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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal cancer with very
limited therapeutic options. Cancer stem cells (CSCs) are essential for propagation of PDAC, but also
for its metastatic activity and chemoresistance. To date, it is still unclear how cancer stem cells (CSCs)
regulate their ‘stemness’ and self-renewal properties, and to what extent they share common features
with normal stem cells. Telomerase regulation is a key factor in stem cell maintenance. Here, we
investigate how telomerase regulation affects CSC biology in PDAC, and delineate the mechanisms
by which telomerase activity and CSC properties are linked.

Abstract: To assess the role of telomerase activity and telomere length in pancreatic CSCs we used
different CSC enrichment methods (CD133, ALDH, sphere formation) in primary patient-derived
pancreatic cancer cells. We show that CSCs have higher telomerase activity and longer telomeres
than bulk tumor cells. Inhibition of telomerase activity, using genetic knockdown or pharmacological
inhibitor (BIBR1532), resulted in CSC marker depletion, abrogation of sphere formation in vitro and
reduced tumorigenicity in vivo. Furthermore, we identify a positive feedback loop between stemness
factors (NANOG, OCT3/4, SOX2, KLF4) and telomerase, which is essential for the self-renewal
of CSCs. Disruption of the balance between telomerase activity and stemness factors eliminates
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CSCs via induction of DNA damage and apoptosis in primary patient-derived pancreatic cancer
samples, opening future perspectives to avoid CSC-driven tumor relapse. In the present study,
we demonstrate that telomerase regulation is critical for the “stemness” maintenance in pancreatic
CSCs and examine the effects of telomerase inhibition as a potential treatment option of pancreatic
cancer. This may significantly promote our understanding of PDAC tumor biology and may result in
improved treatment for pancreatic cancer patients.

Keywords: cancer stem cells; telomerase; telomere length; self-renewal; stemness; pancreatic cancer

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most frequent and the most lethal
form of pancreatic cancer, and it is expected to be the second most frequent cause of cancer-
related death by 2030 [1]. Diagnosis of PDAC is frequently delayed due to the absence
of early symptoms, pronounced resistance to therapy and early metastatic spread. As a
consequence, less than 20% of patients diagnosed with PDAC are eligible for resection [2],
the only curative treatment option. Despite growing knowledge about PDAC tumor
biology, advances in treatment are still scarce, with FOLFIRINOX and gemcitabine + nab-
paclitaxel currently representing the most promising combination chemotherapies [3,4].
The complexity and heterogeneity of pancreatic cancer remains only partially deciphered,
and strategies for developing novel and more effective treatments are urgently needed.

Cancer stem cells (CSCs) have been implicated in a wide variety of tumors. We and
others have previously demonstrated their outstanding importance in pancreatic cancer
perpetuation, metastasis, and therapy resistance [5,6]. While self-renewal is a defining
characteristic of CSCs [7], the precise mechanism how CSCs maintain their stemness state
remains unclear. Therefore, understanding CSCs at the molecular level might reveal
targetable principles that could potentially be exploited therapeutically. As telomerase
activity and telomere regulation have been proposed to play an essential role in tumor
cell maintenance and are considered “hallmarks of cancer” by Hanahan and Weinberg,
telomerase activity might present such a potential target.

Vertebrate telomeres consist of repetitive TTAGGG DNA sequences. The telomerase
complex consists of a catalytic subunit (telomerase reverse transcriptase, TERT) and a
telomerase RNA component (TERC). TERC serves as a template for the addition of DNA
tandem repeats catalyzed by TERT, which is the rate-limiting factor for telomerase activ-
ity [8]. Further factors such as the shelterin proteins TERF1 and TERF2 represent important
factors for telomerase regulation [9]. Telomeres protect the ends of the chromosomes
from end-to-end fusion and exonucleolytic degradation, preventing genome instability.
Importantly, in most human cells telomeric DNA is shortened with each cell division,
leading to undetectable telomerase activity in the vast majority of somatic tissues [10]
and accumulation of critically short telomeres, subsequently limiting cellular replicative
capacity and ultimately resulting in replicative senescence [11].

Telomere length stabilization by the reactivation of telomerase or (much less fre-
quently) through alternative mechanisms of telomere lengthening (ALT) results in elevated
telomerase activity in 85-90% of human tumors, highlighting this as the prime mechanism
to maintain telomere functionality in cancer [12].

Several studies have examined the effects of telomerase inhibition on tumor growth.
In cancer cell lines, the potent non-nucleosidic telomerase inhibitor BIBR1532 induces
telomere shortening, proliferation arrest and senescence [13]. Currently the effects of the
clinical grade telomerase inhibitor GRN163L (Imetelstat) are being tested in several tumors,
such as breast, lung cancer and myeloma. However, the effects of telomerase inhibition on
CSCs have yet to be elucidated.

In the present study we investigate the role of telomere regulation and telomerase
inhibition in the maintenance of pancreatic CSCs. We demonstrate that CSCs isolated
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from patient-derived xenografts (PDXs) present higher telomerase activity, resulting in
significantly longer telomeres compared to bulk tumor cells. Intriguingly, the lengthening
of telomeres is inextricably linked to increased expression of the pluripotency/stemness
factors OCT3/4, SOX2, NANOG and KLF4, and is jointly regulated in a previously un-
described positive feedback loop, which is necessary for these cells to escape senescence,
and regulates their stemness properties. Furthermore, pharmacological inhibition of telom-
erase using BIBR1532 as well as genetic knock-down of TERT greatly decreased the CSC
frequency of patient-derived PDAC cells in vitro and in vivo by CSC-specific induction of
DNA damage and apoptosis.

2. Materials and Methods
2.1. Mice, Transplantation and Treatment

Female 6-8 week-old athymic Nude-Foxnlnu mice were purchased from Envigo
(Gannat, France). For subcutaneous xenografting, single cells were resuspended in 40 pL
1:1 media:Matrigel (Invitrogen, Schwerte, Germany). CSC frequencies and statistical sig-
nificance of the comparison were determined from extreme limiting dilution assay results
using ELDA software [14]. For in vivo treatment, animals received biweekly intraperitoneal
(i.p.) injections of doxycycline (1 mg/mL). Tumor size was calculated using the formula
(length x width?)/2. All animal experiments were conducted under the ethical and animal
protection regulations of the German and Spanish Animal Protection Law and were pre-
viously approved by the governmental review board of the state of Baden-Wiirttemberg
(V-1347). This included the housing of the animals in specific pathogen-free conditions.

2.2. Primary Pancreatic Cancer Cells and Other Cell Lines

Primary human pancreatic cancer cell lines were generated from established PDX
obtained under MTAs (Reference no. 1409181220BSMH and 1405271505PHMH) from
the CNIO, Madrid, Spain, and maintained in culture as described previously [15]. U-
20S and HPDE cells have been previously described [16]. Hek293T cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/ streptomycin and 1% glutamine, in standard conditions (37 °C,
5% COy). BIBR1532 (Selleckchem, Houston, TX, USA) was used at 80 uM (3 or 7 days treat-
ment, changing media and BIBR1532 every other day), Gemcitabine (Merck, Darmstadt,
Germany) was used at 5 uM and Olaparib (Selleckchem) was used at 25 uM (for 72 h) for
3D cell culture unless stated otherwise.

2.3. CSC Enrichment
2.3.1. CD133 and ALDH Fluorescence Activated Cell Sorting (FACS)

For CSC enrichment primary pancreatic cancer cells were stained with CD133 (See
Supplementary Table S1) or the ALDEFLUOR™ Kit (STEMCELL™ Technologies, Vancou-
ver, BC, Canada) was performed. Cell sorting was performed using a FACSAria III (BD
Bioscience, Franklin Lakes, NJ, USA).

2.3.2. Sphere Culture

Spheres were cultured as described previously [5]. Briefly, cells were cultured in DMEM-
F12 supplemented with B-27 (ThermoFisher Scientific, Waltham, MA, USA) and bFGF (Novo-
protein, Summit, NJ, USA). 10,000 cells per milliliter were seeded in ultra-low attachment
plates (Corning, New York, NY, USA). Spheres were defined as 3-dimensional multicellular
structures of >40 pm. After 7 days, sphere formation was quantified either manually using
a Leica stereomicroscope or using a CASY TT (OLS OMNI Life Science, Bremen, Germany)
with a 150 um capillary. Dead cells and debris were excluded from the quantification.

2.4. Pseudorabies Virus Infections

The virulent pseudorabies virus (PRV) strain PRV-NIA3 has been previously described.
The parental PRV virus vBecker2 was generated by transfection of pBecker2 plasmid into
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Hela Tet-Off cells. PRV-TER, a recombinant PRV virus in which the endogenous viral
IE180 promoter was substituted with the TERT human tumor promoter, has been detailed
previously [16]. For infection of HPDE and Panc185 cells in adherence, 5 x 105 cells were
seeded in 6 multi-well plates. Twenty-four hours post seeding, cells were infected with PRV-
NIA3, vBecker2 or PRV-TER at a multiplicity of infection (MOI) of 0.1 TCID50/cell. After an
absorption period of 2 h at 37 °C, the cells were washed with PBS to remove unabsorbed
virus and then incubated for 72 h at 37 °C. Virus yield was determined from total lysates of
infected cells on U20S cells as previously described [16]. For infection of spheres, 7-day-old
Panc185 1st generation spheres were trypsinized, cells were counted, and cell suspensions of
5 x 105 cells were seeded in 6 multi-well plates and infected with PRV-NIA3, vBecker?2 or
PRV-TER at a multiplicity of infection (MOI) of 0.1 TCID50/cell. After an absorption period
of 2 h at 37 °C under agitation, cultures were washed with PBS to remove unabsorbed virus,
and incubated for 72 h at 37 °C. Virus yield was determined as detailed above.

2.5. Telomerase Activity

For telomerase activity measurement, the TeloTAGGG telomerase PCR ElisaPLUS kit
(Roche, Mannheim, Germany), the telomeric repeat amplification protocol (TRAP) or qRT-
PCR based TRAP were performed. Primer sequences are provided in the Supplementary
Information (See Supplementary Table S2).

2.6. Organoid Culture

Tumor pieces of patient-derived xenografts (PDXs) were digested with Accutase®
solution (Merck) for 30 min at 37 °C. The cells were then filtered in EASY strainer 100 uM
(greiner bio-one, Frickenhausen, Germany) and cultured in Matrigel coated plates con-
taining organoid culture medium as described in Frappart et al. 2020 with 5% growth
factor reduced Matrigel (Corning). Media of the organoid culture plates was refreshed
every 3-4 days. Organoids were treated with BIBR1532 and gemcitabine at 12.5, 25.0 and
50 uM for 72 h. To determine the number of metabolically active and viable organoids,
the CellTiter-Glo® 3D Cell Viability Assay (Promega, Madison, WI, USA) was performed
following the manufacturer’s instructions.

2.7. Plasmids, Infection and Transfection

For RNAi-mediated gene silencing, the pGIPZ and pTRIPZ lentiviral vectors developed
by Dr. Greg Hannon (Cold Spring Harbor Laboratory, New York, NY, USA) and Dr. Steve
Elledge (Harvard Medical School, Boston, MA, USA) and the corresponding shRNA con-
structs (GIPZ TERT shRNAs, RHS4531-EG7015 and TRIPZ TERT shRNAs, RHS4740-EG7015)
were purchased from Dharmacon (Lafayette, CO, USA). The NANOG reporter lentiviral
vector backbone and the sequence of the construct have been previously described [17].
NANOG, OCT3/4, SOX2 and KLF4 were cloned into the PB-EF1-MCS-IRES-RFP plasmid
(SBL, Palo Alto, CA, USA). Transposition was performed using Super PiggyBac transposase
(SBI), transfection was performed with standard Lipofectamine® 2000 (Invitrogen).

2.8. Flow Cytometry

Antibodies used in this study are listed in the Supplementary Table S1. For ALDH
detection the ALDEFLUOR™ kit (STEMCELL™ Technologies) was used. Apoptosis was
measured using Annexin V-APC (BD Bioscience) and CellEventTM Caspase-3/7 green
detection reagent (Invitrogen). For DNA content staining cells were stained with DAPL
Cellular senescence was measured using the SA-3-gal kit (BioCat, Heidelberg, Germany).
Samples were analyzed by flow cytometry using a LSR II (BD Bioscience), and data
were analyzed with FlowJo V10 (Ashland, OR, USA). FACSorting was performed using a
FACSAria IIT (BD Bioscience).

2.9. Q-FISH

Telomere Q-FISH was performed as previously described [18]. Fluorescence intensity
of the telomeres was quantified with Definiens software (Definiens, Munich, Germany).
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2.10. Immunofluorescence

Primary pancreatic cancer cells were FACSorted, seeded on cover-slips in 6-well
dishes, incubated at 37 °C for 12 h, washed with PBS and fixed with 2% PFA for 20 min
at room temperature. Coverslips were washed 3 times with PBS and incubated at room
temperature for 15 min in 0.7% triton in PBS. 1 h blocking with 5% milk powder in 0.1% TBS-
T at room temperature was followed by incubation with the respective antibodies (1:500)
in a humidified chamber at 4 °C overnight. Coverslips were then washed 3 x with 0.1%
TBS-T. Secondary antibodies (1:1000) were incubated at room temperature in a humidified
chamber for 2 h, washed and mounted with ProLongTMGold Antifade mounting reagent
with DAPI (ThermoFisher Scientific). Images were captured using a Leica TCS SP8-HCS
confocal microscope. Antibodies are listed in the Supplementary Table S1.

2.11. RNA Isolation and gRT-PCR

Total RNA was prepared using RNeasy kits with on-column genomic DNA diges-
tion following the manufacturer’s instructions (Qiagen, Hilden, Germany). First strand
cDNA was prepared using QuantiTect Reverse Transcription kit (Qiagen). Reactions were
performed with QuantiFastSybr Green PCR Kit (Qiagen) using a QuantStudio 3 machine
(Applied Biosystems, Waltham, MA, USA). Results were analyzed using the 2-ddCt method
and calculated as relative to HPRT expression. Reactions were carried out from at least
three independent experiments. Primer sequences are provided in the Supplementary
Table S2.

2.12. MTT Assay

1000 cells were seeded in a 96-well plate and incubated for 24 h at 37 °C. Cells were
incubated for 72 h with the indicated concentrations of the respective drugs and further
incubated for 3 h with 5 mg/mL MTT (Merck). Finally, DMSO (Roth, Karlsruhe, Germany)
was added, and the optical density was measured at 560 nm using an Infinite Pro 200 plate
reader (Tecan, Mannedorf, Switzerland).

2.13. Statistical Analysis

Results for continuous variables are presented as means = SEM. Unless stated other-
wise, treatment groups were compared with the one-sided Mann-Whitney-U test, tumor
growth dynamics were compared by calculating areas under the curve. Chi-squared tests
were used to compare CSC frequencies. Contingency tables were compared using Fisher’s
exact test. p-Values <0.05 were considered statistically significant. Statistical analyses were
performed using GraphPad Prism 5.0 (San Diego, CA, USA).

3. Results
3.1. Telomerase Activity and Telomere Length in Pancreatic CSCs vs. Bulk Tumor Cells

In a first screen we tested several primary PDAC cell lines for their average telomere
length using flow-FISH (Supplementary Figure S1) and observed that all tested samples
showed very short telomeres (<5th age percentile) (Figure 1A). In order to evaluate telom-
erase activity specifically in CSCs, we compared the expression levels of TERT and TERF1
in CSCs versus bulk tumor cells in three human PDX-derived primary PDAC cell lines
(Panc215, Panc185, Panc354). Using well-established CSC enrichment methods (i.e., CD133
or ALDEFLUOR fluorescence activated cell sorting (FACS), and sphere culture (Figure 1B)),
we found increased expression of TERT and/or TERF1 in CD133+ cells (Figure 1C), ALDE-
FLUOR+ cells (Figure 1D) and in sphere cultures (Figure 1E) compared to the negative
population or adherent cells, respectively. In immunofluorescence staining, significantly
more TERT-expressing cells were detected in the CD133+ CSC subpopulation as compared
to CD133— cells (Figure 1F). Next, we measured telomerase activity as the functionally rel-
evant readout. Using gel-based as well as PCR-based TRAP (telomeric repeat amplification
protocol) assays, significantly higher telomerase activity was detected in the CSC fraction
as compared to the respective control cells (Figure 1G-I). As the key function of telomerase
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is telomere elongation, we performed Q-FISH-analysis to determine telomere length in
CD133+ (Figure 1]) or ALDH+ (Supplementary Figure S2) CSCs and in the respective
marker-negative control populations (Panc215: CD133+ 66.2 a.u. vs. CD133— 31.7 a.u,;
Panc185: CD133+ 40.8 a.u. vs. CD133— 31.5 a.u.; Panc354: CD133+ 41.6 a.u. vs. CD133—
35.4 a.u.; and Panc286: ALDH+ 11.2556 a.u. vs. ALDH— 9.1304 a.u.).
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Figure 1. Telomerase activity stabilizes telomere length in pancreatic CSCs: (A) telomere length in primary PDAC cells (red
dot) with respect to patient age measured by FlowFISH; (B) schematic illustration showing the CSC enrichment methods
for CD133 and ALDEFLUOR via FACS or in sphere culture; (C-E) RT-qPCR analysis of TERT and TERF1 mRNA levels in
primary pancreatic cancer stem cells enriched and selected by FACS for CD133 (C), or ALDEFLUOR (D), and cultured as
spheres (E) (CSCs) vs. corresponding control (non-CSCs) (n = at least 3 independent experiments). (F) Immunofluorescence
staining and quantification for TERT (red) in CD133— and CD133+ FACSorted cells (n = 5 independent experiments).
Cells were counterstained with DAPI (nuclear marker, blue), 4x magnification is shown. (G-I) Telomerase activity
measurement in CD133 (G) or ALDEFLUOR (H) negative vs. positive cells and in adherent vs. sphere cell-cultures (I) (n = 3
independent FACSortings and sphere culture experiments). (J) Representative pictures of Q-FISH with telomeres (green)
and DAPI (blue) and violin plot showing telomere length analysis in CD133 negative (non-CSCs) and positive cells (CSCs)
40x magnification is shown. The mean is depicted in numbers and as black line. n > 3 from independent FACSortings
with each >150 measurements per group. In (C-J), data are presented as mean + SEM. * p < 0.05 (Mann-Whitney-U test).
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In the CSC population we observed significantly longer telomeres compared to the
non-CSCs. These results confirm increased telomerase expression and activity in pancreatic
CSCs as compared to non-CSCs.

3.2. A Positive Feedback Loop between Stemmness Factors and Telomerase Maintains
CSC Phenotype

As we observed a significant increase in the regulation and activity of telomerase in
CSCs, we investigated whether increased telomerase activity is associated with the expres-
sion of genes and markers of stemness and pluripotency. We observed increased expression
of OCT3/4, NANOG, SOX2 and LGRS in the CSC population (Figure 2A) as compared to the
CD133~ control population. Similarly, expression levels of these genes were significantly
elevated in ALDEFLUOR-positive cells (Figure 2B) and spheres (Supplementary Figure
S3) compared to the negative cells, demonstrating increased expression of most stemness-
associated genes in CSCs. To overcome CSC marker-dependent variation, we next infected
Panc354 primary cell cultures with a Nanog-YNL reporter system, which reports for Nanog
activity using a Yellow Nano-Lantern [19]. YNL+ cells showed increased expression of
NANOG, but also of TERT and other stemness-associated genes (Figure 2C). Furthermore,
YNL+ cells showed significantly higher telomerase activity (Figure 2D). While the amount
of CD133+ cells was unchanged (Figure 2E), sphere forming capacity was significantly
increased (Figure 2F) in the YNL+ cells.

To confirm higher telomerase activity in CSCs, we used a recombinant pseudorabies
virus (PRV) that we previously designed and demonstrated to replicate only in cells with
high telomerase activity (PRV-TER) [16]. Adherent cultures of human pancreatic ductal
epithelial (HPDE) cells and Panc185 cells were infected with two parental control viruses
(PRV-NIA3 and vBecker2) and with PRV-TER. While both parental viruses efficiently
replicated in HPDE and Panc185 cultures, PRV-TER was unable to produce de novo virions
in either culture (Figure 2G). In contrast, when CSC-enriched sphere cultures were infected,
all three viruses efficiently replicated and produced de novo virions, confirming that
CSC-enriched sphere cultures express significantly higher telomerase activity, allowing for
PRV-TER to efficiently replicate in these cultures. In order to determine the repopulation
potential of BIBR-treated CSCs, we next performed clonogenic assays after withdrawal
of BIBR treatment. Interestingly, while both YNL+ and YNL— cells re-grew after vehicle
treatment, the treatment selectively inhibited YNL+ CSCs to re-grow in culture, while
YNL— cells were hardly affected by BIBR and were able to repopulate the cell culture
(Figure 2H).

Finally, we explored the mechanism(s) underlying increased telomerase regulation
in CSCs. Direct promoter activation can lead to increased TERT activity in tumor cells,
and two common promoter mutations (-124 and -146 bp upstream of the TERT start
site) have been associated with increased telomerase activity [20]. These mutations are
frequent in some cancers, but rarely occur in gastrointestinal cancers. The promoter
sequencing of all tested PDAC cells revealed wildtype sequences (6/6 primary cell lines,
5/5 established cell lines, Supplementary Figure S4). We generated PiggyBac expression
vector constructs that specifically express SOX2, OCT3/4, KLF4 or NANOG to determine
how these stemness factors modulate TERT expression. Supporting this approach, Hsieh
et al. showed that PARP1 recruits KLF4 to activate telomerase expression in embryonic
stem cells [21]. Interestingly, the expression of OCT3/4 and SOX2 significantly upregulated
TERT expression and a similar trend was observed for NANOG and KLF4 (Figure 2I).
Furthermore, overexpression of any of these factors resulted in concomitant upregulation
of the other factors and enhanced telomerase activity (Figure 2J), indicating an intricate
cross-regulation of these individual stemness factors.

Taken together, these data show that telomerase activity is increased in CSCs and is
regulated by a feedback loop between TERT and key pluripotency-associated factors.
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3.3. Telomerase Inhibition Causes DNA Damage and Apoptosis in CSCs

Based on the observed link between telomerase activity/telomere length and a CSC
phenotype, we evaluated the effects of telomerase inhibition on the CSC population. For
this purpose, we treated primary pancreatic cancer cells with the small molecule telomerase
inhibitor BIBR1532 and selected 80 pM as an effective sub-IC50 concentration (Supplemen-
tary Figure S5). BIBR1523 treatment was performed for 3 d or 7 d, respectively, and after
7 d of treatment telomerase activity was effectively decreased (Figure 3A). Functionally,
treatment with BIBR1523 significantly reduced telomere length (Figure 3B). Interestingly,
the treatment effect was potentiated with longer treatment in the CD133+ CSC population.
However, in the CD133— bulk tumor cell population telomere length increased again after
7 d of treatment. This is most likely due to early elimination of CD133— cells with critically
short telomeres and the inability of CD133— cells to upregulated telomerase, leading to a
relative enrichment in CD133— cells with longer telomeres. Based on these results, treat-
ment with BIBR1523 was performed for 7d in all further experiments. To determine the
biological consequence of telomerase inhibition, we quantified DNA damage by y-H2AX
staining, as telomerase inhibition can induce DNA damage, cell cycle arrest and apoptosis
in other systems [22]. Treatment with BIBR1532 increased y-H2AX foci generation much
more strongly in CD133+ CSCs than in bulk tumor cells, indicating a preferential induction
of DNA damage after telomerase inhibition in CSCs (Figure 3C). Accumulation of DNA
double strand breaks (DSBs) and the activation of DNA damage response are considered
contributing factors to cellular senescence [11]; Therefore, we next measured senescence
using flow cytometry to detect §3-galactosidase after BIBR1532 treatment and observed
increased senescence in both CD133— and CD133+ cells, excluding preferential induction
of senescence in CSCs in response to BIBR1532 treatment (Figure 3D).

As DSBs can also induce apoptosis, we next measured early apoptotic cells by Annex-
inV staining and observed significantly more apoptotic cells in the CD133+ CSC population
upon BIBR1532 treatment, while CD133— cells were unaffected (Figure 3E). Furthermore,
we performed Caspase 3/7 staining to determine whether BIBR1532-induced DNA damage
leads to the recruitment of apoptosis effector kinases. In line with the AnnexinV stain-
ing, BIBR1532 treatment resulted in increased Caspase 3/7 staining in the CD133+ CSC
population, while no differences were observed in CD133— cells (Figure 3F).

3.4. CSCs Are Depleted upon Telomerase Inhibition

As BIBR1532 treatment appeared to have CSC-specific effects, we next evaluated the
effect of telomerase inhibition on CSC properties. As expected, BIBR1532 treatment strongly
reduced the expression of TERT, along with established stemness/pluripotency-associated
genes (Figure 4A), and significantly decreased the percentage of CSCs as measured by
expression of CD133 or ALDEFLUOR (Figure 4B, Supplementary Figure S6A,B) or sphere
formation capacity (Figure 4C).

Most importantly, BIBR1532 treatment strongly reduced the number of tumor-initiating
cells in extreme limiting dilution (ELDA) tumorigenicity assays in nude mice as the gold
standard readout for CSC potential. Furthermore, tumor growth after BIBR1532 treatment
was significantly slower compared to vehicle-treated cells, and CSC content in growing
tumors was reduced (Figure 4D and Supplementary Figure S6C). These data clearly indi-
cate that telomerase inhibition by BIBR1532 strongly inhibits the functional capacity of the
CSC population.
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Figure 4. Telomerase inhibition as treatment strategy for pancreatic cancer (stem) cells: (A) Effects of the small molecule

telomerase inhibitor BIBR1532 on the expression of TERT and pluripotency-associated genes as measured by RT-qPCR
(n = 4 independent experiments). (B) Flow cytometry analyses for CD133 or ALDEFLUOR after BIBR1532 or solvent
treatment (n = 3 independent experiments). (C) Quantification and representative pictures of spheres after BIBR1532
treatment (n = 3 independent experiments). (D) Schematic overview of BIBR1532 pre-treatment and in vivo experiment,
number of tumorigenic cells within the whole population shown as cancer stem cell (CSC) frequencies as determined by
extreme limiting dilution assays (ELDA) in nude mice, and tumor volume measured after injection of 100,000 BIBR1532
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with gemcitabine and BIBR1532 at the indicated concentrations. (F) Quantification and representative pictures of sphere

formation assays after single agent or combination treatment with gemcitabine, Olaparib, and BIBR1532 (1 = 5 independent
experiments). In (A-C,E,F) data are represented as mean & SEM. * p < 0.05 (Mann—-Whitney-U test). In (D) data are

represented as mean + SEM. * p < 0.05 (Area under the curve).
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We have previously shown that chemotherapy enriches for CSCs, and have demon-
strated the efficacy of combining stem cell inhibitors, stroma-depleting agents and chemother-
apy to significantly improve survival of mice in vivo (among others: [15,23]). We next
used organoid cultures to predict drug response in primary tumor cells as described pre-
viously [24]. In organoid cultures generated from primary pancreatic cancer cells we
observed a significant decrease in luminescence (i.e., viability) upon treatment with in-
creasing doses of gemcitabine. However, gemcitabine did not abrogate organoid formation,
which was only achieved using BIBR1532 treatment (Figure 4E). As the induction of DNA
damage by telomerase inhibition did not entirely abrogate CSC function (see Figure 3),
we used a combination of chemotherapy, BIBR1532 and the PARP inhibitor Olaparib to
target CSCs more successfully. Using sphere formation as a surrogate marker for CSC
activity, combination therapy had significantly stronger effects than chemotherapy alone
(Figure 4F).

3.5. Telomerase Inhibition as Novel Treatment Strategy for Pancreatic Cancer

In order to ensure that the effects of BIBR1532 are specific for telomerase inhibition,
we proceeded to corroborate our main findings with shRNA-mediated TERT-knockdown
(TERT-KD). As expected, genetic knockdown of TERT using two different shRNAs sup-
pressed the expression of TERT (Figure 5A), and strongly suppressed telomerase activity
(Figure 5B); due to its stronger effects, shRNA 340160 was used for all subsequent experi-
ments. TERT-KD suppressed the expression of stemness-associated genes (Figure 5C). The
reduction in stemness translated into depletion of CD133+ CSCs (Figure 5D) and reduced
sphere formation activity (Figure 5E). Similar to the effects of BIBR1532 (Figure 3F.G),
the TERT-KD significantly increased apoptosis in CD133+ cells but not in CD133— cells
(Figure 5F). Most importantly, the TERT-KD strongly reduced TIC frequency in ELDA
xenografting assays (Figure 5G, Supplementary Figure S7). These results closely resemble
those achieved with BIBR1532, confirming that the effects observed above are indeed
telomerase-specific.

To model the effects of telomerase inhibition as an applied treatment in vivo, we
performed subcutaneous xenografting of Panc215 cells carrying an inducible shTERT
cassette. Induction of the TERT-KD before injection with doxycycline resulted in signifi-
cantly smaller tumors compared to scrambled control (Figure 5H). In a preclinical trial we
xenografted inducible TERT-KD Panc215 cells and induced the knockdown 28 days after
implantation, when tumors were firmly established. While dox-treated scrambled cells
showed continuous tumor growth leading to sacrifice of the mice, we observed disease
stabilization after TERT-KD (Figure 5I). The residual tumors showed downregulation of
hTERT as well as decreased telomerase activity (Figure 5]). Histological analysis of the
explanted tumors showed no gross differences between the two treatment groups with
regard to tumor morphology, cellularity or stroma composition (Figure 5K). Altogether,
these data indicate that TERT/telomerase inhibition depletes CSCs, resulting in disease
stabilization in PDAC.
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Figure 5. Knockdown of TERT diminishes pancreatic cancer stem cells: (A,B) Gene expression of TERT (A) and telomerase
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illustration of in vivo experiment and visual representation of time-dependent tumor growth of subcutaneously (s.c.)

engrafted tumors arising from TERT-KD and SCR cells, over the course of doxycycline treatment 28 days after s.c. xenograft-

ing in nude mice (1 = 6 mice per group). Tumor growth is depicted until the first control mice had to be sacrificed. 4 x

magnification is shown (J) Gene expression of TERT and telomerase activity compared in TERT-KD and SCR tumors

(induced with DOX at day 28) after sacrificing mice 43 days after xenografting. (K) representative H&E staining of at day 43
explanted TERT-KD and scrambled tumors (induced with DOX at day 28). In (A-G,J) data are represented as mean + SEM.
*p < 0.05 (Mann-Whitney-U test). In (H,I) data are represented as mean 4= SEM. * p < 0.05 (Area under the curve).

4. Discussion

We and others have previously identified CSCs in pancreatic cancer, and have demon-
strated that they play a key role in the propagation, chemoresistance and metastasis [5,6].
PDAC remains a disease that is terribly difficult to treat. Thus, eliminating CSCs as a
continuous source of tumor growth, resistance and relapse is of utmost importance for
improved clinical outcome. While functional differences in CSCs are continuously being
discovered, the underlying mechanisms for their acquisition of stemness features are much
less clear.

CSCs have been isolated based on different markers and cellular features. We have
previously established CD133 expression and functional enrichment via sphere formation
as reliable CSC markers in PDAC [5], and together with ALDEFLUOR activity these are
most widely used. In addition to using these markers, we evaluated the expression levels
of pluripotency-associated genes such as NANOG, OCT3/4, KLF4, SOX2 and others to
overcome the limitations of the markers mentioned above, and additionally used a NANOG
reporter system to further demonstrate stemness in the isolated CSCs.

Unlimited proliferation requiring telomere maintenance is a “hallmark of cancer”
as indicated by Hanahan and Weinberg, and selective telomere maintenance or even
elongation via telomerase activity is an essential feature of stem cells. However, available
data on telomerase activity and its regulation in CSCs is scarce.

Increased telomere length has been reported in several tumor entities, such as prostate
cancer and glioblastoma [25,26]. In contrast to these studies and our data, Joseph et al.
surprisingly observed no such differences in breast and pancreatic cancer cells [27]. This
might be explained by the use of only one established cell line versus the panel of pri-
mary cells used in our study, as well as by inter-tumoral heterogeneity. Interestingly,
Joseph et al. did observe reduced tumor engraftment in nude mice under treatment with
the telomerase inhibitor Imetelstat, indicating an effect on a CSC population. While a
telomerase-independent mechanism of regulation was suggested by Joseph et al., and the
use of high doses of BIBR1532 has also been shown to induce cytotoxicity irrespective
of telomerase activity [28], our data clearly demonstrate the dependency of CSCs on in-
tact telomere regulation. Specifically, we demonstrate that pharmacological inhibition or
shRNA-mediated TERT-KD result in CSC depletion as evidenced by reduced expression
of stemness genes and surface markers, and abrogation of sphere formation and tumori-
genicity in vivo. While telomere length can be maintained by alternative lengthening of
telomere (ALT) mechanisms in 10-15% of the tumors, the activation of ALT pathways
is rare in cancer and most cancers maintain telomeres through regulation of telomerase
activity [12]. Furthermore, the telomere staining pattern observed in our cells shows no
indication for an important role of ALT.

Direct promoter activation may also lead to increased TERT activity in tumor cells, and
two common promoter mutations (-124 and -146 bp upstream of the TERT start site) are
typically associated with increased telomerase activity. While these mutations are frequent
in other cancers, they rarely occur in GI-tumors [20], which is well in line with our own
observation that all PDAC cells we tested showed wildtype promoter sequences.

Using BIBR1532 as a small molecule telomerase inhibitor, we detected a dose-dependent
proliferation arrest, which is in line with reduced cell proliferation observed in ESCs. Critical
shortening of telomeres induces DNA damage response pathways, cell-cycle arrest and
finally cell death. These effects are triggered by ATM and/or ATR-dependent signaling
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via checkpoint activation, resulting in the marking of uncapped chromosomal ends by
formation of gH2AX foci and telomere dysfunction-induced foci (TIFs) [29]. Thus, the
cellular response to dysfunctional telomeres is regulated through the same factors that
control DNA damage response [30] and activate p53 and its downstream targets [31]. We
have previously demonstrated that CD133+ CSCs exhibit enhanced DNA damage repair
and are particularly sensitive to inhibition of ATR-mediated DNA damage response [32].

We observed that BIBR1532 treatment resulted in gH2AX foci formation and senes-
cence in CD133+ cells. These effects were accompanied by preferential induction of apopto-
sis in the CSC population, emphasizing the dependency of CSCs on functional telomerase
and stabilized telomeres. CSCs also appear to be more susceptible to telomerase inhibition-
induced DNA damage and ultimately to the induction of apoptosis, which is especially
interesting as other stem cells (ESCs and iPSCs) are particularly sensitive to DNA damage-
induced apoptosis [33].

Because pancreatic CSCs are highly resistant to chemotherapy [6], their elimination is
crucial to improve therapy efficacy and outcome for PDAC patients. We have repeatedly
shown that the identification of stem cell features in CSCs, such as the activity of embryonic
signaling pathways can result in novel treatment strategies to eliminate pancreatic CSCs,
resulting in long-term survival of mice harboring PDAC [15,23]. Here we demonstrate
a new approach to this goal and show that pancreatic CSCs are highly dependent on
telomerase activity and telomere elongation, and that loss of telomerase activity by genetic
knockdown or small molecule inhibitors eliminates patient-derived pancreatic CSCs. For
this study we used a series of primary cell lines generated from patient-derived xenografts.
While this inevitably leads to more heterogeneity when it comes to results, it is important
to note that the underlying mechanisms as well as the effects of telomerase inhibition,
both by small molecules and TERT-KD, are reproducible in all utilized cell lines, strongly
supporting the significance of the results.

The prediction of drug response in vitro on 2D monolayer cultures is traditionally
very difficult. 3D pancreatic organoid cultures better recapitulate the situation in a tumor
and are superior to 2D cultures when it comes to drug testing [34]. Therefore, we generated
organoid cultures from patient-derived xenografts for drug testing and detected a dose-
dependent response of organoid viability to both BIBR1532 and gemcitabine treatment. To
demonstrate the efficacy of a drug regimen against CSCs, however, tumor formation (or
lack thereof) in vivo remains the gold standard. Therefore, we used an inducible TERT-KD
construct, allowing for treatment to commence after tumor formation and growth, replicat-
ing the therapeutic scenario in a clinical setting without the confounding off-target effects
of small molecule inhibitors. Indeed, we observed significantly smaller tumors whenever
telomerase function was lost, indicating a crucial role for TERT in tumor propagation.

TERT-KD depletes CSCs, highlighting the dependency of CSCs on intact telomerase
regulation. In this respect CSCs seem resemble human ESCs, where TERT has been shown
to be an essential mediator of pluripotency, cell cycle progression and differentiation [35,36].
Furthermore, we observed that TERT-KD critically downregulates the core pluripotency
factors OCT4, KLF4, SOX2, NANOG, and KLF4 is known to bind and activate the TERT
promoter in human and mouse stem cells [37,38]. However, many of the transcription
factors involved in the regulation of self-renewal and pluripotency in human ESCs are
tightly intertwined; KLF4 binds and upregulates the NANOG promoter, which in turn is
also regulated through cooperation of SOX2 and OCT4 with KLF4 [39,40]. Furthermore,
silencing of OCT3/4 correlates with downregulation of pluripotency factors and TERT, with
simultaneous activation of p53 and upregulation of its target genes p21 and PUMA [41].
The subsequent p53-dependent induction of cell cycle arrest, senescence, apoptosis and the
suppression of pluripotency and self-renewal in ESCs as a result of DNA damage has also
been demonstrated [42].

Thus, a tightly coordinated regulation of stemness-associated transcription factors
and pathways is essential for the preservation of “stemness”. We therefore hypothesized
that TERT expression is regulated by the same transcription factor signature; Using a



Cancers 2021, 13, 3145

16 of 18

NANOG reporter system we demonstrate that high NANOG expression correlates directly
with TERT expression and vice versa, conferring increased CD133 expression and sphere
formation ability to cancer cells. Using expression vectors for OCT3/4, SOX2, KLF4 and
NANOG, we demonstrate that while all four pluripotency factors seem to increase TERT
expression and thus impact the regulation of telomerase activity, SOX2 and OCT3/4 do so
most strongly. In summary, these data show a previously undiscovered positive feed-back
loop between pluripotency transcription factors and TERT regulation in pancreatic CSCs.

TERT is furthermore regulated by epigenetic changes, such as chromatin loop struc-
tures in cells with long telomeres [43] or through CpG islet methylation of the TERT
promoter. However, epigenetic changes of TERT by methylation remain a controversial
topic: Bechter et al. demonstrated that in patients with B-CLL, TERT promoter hypomethy-
lation was associated with an increased telomerase activity [44], whereas others showed
that TERT hypermethylation increases TERT mRNA expression and telomerase activity in
a variety of cancers (e.g., bladder, brain, colon, heart and kidney) [45].

We found no differences in TERT promoter methylation using previously published
global methylation data, suggesting that methylation is likely not a controlling factor in
pancreatic CSCs.

5. Conclusions

In summary, our study demonstrates that telomerase regulation is critical for stemness
maintenance in pancreatic CSCs and examines the effects of telomerase inhibition as a
potential treatment option of pancreatic cancer. This significantly promotes our understand-
ing of PDAC tumor biology and CSC regulation and may result in improved treatment for
pancreatic cancer patients.
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