplastic activity in
various tumor xenograft models, RHPS4 has shown a significant tumor reduction,
from 30% 51 to 75% 56. RHPS4 has been well tolerated and had minimal cytotoxicity
when used in lower treatment doses in vitro and in vivo, without any adverse effects
on hematopoietic and bone marrow cell lines 53. Preclinical studies with the RHPS4
have shown that its antineoplastic activity and chemotherapeutic index (CI), which
indicates a ratio between the minimal effective dose and the maximal tolerated dose
of the chemotherapeutic drug were similar to or greater than that of common
chemotherapeutic drugs 53. Studies in colorectal carcinoma cell lines have shown that
RHPS4 can act as a successful G-quadruplex stabilizer by targeting both telomeres
and telomerase and resulting in complete dissociation of hTERT from the nucleus 51.
A combination therapy of RHPS4 with cisplatin in breast cancer cell lines 52,
camptothecin in melanoma and colorectal carcinoma 53, and taxol in uterus carcinoma
51
, has shown a synergistic effect. However, this effect was highly dependent on the
ratio and the sequence of drug administration 57. In addition, studies have shown that
when RHPS4 was combined with taxol, it induced DNA damage response, which
resulted in enhanced effect on the anaphase bridging 51, and when RHPS4 was
combined with camptothecin, it showed blocking of the DNA damage repair response
induced by camptothecin 53. This indicates that the synergistic effect of RHPS4 on
certain chemotherapeutic drugs, such as taxol 51 or camptothecin, may be due to the
combined drugs targeting the replication of G-rich overhang of the telomere by
recruiting different mechanisms of action 52. On the contrary, a combination therapy
of RHPS4 with other drugs, such as Adriamycin, gemcitabine and paclitaxel, has
shown a slightly additive or an antagonistic effect, which could be because their
action was sterically antagonized by the RHPS4.
TARGETING TELOMERE AND TELOMERASE-ASSOCIATED PROTEINS
Tankyrase Inhibitors
Considering that tankyrases are present in normal cells, it is important to know that
PARP inhibitors do not induce telomere shortening in normal cells but in telomerase
positive cells only 58. The resistance of cells with critically shortened telomeres to
telomerase inhibitors could be related to a decrease in TRF1, which is directly
correlated with an increase in PARP1 59. In addition, PARP1 activity might regulate
other factors involved in tumor growth and development, angiogenesis and metastasis,
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due to its ability to regulate transcription of proteins involved in tumorigenesis and
angiogenesis 60. It has been shown that when targeting critically shortened telomeres
with a synthetic telomerase inhibitor MST-312, there was no effect on telomerase
inhibition. However, when the same cells were targeted with the 3'-aminobenzamide
(3AB), a PARP inhibitor, the function of tankyrase 1 was diminished, which resulted
in inhibition of telomerase by MT-312 58. These findings suggest that PARP inhibitors
may be able to reverse resistance against direct telomerase inhibitors, leading to
accelerated telomere shortening and reduced treatment time 59.

SUPPLEMENTAL FIGURE CAPTIONS:
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Fig. 1S. Oncolytic virus-based cell therapy - telomelysin.
Telomelysin (OB-301) is oncolytic virus therapy vector, composed of an attenuated
telomerase-specific replication-competent adenovirus-5 (TRAD) vector (Ad5) that
uses hTERT promoter to control E1A and E1B genes 61. Telomelysin contains a
complete functional E3 viral region that allows it to bind and retain the MHC class-I
molecules, decreases viral clearance and increases viral replication within specific
tumors. Once the adenovirus-5 (Ad5) vector with the hTERT promoter is injected, it
drives the virus to replicate and lyse in telomerase-positive tumor cells having no
effect on normal cells 33,34. This viral replication causes an increase of uric acid,
which serves as a danger signal and recruits dendritic cells, which in turn stimulate
production of IL-10 and IFN-γ, leading to generation of CD4+ response and activates
Th1 and Th2 CTLs 34.
Fig. 2S. Suicide gene vector therapy - Ad-hTERT/hTERp-NTR/CB1954.
Ad-hTER/hTERT-NTR/CB1954 is the telomerase-specific adenoviral suicide gene
therapy with the hTER or hTERT driven vector expressing the nitroreductase (NTR)
gene. First, the targeting vector with the enzyme-encoding gene is transfected into the
tumor cell. Then the prodrug, such as CB1954 is added and activated to its toxic form.
The activated form of CB1954, causes cross-linking of both dividing and nondividing tumor cells. The suicide Ad-hTER/hTERT-NTR vector does not affect
normal telomerase negative cells. However, once the activated prodrug releases its
toxins into the cytoplasm, it leads to a bystander effect therefore infecting other tumor
cells and successfully sensitizing various cell lines in vitro and in vivo 41,42.
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