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Abstract

Exposure of the telomere overhang acts as a DNA damage signal, and exogenous administration of
an 11-base oligonucleotide homologous to the 3’-telomere overhang sequence (T-oligo) mimics
the effects of overhang exposure by inducing senescence and cell death in non-small cell lung
cancer (NSCLC) cells, but not in normal bronchial epithelial cells. T-oligo-induced decrease in
cellular proliferation in NSCLC is likely directed through both p53 and its homolog, p73, with
subsequent induction of senescence and expression of senescence-associated proteins, p21,
p33ING and p27KiPL both Jn vivoand in vitro. Additionally, T-oligo decreases tumor size and
inhibits angiogenesis through decreased VEGF signaling and increased TSP-1 expression.
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1. Introduction

Lung cancer is notoriously difficult to treat with traditional chemotherapeutic options and
recent advances in molecularly targeted therapies are plagued with difficulties including
induced resistance and small therapeutically responsive populations [1]. There is a
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considerable molecular heterogeneity in lung cancer, however, many lung cancers contain
functional mutations in the important tumor suppressor p53, [2] which contributes to their
malignancy and difficulty in treatment. At present, multiple treatment modalities are being
pursued as new therapeutic options for lung cancer [1]. An interesting alternative strategy in
lung cancer is targeting the telomere or telomerase, and recent strategies include small
molecule or oligonucleotide inhibitors of telomerase [3-7] or an anti-telomerase vaccine [8].
We propose the use of an oligonucleotide homologous to the 3" end of the human telomere
as a potential therapeutic for lung cancer.

Telomeres are tandem repeats of a specific nucleotide sequence found at the end of
chromosomes. The 3" end of each telomere consists of a single stranded overhang of
TTAGGG tandem repeats that has been proposed to stabilize a loop structure at the
chromosome ends [9], and plays an important role in signaling for DNA damage responses.
Acting like biological clocks, telomeres shorten with each successive round of DNA
replication, and when critically short, signal for DNA damage responses resulting in cellular
senescence or apoptosis [9]. In stem cells, telomeres are maintained by telomerase, an
enzyme that extends the 3" terminus of chromosome ends. Telomerase is generally not
expressed in normal somatic cells, but is expressed in the majority of primary tumors and
cancer derived cell lines [7]. The telomere overhang is protected by various telomere
associated proteins, such as TRF2 and POT1 [9]. When these proteins are absent or
nonfunctional, the telomere overhang is exposed, causing apoptosis, senescence, and
differentiation [10].

We hypothesize the effects of telomere exposure can be artificially induced by exogenous
addition of T-oligo, an 11-base oligonucleotide identical in sequence to the telomere
overhang. T-oligo can induce DNA damage responses similar to those occurring under
physiological conditions [11]. In fact, T-oligo, which accumulates in the nucleus [11],
induces a DNA damage response in primary human cells including enhanced DNA repair
[12], senescent phenotype in fibrosarcoma cells [13], and apoptosis in immortalized and
malignant cell lines [11,14]. T-oligo responses are mediated in part through multiple DNA
damage pathways including ATM kinases [15], p53 [11,12,14,15] or its homologue, p73
[11,14], p95/NBS1, E2F1, and pRb [13,15,16]. However, recent evidence suggests that ATM
may not be as integral to T-oligo induced DNA damage responses as previously
hypothesized [17]. T-oligo induced cellular responses occur without affecting the cells own
telomeres [13,16,18] and are independent of telomerase [13]. Additional research into T-
oligo’s mechanism of action reveals that T-oligo may increase cellular reactive oxygen
species levels through a p53 dependent pathway, indicating that T-oligo may also act to
reduce oxidative damage to cells [18]. Thus, exposure to the telomere overhang sequence is
able to target malignant cells through multiple p53 dependent and independent mechanisms.

Although the mechanism of a T-oligo induced DNA damage response remains unclear, an
increasing number of malignant cell types display sensitivity to T-oligo in cell culture
including breast, ovarian, prostate, pancreatic, melanoma, glioma, and lymphoma [14,17,19—
23]. Particularly, T-oligo reduces tumorigenicity and metastasis of melanoma [14] and
maintains /n vivo efficacy against mouse models of breast cancer, glioma, and lymphoma
[19,22,23] without toxic side effects on mice [9,14]. Remarkably, T-oligo has limited effects
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on multiple normal cell types in comparison to their malignant counterparts [14,19,23]. The
potency of T-oligo against cancer cell lines at relatively short treatment times and its lack of
harmful effects on normal cells suggests its combination with other compounds may
increase treatment efficacy without increasing cytotoxicity [9,14,24].

In addition to T-oligo’s marked anti-tumor activity through induction of DNA damage
responses, /n vitro studies by Coleman et al. demonstrate that T-oligo may also reduce
angiogenesis in melanoma by inhibiting DNA binding activity of the HIF-1 transcription
factor contributing to decreased expression and release of the angiogenic factors, VEGF and
ANG-1 [24]. However, no previous study demonstrates an effect of T-oligo on VEGF or
TSP-1 expression /n vivo. At present, experiments suggest that T-oligo is able to inhibit the
growth of tumors through both classical DNA damage responses and inhibition of
angiogenesis, however the mechanism of the latter has not yet been determined.

In this study, we examined the potential of T-oligo to induce senescence and decrease
cellular proliferation in non-small cell lung cancer (NSCLC). We used the NSCLC cell lines
SW1573 and H358, which have wild type p53 [25,26] and homozygous deletion of p53 [27—
31], respectively, to determine if T-oligo could be useful in lung cancer with and without p53
expression. We further evaluated the use of T-oligo as a therapeutic treatment in NSCLC
xenografts in nude mice and demonstrated both reduced tumor size and vascularity.
Additionally, we validated T-oligo induced senescence /n vivo, and demonstrated the
importance of VEGF and TSP-1 in Toligo’s effect on angiogenesis. With these studies we
hope to demonstrate the efficacy of T-oligo in lung cancer and bring T-oligo closer to
clinical use as a cancer therapeutic.

2. Materials and methods

2.1. Chemicals, cells, and antibodies

DNA oligonucleotides, homologous and complementary to the 3" telomere overhang
sequence (T-oligo: pPGTTAGGGTTAG, and complementary oligonucleotide
pCTAACCCTAAC, respectively) were obtained for cell culture and animal experiments
from Midland Certified Reagent Company (Midland, TX). SW1573, H358, SK-LU-1, H226,
SW900, and H1838 lung cancer cells were obtained from American Type Culture Collection
(Rockville, MD), cultured according to the provided instructions, and used for
experimentation at early passages. Basal media and balanced salt solutions were obtained
from Gibco (Invitrogen, Carlsbad, CA). Normal bronchial epithelial cells (NBEC) were
isolated from normal lung tissue using an established procedure [32] and maintained at 7%
CO3 and 37 °C in bronchial epithelial cell basal medium supplemented with gentamicin
sulfate, transferrin, bovine pituitary extract, hydrocortisone, epidermal growth factor, insulin,
epinephrine, trilodothyronine, and retinoic acid as per manufacturer’s instructions (Lonza,
MD). E2F1 antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). p53, p73 antibodies were purchased from EMD Millipore (Billerica, MA), and
phospho-p53 (Ser 15) was purchased from Cell Signaling (Danvers, MA), Calcein AM was
purchased from Invitrogen. Methylene blue was purchased from Bio-Rad Laboratories, Inc.
(Hercules, CA). p-actin antibody, anti-mouse and anti-rabbit secondary antibodies, 5-
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Bromo-4-chloro-3-indolyl B-p-galactopyranoside, propidium iodide, and all other chemicals
were obtained from Sigma Aldrich (St. Louis, MO).

2.2. Inhibition of cell growth and determination of cell death

NBEC, SW1573, H1838, and H358 NSCLC cells were plated and treated with diluent
(water), 40 uM T-oligo, or 40 uM complementary oligo for 48, 72, and 96 h. Cell
proliferation was measured by counting the number of viable cells as determined by trypan
blue exclusion subsequent to trypsinization [33]. Cell death was determined by propidium
iodide staining and sub Go/G1 DNA analysis on a FACS scan (Becton Dickinson, Franklin
Lakes, NJ) [14]. All experiments were performed in triplicate. Paired Student’s #test was
used to evaluate the differences between T-oligo and complementary oligo groups.
Significance was established at a. = 0.05.

2.3. Senescence and clonogenicity

Senescence in NBEC, SW1573 and H358 cells was determined by treating cells for one
week with 40 uM T-oligo or 40 pM complementary oligo after which cells were fixed in
3.7% formaldehyde in phosphate buffered saline (PBS) for 5 min and washed twice with
PBS. Cells were then stained with B-Galactosidase [16,34] for 16 h at 37 °C, and
counterstained with Calcein AM [35]. Clonogenicity was studied by plating H358 and
SW1573 cells at 25,000 cells/60 mm dish and treating with 40 uM T-oligo or 40 uM
complementary oligo. After one week, cells were harvested with trypsin/EDTA and plated at
3000 cells/60 mm dish and incubated for eight days in growth medium. Cells were then
fixed in 100% ethanol and stained with 1% methylene blue in PBS for 10 min [13]. Visible
colonies were counted using Kodak ROl analysis. All experiments were performed in
triplicate. Paired Student’s #test was used to evaluate the differences between T-oligo and
complementary oligo groups. Significance was established at a = 0.05.

2.4. Immunoblotting

H358 and SW1573 cells were treated with diluent, 40 uM complementary oligonucleotide,
or 40 uM T-oligo for various time points after which protein expression was analyzed by
immunoblotting [33]. Briefly, cells were washed twice with PBS and cell lysates were
collected using 200 uL lysis buffer (20 mM Tris—HCI (pH 8.0), 150 mM NaCL, 100 mM
NaF, 1% NP-40, 10% glycerol, 1 mM sodium orthovanadate, and 1x complete protease
inhibitor; Roche Diagnostics, Indianapolis, IN). A sonicator was then used to homogenize
cell lysates and protein concentration was determined by the Bio-Rad protein assay kit
(Hercules, CA). 50 pg of protein from each sample was run on a SDS-PAGE gel and blots
were probed with the aforementioned antibodies. Immunoblots were then visualized using
Western Lightning ECL (Perkin Elmer, Waltham, MA). All experiments were performed in
triplicate with similar outcomes.

2.5. Animals

Five-week old male nu/nu (nude) mice were purchased from Taconic (Hudson, NY), and
housed in the pathogen-free animal facility at the University of Illinois, College of Medicine
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at Rockford. All animal protocols were approved by the Institutional Biological Resource
Committee from the University of Illinois, College of Medicine at Rockford.

2.6. NSCLC tumorigenicity

SW1573 and H358 cells were cultured as described above and harvested with trypsin/EDTA.
Viability was determined by trypan blue exclusion. Only cell populations with =90%
viability were used for this investigation. Cells were suspended in Hank’s Balanced Salt
Solution and 5 x 106 viable cells were injected subcutaneously into the flank or leg region of
five-week old male nu/nu (nude) mice (Taconic, Hudson, NY) to establish tumors. After 72
h, mice were randomized and divided into two subgroups of 10. The T-oligo treatment group
received daily intratumoral injections of 210 pg in 150 pl of PBS (60 nM) T-oligo and the
control group received daily intratumoral injections of 210 pg of complementary
oligonucleotide in 150 pl of PBS. Mice were weighed weekly and observed for signs of
excessive tumor burden or toxicity. Weekly tumor measurements were performed by a
blinded observer with digital calipers (Fisher Scientific, Hampton, NH). Tumor volume was
calculated according to the formula: volume (mm3) = (length x width?)/2 [36]. After seven
weeks, mice were euthanized and tumors were resected and preserved in either 4% formalin
for subsequent paraffin embedding and immunohistochemical analysis or in OCT solution
and flash frozen in an ethanol/ dry ice mixture and stored at —=70 °C. Analysis of tumor
growth was performed using paired Student’s £test to compare T-oligo and complementary
oligo groups. Significance was established at a. = 0.05.

2.7. Senescence associated p-Galactosidase (SA-p-Gal) staining of tumor sections

Tumor sections were stained for SA-B-Gal as described previously [37]. Briefly, frozen
tumors were sectioned into 4 um slices using a cryostat (Damon/IEC minotome, Needham,
MA). Tumor sections were placed on positively charged slides and fixed at 4 °C in 1%
formalin in PBS for 1 min and washed thrice in 4 °C PBS. Sections were immersed in -
Galactosidase staining solution and incubated for 16 h at 37 °C. Sections were then fixed in
5% formalin for 10 min, washed twice with PBS at room temperature and counterstained
with eosin. SA-B-Gal staining was performed on at least three separate tumors with similar
results. For each experiment, the most representative tumor section was examined and
photographed at 40x magnification.

2.8. Immunohistochemistry (IHC)

Paraffin sections of SW1573 and H358 tumors were prepared following standard
immunohistochemical procedures. Briefly, sections were rehydrated using four successive
decreasing concentrations of xylene and ethanol and then rinsed in PBS twice for 5 min.
Antigen retrieval was performed by incubating rehydrated sections in a 0.05% trypsin, 1%
calcium chloride solution for 10 min at 37 °C. Tumor sections were then stained using the
M.O.M. IHC kit from Vector Labs (Burlingame, CA). Once desired staining intensity was
obtained, slides were counterstained using hematoxylin (Sigma, St. Louis, MO) for 15 s,
dehydrated in increasing concentrations of ethanol and xylene, and mounted with cover slip
using Permount (Fisher, Rockford, IL). Photomicrographs were obtained with an Olympus
BH-2 microscope (Olympus, Center Valley, PA) at 20x magnification. IHC was performed
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on at least three separate tumors with similar results. For each experiment, the most
representative tumor section was examined and photographed at 200x magnification.

2.9. Quantification of tumor microvessel quantity

H358 and SW1573 tumor sections were analyzed for microvessel density by
immunohistochemistry for CD31, an endothelial cell specific marker. Vessels were counted
at 200x magnification in at least 10 fields from three separate tumors by a blinded observer.
Statistical analysis of tumor microvessel density was performed using paired Student’s #test
to compare T-oligo and complementary oligo tumors. Significance was established at a =
0.05. Photomicrographs were taken at 200x magnification from representative fields of
tumors.

3. Results

3.1. Inhibition of cell growth and induction of cell death in lung cancer cell lines by
exposure to oligonucleotides homologous to the telomere overhang

Previous studies demonstrate the potential for T-oligo, an 11-base oligonucleotide
homologous to the telomere overhang, to inhibit the growth of multiple tumor types
[14,17,19-23]. To determine T-oligo’s efficacy in slowing the growth of lung cancer, we
exposed six NSCLC cell lines (H1838, SK-LU-1, H358, H226, SW900, SW1573) to T-
oligo, or an oligonucleotide complementary to the telomere overhang. Cells exposed to T-
oligo exhibit a 40— 50% inhibition of growth as compared to the complementary oligo (Fig.
1A) with maximal inhibition of H1838 cell growth (Fig. 1A). We have made a titration curve
with increasing concentrations of T-oligo ranging from 10 uM to 100 UM in p53 wild-type
SW1573 and p53 null H358 cell lines (Supplementary Fig. 1S). T-oligo inhibited cell growth
in both cell lines comparably, H358 from 28% to 85% and SW 1573 from 22% to 82%
compared to complementary oligonucleotide. This level of growth inhibition is comparable
with other cancers like melanoma, prostate and glioma [14,21,22].

Further analysis of T-oligo treated H1838 and H358 cells demonstrate a 3-fold and 4-fold
increase in cell death via propidium iodide staining and FACS analysis as compared to
complementary oligonucleotide, respectively (Fig. 1B and C). T-oligo also induces
activation of caspase 9 and 3 after 12 and 24 h in H1838 cells, respectively (Fig. 1D). These
results demonstrate T-oligo’s powerful ability to inhibit cell growth in a wide-range of
NSCLC cell types and suggest that caspase-mediated cell death may be one of the
mechanisms for T-oligo’s anti-tumor effect.

3.2. Increased p53 and p73 after exposure to telomere overhang oligonucleotides in
NSCLC cells

Our evidence demonstrates that exposure to the telomere overhang DNA sequence induces a
potent apoptotic response in NSCLC cells similar to T-oligo-induced DNA damage
responses observed in multiple other malignant cells [14,19,21]. Previous reports in our lab
and others suggest that the T-oligo induced DNA damage response is mediated, at least in-
part, through the tumor suppressor p53 [9]. However, p53 is either silenced or inactivated in
many NSCLC cell types [2]. To determine the potential for p53 dependent and independent
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telomere overhang induced DNA damage responses in NSCLC cells, we studied NSCLC
cells expressing both wild-type p53 (SW1573) [25,26] or with a homozygous deletion of
p53(H358), but expressing wild-type p73, a p53 homologue [30,31]. As described above,
both H358 and SW1573 exhibit a significant decrease in cell viability after exposure to T-
oligo (Fig. 1A). In SW1573 cells, T-oligo treatment induces significant upregulation and
phosphorylation of p53 (Ser15) after 12 h (Fig. 2A). In addition, E2F1, a downstream co-
transcriptional factor of p53 [38], and p21, a downstream transcriptional product of activated
p53 [39], are upregulated at 24 h in SW1573 cells (Fig. 2B). Interestingly, in p53-deficient
H358 cells, p73 is upregulated at 12 h (Fig. 2C). Previous results suggest the importance of
both p53 [13] and p73 [11,14] in T-oligo induced apoptosis, and our results confirm that they
play a similarly important role in NSCLC. Furthermore, decreased cellular proliferation
coupled to increased expression of p73 in H358 suggests that T-oligo may be effective in
NSCLC tumors that lack functional p53 and contain functional p73.

3.3. SW1573 and H358 NSCLC cells are susceptible to T-oligo induced senescence

In addition to apoptosis, replicative senescence is a well-defined mechanism of tumor
suppression, previously shown to be induced by oligonucleotides homologous to the
telomere overhang [13,16]. Additionally, previous results demonstrate induction of
senescence /n vitro by T-oligo in other cancers [13,19,40]. However, no study has
determined if exposure to the telomere overhang sequence can induce senescence in NSCLC
cells. Both H358 (Fig. 3A) and SW1573 (Fig. 3C) cells exhibit altered morphology and an
increase in size similar to that of senescent fibroblasts [16] after exposure to T-oligo for one
week, suggesting that exposure of the telomere overhang may induce a senescent phenotype
in malignant NSCLC cells. Furthermore, H358 cells treated with T-oligo demonstrate a 12-
fold increase in number of cells positive for the presence of SA-B-Gal, a senescence specific
marker (Fig. 3A) [34], while a 4-fold increase is observed in SW1573 cells (Fig. 3C) in
comparison to cells treated with a complementary oligonucleotide. To further establish a T-
oligo induced senescent state [41], the clonogenic capacity of H358 and SW1573 cells was
determined by treating the cells with T-oligo for one week, reseeding and culturing for two
additional weeks, and subsequently staining with methylene blue. Clonogenic capacity is
decreased in both H358 (Fig. 3B) and SW1573 cells (Fig. 3D) by 12-fold and 4-fold,
respectively, in comparison to complementary oligonucleotide treated cells. These results
demonstrate that exposure to the telomere overhang sequence induces senescence in both
wild-type p53 (SW1573) and p53 deficient (H358) NSCLC cells, and suggests a role for T-
oligo induced senescence in both.

3.4. Normal bronchial cells are not susceptible to T-oligo-induced activation of DNA
damage response pathway

We show that T-oligo induces a significant decrease in NSCLC proliferation, likely through
p53 and p73 induced cell death and senescence. For that reason, we investigated the ability
of T-oligo to induce cell death or senescence in normal bronchial epithelial cells (NBEC).
Non-malignant NBEC treated with T-oligo in a manner identical to NSCLC cells did not
exhibit significant differences in cell proliferation at 72 or 96 h (Fig. 4A), and FACS analysis
after propidium iodide staining indicates no induction of cellular death after treatment with
T-oligo (Fig. 4B). In addition, NBEC exposed to T-oligo and stained with SA-B-Gal showed
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negligible induction of senescence (Fig. 4C). Accordingly, exposure to T-oligo caused no
increase in p53 or p21 expression at 12 or 24 h in NBEC as seen by immunoblotting (Fig.
4D). These results indicate that T-oligo’s anti-tumor effects are specific for cancerous
NSCLC with minimal or no effect on normal lung tissues.

3.5. T-oligo reduces tumorigenicity and induces senescence in NSCLC tumor xenografts

While T-oligo inhibits melanoma tumor growth and decreases metastatic potential [14], the
efficacy of T-oligo treatment in NSCLC /n vivois unknown. SW1573 and H358 tumors were
formed in the flanks of nuw/nu (nude) mice and treated with daily intratumoral injections of
T-oligo or complementary oligo for seven weeks. T-oligo significantly reduced tumor size of
both H358 and SW1573 tumors by 80% (p < 0.0001) and 88% (p<0.001), respectively (Fig.
5A and B). Further analysis of tumor tissue by SA-B-Gal staining indicates that T-oligo, but
not complementary oligo, induces senescence /n vivo. H358 tumors stained strongly for
senescence associated-p-Galactosidase (Fig. 5C) while SW1573 tumors demonstrated less
intense staining (Fig. 5D). These /in vivoresults are the first to demonstrate T-oligo induced
senescence /n vivo and are in concordance with our /n vitro results.

3.6. T-oligo induced senescence in associated proteins in vitro and in vivo

To further evaluate T-oligo induced senescence in NSCLC, we immunoblotted SW1573 and
H358 cells for the senescence-inducing proteins p33, p27XiP1, pRb, p16 and p21 [16,42,43].
T-oligo treated H358 cells demonstrated upregulation of p33 at both 48 h (2.2-fold) and 96 h
(1.6-fold). Upregulation of p27 (1.8-fold), pRb (3-fold), p16 (2-fold) and p21 (2-fold) were
also seen after 48 h (Fig. 6A). In p16 mutantSW1573 [44] cells upregulation of p33 (2-fold)
at 96 h, p27KiPl (1.8-fold) and p21 (2-fold) at 72 h are seen (Fig. 6B). Further, SW1573
tumors treated as described above demonstrate marked upregulation of p33, p21, and p27 as
compared to tumor xenografts treated with complementary oligonucleotide (Fig. 6C) with
similar results observed in H358 tumors (data not shown). Although upregulation of p33,
p21 and p27KiP1 has been reported after exposure to telomere oligonucleotides /i vitro [16],
our results are the first to demonstrate the induction of these proteins /n vivo, and further
support the notion that senescence is a major contributor to T-oligo’s anti-tumor effects.

3.7. NSCLC angiogenesis is inhibited by T-oligo through a decrease in VEGF and TSP-1

Since Coleman et al. demonstrate that MM-AN melanoma xenografts experience reduced
angiogenesis in response to T-oligo treatment [24], we determined the susceptibility of
NSCLC xenografts to inhibition of angiogenesis by T-oligo. Tumors were prepared as
described above and immunostained for the presence of CD31, a marker specific to
endothelial cells [45] (Fig. 7A), and VEGF, a marker of vessel density in lung cancer [46].
Vessel density in T-oligo treated H358 and SW1573 tumors, determined by counting vessels
stained with CD31, decreased by 2.2-fold and 3-fold, respectively, compared to
complementary oligonucleotide (Fig. 7B). A corresponding decrease in VEGF staining
intensity is seen in both H358 and SW1573 tumors after treatment with T-oligo (Fig. 7C). To
further explore the regulation of VEGF by T-oligo, we also stained tumor sections with
TSP-1, an angiogenesis inhibitor with negative modulation of VEGF signaling [47]. As
expected, TSP-1 staining intensity was markedly increased by exposure to Toligo (Fig. 7D).
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These results confirm T-oligo’s inhibition of angiogenesis seen in melanoma, and establish
TSP-1 as a potential mediator of T-oligo’s effect on VEGF and angiogenesis.

4. Discussion

In this study, we demonstrate that an 11-base oligonucleotide homologous to the 3’
telomere overhang prevents proliferation through induction of cell death and/or senescence
in H358, H1838 and SW1573 NSCLC cell lines. Furthermore, we demonstrate a similar
induction of senescence and inhibition of angiogenesis in NSCLC xenografts in nude mice,
supporting the development of T-oligo as a therapeutic modality [14]. Importantly, T-oligo
has no observed deleterious effects in NBEC.

DNA damage responses are proposed to mediate the anti-cancer effects of T-oligo through
activation of multiple independent DNA damage pathways including p53, p95/Nbs1, E2F1,
and p16'NK4A [13-16]. Our results show that administration of T-oligo decreases cellular
proliferation in all NSCLC cell lines with evidence for activation of the DNA damage
responses in SW1573 and H358 cells. Upregulation and phosphorylation of p73 or p53 is
likely to drive cell death through activation of caspase 9 and 3 in H1838 cells and p21 in
SW1573 [23]. Recent studies have demonstrated that T-oligo can induce apoptosis in a p53
independent manner using either cdk2 or extrinsic apoptotic pathways through TRAIL
death-receptor signaling by the activation of JNK which activates caspases 8 and 3 [17,48].
However, our studies indicate activation of caspase 9 and 3 suggesting the involvement of an
intrinsic pathway which may be mediated by p53 or p73. These results corroborate previous
findings including recent results which demonstrate a 40% reduction in apoptosis after
siRNA mediated knockdown of p53 in p53-expressing MU melanoma cells [11,49] and
suggest an important role for DNA damage responses mediated through a p53-dependent
pathway.

The p53 homologue p73 is also implicated in T-oligo induced DNA damage responses as
p53 deficient H358 cells that express wild-type p73 also undergo significant cell death and
senescence. Moreover, expression of a dominant negative p73 in p53 deficient MM-AN
melanoma cells decreases T-oligo induced apoptosis by 50% [11]. Our results substantiate
prior findings and confirm a p73 or p53-dependent mechanism of T-oligo induced DNA
damage response in NSCLC. The apoptotic response downstream to the DNA damage
response induced by T-oligo is well described in many tumor types including melanoma,
pancreatic, breast and prostate [14,17,19,21]. In the present study, T-oligo decreases cellular
proliferation in all NSCLC cell lines and cell death that may be attributable to apoptosis is
documented in both H1838 and H358 cells. These results confirm the vital role of apoptosis/
cell death in T-oligo’s potential therapeutic effect which has also been observed by earlier
investigators [9,14,19].

Senescence is a vital modality for prevention and treatment of cancer [50]. In conjunction
with clonogenic capacity, it is considered a reliable marker for predicting cancer treatment
response [50,51]. Senescence has previously been demonstrated as an important pathway of
the DNA damage response elicited by exposure to T-oligo in cultured fibrosarcoma [13] and
MCF-7 breast cancer cells [19], and we demonstrate potent induction of senescence in
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NSCLC cells after exposure to T-oligo (Fig. 3A and C). Previous evidence shows that T-
oligo induced senescent cells exhibit p53 activation in addition to induction and upregulation
of the cyclin-dependent kinase inhibitors, p21 and p16, and subsequent reduction in Rb
phosphorylation [16]. Unfortunately, many tumors contain functional mutations of p53 [2],
however, the ability for Toligo to induce senescence in the absence of p53 is currently not
defined. In the present study we observed upregulation of p16, an important senescent
marker, in our p53 null cell line suggesting its role in T-oligo mediated senescence along
with p73 [16]. Interestingly, p53 deficient H358 cells exhibit a greater senescent response to
T-oligo which may suggest a preference for induction of senescence through p73 and/or p16
in the absence of p53 after T-oligo exposure [52].

Senescence is mediated in part through the activation of specific DNA damage responsive
proteins including p27XiP1, p33, and p21. p21 is upregulated by p53 signaling and functions
by inhibiting CDK2, and through inhibition of the catalytic capacity of CDKA4, preventing
CDK4 from phosphorylating Rb and causing cell cycle arrest in the G; phase [39]. p27kiPl
functions downstream of both p21 and pRb and functions by inhibiting the catalytic capacity
of CDK2 with subsequent cell cycle arrest in the G1 phase, while p33 co-precipitates with
p53 and enhances transactivation of p21 leading to cell cycle arrest and senescence [42].
Immunoblotting of H358 and SW1573 cell lysates and SW1573 tumors confirms the role of
p21, p33, and p27 kiPl in T-oligo mediated senescence in NSCLC both Jn vitroand in vivo.
Our results confirm previous findings [16], and further our knowledge of T-oligo’s
therapeutic potential in the absence of functional p53, as no previous study has verified
senescence in cell lines without functional p53. Thus, our results indicate that T-oligo could
be effective against lung cancer by mediating senescence in the presence and absence of
p53.

Apoptosis is induced by p53 and its homologue p73 through transcriptional activation of
BAX [53,54], which leads to release of cytochrome ¢ and activation of caspases. These are
rapid sequential events, with caspase activation occurring in as little as 12 h in H1838 cells.
However, T-oligo induced senescence is a slower and a multiple step process involving
p53/p21 and p16/ pRb and modulation of their downstream target proteins which may take
several days to induce senescence [16,19]. Our studies demonstrate that both p53 and p73
can mediate T-oligo induced senescence and also substantiate the role of p73, which has
been earlier shown to induce senescence in cancer cells [55,56]. Thus, it is entirely possible
for p53 or p73 to drive the induction of both cell death and senescence with variable time
courses.

Due to the many deleterious side effects associated with both chemotherapeutics and modern
molecularly targeted therapies [57,58], we wanted to determine if exposure to T-oligo might
also decrease the cell viability of normal bronchial cells. It was found that treatment of non-
malignant NBEC with T-oligo does not decrease cell proliferation, induce cell death or
senescence, or increase the expression of proteins associated with DNA damage response
pathways, p53 or p21 (Fig. 4). These findings demonstrate that T-oligo has no negative
effects on NBEC, and are encouraging as T-oligo could prove to be a useful new therapeutic
agent. These results validate other studies by Longe et al., Yaar et al. and Puri et al. which
showed that T-oligo has minimal or no DNA damage response in normal primary peripheral
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blood leukocytes, normal mammary cells, and normal human melanocytes [14,19,23].
Unlike previous studies where T-oligo-exposed normal human melanocytes underwent S-
phase arrest [14], and normal mammary cells exposed to T-oligo had decreased cellular
proliferation and increased expression of phospho-p53%¢r15 [19], to our knowledge this is the
first study which demonstrates that T-oligo has no observable deleterious effect on the
corresponding normal NBEC. These findings suggest that T-oligo may have the ability to
spare normal cells from cytotoxic effects, while inducing senescence and cell death in cancer
cells, and supports the development of T-oligo as a potential cancer therapeutic with very
few side effects.

This study establishes the susceptibility of NSCLC to DNA damage responses /n vitro
without demonstration of deleterious effects in NBEC. To extend these results and further
suggest the therapeutic potential of T-oligo in NSCLC, we demonstrate reduced NSCLC
tumor volume and induction of senescence in H358 and SW1573 tumors in nude mice (Fig.
5). Interestingly, the effect of T-oligo on H358 tumors was more significant than T-oligo’s
effect on SW1573 tumors, which may be attributed to the lack of p53 in H358 cells or a
preference for senescence upon exposure to T-oligo in H358 tumors by p73. Of note, tumors
with mutated or absent p53 are often resistant to chemotherapy [59], thus increased
susceptibility of H358 to T-oligo may indicate a new method to target p53 deficient NSCLC.
In addition to the enhanced susceptibility of p53 deficient H358 tumors to T-oligo, we are
the first, to our knowledge, to demonstrate induction of senescence by T-oligo /n vivo.
Previous studies also demonstrate a therapeutic potential for T-oligo as intratumoral and
intravenous T-oligo treatment decreases melanoma tumor growth, and pretreatment with T-
oligo decreases the metastatic potential of melanoma cells [14,24]. Further, intravenous T-
oligo increases survival time in MCF-7 metastatic breast tumor model [19] and prolongs
survival time and decreases tumor size in a model of glial tumors [22]. These results confirm
our /in vitro findings and, coupled with the findings of others, suggest that future work on T-
oligo should be focused on increasing the clinical relevance of this telomere oligonucleotide
as a novel cancer therapeutic.

Coleman et al. demonstrate a reduction of tumor microvascular density and functional
vessels density by 80% after intravenous treatment with T-oligo [24]. In our study, we
demonstrate a 92% decrease in angiogenesis in SW1573 coupled with decreased expression
of VEGF and increased expression of TSP-1 /n vivo in both p53 wild-type (SW1573) and
p53 deficient (H358) cells (Fig. 7). To our knowledge, this is the first documentation of
alterations in TSP-1 expression in response to exposure to the telomere overhang sequence.
These results are novel and highlight a new direction in telomere-based therapeutics
research. However, the mechanism of T-oligo’s effect on angiogenesis is unclear. Typically,
HIF-1a and VEGF work concurrently to drive angiogenesis in response to hypoxia [60],
however, this pathway can be inhibited, both directly and indirectly, by p53 in response to
DNA damage [61]. Furthermore, TSP-1, a negative modulator of VEGF expression, may be
regulated by p53 [62], suggesting a potential role for the T-oligo-induced DNA damage
response on the inhibition of angiogenesis. Unfortunately, the role of p73 in the inhibition of
angiogenesis is presently unclear as p73 overexpression inhibits VEGF expression in
lymphoma cells [63] while promoting VEGF expression and reducing TSP-1 expression in
ovarian carcinoma cells [64]. Our results, in conjunction with others demonstrate a potential
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role for p73 in T-oligo induced reduction in angiogenesis as both H358 and MM-AN, which
are deficient in p53 and display marked decrease in angiogenesis in response to T-oligo [24].
E2F1, in addition to acting as a driver of p53- and p73-induced apoptosis, is a transcription
factor that directly regulates TSP-1 expression [65], and is known to be induced by T-oligo
exposure [11,14,24]. In light of this data, we suggest further analysis of the role of E2F1 in
T-oligo’s reduction in angiogenesis.

5. Concluding remarks and future directions

This study extends the feasibility of the use of oligonucleotides homologous to the 3'-
telomere overhang as cancer therapeutics specific for malignant cells, and exemplifies the
multiple pathways utilized by the telomere overhang sequence to prevent cancer growth. The
disparity in response between malignant cells and normal cells suggests the possibility of an
alteration in the DNA damage response pathway in malignant cells that is exploited by T-
oligo. Further research may identify and make use of this altered DNA damage response as a
pharmacological method of targeting malignant cells specifically.
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Fig. 1.
Treatment with T-oligo decreases NSCLC cell proliferation and induces cell death. H1838,

SK-LU-1 H358, H226, SW900, SW1573 NSCLC cells were treated with 40 uM T-oligo,
complementary oligonucleotide, or diluent for 96 h and then evaluated for cellular
proliferation after trypan blue exclusion. (A) All NSCLC cell lines exhibited a 40-50%
decrease in the number of viable cells after treatment with T-oligo. (B) A 3-fold increase in
cell death was seen in H1838 and 4-fold increase in H358 cells treated with Toligo for 96 h
after staining with propidium iodide and analyses by FACS scan of cells using sub Go/Gq
DNA compared to complementary oligonucleotide treated cells. Results are from
representative experiments with a significance of p < 0.001. (C) Images of H1838 cells
treated with either T-oligo or complementary oligonucleotide show a decrease in cell
survival after treatment with T-oligo for 96 h. (D) Activation of caspase 9 (20-fold increase)
and 3 (4-fold increase) were seen in H1838 cells at 12 and 24 h, respectively, indicating that
activation of a pro-apoptotic cascade had occurred in these cells.
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Fig. 2.

T-oligo induces expression of p53 and its homologue, p73. SW1573 and H358 cell lysates
were prepared 12 and 24 h after exposure to 40 uM T-oligo, and subsequently
immunoblotted. (A) SW1573 cells treated with T-oligo exhibited upregulation of p53 (2.5-
fold increase) and activated phospho-p53 (Ser-15) (2-fold increase) at 12 h. (B)
Upregulation of p21 (1.5-fold increase) was seen at 24 h in addition to an upregulation of
E2F1 in SW1573 cells (2-fold increase). (C) H358 cells which have a homozygous deletion
of p53, exhibit upregulation of p73 (2.5-fold increase), a p53 homologue 12 h after treatment
with T-oligo.

Cancer Lett. Author manuscript; available in PMC 2018 March 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Puri et al.

A

H358

C

SW1573

SA B-gal Calcein

Calcein

SA B-gal

Page 18

0
Diluent Complement T-oligo B 2 250 I
@ 50 3 p<0.05
T 40 Complement §
.-. 2 % p<0.001 '5 -
g, 13
— P L 8 IR & 20 350
} < 10 T-oligo £ o
4 w2 0 L= = = Complement T-oligo
3 % ra
& & 58
N Q\e &P
&
°
Diluent Complement T-oligo D 3 700
2 60 s I
~ 3 50 Complement s 500 p<0.056
L o 40 p<0.01 o
: £ - © 300
> 30 i
& = @ 20 {
v T-oligo | E 100
LR ol B "\ 5] N
o (J K x 0 N— Complement T-oligo
( A Sl e& & &
' & N
0\\ Q\z& <°
&
®
Fig. 3.

Exposure to T-oligo induces senescence in NSCLC cells. H358 and SW1573 cells were
treated for one week with 40 uM of T-oligo, complementary oligo, or diluent and evaluated
for a senescence-associated phenotype including morphology changes, positive staining for
B-Galactosidase, and reduced clonogenicity. (A) H358 lung cancer cells treated for one
week with T-oligo show a 12-fold increase in staining for senescence associated -
Galactosidase which appears as blue—green color. H358 cells treated with Toligo also exhibit
a senescent morphology including an increased size similar to senescent fibroblasts as seen
with Calcien AM staining. No senescence-associated changes were observed with
complementary oligo or diluent controls. (B) Clonogenicity, a marker of senescence, was
determined in H358 cells by treating cells for one week with complementary oligonucleotide
or T-oligo and subsequently plating 2000 cells/well, culturing for eight days and then
staining cells with 1% methylene blue in PBS. T-oligo decreased clonogenicity of H358
cells by 12-fold as compared to control. (C) SW1573 lung cancer cells treated with T-oligo
for one week exhibited a 4-fold increase in positive staining for senescence associated p-
Galactosidase, and on staining with Calcein AM, cells show an enlarged cell body. Minimal
senescence associated changes were observed with complementary oligo or diluent controls.
(D) Treatment of SW1573 cells with T-oligo reduced clonogenicity by 4-fold as compared to
complementary oligonucleotide. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4.
T-oligo has no affect on NBEC. NBEC were plated and treated with diluent, T-oligo, or

complementary oligo for 12, 24, 48, 72, or 96 h and evaluated for proliferation, cell death
and protein expression. (A) T-oligo did not inhibit proliferation in NBEC at 72 and 96 h as
determined by viability cell counting by trypan blue exclusion. (B) Cells were collected at
72 and 96 h after treatment and subsequently fixed and stained with propidium iodide. FACS
analysis of cells for sub Go/G1 DNA demonstrated that T-oligo did not induce cell death in
NBEC. (C) Cells were treated with diluent, T-oligo or complementary oligo for one week
and stained for the presence of senescence associated B-Galactosidase. It was found that T-
oligo does not induce expression of senescence associated B-Galactosidase in NBEC. (D)
NBEC lysates immunoblotted for p53 and p21 did not show an increase in either p53 or p21
in response to treatment with T-oligo, unlike results seen previously in SW1573 cells.
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Fig. 5.

H358 and SW1573 lung cancer cells (5 x 10%) were injected subcutaneously into the flank
of nude mice. Tumors were allowed to grow for one week and then treated daily with T-
oligo or complementary oligo in PBS for seven weeks. (A) T-oligo reduced tumor volume
by 4.3-fold in H358 as compared to complementary oligo. (B) T-oligo reduced tumor
volume by 5.6-fold in SW1573 tumors as compared to complementary oligo. (C,D). Both
H358 and SW1573 tumors treated with T-oligo showed markedly reduced tumor volume and
significant increase in expression of senescence-associated p-Galactosidase staining.
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Fig. 6. )
T-oligo induces senescence /in vivoand in vitrothrough p33, p27KiPL, pRb, p16 and p21.

H358 and SW1573 NSCLC cell lysates and tumor sections were evaluated for a change in
expression of senescence inducing proteins by immunoblotting. (A) Treatment with T-oligo
in vitro increased the expression of p33 at 48 (2.2-fold) and 96 h (1.6-fold) in H358 cells and
increased the expression of p27XiP1 (1.8-fold), pRb (3-fold), p16 (2-fold) and p21 (2-fold) at
48 h. (B) T-oligo induced an upregulation in p33 expression /n vitroin SW1573 cells at 96 h
(2-fold), and an increase in expression of both p27XiP1 (1.8-fold), and p21 at 72 h (2-fold).
(C) Paraffin sections of SW1573 tumors were stained using the M.O.M. kit (Vector) with
antibodies against p21, p27KiP1, and p33. Tumor sections treated with complementary
oligonucleotide showed no significant expression of p21, p27%iP1 or p33, while tumors
treated with T-oligo show marked increase in expression of p21, p27KiPL, and p33 as
indicated by the light brown staining.
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Fig. 7.

NgCLC angiogenesis is inhibited by exposure to T-oligo. H358 and SW1573 tumor sections
were evaluated by IHC for evidence of angiogenesis. (A) H358 and SW1573 tumors were
analyzed for vessel density by staining for the presence of the endothelium specific marker,
CD3L1. A significant decrease in vessel density was observed in both H358 and SW1573
tumors treated with T-oligo. (B) A decrease in vessel density was further validated by
totaling the number of intact vessels in 10 microscopic fields. T-oligo treatment decreased
total vessel number by 2.2- and 3-fold in H358 and SW1573, respectively. (C) Tumor
sections were also stained for the presence of VEGF, which is markedly decreased in T-oligo
treated tumors as compared to complimentary oligonucleotide. (D) Additionally, H358 and
SW1573 tumors immunostained for TSP-1, a potent inhibitor of angiogenesis, demonstrate a
marked increased in TSP-1 after exposure to T-oligo.
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