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Introduction

Prostate adenocarcinoma is the most common type of cancer found in men, being
second to lung cancer in terms of morbidity. While there are several therapeutic options
(surgery, radiation) for the patients with localized disease, the patients with metastatic
disease have only a few therapeutic options, all with limited efficacy. Therefore it is
important to developed and implement new chemotherapeutic drugs for the treatment of
prostate cancer. One of these novel therapeutic agents is imetelstat sodium (GRN163L),
an oligonucleotide antagonist which targets the telomerase. Re-activation of telomerase,
the enzyme responsible for maintenance of telomeres, is one of the hallmarks of cancer
and more than 90% of prostate carcinomas possess this phenotype. In the absence of
telomerase, cancer cells will progressively shorten their telomeres to a critical length and
die. The majority of conventional chemotherapies are believed to leave intact small
population of cells, known as tumor-initiating cells (or cancer stem cells). These cells are
believed to be responsible for the subsequent relapse and metastasis of the disease and
specific therapies which target these cells may achieve a more durable response. If tumor-
initiating cells have telomerase activity, the imetelstat drug would target these cells in
addition to the bulk tumor cells. In this study we are assessing the anti-metastatic effects
of imetelstat by demonstrating that this drug targets the rare populations of tumor-

initiating cells by inducing telomerase inhibition and telomere shortening.



Body

The purpose of this research project was to assess the effects of a novel
telomerase inhibitor drug, imetelstat, on prostate tumor-initiating cells. The initial
working hypothesis was that by targeting the tumor-initiating cells we can reduce or

eliminate the incidence of metastasis.

Task 1. Determine the levels of telomerase activity in putative prostate tumor-
initiating cells isolated from in vitro cultures and demonstrate inhibition of

telomerase in these cells using a novel telomerase inhibitor, imetelstat (Months 1-9)

Prior to the completion of this study it was completely unknown whether
telomerase is active in prostate tumor-initiating cells. Moreover, the effects of imetelstat
on prostate cancer cell lines were poorly understood. In order to address these questions,
we analyzed the effects of imetelstat on several telomerase-positive prostate cell lines
(DU145, PC3, C4-2 and LNCaP). All these cell lines have significant levels of
telomerase activity, in contrast to normal prostate epithelial cells which are telomerase-
negative (Figure 1). Most important, the Telomeric Repeat Amplification Protocol
(TRAP) assay has shown that imetelstat treatment induced telomerase inhibition in all the
cell lines analyzed (Figure 2). As expected, sustained telomerase inhibition with 2uM
imetelstat led to telomere shortening as illustrated by the Terminal Restriction Fragment
(TRF) using a telomere repeat probe (Figure 3). After prolonged imetelstat treatment, the
telomeres became critically short and all the cell lines used in the experiments entered

apoptosis and died (data not shown).

a. Isolation of prostate tumor-initiating cells from cancer cell lines (DU145, PC3, C4-2

and LNCaP) based on surface markers, Hoechst dye exclusion and formation of
holoclones (Months 1-3)

There are several strategies employed to isolate prostate tumor-initiating cells,

majority of these using established surface markers. In addition to these surface markers,



we isolated prostate tumor-initiating cells using Hoechst dye exclusion (“side
population”) and holoclones formation.

The first surface marker used for the isolation of prostate tumor-initiating cells in
this study was CD44. CD44+ prostate cancer cells are more proliferative, clonogenic,
tumorigenic and metastatic than the corresponding CD44- cells and possess traits of
tumor stem/progenitor cells. Subsequently, it was found that CD44"/integrin a,fa™ cells
have higher tumorigenic potential than CD44'Y/integrin oB:"" cells, indicating that
prostate cancer cells are organized in a hierarchy. Using the surface markers CD44 and
integrin oy, we isolated a population of putative prostate tumor-initiating cells from
DU145, an androgen-independent line. We sorted (FACS) the top 10% cells stained with
each antibody, which translated to approximately 2% of the total population (Figure 4A).

The second surface marker used for the isolation of prostate tumor-initiating cells
was CD133 (Prominin 1). Prostate cancer cells with the CD133+ phenotype show
significant capacity of self-renewal as well as increased proliferation and differentiation
potential. Using an antibody against CD133 (prominin-1), we detected a small population
of CD133+ cells in the DU145 cell line (Figure 4B). All the cells lines analyzed show a
small population of CD133+ cells (data not shown), but so far only DU145 CD133+ cells
were shown to have tumor-initiating properties, therefore we used this cell line for the
subsequent experiments.

The second strategy used to isolate prostate tumor-initiating cells employed the
Hoechst 33342 dye exclusion assay, also known as the “side population” assay. The cells
isolated from the side population are believed to harbor the tumor-initiating compartment.
Using the Hoechst exclusion assay, we detected a small side population of C4-2 prostate
cancer cells, which accounted for ~0.1% of the total population (Figure 6A). These cells
were described in the literature as being more tumorigenic and drug resistant than the
main population of cells, therefore providing an ideal model for testing the telomerase-
inhibition therapy.

Another innovative strategy used to isolate prostate tumor-initiating cells is based
on the hypothesis that only holoclones (tightly packed round colonies of cells with
distinct morphology), are able to initiate tumor growth, and that these holoclones are

maintained in carcinoma cell lines maintained in vitro. Holoclones contain self-renewing



tumor-initiating cells with high levels of CD44, integrin ayB; and B-catenin. We used
very stringent criteria to isolate several DU145 holoclones (Figure 5) and expanded them
briefly in culture, just long enough to harvest enough material for the subsequent assays.
For the PC3 cell line, we sorted both CD44-/+ and CD133-/+ cells in order to
compare the telomerase activity in the positive and negative fractions for each marker.
For the LNCaP cells we used a combination of CD44 and CD24 antibodies to identify a
population of tumor-initiating cells with the CD44+/CD24- phenotype. The percentage of
cells that stained positive for CD44 and negative for CD24 was relatively small, less than
1% (Figure 6B). A small population of CD133+ cells was also identified in the LNCaP
cells. As mentioned before, the choice of cell line/isolation method was based on the data

available in literature describing the tumorigenic potential of these populations of cells.

b-d. Perform TRAP analysis to verify telomerase activity in the prostate tumor-initiating

cells and confirm inhibition of telomerase activity by imetelstat in these cells (Months 3-

9)

After analyzing the effects of telomerase inhibition on the total population of cells
(DU145, PC3, C4-2 and LNCaP), we proceeded to examine the telomerase activity in the
prostate tumor-initiating cells, and investigate whether the telomerase inhibitor imetelstat
is efficient in targeting these elusive cells. Equal numbers of tumor-initiating cells were
collected for the untreated and imetelstat-treated samples and used for the TRAP assay.
The DU145 CD44"/integrin a,p;" cells have telomerase levels similar to that of total
population, and imetelstat inhibition of telomerase activity is equally efficient in this
fraction (Figure 7A). DU145 CD133+ cells have high levels of telomerase activity,
similar to the levels found in the total population of cells, and imetelstat is effective at
inhibiting telomerase in these putative stem-like cells (Figure 7B). As illustrated in
Figure 8, telomerase activity in DU145 holoclones was slightly lower than in the DU145
total population. The PC3 CD44+ and CD133+ have strong telomerase activity and no
major differences were observed between the positive and negative fractions of cells
(Figure 9A). Imetelstat was used to inhibit telomerase activity in all the isolated cell
fractions. TRAP assays show that the SP cells isolated from the C4-2 cells have high



levels of telomerase activity, slightly higher than the main population of cells, and the
enzyme’s activity was inhibited efficiently by imetelstat (Figure 10A). The LNCaP
CD44+/CD24- cells had high levels of telomerase activity, which was similar to the main
population of LNCaP cells. Again, imetelstat was able to robustly inhibit telomerase
activity in both fractions (Figure 10B). The CD133+ LNCaP cells have also strong
telomerase activity which can be inhibited by imetelstat (Figure 9B).

Once we established that the prostate tumor-initiating cells have significant levels
of telomerase activity, and that telomerase inhibitors can target efficiently these cells, we
investigated the average telomere lengths of putative prostate tumor-initiating cell
fraction. As seen in Figure 11, telomeres of prostate tumor-initiating cells are generally of
similar average size with the main population of cells from which they were isolated.
This predicts that telomere attrition should occur at equal rates in these cells. In order to
verify this hypothesis, we isolated tumor-initiating cells from cell cultures treated with
imetelstat for longer periods of time. As illustrated in Figure 11, the telomerase inhibitor
was able to induce telomere shortening in these cells, and it appears that the rate of
telomere shortening in these cells is similar to that found in the main population of cells.

When we compared the FACS profile of cells treated for different periods of time
with imetelstat, we observed that the proportion of DU145 CD44"/integrin asB:" cells
present in the total population decreased proportional with the length of imetelstat
treatment (Figure 12A). Moreover, after ~100 days of treatment we were unable to detect
any holoclone formation when the cells were plated at low density (Figure 12B) which
correlates with the clonogenic spheroid formation assays which showed that prolonged
treatment with imetelstat leads to decreased spheroid formation ability in all of the cell
lines analyzed (Figure 12C). This was the first study suggesting that long-term treatment
with imetelstat may lead to the elimination of tumor-initiating cells. This phenomenon
was confirmed by subsequent studies performed by other researchers in multiple
myeloma and breast cancer. Whether this is the direct result of telomerase inhibition and
telomere shortening remains unclear and future experiments will be aimed at answering
this important question.

Because the tumor-initiating cells are present in very small numbers in the cell

lines analyzed, we examined the effects of culture conditions on sorted populations of



cells in an attempt to enrich the population for tumor-initiating cells. The CD133+ cells
isolated from DU145 cells were placed back in culture, using both serum-supplemented
media and adherent conditions or chemically defined media and attachment-independent
conditions (spheroids). Regardless of the media and culture conditions used, the
percentage of cells expressing CD133 remained very low (less than 1%), without any
apparent enrichment over time in culture (Table 1). Next, we examined by
immunofluorescence imaging the signature of DU145 prostate cancer cells grown at
clonal density in attachment-independent conditions (spheroids). The attachment-
independent conditions exert even more strain on the cells, and because spheroid
formation was used extensively to enrich for stem cells, the clonogenic spheroid
formation assay probably identifies the population of cells that have the highest
tumorigenic potential. We specifically focused on common tumor-initiating cells markers
such as CD44 and CD133. CD44 is present at high levels in the majority of DU145 cells,
regardless of culture conditions (monolayer or spheroids). The CD133+ cells were also
clearly identified in the spheroids, but as the spheroids grew in size, the CD133+
population did not proliferate at the same rate as the CD44 cells within the spheroids
(Figure 13). While these spheroids were grown in serum-supplemented media (that
usually promotes differentiation), the use of serum-free defined media also did not enrich
the CD133+ population. This observation suggests that the culture conditions we used do

not allow the enrichment of this rare population of cells.

Task 2 and 3. Isolate putative prostate tumor-initiating cells and examine the role of
imetelstat on telomerase inhibition and metastasis in orthotopic mice xenografts

(Months 10-24):

The luciferase prostate cancer cell lines DU145-luc, PC3-luc, C4-2-luc and
LNCaP-luc were established using a lentivirus encoding the luciferase gene driven by an
ubiquitin promoter. After infection and subsequent selection with G418 for two weeks,
high levels of luciferase expression were detected in all the cell lines. In addition, we

generated cell lines expressing GFP alone and in combination with luciferase.



The attempts to generate a reliable metastatic model using the luciferase-
expressing cell lines engineered previously were unsuccessful. The incidence of
metastasis varied greatly amongst the cell lines, and within the cell lines amongst
animals, regardless of the inoculation site (data not shown).

The epithelial-to-mesenchymal transition (EMT) is a highly conserved cellular
process that allows the polarized and generally immotile epithelial cells to convert to
motile mesenchymal cells. This important process was initially recognized during several
critical stages of embryonic development and has recently been implicated in promoting
cancer invasion and metastasis. A decrease in the expression of E-cadherin and an
increase in the expression of vimentin are two currently accepted biochemical
characteristics associated with EMT. In prostate cancer, decreased E-cadherin expression
has been correlated with various indices of prostate cancer progression, including grade
of the cancer, local invasiveness, dissemination into blood, and tumor relapse after
radiotherapy. Most important, recent reports suggested that the EMT process generates
cells with characteristics of tumor-initiating cells. This concept led us to the idea of
developing a prostate EMT model in order to improve the incidence of metastasis in the
mouse model.

The PZ-HPV-7 cell line was derived from histological normal prostate epithelium
immortalized by Human Papilloma Virus Type 18 (HPV-18) DNA. PZ-HPV-7 cells are
generally considered as non-tumorigenic in subcutaneous xenograft animal models.
Nevertheless, we have established a new PZ-HPV-7T line from the parental PZ-HPV-7
cells, which is highly tumorigenic in nude mice and has increased expression of EMT
markers, suggesting the progression to a more aggressive phenotype.

The PZ-HPV-7 cells are non-tumorigenic in nude mice (Table 2) when implanted
by subcutaneous injection (0/2) or subrenal grafting (0/8). However, when PZ-HPV-7
cells were cultured as spheroids in Matrigel® then implanted under the renal capsule of
nude mice, one mouse (1/5) developed a palpable xenograft tumor (Figure 14A and
Table2). The tumor was excised, placed back into cell culture and the cell line generated
from this xenograft explant was designated PZ-HPV-7T. The PZ-HPV-7T cells appeared
to be more tumorigenic and metastatic than the parental PZ-HPV-7 cells (Table 2). Mice
inoculated with PZ-HPV-7T cells under the renal capsule exhibited multiple sites of
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metastases such as lymph nodes and lungs (Figure 14A). In addition to its capacity to
form tumors in the subrenal capsule of nude mice, PZ-HPV-7T cells were able to
generate subcutaneous tumors in NOD/SCID mice (Table2). In two-dimensional cultures
on plastic dishes, PZ-HPV-7 cells have typical epithelial morphology, but the PZ-HPV-
7T cells possess a more mesenchymal-like appearance (Figure 14B).

PZ-HPV-7 cells are hypertriploid with the chromosome number ranging from 78
to 85, with deletion of chromosomes 3p, 15, 21, and 22, as well as gain of chromosomes
3q, 5, 5p, 7, 7p, 9q, 11, 16p, 17, 18, 19, 20, and 3 to 7 marker chromosomes (Figure
15A). PZ-HPV-TT cells are hyperdiploid with the chromosome number ranging from 47
to 57. Deletion of chromosomes 4, 7q, 169, 18, and 20 as well as gain of chromosomes 1,
5p, 6p, 8, 9q, 10q, 11q, and 17 can be observed (Figure 15B). Structural anomalies
including an additional isochromosome 5p and a 7q deletion from 7q11.2 to the 7qter
region were present in both cells, supporting the common origin of these two cell lines.

The expression levels of established EMT markers such as ZEB1 and ZEB2 were
significantly elevated in PZ-HPV-7T cells, regardless of the culture conditions (Figure
16A). The expression of Snail and FOXC2 mRNA, two other key players in the EMT
process, were also significantly elevated in PZ-HPV-7T cells in both media. Similarly,
vimentin, N-cadherin and fibronectin, bona fide mesenchymal markers, were elevated in
the PZ-HPV-7T cells (Figure 16B) in both culture media. In contrast, E-cadherin, an
epithelial marker, decreased significantly in PZ-HPV-7T cells compared with PZ-HPV-7
cells (Figure 16B). Interestingly, decreased expression of DAB2IP protein, a critical
factor in preventing EMT, was also detected in PZ-HPV-7T cells but not the PZ-HPV-7
cells. This indicates that PZ-HPV-7T cells have undergone distinct EMT that correlates
with its tumorigenicity and metastatic potential in vivo.

The PZ-HPV-7T cell line provides a reliable metastatic model which will

facilitate the study of imetelstat as an antimetastatic agent in mouse xenografts.
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Key research accomplishments

1. The telomerase inhibitor imetelstat induced telomerase inhibition and telomere
shortening in four prostate cancer cell lines (DU145, PC3, C4-2 and LNCaP).
When the telomeres became critically short, the cells ceased to proliferate and
died.

2. Putative prostate tumor-initiating cells have significant levels of telomerase
activity. This is a new discovery and suggests that tumor-initiating cells are not
quiescent, but actively dividing in the main population. Moreover, because these
cells use telomerase as a telomere maintenance mechanism, we identified a new
therapeutic target and have initiated experiments to test a novel telomerase
inhibitor, imetelstat that may prevent relapse and metastasis.

3. The prostate tumor-initiating cells have relatively short telomeres, similar in size
to the telomeres of the bulk population of cells. This suggests that these cells (in
addition to the bulk tumor cells) will be targeted first by telomerase inhibitor,
before any negative effects will occur on normal stem cells (which have relatively
long telomeres).

4. The telomerase inhibitor imetelstat can target efficiently the tumor-initiating cells.
Imetelstat inhibited telomerase activity very efficiently in all the prostate tumor-
initiating cell fractions isolated in this study. Moreover, prolonged telomerase
inhibition by imetelstat leads to telomere shortening in the prostate tumor-
initiating cells at a rate which appears similar to that observed in the main
population of cancer cells.

5. Long-term telomerase inhibition reduces the number of tumor-initiating cells and
leads to a decreased capacity of self-renewal in prostate cancer cell lines. This
phenomenon is mainly the result of telomere shortening in the tumor-initiating
compartment but we cannot reject the possibility that telomerase inhibitors (such
as imetelstat) may have additional effects on the cancer cells, independent of
telomere shortening. Nevertheless, this discovery has significant implications for

the treatment of localized and metastatic disease.
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6. The culture conditions used to propagate the prostate cancer cell lines used in this
study do not promote enrichment for tumor-initiating cells. When CD133+ cells
were sorted from the main population of cells and placed back in culture using
two different media (with and without serum) in monolayer and suspension
spheroids, the percentage of CD133 cells returned to the values identified in the
initial population in a short amount of time.

7. We have developed a novel EMT model using an immortalized normal prostate
epithelial cell line and generated a new prostate cancer cell line, PZ-HPV-7T,
which may represent an excellent system to study mechanisms associated with
prostate cancer progression and metastasis. This model is ideal for mouse

xenograft studies with imetelstat.

Reportable outcomes

Publications

Marian CO, Yang L, Zhou Y, Pong RC, Gore C, Wright WE, Shay JW, Kabbani W,
Hsieh JT and GV Raj (2011). Evidence of epithelial to mesenchymal transition
associated with increased tumorigenic potential in an immortalized normal prostate
epithelial cell line. Prostate 71:626-636.

Marian CO, Wright WE and Shay JW. (2010) The effects of telomerase inhibition on
prostate tumor-initiating cells. International Journal of Cancer 127: 321-331.

Marian CO and Shay JW. (2009) Prostate tumor-initiating cells: A new target for
telomerase inhibition therapy? Biochimica et Biophysica Acta 1792: 289-96.

Abstracts

Marian CO, Wright WE and Shay JW. (2009) The effects of telomerase inhibition on
prostate tumor-initiating cells. 100" AACR Meeting Denver, Colorado April 18-22.
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Conclusion

We established the presence of active telomerase in putative prostate tumor-initiating
cells isolated from prostate cell lines and we have shown that the telomerase inhibitor
imetelstat is able to inhibit the enzymatic activity in these cells with the same
efficiency as in the main population. Telomerase inhibition induced progressive
telomere shortening in tumor-initiating cells at the same rate found in the cell line
from which they were derived. After telomeres become critically short, cells will
enter apoptosis and die. Most important, prolonged treatment with imetelstat leads to
a decrease in the number of tumor-initiating cells, opening new avenues of research.
Thus, imetelstat may be a valuable therapy for the treatment of prostate cancer. Its
unique mode of action indicates that it may target the elusive putative tumor-initiating

cells that are usually resistant to conventional therapies.
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