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Abstract

Short and dysfunctional telomeres are sufficient to induce a persistent DNA damage
response at chromosome ends, which leads to the induction of senescence and/or apopto-
sis and to various age-related conditions, including a group of diseases known as “telomere
syndromes”, which are provoked by extremely short telomeres owing to germline mutations
in telomere genes. This opens the possibility of using telomerase activation as a potential
therapeutic strategy to rescue short telomeres both in telomere syndromes and in age-
related diseases, in this manner maintaining tissue homeostasis and ameliorating these dis-
eases. In the past, we generated adeno-associated viral vectors carrying the telomerase
gene (AAV9-Tert) and shown their therapeutic efficacy in mouse models of cardiac infarct,
aplastic anemia, and pulmonary fibrosis. Although we did not observe increased cancer inci-
dence as a consequence of Tert overexpression in any of those models, here we set to test
the safety of AAV9-mediated Tert overexpression in the context of a cancer prone mouse
model, owing to expression of oncogenic K-ras. As control, we also treated mice with AAV9
vectors carrying a catalytically inactive form of Tert, known to inhibit endogenous telome-
rase activity. We found that overexpression of Tert does not accelerate the onset or progres-
sion of lung carcinomas, even when in the setting of a p53-null background. These findings
indicate that telomerase activation by using AAV9-mediated Tert gene therapy has no
detectable cancer-prone effects in the context of oncogene-induced mouse tumors.

Author summary

The ends of our chromosomes, or telomeres, shorten with age. When telomeres become
critically short cells stop dividing and die. Shortened telomeres are associated with onset
of age-associated diseases. Telomerase is a retrotranscriptase enzyme that is able to elon-
gate telomeres by coping an associated RNA template. Telomerase is silenced after birth
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in the majority of cells with the exception of adult stem cells. Cancer cells aberrantly reac-
tivate telomerase facilitating indefinite cell division. Mutations in genes encoding for pro-
teins involved in telomere maintenance lead the so-called “telomere syndromes” that
include aplastic anemia and pulmonary fibrosis, among others. We have developed a telo-
merase gene therapy that has proven to be effective in delaying age-associated diseases
and showed therapeutic effects in mouse models for the telomere syndromes. Given the
potential cancer risk associated to telomerase expression in the organism, we set to ana-
lyze the effects of telomerase gene therapy in a lung cancer mouse model. Our work dem-
onstrates that telomerase gene therapy does not aggravate the incidence, onset and
progression of lung cancer in mice. These findings expand on the safety of AAV-mediated
telomerase activation as a novel therapeutic strategy for the treatment of diseases associ-
ated to short telomeres.

Introduction

Telomeres are nucleoprotein structures localized at the ends of eukaryotic chromosomes,
which are essential to protect them from degradation and end-to-end chromosome fusions. In
mammals, telomeric DNA consists of TTAGGG tandem repeats bound by a 6-protein com-
plex known as shelterin [1, 2]. Telomerase is a reverse-transcriptase able to elongate telomeres
by the de novo addition of telomeric repeats onto chromosome ends [3]. Telomerase is com-
posed by the telomerase reverse transcriptase catalytic subunit (TERT) and by a RNA compo-
nent (Terc), that is used as a template for telomere elongation. Telomerase is active in
pluripotent cells where it elongates telomeres within each generation, but is silenced after birth
in the majority of tissues. In mice, it has been shown that both Terc and Tert are downregu-
lated in the majority of tissues post-natally with some exceptions like the testis and the hemato-
poietic tissues [4-6]. In particular, adult mouse lungs, kidney, heart and brain lack detectable
telomerase activity [4-6]. Thus, in the adult organism telomeres shorten associated to cellular
division owing to the end-replication problem [7, 8]. When telomeres reach a critically short
length this is insufficient to warrant telomere protection thus leading to the activation of a per-
sistent DNA damage response at chromosome ends, ultimately inducing senescence or apo-
ptosis. Several studies have shown that the presence of short/dysfunctional telomeres in the
cell rather than the mean telomere length is what negatively impacts on cell division [9, 10].
Telomere shortening is considered one of the hallmarks of aging as short telomeres have been
shown to be sufficient to induce organismal aging [6, 11, 12]. Even though mice are born with
longer telomeres than humans they show a 100-fold faster rate of telomere shortening than
humans in blood cells [13, 14]. Indeed, by using a single-cell telomere length analysis using a
quantitative FISH technique, we have shown that mouse telomeres shorten with aging in all
mouse tissues. In support of telomeres being rate limiting for mouse aging, first generation tel-
omerase-deficient mice have shorter telomeres than normal and show a decreased mouse lon-
gevity, a phenotype that is anticipated with increasing mouse generations in the absence of
telomerase [13, 15-21]. Thus, there is mounting evidence that although mice have on average,
longer telomeres than humans, they also suffer telomere shortening with aging, and indeed
this shortening is relevant for aging [13, 21].

Similar to the telomerase-deficient mouse models, human germline mutations in telome-
rase and other telomere-related genes are causative of the so-called telomere syndromes (ie.,
aplastic anemia and pulmonary fibrosis) owing to presence of much shorter telomeres than
normal which lead to premature loss of the regenerative capacity of tissues [22].
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Interestingly, owing to its ability to confer unlimited proliferative potential, TERT is also
found over-expressed and mutated in the vast majority of human cancers including lung can-
cer where it is thought to allow cancer cell growth by ensuring a minimal telomere length to
warrant telomere protection [23-31]. Telomerase is also upregulated in mouse tumors [32-
34].

Tert transgenic mouse models with a constitutive telomerase expression in adult tissues
indicated that although Tert over-expression does not have per se an oncogenic activity, its per-
sistent expression throughout organismal lifespan could favor cancer appearance at older ages
[35-38]. Of note, transgenic over-expression of Tert in the context of cancer-resistant mice
results in longer telomeres in the adult organism and in an increased mouse longevity by 40%
[39], thus demonstrating that telomerase has an anti-aging activity by virtue of its ability to
maintain telomeres.

More recently, our group has also shown that reactivation of telomerase activity in adult
mice by using non-integrative gene therapy vectors, which in proliferating cells, only allow
temporary expression of telomerase, is sufficient to extend mouse longevity and delay many
different age-related conditions, without increasing cancer incidence [6]. In particular, we
used adeno-associated viral vectors (AAV) to deliver telomerase to adult tissues. These vectors
present many desirable properties as they are non-integrative, show a poor immunogenicity
and an excellent safety profile [40]. They are able to transduce both dividing and quiescent
cells in a wide range of tissues and maintain the expression for a long time [41]. Moreover,
some AAV vectors (as AAV9) have the capability of crossing the blood-brain-barrier and tar-
get brain cells upon intravenous injection in adult mice [42, 43]. In particular, expression of
Tert using AAV9 vectors can delay physiological aging and extend longevity in wild-type mice
without increasing cancer [6]. Moreover, a single treatment with AAV9-Tert vectors showed
therapeutics effects in preventing death by heart failure after induction of myocardial infarc-
tion in mice, as well as in preventing or reversing disease in mouse models of aplastic anemia
and idiopathic pulmonary fibrosis associated to short telomeres [44-46].

Importantly, AAV9-Tert gene therapy has not been shown to increase cancer incidence
either in the context of mouse longevity studies [6] or in the context of the above-mentioned
mouse models of disease owing to short telomeres [44-46]. However, mice are short lived spe-
cies compared to humans, and although mice also spontaneously develop cancer with aging, a
potential long-term pro-tumorigenic effect of telomerase may be missed. To circumvent this,
here we set to study the safety of AAV9-Tert treatment in the context of cancer prone mouse
models. In particular, here we tested the long-term effects of AAV9-Tert gene therapy in an
oncogene-induced lung cancer mouse model. To this end, we tested our AAV9-Tert gene ther-
apy vectors in the well-established lox-stop-lox-K-Ras“"?" knock-in mouse model in which
endogenous expression of the K-Ras“"?"
results show that AAV9-Tert gene therapy treatment does not affect tumor onset and/or devel-
opment suggesting the safety of this therapy in the context of a cancer-prone background in

oncogene is induced upon Cre expression [47]. Our

mice. Interestingly, we observe that telomerase inhibition previous to the induction of the
oncogene is tumor protective.

Results
Telomerase activation mediated by AAV9 vectors does not favor
K-Ras"*V-induced lung carcinogenesis

Here we set out to address the impact of telomerase activation by using Tert gene therapy in a
well-established mouse model of lung cancer initiation and progression. To this end, we used
the well-established oncogenic K-Ras lung carcinogenesis model [47]. This mouse model
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harbors one copy of the K-Ras oncogene (K-Ras containing a STOP codon
flanked by loxP sites. Expression of the Cre recombinase leads to the excision of the stop cas-
sette and consequent expression of K-Ras®’*" and its S-galactosidase (5-geo) reporter (Fig 1A).
The Cre recombinase is delivered by intratracheal instillation with replication-defective adeno-
viruses encoding the Cre recombinase (Adeno-Cre) [48]. The telomerase gene is packaged in
adeno-associated virus type 9 (AAV9) and is delivered systemically by intravenous tail injec-
tion [6]. First, we checked whether lung cells could be co-infected with adeno-Cre and with
AAV9 viruses. To this end, we simultaneously transduced mice with adeno-Cre and with
AAV9 carrying GFP (AAV9-eGFP). One week after the viral transductions, mice were sacri-
ficed and lung samples were taken for immunohistochemistry staining of f-galactosidase (B-
geo), a surrogate marker co-expressed with the K-Ras®'?V, and of GFP (S1 Fig). One week
after induction of oncogenic K-Ras, 5-Gal positive cells appear in small clusters of 4-8 cells
that show a cytoplasmic foci staining [49] (S1 Fig). Double staining with anti--Gal (brown)
and with anti-GFP (purple) of these samples revealed that these cell clusters were also positive
for GFP, demonstrating that lung cells can be co-infected with adeno viruses and adeno-asso-
ciated viruses (S1 Fig).

Next, to address the impact of AAV9-Tert treatment in the context of oncogenic K-Ras
expression, we tested two possible scenarios. First, we used a “pre-treatment” strategy in which
young 8-week-old mice were first infected by tail vein injection with either AAV9-Null,
AAV9-Tert or a catalytically inactive AAV9-Tert-DN vectors. TERT-DN acts as a dominant
negative and has been previously described by us to inhibit endogenous telomerase activity
and to impair the growth of cancer cell lines [50, 51]. Four weeks after treatment with the viral
vectors, we induced the expression of the oncogenic K-Ras by intratracheal instillation with
replication-defective adenoviruses encoding the Cre recombinase (Adeno-Cre)(Fig 1B).In a
second experimental setting, we used a “simultaneous treatment” strategy in which 12-week-
old mice were treated with either one of the three AAV9 vectors (AAV9-Null, AAV9-Tert and
AAV9-Tert-DN) by tail injection at the same time that they were intratracheally treated with
Adeno-Cre to activate K-Ras (Fig 1B). In both strategies, we included a group of 12-weeks old
mice that were not infected with any of the AAV9 vectors but were treated with adeno-Cre, as
positive control for oncogenic K-Ras tumorigenesis in the absence of AAV9 viral vectors. Two
months after oncogene activation by adeno-Cre inoculation, tumor growth was longitudinally
followed by using computed tomography (CT) every two months (Fig 1B). Mice were sacri-
ficed 40 weeks after oncogene activation and samples were taken for histological analysis (Fig
1B).

In vivo tumor follow-up by CT showed that AAV9-Tert treated mice showed the same
number of mice affected with tumors as well as the same number of tumors per mouse and the
same tumor area as the AAV9-Null treated mice and the untreated control group both in the
“pre-treatment” and “simultaneous treatment” experimental settings (Fig 1C-1I). Interest-
ingly, mice pre-treated with AAV9-Tert-DN vectors before oncogene activation (“pre-treat-
ment group”), showed a significant decrease in the percentage of mice developing tumors at
32 weeks post-oncogene activation (Fig 1C). In addition, pre-treated AAV9-Tert-DN mice
showed less number of tumors per mouse and a reduced tumor area compared to either
AAV9-Tert treated, AAV9-Null treated mice or to the untreated control group at 32 weeks
post-oncogene activation (Fig 1D, 1E and 1I). In contrast, in the “simultaneous treatment”
group, we observed no significant differences between the AAV9-Tert-DN and the other
groups both in the percentage of mice with tumors, in the number of tumors per mice or in
the tumor area (Fig 1F and 1I).

We also studied the impact of AAV9-Tert gene therapy in K-Ras-induced lung tumorigene-
sis in a p53-deficient background, a more aggressive scenario in which lung tumors develop
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transduced with AAV9 (Null, Tert or Tert-DN) vectors by tail vein injection and four weeks after they were infected with Adeno-CRE
intratracheally. In the “simultaneous treatment” group, twelve weeks old mice were infected with AAV9 (Null, Tert or Tert-DN) by tail vein
injection and with Adeno-CRE intratracheally at the same time. In both groups mice were analyzed every 8 weeks by computerized
tomography (CT) until 32 weeks post-oncogene activation. Mice were sacrificed 40 weeks post-oncogene activation for further histological
analysis. C-H CT quantification of the percentage of mice developing tumors (C, F), the number of tumors (D, G) and the area of the tumors
(E, H) in both, pre-treated and simultaneously treated mice. I Representative CT images for all groups. Error bars represent standard error. ¢-
test was used for statistical analysis. The number of mice are indicated in each case. Indicated p-values correspond to 32-weeks-old
measurements. *, p<0.05. **, p<0,01.

https://doi.org/10.1371/journal.pgen.1007562.9001

even more rapidly [48]. To this end, we first treated the mice with the AAV9 viruses and then
activated oncogenic K-Ras (“pre-treatment” strategy; Fig 1A). Mice were sacrificed 5 months
post-adeno-cre infection for macroscopic quantification of tumor burden (S2 Fig). In this
p53-deficient genetic background, 100% of the experimental mouse groups developed lung
tumors and no significant differences in the number of tumors and in tumor size were
detected between AAV9-Tert treated group as compared to AAV9-null and untreated control
groups (S2 Fig).

All together, these results clearly indicate that telomerase gene therapy has no effect in
tumor onset or in tumor development in a context of oncogenic K-Ras lung tumorigenesis
even in a p53-deficient background, in mice. In contrast, telomerase inhibition by using a
dominant negative Tert gene, administered previously but not simultaneously to oncogene
activation significantly impairs tumor growth.

Telomerase activation mediated by AAV9 vectors does not increase

malignancy in K-Ras®"?"-mediated lung cancer

To analyze the degree of malignancy of the K-Ras“"?" lung tumors that appeared in the differ-
ent experimental cohorts, we performed hematoxylin and eosin staining in serial sections of
paraffin embedded lungs at 40 weeks post-oncogene activation in the “pre-treatment” group,
which was the one that showed significant differences in tumor growth in the AAV9-Tert-DN
cohort. Lesions were classified either as hyperplasias, adenomas, or carcinomas. Hyperplasic
lesions showed alveolar-like structures with uniform nuclei and similar to healthy lung tissue.
Adenomas contained cells with slightly enlarged nuclei with prominent nucleoli and disturbed
the adjacent tissue. Carcinomas presented cells with very large, pleomorphic nuclei, high
mitotic index with aberrant mitosis, and hyperchromatism (Fig 2A-2C). We observed no sig-
nificant differences in the total number of hyperplasic lesions between the different mouse
cohorts (Fig 2A). Similarly, mice pre-treated with AAV9-Tert did not show any significant dif-
ferences in the incidence of adenomas and carcinomas compared to mice treated with the
AAV9-Null or to mice not treated with viruses (mock) (Fig 2B-2C). Interestingly, we observed
a significant reduction in the number of adenomas in the AAV9-Tert-DN pre-treated mice
compared to mock and AAV9-Null pre-treated mice (Fig 2B). Furthermore, the total number
of carcinomas was also lower in mice pre-treated with AAV9-Tert-DN compared to mock,
AAV9-Null and AAV9-Tert treated mice (Fig 2C). These results demonstrate that AAV9-Tert
gene therapy does not increase the malignancy of K-ras induced lung tumors. Again, telome-
rase inhibition by using AAV9-Tert-DN gene therapy vector previous to oncogene-induction
had a significant impact in decreasing both tumor onset and tumor malignancy.

To confirm that the tumors originated from cells simultaneously infected with adeno-cre
and the AAV9 vectors, we first determined K-Ras“’?" expression in tumors by detecting the
expression of its surrogate 3-galactosidase marker by immunohistochemistry (Materials and
Methods). We found that all tumors originated were from adeno-cre infected cells (Fig 2D).
We next determined the presence of the AAV9-Tert/ AAV9-Tert-DN viral genomes (vg) in the
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pleomorphic nuclei (black arrows), high mitotic index (yellow arrow head) and hyperchromatism (red arrow head). Error bars represent
standard error. t-test was used for statistical analysis. The number of mice are indicated in each case. *, p<0.05. D Detection of -
galactosidase expression by immunohistochemistry in the lungs as a surrogate marker of oncogenic K-Ras®*? expression. Note that -Gal
positive areas coincide with tumors (within the red line). E PCR detection of AAV9-Tert and AAV9-Tert-DN viral genome. The PCR
reaction was performed with total tumor DNA as template and primers annealing at the 5’-end within the CMV promoter (F1) at the 3’-end
within the Tert/Tert-DN ORF (R1) that renders a 2.905 kb DNA fragment. A representative agarose gel image of the PCR product from the
untreated, AAV9-Null, AAV9-Tert and AAV9-Tert-DN treated tumors is shown. A PCR with primers annealing to a mouse genomic 0.3 kb
DNA fragment was run as a PCR positive control. The DNA ladder is shown to the left.

https://doi.org/10.1371/journal.pgen.1007562.9002

tumors at the end-point from the different experimental groups. We performed a PCR from
total tumor DNA as template and using primers annealing at the 5’-end within the CMV pro-
moter that drives the expression of the Tert transgene and at the 3’-end within the Tert/ Tert-
DN OREF (Fig 2E). We analyze a total of 26 tumors belonging to AAV9-Null, AAV9-Tert and
AAV9-Tert-DN treated mice from the “pre-treatment” from the “simultaneous” group. We
found that the AAV9-Tert/Tert-DN vg was detected in 88% of all the tumors analyzed from the
“pre-treatment” and in 75% of the tumors analyzed from the “simultaneous” group (Fig 2E).
These results clearly show that K-Ras®'*
with the AAV9 vectors (Fig 2D and 2E).

induced tumors aroused from cells also infected

AAVO9-Tert treatment results in Tert mRNA over-expression in the lung

Next, to study whether the effects of the different viral vectors carrying the wild-type and
mutant Tert genes could be related to their expression levels, we studied the transcriptional
expression levels of both Tert and Tert-DN mRNAs in treated lungs both at 8 weeks and 40
weeks post-oncogene activation by using quantitative PCR (qPCR) analysis. We found a simi-
lar upregulation of both Tert and Tert-DN mRNA levels at 8 weeks after oncogene activation
and this up-regulation was maintained, although to lower levels, at 40 weeks after oncogene
activation in both the “pre-treatment” and “simultaneously treatment” cohorts (Fig 3A-3C).

AAV9-Tert treatment results in longer telomeres in lung cells

We showed previously that AAV9 vectors target preferentially alveolar type II cells (ATII) in
mouse lungs (80% of AAV9-infected lung cells are ATII cells) [46]. To address the effects of
treatment with AAV9-Tert and AAV9-Tert-DN viral vectors in telomere length in whole lung
tissue and specifically in ATII cells, we performed an immuno-telomereFISH using an anti-
Sftpc antibody as a marker for ATII cells and a telomeric quantitative FISH probe to measure
telomere fluorescence on lung sections [46]. Telomere fluorescence was measured in healthy
whole-lung tissue and in ATII cells at 8 weeks post-oncogene activation in the “pre-treatment”
group, which was the one that showed differences in tumor growth between the different viral
treatments (Fig 4). The results show that AAV9-Tert treated lungs show significantly higher
telomere fluorescence and a lower percentage of short telomeres (telomeres below 25" percen-
tile of telomere fluorescence) in both healthy whole-lung tissue and in ATII cells compared to
AAV9-Null and AAV9-Tert-DN treated lungs (Fig 4A-4C).

Telomere fluorescence was also measured in healthy whole-lung tissue, in ATII cells, and in
tumors at the experimental end-point (40 weeks post-oncogene activation) in both pre-treated
(Fig 5) and simultaneously treated groups (Fig 6). At the end-point, AAV9-Tert treated mice
in both groups, “pre-treatment” and “simultaneous”, showed longer telomeres and lower per-
centage of short telomeres both in the whole lung and in ATII cells compared to untreated,
AAV9-Null and to AAV9-Tert-DN control groups (Fig 5A-5C and Fig 6A-6C). When telo-
mere length was determined in tumors, we also observed a significant increase in average telo-
mere length and a decrease in the percentage of short telomeres in AAV9-Tert treated samples
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Fig 3. Tert and Tert-DN are over-expressed after AAV9 injection: A-C Tert expression levels measured by Q-PCR in healthy lungs of pre-treated mice
at 8 weeks post-oncogene activation (A) and pre-treated (B) and simultaneously treated (C) mice 40 weeks post-oncogene activation. Error bars
represent standard error. t-test was used for statistical analysis. The number of mice are indicated in each case. *, p<0.05. **, p<0,01.
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compared to untreated, AAV9-Null and to AAV9-Tert-DN control groups (Fig 5D and 5E;
Fig 6D and 6E).

AAV9-Tert-DN treatment induces DNA damage and apoptosis and blocks
proliferation in lung tumors

To understand at the molecular level the impact of different AAV9 treatments on lung tumori-
genesis, we next determined DNA damage (YH2AX-positive cells), apoptosis (C3A-positive
cells), and proliferation (Ki67-positive cells) in tumors at 40 weeks post-oncogene activation
both in the “pre-treatment” and “simultaneous treatment” groups by using immunohis-
tochemistry. Interestingly, in both experimental settings, tumors appearing in the AAV9-Tert-
DN treated mice showed significantly less Ki67-positive cells compared to AAV9-Tert treated
and to control groups (no viral treatment and mice treated with AAV9-Null) (Fig 7A), which
is in agreement with significantly less tumors in this group (Fig 1D and 1E). Importantly, no
significant differences in Ki67-positive cells were observed between AAV9-Tert treated and
control mice (no viral treatment and mice treated with AAV9-Null) neither in the “pre-treat-
ment” nor in the “simultaneous” groups (Fig 7A-7C), which is in agreement with similar
tumor burdens in these groups (Fig 1G and 1H).

Next, we determined the impact of different AAV9 treatments on DNA damage induction
by quantifying the percentage of YH2AX positive cells in the tumors at 40 weeks after onco-
gene-induction both in the “pre-treatment” and “simultaneous treatment” groups. We found
that lung tumors appearing in the mice with AAV9-Tert-DN presented increased number of
cells with DNA damage compared to AAV9-Tert treated and control mice (no viral treatment
and treated with AAV9-Null). Again, the tumors appearing in mice treated with AAV9-Tert
showed a similarly low abundance of cells positive for YH2AX to the untreated and AAV9-Null
treated cohorts (Fig 7D-7F).
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Fig 5. Telomerase gene therapy results in longer telomeres in lung cells and tumors in the “pre-treatment” group. A-E Mean
telomere fluorescence and percentage of short telomeres in whole lung (A), in ATII cells (B) and in tumors (D) at 40 weeks post-
oncogene activation in the pre-treated mice. C,E Representative images showing ATII cells stained with anti-SFTPC (green cytoplasm,
yellow arrow heads) by IF and telomeres stained in red by FISH in healthy lung tissue (C) and in tumors (E). Auto-fluorescent red
blood cells lacking nuclei are observed in the images. Tumor samples do not show any SFTPC positive cells. Error bars represent
standard error. t-test was used for statistical analysis. The number of mice are indicated in each case. *, p<0.05. **, p<0,01.

https://doi.org/10.1371/journal.pgen.1007562.9005

In accordance with higher DNA damage in tumors from mice pre-treated with AAV9-Tert-
DN vectors, we observed increased numbers of apoptotic cells in the AAV9-Tert-DN treated
mice compared to AAV9-Tert treated mice and control mice (untreated and AAV9-Null
treated cohorts) (Fig 7G and 7I). Again, in the “pre-treatment” group we found no significant
differences in the number of apoptotic cells between the AAV9-Tert and control mice (Fig 7G
and 7I). However, no differences in the number of apoptotic cells were observed in the “simul-
taneous treatment” among the different mouse cohorts (Fig 7H and 7I), in agreement with
similar tumor burden in all cohorts within the simultaneous treatment group (Fig 1G-1H)

Altogether, these results indicate that tumor burden in the different cohorts correlates with
proliferation, DNA damage and apoptosis, namely tumors appearing in the AAV9-Tert-DN
“pre-treatment” group have less proliferation and more DNA damage and apoptosis. Impor-
tantly, telomerase overexpression in the AAV9-Tert treated mice did not influence any of
these parameters either in the “pre-treatment” or in the “simultaneous treatment” groups, in
agreement with the fact that AAV9-Tert treatment did not increase lung tumorigenesis.

AAV9-Tert-DN treatment induces telomeric DNA damage in KRas-
induced lung tumors

In order to study the effects of the different gene therapy vectors on DNA damage specifically
located at telomeres, we performed a double immunofluorescence using antibodies against
53BP1 to mark DNA damage foci and TRF1 to mark telomeres in lung tumor sections. To this
end, we quantified the number of cells presenting >4 53BP1 foci within the tumor in the “pre-
treatment” and “simultaneous treatment” groups (Fig 8A-8C). In the “pre-treatment” group,
tumors appearing in the AAV9-Tert-DN treated mice showed a 5-fold increase in 53BP1-posi-
tive cells compared to tumors appearing in untreated mice or mice treated with AAV9-Null
and AAV9-Tert vectors (Fig 8A). In the “simultaneous” group, however, no differences in the
percentage of damaged cells among the four mouse cohorts were detected (Fig 8B). In addi-
tion, the percentage of damaged cells presenting > 2 telomere induced foci (TIF) was 5-fold
higher in tumors from the AAV9-Tert-DN treated group compared to untreated, AAV9-Null
and AAV9-Tert treated cohorts in the “pre-treatment” group (Fig 8D). In the “simultaneous
treated group”, however, no differences in the percentage of cells presenting > 2 TIFs among
the four mouse cohorts were detected (Fig 8E). These results suggest that telomerase inhibition
by using AAV9-Tert-DN gene therapy vectors previous to oncogene activation results in
increased telomere damage associated to oncogenic K-Ras tumorigenesis. This is in agreement
with the reduced tumor burden observed in mice in which telomerase activity was inhibited
by AAV9-Tert-DN before oncogene activation (Fig 1C-1E and Fig 2C). The observation that
AAV9-Tert treatment leads to similar numbers of tumor cells with telomere damage (TIFs)
than the AAV9-Null controls, underlies the non-oncogenic effects of telomerase gene therapy.

AAV9-Tert treatment reduces mRNA levels of the p16 senescence marker

Previous studies showed that K-ras mediated lung carcinogenesis induces senescence in the
pre-neoplastic lesions (adenomas) and that this senescence is overcome in the more aggressive
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Fig 6. Telomerase gene therapy results in longer telomeres in lung cells and tumors in the simultaneous treatment group. A-E Mean
telomere fluorescence and percentage of short telomeres in whole lung (A), in ATII cells (B) and in tumors (D) at 40 weeks post-oncogene
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activation in simultaneously treated mice. C,E Representative images showing ATII cells stained with anti-SFTPC (green cytoplasm,
yellow arrow heads) by IF and telomeres stained in red by FISH in healthy lung tissue (C) and in tumors (E). Auto-fluorescent red blood
cells lacking nuclei are observed in the images. Tumor samples do not show any SFTPC positive cells. Error bars represent standard error.
t-test was used for statistical analysis. The number of mice are indicated in each case. *, p<0.05. **, p<0,01.

https://doi.org/10.1371/journal.pgen.1007562.9006

lesions [52-55]. Interestingly, short/dysfunctional telomeres have been proposed to be at the
origin of this oncogene-induced senescence [56, 57]. We set to assess whether treatment with
the AAV9-Tert and AAV9-Tert-DN vectors had any effects on the levels of the senescence
marker pl6 compared to untreated mice and to mice treated with AAV9-Null. To this end, we
determined p16 mRNA levels at 8 and at 40 weeks post-oncogene activation by using q-PCR
(Fig 8G-8I) [58]. Interestingly, in the “pre-treatment” group, AAV9-Tert treated lungs showed
significantly lower p16 expression compared to AAV9-Tert-DN treated mice and to both
untreated and AAV9-Null treated mice at 8 weeks post-oncogene activation (Fig 8G), suggest-
ing that telomerase expression previous to oncogene activation inhibits senescence induction
at early times during K-Ras induced lung carcinogenesis. However, at 40 weeks post-oncogene
activation these differences were lost and we observed similar p16 mRNA expression levels in
the different mouse cohorts both in the “pre-treatment” and in the “simultaneous” group (Fig
8H and 8I), most likely owing to the more advanced tumor stage. These results indicate that
pre-treatment with AAV9-Tert leads to reduced senescence associated to oncogene-activation,
however, this does not seem to be important for overall tumor progression and aggressiveness.

Discussion

The majority of adult cell types in both humans and mice do not express telomerase and this
results in progressive shortening of telomeres and increased telomere-associated DNA damage
with aging [4-6, 13, 21, 58-64], a phenomenon that is proposed to be among the primary
causes of organismal aging [11]. Mice are born with longer telomeres than humans but the
rate of telomere shortening in blood cells from mice is 100-fold higher than in humans and
telomeres do shorten very significantly during the mouse lifespan [14, 21]. Thus, although
mice have on average longer telomeres than humans, they also suffer telomere shortening with
aging, and indeed this shortening is relevant for aging [13]. In contrast to telomere shortening
in healthy cells, the majority of cancer cells aberrantly reactivate telomerase to achieve unlim-
ited proliferative potential, one of the hallmarks of cancer [65]. Indeed, many different human
cancer types show mutations in either the promotor region or coding regions of the telomerase
catalytic subunit TERT gene [23-31, 66]. Also, a wide variety of mouse cancers activate telome-
rase [32-34]. This frequent re-activation of telomerase in cancer cells, has led to the idea that
the postnatal suppression of telomerase activity in the adult organism may have a role as a
tumor suppression mechanism. However, there is mounting evidence that short telomeres can
also lead to increased cancer, especially owing to accumulation of chromosome aberrations if
DNA damage checkpoints are lost, such as p53 loss [61, 67, 68]. Indeed, cancer incidence
increases with aging and it is also more elevated in the so-called telomere syndromes [69].
Interestingly, constitutive telomerase expression in telomerase transgenic mouse models
shows that telomerase does not act as an oncogene and only leads to slightly higher incidence
of some spontaneous cancer at old ages [36, 37]. More recently, we have demonstrated that tel-
omerase activation using non-integrative gene therapy vectors (adeno associated vectors) does
not lead to increased cancer both in the context of normal physiological aging [6] and in the
context of mouse models of disease including heart infarct [44], aplastic anemia associated to
short telomeres [45], and pulmonary fibrosis owing to short telomeres and low doses of a dam-
aging agent to the lungs [46]. Furthermore, we recently demonstrated that chimeric mice with

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 14/25


https://doi.org/10.1371/journal.pgen.1007562.g006
https://doi.org/10.1371/journal.pgen.1007562

@'PLOS | GENETICS

AAV-Tert in K-Ras-induced lung carcinogenesis

A B C

Pre-treatment Simultaneous treatment
40 weeks post-oncogene activation 40 weeks post-oncogene activation

ms o ns ns NS
Kk —ns
30 ns_ o 30 1 ns
2 n=6 L ns
3 3
[) n=6
220" n= 920
.‘5 =
72
Q o
Q Q
10 1510 -
X <
R R

o
i

0 -

& & & & &06 *
N Y & XY o &
o'b QQ 00 AQ’ Q) '\e‘
o° W - o° i -
< & N i
Pre-treatment Simultaneous treatment
40 weeks post-oncogene activation 40 weeks post-oncogene activation
——fs s b
ns *k
g 2.5 1 n=6 @ 2.5 7 ﬁ ns
8 20 820 - ns_
: . :
§ . .g
% 1.0 55
£ o5 &
> >
= 00 ES
X
& S &S
IR RGO
& ?Y‘ 4
eo\ eO\ N
Pre-treatment Simultaneous treatment
40 weeks post-oncogene activation 40 weeks post-oncogene activation
0.20 0.20
» 2
D ©
8 0.15 ©0.15
[0} (]
2 3
‘2 0.10 80.10
o [o%
< <
§3 0.05 &Go.05
X X
0.00 0.00
K 6@
® <

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018

15/25


https://doi.org/10.1371/journal.pgen.1007562

o @
@ ’ PLOS | GENETICS AAV-Tert in K-Ras-induced lung carcinogenesis

Fig 7. Effect of AAV9 treatments on tumor proliferation DNA damage burden and apoptosis. A-C Quantification of the percentage of Ki67
positive cells in pre-treated (A) and simultaneously treated mice (B) at 40 weeks post-oncogene activation; Ki67 representative images correspond
to pre-treated mice lung tumors (C). D-F Quantification of the percentage of y-H2AX positive cells in the pre-treated (D) and simultaneously
treated (E) mice at 40 weeks post-oncogene activation; y-H2AX representative pictures correspond to pre-treated mice lung tumors (F). G-I
Quantification of the percentage of active caspase-3 (C3A) positive cells in pre-treated (G) and simultaneously treated mice (H) at 40 weeks post-
oncogene activation; C3A positive cells (yellow arrow heads) in representative images corresponding to pre-treated lung tumors (I). Error bars
represent standard error. t-test was used for statistical analysis. The number of mice is indicated in each case. *, p<0.05. **, p<0,01. ***, p<0,001.

https://doi.org/10.1371/journal.pgen.1007562.g007

a high percentage of cells having much longer telomeres than those that are normal for the spe-
cies are in fact cancer protected in agreement with the fact that these mice accumulate less
DNA damage with aging, thus suggesting that maintaining long telomeres during aging pro-
tect from cancer [70]. However, whether telomerase activation can lead to more cancer in the
context of tumor prone contexts remained to be formally addressed.

Here, we demonstrate that telomerase gene therapy does not affect (either increasing or
decreasing) tumorigenesis in a well-established mouse model of lung carcinogenesis induced
by oncogenic K-ras even in a p53-defficient background [47]. We demonstrate this by using
two independent strategies, one in which we over-express Tert before the induction of the
oncogene and another in which we activate Tert at the same time that we induce the oncogenic
K-Ras allele. This result suggests that endogenous telomerase activation associated to onco-
gene-induced tumorigenesis is sufficient to allow carcinogenesis and that extra telomerase
activation provided by the gene therapy vectors does not affect tumor initiation. Interestingly,
when we treated mice with gene therapy vectors carrying a catalytically dead mutant allele of
Tert that is unable to catalyze the addition of new telomeric repeats, we found a decreased can-
cer incidence but only when the vector carrying the catalytically dead Tert mutant was admin-
istered prior to oncogene activation. This is in agreement with previous finding from our
group showing that catalytically dead Tert acts as a dominant negative blocking endogenous
telomerase activity and inhibiting cancer cell growth [51]. Furthermore, we show here that
expression Tert dominant negative prior to oncogene activation results in lower proliferation
and increased DNA damage and apoptosis, thus contributing to block initiation of K-Ras car-
cinogenesis. Although we cannot rule out that AAV9-Tert-DN might also have some telomere-
independent mechanism to suppress tumor growth, however, the fact that the tumors appear-
ing in mice transduced with AAV9-Tert-DN showed a five-fold increase in telomere induced
foci (TIFs) clearly indicates that Tert-DN expression suppress tumor growth by inducing telo-
mere damage. Of note, this did not occur in the simultaneous treatment group, suggesting that
telomerase inhibition once the tumor is already induced has less effect blocking tumorigenesis
than when telomerase is inhibited prior to oncogene induction most likely owing to the fact
that endogenous telomerase is activated with tumorigenesis.

The tumor suppressive effects observed with AAV9-Tert-DN treatment prior to oncogene
induction are remarkable since telomerase activity is dispensable for transformation of cells
with long telomeres [71]. Indeed, telomerase abrogation in the context of cancer-prone mouse
models, including the K-Ras*'“"?" lung tumorigenesis mouse model, only showed anti-tumor-
igenic activity after several mouse generations in the absence of telomerase when telomeres
reached a critically short length [67, 72-74]. However, the fact that AAV9-Tert-DN treatment
prior to oncogene activation significantly delays tumor onset and progression by increasing
telomere-induced DNA damage and apoptosis suggests that telomere length is rate limiting in
the early steps of oncogene-induced lung tumorigenesis in mice. These results open new thera-
peutic opportunities using AAV9-Tert-DN gene therapy to prevent tumor induction in cancer
prone settings.
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Fig 8. Increased DNA damage after AAV9-Tert-DN gene therapy correlate with more telomeric DNA damage. A-B Quantification of
percentage of cells with more than 3 53BP1 foci by IF, 40 weeks post-oncogene activation in the “pre-treatment” group (A) and in the
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“simultaneous” group (B). C Representative images of 53BP1 staining. Cells with more than 3 53BP1 foci corresponding to pre-treated
mice are marked with a yellow arrow head. D-E Quantification of percentage of cells with more than 1 telomeric induced foci (TIF) by IF,
40 weeks post-oncogene activation in the “pre-treatment” group (D) and in the “simultaneous” group (E). F Representative images of TIF
(yellow arrow heads) positive cells corresponding to pre-treated mice. DNA damage and telomeric foci were labeled with antibody against
53BP1 (green) and antibody against TRF1 (red). G-I p16 expression levels measured by Q-PCR in healthy lungs of pre-treated mice at 8
weeks post-oncogene activation (G) and at 40 weeks post-oncogene activation in the pre-treated (H) and in simultaneously treated (I)
mice. Error bars represent standard error. t-test was used for statistical analysis. The number of mice is indicated in each case. *, p<0.05. **,
p<0,01.

https://doi.org/10.1371/journal.pgen.1007562.9008

Finally, we make here the very intriguing finding that AAV9-Tert treatment prior to onco-
gene induction significantly reduced the levels of the p16 senescence marker. It was been pre-
viously proposed that DNA damage associated to oncogene-induced senescence is largely
produced by short/dysfunctional telomeres [57]. Our results support this notion as pre-treat-
ment with telomerase is able to significantly decrease senescence in the early steps of lung car-
cinogenesis. Nevertheless, our results also indicate that senescence does not seem to correlate
with tumor burden, as AAV9-Tert treatment does not impact on the final number of adeno-
mas and carcinomas.

A limitation for any gene therapy as a treatment for human diseases is the potential immu-
nogenic response elicited either by the viral particles or by the product encoded by the trans-
gene. We use, however, AAV vectors that are weak immunogens [75]. Our AAV9 vectors do
not carry any viral gene and no immunogenic response against AAV9 have been reported in
mice [76]. In line with this, we did not observe a significant difference in the tumor burden
between the untreated and the AAV9-null treated mice, although there was a trend to lower
tumor burden in the mice that received the AAV9 vectors in some of the parameters mea-
sured. Regarding the potential immune response against the AAV9-encoded transgene prod-
uct, namely telomerase, we think it is unlikely since the transgene encodes the endogenous
mouse telomerase. In agreement with this, we found no significant difference in the tumor
burden between the AAV9-Null and the AAV9-Tert treated mice. Indeed, we have tested the
AAV9-Tert gene therapy in several previous works and never observed an immunogenic effect
of mouse Tert in mice [6, 44-46]. However, the potential immunogenic response of human tel-
omerase in humans deserves further clinical research.

The experimental design of this work poses the limitation that the delivery of the Cre
recombinase to induce oncogenic K-Ras expression and of telomerase were performed using
different viral vectors, adeno virus and adeno associated virus, respectively. Hence, there was
no mechanism to select for cells that were infected with both virus. Furthermore, owing to the
packaging limit of AAV vectors to 5 kilobases [77], it was not possible to carry both the Cre
and the Tert genes in the same AAV9-vector in the “simultaneous strategy”. Nevertheless, we
observed that the K-Ras expressing tumors also expressed the AAV9-transduced Tert/Tert-DN
genes, indicating that the majority of the tumors originated from cells transduced with the
AAV9 vectors. Furthermore, we show that one week after co-infection with adeno-Cre and
with AAV9-GFP the B-gal positive cells also expressed GFP, demonstrating that lung cells are
susceptible to be co-infected with adeno and adeno-associated virus. However, we cannot rule
out the possibility that some tumors arise from cells only infected by the adeno-Cre and not by
the AAV9 vectors.

One could argue than in a long-lived specie like humans, the exogenous expression of Tert
in a wild-type scenario may take several years/decades to facilitate cancer development, the
time needed to acquire additional oncogenic mutations that eventually lead to malignant
transformation and tumor development. To model the impact of AAV9-Tert in cancer in
short lived mice, we forced oncogenic Ras expression to induce tumorigenesis both in wild-
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type and p53-null genetic backgrounds, thereby avoiding this lagging time. In addition, to
avoid that long-term expression of telomerase could facilitate cancer development after several
decades, we use non-integrative AAV9 vectors, which allow only for a transitory expression of
telomerase due to the fact that as cells divide the virus load is progressively diluted until even-
tually cells lose the expression of the transgene (Tert).

In summary, the results shown here demonstrate that telomerase activation by adeno asso-
ciated vectors does not increase lung carcinogenesis even in the context of an activated K-Ras
oncogene, highlighting the safety of therapeutic strategies based on telomerase activation
using AAV9 vectors.

Methods
Mice

K-Ras*’“"?Y mice were generated as previously described [47]. K-Ras"“"?" mice were crossed
with p53”~ mice (Jackson Labs, http://jaxmice.jax.org/strain/002101.html) to generate the
compound K-Ras*’“"? p53”~ mouse. Separated groups of mice were tail-vein injected with
2x10"? vg (viral genomes)/mouse of either AAV9-Null, AAV9-Tert or AAV9-Tert-DN, a cata-
lytically inactive form of mouse TERT. All mice were maintained at the Spanish National Can-
cer Centre under specific pathogen-free conditions in accordance with the recommendations
of the Federation of European Laboratory Animal Science Associations (FELASA). All animal
experiments were approved by the Ethical Committee (CEIyBA) and performed in accordance
with the guidelines stated in the International Guiding Principles for Biomedical Research
Involving Animals, developed by the Council for International Organizations of Medical Sci-
ences (CIOMS).

Gene therapy vector production

Adeno-associated viral vectors (AAV9) were generated and purified as previously described
[78]. The vectors used were (i) AAV9-Null (ii) AAV9-Tert that express murine catalytic sub-
unit of telomerase (iii) AAV9-Tert-DN that express murine catalytically inactive telomerase
(iv) AAV9-GFP [6]. AAV9 particles were purified using 2 cesium chloride gradients, dialyzed
against phosphate-buffered saline (PBS) and filtered. Viral genome particle titers were deter-
mined by a quantitative real-time polymerase chain reaction (PCR) method.

Adenovirus intratracheal infection

Twelve-week-old mice were treated once with intratracheal adeno-Cre vectors (Gene Vector
Core, University of lowa, 1x10'° pfu/ml) instillation with 1x10°® pfu/mouse of virus after anes-
thesia by intraperitoneal injection of ketamine-medetomidine (Domitor, 1mg/ml; Orion Cor-
poration). To wake up the mice after the instillation, they were injected with 0.05 mg of
atipamezole (Antisedan, 5mg/ml; Orion Corporation).

In vivo imaging by computed tomography (CT)

Eight weeks after adeno-Cre inoculation, an in vivo follow-up of tumor growth was achieved
by four computed tomographies (CT) every 8 weeks. CT analyses were performed as previ-
ously described [79]. Briefly, Micro-CT imaging was performed on a high resolution scanner
(Locus, General Electric HealthCare, London,Ontario,Canada). The scanning protocol oper-
ates at 80 kVp and 50 mA, 400 projections and collected in one full rotation of the gantry in
approximately 10, minutes. The reconstruction was done with a modified Feldkamp cone-
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beam algorithm. Micro-CTimages were analyzed using MicroView Analysis + (v2.2, General
Electric Healthcare, London, Ontario, Canada).

Immunohistochemistry analyses in tissue sections

Lungs were fixed in 10% buffered formalin, embedded in paraffin wax and sectioned at 5 mm.
For pathological examination sections were stained with hematoxylin and eosin, according to
standard procedures. Antibodies used for immunohistochemistry in lung tumor sections
included those raised against: YH2AX Ser 139 (Millipore), Ki67 (Master diagnostica), C3A
(Cell Signaling Technology), B-GAL (3A9A; CNIO Monoclonal Antibodies Core Unit, AM
(3A9A)) and GFP (Cell Signaling). For B-GAL and GFP double staining, the immunohisto-
chemical reaction was developed using 3,30-diaminobenzidine tetrahydrochloride (DAB)
(Chromomap DAB, Ventana, Roche) and purple chromogen (Discovery Purple Kit, Ventana,
Roche), respectively. Nuclei were counterstained with Harrys’s hematoxylin. Pictures were
taken using Olympus AX70 microscope.

Real-time qPCR

Total RNA from cells was extracted with the RNeasy kit (QIAGEN) and reverse transcribed
was using the iSCRIPT ¢cDNA synthesis kit (BIO-RAD) according to manufacturer’s protocols.
Quantitative real-time PCR was performed with the QuantStudio 6 Flex (Applied Biosystems,
Life Technologies) using Go-Taq qPCR master mix (Promega) according to the manufactur-
er’s protocol. Samples were run in triplicates. Primers used are as follows: TBP1-F 5’-ACCC
TTCACCAATGACTCCTATG-3’; TBP1-R 5-TGACTGCAGCAAATCGCTTGG-3’; TERT-F
5-GGATTGCCACTGGCTCCG-3’; TERT-R 5°-TGCCTGACCTCCTCTTGTGAC-3’; P16-F
5-TACCCCGATTCAGGTGAT; P16-R 5-TTGAGCAGAAGAGCTGCTACGT-3’; CMV-F
5-CAATTACGGGGTCATTAGTTCATAGC-3.

Telomere length analyses on tissue sections

Quantitative telomere fluorescence in situ hybridization (Q-FISH) was performed directly on
parafinn-embedded lung sections as previously described [21] and analysed by Definiens soft-
ware. The incidence of short telomeres was calculated as the percentage of telomeres below the
25" percentile of telomere fluorescence in AAV9-null samples.

Immunofluorescence analyses on tissue sections

For immunofluorescence analyses, tissue sections were fixed in 10% buffered formalin (Sigma)
and embedded in paraffin. After desparaffination and citrate antigen retrieval, sections were
permeabilized with 0.5% Triton in PBS and blocked with 1%BSA and 10% Australian FBS
(GENYCELL) in PBS. The antibodies were applied overnight in antibody diluents with back-
ground reducing agents (Invitrogen). Primary antibodies: polyclonal rabbit anti-SFTPC
(Sigma), rat polyclonal anti-TRF1 (homemade), anti-53BP1 (Novus Biologicals). Immunofluo-
rescence images were obtained using a confocal ultraspectral microscope (Leica TCS-SP5).
Quantifications were performed with Definiens software. A double immunofluorescence
using antibodies against 53BP1 to mark DNA damage foci and TRF1 to mark telomeres was
performed in lung tumor sections to assay for telomeric DNA damage specifically located at
telomeres.
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Supporting information

S1 Fig. Adeno and adeno-associated virus co-infect lung cells. A. Representative images of
B-Gal (brown) immunohistochemistry staining of lungs one week after double infection with
adeno-cre and AAV9-GFP. B. Representative images of B-Gal (brown) and GFP (purple)
immunohistochemistry double staining of lungs one week after double infection with adeno-
cre and AAV9-GFP. Brown arrow marks B-gal positive cell cluster. Green arrow marks a single
AAV9-GFP positive cell. Red arrows mark cluster of cells double positive for B-Gal and GFP.
(TIF)

S2 Fig. AAV9-Tert therapy does not aggravate K-Ras-mediated lung tumor development
in a p53-deficient background. A. Eight weeks old K-Ras™“"?"
with AAV9 (Null or Tert) vectors by tail vein injection and four weeks after they were infected

p53” mice were transduced

with Adeno-cre intratracheally. Mice were sacrificed 5 months post-oncogene activation for
pathological analysis. B-C Macroscopic quantification of total number of tumors per mouse
(B) and tumor burden according to tumor diameter per mouse (C). Error bars represent stan-
dard error. t-test was used for statistical analysis. The number of mice are indicated in each
case.

(TIF)

Acknowledgments

We are indebted to D. Megias for microscopy analysis, to F. Mulero for molecular imaging, to
Patricia Gonzalez for IHQ and to R. Serrano for animal care.

Author Contributions
Conceptualization: Maria A. Blasco.
Formal analysis: Miguel A. Mufioz-Lorente.
Funding acquisition: Maria A. Blasco.

Investigation: Miguel A. Mufioz-Lorente, Paula Martinez, Agueda Tejera, Kurt Whittemore,
Ana Carolina Moisés-Silva.

Methodology: Miguel A. Mufioz-Lorente, Paula Martinez, Agueda Tejera, Kurt Whittemore,
Ana Carolina Moisés-Silva.

Project administration: Maria A. Blasco.

Resources: Fatima Bosch, Maria A. Blasco.

Supervision: Paula Martinez, Maria A. Blasco.

Validation: Miguel A. Muiioz-Lorente, Paula Martinez, Maria A. Blasco.

Writing - original draft: Miguel A. Mufioz-Lorente, Paula Martinez, Maria A. Blasco.

Writing - review & editing: Miguel A. Mufoz-Lorente, Paula Martinez, Fatima Bosch, Maria
A. Blasco.

References
1. Blackburn EH. Switching and signaling at the telomere. Cell. 2001; 106(6):661-73. PMID: 11572773.

2. delange T. Shelterin: the protein complex that shapes and safeguards human telomeres. Genes Dev.
2005; 19(18):2100-10. https://doi.org/10.1101/gad. 1346005 PMID: 16166375.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 21/25


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007562.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007562.s002
http://www.ncbi.nlm.nih.gov/pubmed/11572773
https://doi.org/10.1101/gad.1346005
http://www.ncbi.nlm.nih.gov/pubmed/16166375
https://doi.org/10.1371/journal.pgen.1007562

@'PLOS | GENETICS

AAV-Tertin K-Ras-induced lung carcinogenesis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase activity in Tetrahy-
mena extracts. Cell. 1985; 43(2 Pt 1):405—13. PMID: 3907856.

Blasco MA, Funk W, Villeponteau B, Greider CW. Functional characterization and developmental regu-
lation of mouse telomerase RNA. Science. 1995; 269(5228):1267—70. PMID: 7544492.

Martin-Rivera L, Herrera E, Albar JP, Blasco MA. Expression of mouse telomerase catalytic subunit in
embryos and adult tissues. Proc Natl Acad Sci U S A. 1998; 95(18):10471—6. PMID: 9724727; PubMed
Central PMCID: PMCPMC27918.

Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E, Bosch F, et al. Telomerase gene
therapy in adult and old mice delays aging and increases longevity without increasing cancer. EMBO
Mol Med. 2012; 4(8):691-704. https://doi.org/10.1002/emmm.201200245 PMID: 22585399; PubMed
Central PMCID: PMC3494070.

Olovnikov AM. A theory of marginotomy. The incomplete copying of template margin in enzymic synthe-
sis of polynucleotides and biological significance of the phenomenon. J Theor Biol. 1973; 41(1):181-90.
Epub 1973/09/14. 0022-5193(73)90198-7 [pii]. PMID: 4754905.

Watson JD. Origin of concatemeric T7 DNA. Nat New Biol. 1972; 239(94):197—201. Epub 1972/10/18.
PMID: 4507727.

Hemann MT, Strong MA, Hao LY, Greider CW. The shortest telomere, not average telomere length, is
critical for cell viability and chromosome stability. Cell. 2001; 107(1):67—77. PMID: 11595186.

Samper E, Flores JM, Blasco MA. Restoration of telomerase activity rescues chromosomal instability
and premature aging in Terc-/- mice with short telomeres. EMBO Rep. 2001; 2(9):800-7. https://doi.
org/10.1093/embo-reports/kve174 PMID: 11520856; PubMed Central PMCID: PMCPMC1084029.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 2013; 153
(6):1194-217. https://doi.org/10.1016/j.cell.2013.05.039 PMID: 23746838; PubMed Central PMCID:
PMC3836174.

Martinez P, Blasco MA. Role of shelterin in cancer and aging. Aging Cell. 2010; 9(5):653-66. Epub
2010/06/24. ACE596 [pii] https://doi.org/10.1111/j.1474-9726.2010.00596.x PMID: 20569239.

Garcia-Cao |, Garcia-Cao M, Tomas-Loba A, Martin-Caballero J, Flores JM, Klatt P, et al. Increased
p53 activity does not accelerate telomere-driven ageing. EMBO Rep. 2006; 7(5):546-52. https://doi.
org/10.1038/sj.embor.7400667 PMID: 16582880; PubMed Central PMCID: PMCPMC1479549.

Vera E, Bernardes de Jesus B, Foronda M, Flores JM, Blasco MA. The rate of increase of short telo-
meres predicts longevity in mammals. Cell Rep. 2012; 2(4):732—7. Epub 2012/10/02. S2211-1247(12)
00263-X [pii] https://doi.org/10.1016/j.celrep.2012.08.023 PMID: 23022483.

Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, DePinho RA, et al. Telomere shortening
and tumor formation by mouse cells lacking telomerase RNA. Cell. 1997; 91(1):25-34. PMID: 9335332.

Ferron S, Mira H, Franco S, Cano-Jaimez M, Bellmunt E, Ramirez C, et al. Telomere shortening and
chromosomal instability abrogates proliferation of adult but not embryonic neural stem cells. Develop-
ment. 2004; 131(16):4059-70. https://doi.org/10.1242/dev.01215 PMID: 15269166.

Herrera E, Samper E, Martin-Caballero J, Flores JM, Lee HW, Blasco MA. Disease states associated
with telomerase deficiency appear earlier in mice with short telomeres. EMBO J. 1999; 18(11):2950—
60. https://doi.org/10.1093/emboj/18.11.2950 PMID: 10357808; PubMed Central PMCID:
PMC1171377.

Lee HW, Blasco MA, Gottlieb GJ, Horner JW, 2nd, Greider CW, DePinho RA. Essential role of mouse
telomerase in highly proliferative organs. Nature. 1998; 392(6676):569—74. https://doi.org/10.1038/
33345 PMID: 9560153.

Leri A, Franco S, Zacheo A, Barlucchi L, Chimenti S, Limana F, et al. Ablation of telomerase and telo-
mere loss leads to cardiac dilatation and heart failure associated with p53 upregulation. EMBO J. 2003;
22(1):131-9. https://doi.org/10.1093/emboj/cdg013 PMID: 12505991; PubMed Central PMCID:
PMC140062.

Flores |, Cayuela ML, Blasco MA. Effects of telomerase and telomere length on epidermal stem cell
behavior. Science. 2005; 309(5738):1253-6. https://doi.org/10.1126/science.1115025 PMID:
16037417.

Flores |, Canela A, Vera E, Tejera A, Cotsarelis G, Blasco MA. The longest telomeres: a general signa-
ture of adult stem cell compartments. Genes Dev. 2008; 22(5):654—67. https://doi.org/10.1101/gad.
451008 PMID: 18283121; PubMed Central PMCID: PMC2259034.

Armanios M, Blackburn EH. The telomere syndromes. Nat Rev Genet. 2012; 13(10):693-704. https:/
doi.org/10.1038/nrg3246 PMID: 22965356; PubMed Central PMCID: PMC3548426.

Liu T, Yuan X, Xu D. Cancer-Specific Telomerase Reverse Transcriptase (TERT) Promoter Mutations:
Biological and Clinical Implications. Genes (Basel). 2016; 7(7). https://doi.org/10.3390/genes7070038
PMID: 27438857; PubMed Central PMCID: PMCPMC4962008.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 22/25


http://www.ncbi.nlm.nih.gov/pubmed/3907856
http://www.ncbi.nlm.nih.gov/pubmed/7544492
http://www.ncbi.nlm.nih.gov/pubmed/9724727
https://doi.org/10.1002/emmm.201200245
http://www.ncbi.nlm.nih.gov/pubmed/22585399
http://www.ncbi.nlm.nih.gov/pubmed/4754905
http://www.ncbi.nlm.nih.gov/pubmed/4507727
http://www.ncbi.nlm.nih.gov/pubmed/11595186
https://doi.org/10.1093/embo-reports/kve174
https://doi.org/10.1093/embo-reports/kve174
http://www.ncbi.nlm.nih.gov/pubmed/11520856
https://doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1111/j.1474-9726.2010.00596.x
http://www.ncbi.nlm.nih.gov/pubmed/20569239
https://doi.org/10.1038/sj.embor.7400667
https://doi.org/10.1038/sj.embor.7400667
http://www.ncbi.nlm.nih.gov/pubmed/16582880
https://doi.org/10.1016/j.celrep.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/23022483
http://www.ncbi.nlm.nih.gov/pubmed/9335332
https://doi.org/10.1242/dev.01215
http://www.ncbi.nlm.nih.gov/pubmed/15269166
https://doi.org/10.1093/emboj/18.11.2950
http://www.ncbi.nlm.nih.gov/pubmed/10357808
https://doi.org/10.1038/33345
https://doi.org/10.1038/33345
http://www.ncbi.nlm.nih.gov/pubmed/9560153
https://doi.org/10.1093/emboj/cdg013
http://www.ncbi.nlm.nih.gov/pubmed/12505991
https://doi.org/10.1126/science.1115025
http://www.ncbi.nlm.nih.gov/pubmed/16037417
https://doi.org/10.1101/gad.451008
https://doi.org/10.1101/gad.451008
http://www.ncbi.nlm.nih.gov/pubmed/18283121
https://doi.org/10.1038/nrg3246
https://doi.org/10.1038/nrg3246
http://www.ncbi.nlm.nih.gov/pubmed/22965356
https://doi.org/10.3390/genes7070038
http://www.ncbi.nlm.nih.gov/pubmed/27438857
https://doi.org/10.1371/journal.pgen.1007562

@'PLOS | GENETICS

AAV-Tertin K-Ras-induced lung carcinogenesis

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Allory Y, Beukers W, Sagrera A, Flandez M, Marques M, Marquez M, et al. Telomerase reverse tran-
scriptase promoter mutations in bladder cancer: high frequency across stages, detection in urine, and
lack of association with outcome. Eur Urol. 2014; 65(2):360—6. Epub 2013/09/11. S0302-2838(13)
00904-4 [pii] https://doi.org/10.1016/j.eururo.2013.08.052 PMID: 24018021.

Baerlocher GM, Oppliger Leibundgut E, Ottmann OG, Spitzer G, Odenike O, McDevitt MA, et al. Telo-
merase Inhibitor Imetelstat in Patients with Essential Thrombocythemia. N Engl J Med. 2015; 373
(10):920-8. Epub 2015/09/04. https://doi.org/10.1056/NEJMoa1503479 PMID: 26332546.

Chan AK, Yao Y, Zhang Z, Chung NY, Liu JS, Li KK, et al. TERT promoter mutations contribute to sub-
set prognostication of lower-grade gliomas. Mod Pathol. 2015; 28(2):177-86. Epub 2014/08/02. mod-
pathol201494 [pii] https://doi.org/10.1038/modpathol.2014.94 PMID: 25081751.

Huang DS, Wang Z, He XJ, Diplas BH, Yang R, Killela PJ, et al. Recurrent TERT promoter mutations
identified in a large-scale study of multiple tumour types are associated with increased TERT expres-
sion and telomerase activation. Eur J Cancer. 2015; 51(8):969-76. Epub 2015/04/07. S0959-8049(15)
00226-9 [pii] https://doi.org/10.1016/j.ejca.2015.03.010 PMID: 25843513; PubMed Central PMCID:
PMC4467782.

Hurst CD, Platt FM, Knowles MA. Comprehensive mutation analysis of the TERT promoter in bladder
cancer and detection of mutations in voided urine. Eur Urol. 2014; 65(2):367-9. Epub 2013/09/17.
S0302-2838(13)00926-3 [pii] https://doi.org/10.1016/j.eururo.2013.08.057 PMID: 24035680.

Jafri MA, Ansari SA, Algahtani MH, Shay JW. Roles of telomeres and telomerase in cancer, and
advances in telomerase-targeted therapies. Genome Med. 2016; 8(1):69. Epub 2016/06/22. https://doi.
org/10.1186/s13073-016-0324-x [pii]. PMID: 27323951; PubMed Central PMCID: PMC4915101.

Kinde |, Munari E, Faraj SF, Hruban RH, Schoenberg M, Bivalacqua T, et al. TERT promoter mutations
occur early in urothelial neoplasia and are biomarkers of early disease and disease recurrence in urine.
Cancer Res. 2013; 73(24):7162—7. Epub 2013/10/15. 0008-5472.CAN-13-2498 [pii] https://doi.org/10.

1158/0008-5472.CAN-13-2498 PMID: 24121487; PubMed Central PMCID: PMC3966102.

Jung SJ, Kim DS, Park WJ, Lee H, Choi IJ, Park JY, et al. Mutation of the TERT promoter leads to poor
prognosis of patients with non-small cell lung cancer. Oncol Lett. 2017; 14(2):1609-14. https://doi.org/
10.3892/01.2017.6284 PMID: 28789386; PubMed Central PMCID: PMCPMC5529869.

Bednarek A, Budunova |, Slaga TJ, Aldaz CM. Increased telomerase activity in mouse skin premalig-
nant progression. Cancer Res. 1995; 55(20):4566—9. PMID: 7553630.

Blasco MA, Rizen M, Greider CW, Hanahan D. Differential regulation of telomerase activity and telome-
rase RNA during multi-stage tumorigenesis. Nat Genet. 1996; 12(2):200—4. https://doi.org/10.1038/
ng0296-200 PMID: 8563761.

Kiyozuka Y, Asai A, Senzaki H, Uemura Y, Nakashima A, Morimoto J, et al. Telomere length, telome-
rase activity and telomerase RNA expression during mouse mammary tumor progression. Int J Mol
Med. 1998; 2(4):437-44. PMID: 9857231.

Canela A, Martin-Caballero J, Flores JM, Blasco MA. Constitutive expression of tert in thymocytes
leads to increased incidence and dissemination of T-cell lymphoma in Lck-Tert mice. Mol Cell Biol.
2004; 24(10):4275-98. https://doi.org/10.1128/MCB.24.10.4275-4293.2004 PMID: 15121848; PubMed
Central PMCID: PMCPMC400466.

Gonzalez-Suarez E, Samper E, Ramirez A, Flores JM, Martin-Caballero J, Jorcano JL, et al. Increased
epidermal tumors and increased skin wound healing in transgenic mice overexpressing the catalytic
subunit of telomerase, mTERT, in basal keratinocytes. EMBO J. 2001; 20(11):2619-30. https://doi.org/
10.1093/emboj/20.11.2619 PMID: 11387197; PubMed Central PMCID: PMCPMC125492.

Artandi SE, Alson S, Tietze MK, Sharpless NE, Ye S, Greenberg RA, et al. Constitutive telomerase
expression promotes mammary carcinomas in aging mice. Proc Natl Acad Sci U S A. 2002; 99
(12):8191-6. https://doi.org/10.1073/pnas.112515399 PMID: 12034875; PubMed Central PMCID:
PMCPMC123043.

Rafnar T, Sulem P, Stacey SN, Geller F, Gudmundsson J, Sigurdsson A, et al. Sequence variants at
the TERT-CLPTM1L locus associate with many cancer types. Nat Genet. 2009; 41(2):221-7. hitps://
doi.org/10.1038/ng.296 PMID: 19151717; PubMed Central PMCID: PMCPMC4525478.

Tomas-Loba A, Flores |, Fernandez-Marcos PJ, Cayuela ML, Maraver A, Tejera A, et al. Telomerase
reverse transcriptase delays aging in cancer-resistant mice. Cell. 2008; 135(4):609-22. https://doi.org/
10.1016/j.cell.2008.09.034 PMID: 19013273.

Buning H, Perabo L, Coutelle O, Quadt-Humme S, Hallek M. Recent developments in adeno-associ-
ated virus vector technology. J Gene Med. 2008; 10(7):717-33. https://doi.org/10.1002/jgm.1205
PMID: 18452237.

Inagaki K, Fuess S, Storm TA, Gibson GA, McTiernan CF, Kay MA, et al. Robust systemic transduction
with AAV9 vectors in mice: efficient global cardiac gene transfer superior to that of AAV8. Mol Ther.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 23/25


https://doi.org/10.1016/j.eururo.2013.08.052
http://www.ncbi.nlm.nih.gov/pubmed/24018021
https://doi.org/10.1056/NEJMoa1503479
http://www.ncbi.nlm.nih.gov/pubmed/26332546
https://doi.org/10.1038/modpathol.2014.94
http://www.ncbi.nlm.nih.gov/pubmed/25081751
https://doi.org/10.1016/j.ejca.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25843513
https://doi.org/10.1016/j.eururo.2013.08.057
http://www.ncbi.nlm.nih.gov/pubmed/24035680
https://doi.org/10.1186/s13073-016-0324-x
https://doi.org/10.1186/s13073-016-0324-x
http://www.ncbi.nlm.nih.gov/pubmed/27323951
https://doi.org/10.1158/0008-5472.CAN-13-2498
https://doi.org/10.1158/0008-5472.CAN-13-2498
http://www.ncbi.nlm.nih.gov/pubmed/24121487
https://doi.org/10.3892/ol.2017.6284
https://doi.org/10.3892/ol.2017.6284
http://www.ncbi.nlm.nih.gov/pubmed/28789386
http://www.ncbi.nlm.nih.gov/pubmed/7553630
https://doi.org/10.1038/ng0296-200
https://doi.org/10.1038/ng0296-200
http://www.ncbi.nlm.nih.gov/pubmed/8563761
http://www.ncbi.nlm.nih.gov/pubmed/9857231
https://doi.org/10.1128/MCB.24.10.4275-4293.2004
http://www.ncbi.nlm.nih.gov/pubmed/15121848
https://doi.org/10.1093/emboj/20.11.2619
https://doi.org/10.1093/emboj/20.11.2619
http://www.ncbi.nlm.nih.gov/pubmed/11387197
https://doi.org/10.1073/pnas.112515399
http://www.ncbi.nlm.nih.gov/pubmed/12034875
https://doi.org/10.1038/ng.296
https://doi.org/10.1038/ng.296
http://www.ncbi.nlm.nih.gov/pubmed/19151717
https://doi.org/10.1016/j.cell.2008.09.034
https://doi.org/10.1016/j.cell.2008.09.034
http://www.ncbi.nlm.nih.gov/pubmed/19013273
https://doi.org/10.1002/jgm.1205
http://www.ncbi.nlm.nih.gov/pubmed/18452237
https://doi.org/10.1371/journal.pgen.1007562

@'PLOS | GENETICS

AAV-Tertin K-Ras-induced lung carcinogenesis

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

2006; 14(1):45-53. https://doi.org/10.1016/j.ymthe.2006.03.014 PMID: 16713360; PubMed Central
PMCID: PMCPMC1564441.

Duque S, Joussemet B, Riviere C, Marais T, Dubreil L, Douar AM, et al. Intravenous administration of
self-complementary AAV9 enables transgene delivery to adult motor neurons. Mol Ther. 2009; 17
(7):1187-96. https://doi.org/10.1038/mt.2009.71 PMID: 19367261; PubMed Central PMCID:
PMCPMC2835208.

Foust KD, Nurre E, Montgomery CL, Hernandez A, Chan CM, Kaspar BK. Intravascular AAV9 preferen-
tially targets neonatal neurons and adult astrocytes. Nat Biotechnol. 2009; 27(1):59-65. https://doi.org/
10.1038/nbt.1515 PMID: 19098898; PubMed Central PMCID: PMCPMC2895694.

Bar C, Bernardes de Jesus B, Serrano R, Tejera A, Ayuso E, Jimenez V, et al. Telomerase expression
confers cardioprotection in the adult mouse heart after acute myocardial infarction. Nat Commun. 2014;
5:5863. https://doi.org/10.1038/ncomms6863 PMID: 25519492.

Bar C, Povedano JM, Serrano R, Benitez-Buelga C, Popkes M, Formentini |, et al. Telomerase gene
therapy rescues telomere length, bone marrow aplasia, and survival in mice with aplastic anemia.
Blood. 2016; 127(14):1770-9. https://doi.org/10.1182/blood-2015-08-667485 PMID: 26903545.

Povedano JM, Martinez P, Serrano R, Tejera A, Gomez-Lopez G, Bobadilla M, et al. Therapeutic
effects of telomerase in mice with pulmonary fibrosis induced by damage to the lungs and short telo-
meres. Elife. 2018; 7. https://doi.org/10.7554/eLife.31299 PMID: 29378675.

Guerra C, Mijimolle N, Dhawahir A, Dubus P, Barradas M, Serrano M, et al. Tumor induction by an
endogenous K-ras oncogene is highly dependent on cellular context. Cancer Cell. 2003; 4(2):111-20.
PMID: 12957286.

Garcia-Beccaria M, Martinez P, Mendez-Pertuz M, Martinez S, Blanco-Aparicio C, Canamero M, et al.
Therapeutic inhibition of TRF1 impairs the growth of p53-deficient K-RasG12V-induced lung cancer by
induction of telomeric DNA damage. EMBO Mol Med. 2015; 7(7):930—49. https://doi.org/10.15252/
emmm.201404497 PMID: 25971796; PubMed Central PMCID: PMCPMC4520658.

Mainardi S, Mijimolle N, Francoz S, Vicente-Duenas C, Sanchez-Garcia |, Barbacid M. Identification of
cancer initiating cells in K-Ras driven lung adenocarcinoma. Proc Natl Acad Sci U S A. 2014; 111
(1):255-60. https://doi.org/10.1073/pnas.1320383110 PMID: 24367082; PubMed Central PMCID:
PMCPMC3890787.

Martin-Rivera L, Blasco MA. Identification of functional domains and dominant negative mutations in
vertebrate telomerase RNA using an in vivo reconstitution system. J Biol Chem. 2001; 276(8):5856—65.
https://doi.org/10.1074/jbc.M008419200 PMID: 11056167.

Sachsinger J, Gonzalez-Suarez E, Samper E, Heicappell R, Muller M, Blasco MA. Telomerase inhibi-
tion in RenCa, a murine tumor cell line with short telomeres, by overexpression of a dominant negative
mTERT mutant, reveals fundamental differences in telomerase regulation between human and murine
cells. Cancer Res. 2001; 61(14):5580—6. PMID: 11454711.

Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and p16INK4a. Cell. 1997; 88(5):593-602. PMID:
9054499.

Dimauro T, David G. Ras-induced senescence and its physiological relevance in cancer. Curr Cancer
Drug Targets. 2010; 10(8):869-76. PMID: 20718709; PubMed Central PMCID: PMCPMC4023163.

Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, et al. Tumour biology: senescence
in premalignant tumours. Nature. 2005; 436(7051):642. https://doi.org/10.1038/436642a PMID:
16079833.

Sage J, Miller AL, Perez-Mancera PA, Wysocki JM, Jacks T. Acute mutation of retinoblastoma gene
function is sufficient for cell cycle re-entry. Nature. 2003; 424(6945):223-8. https://doi.org/10.1038/
nature01764 PMID: 12853964.

d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von Zglinicki T, et al. A DNA dam-
age checkpoint response in telomere-initiated senescence. Nature. 2003; 426(6963):194-8. https://doi.
org/10.1038/nature02118 PMID: 14608368.

Suram A, Kaplunov J, Patel PL, Ruan H, Cerutti A, Boccardi V, et al. Oncogene-induced telomere dys-
function enforces cellular senescence in human cancer precursor lesions. EMBO J. 2012; 31
(13):2839-51. https://doi.org/10.1038/emboj.2012.132 PMID: 22569128; PubMed Central PMCID:
PMCPMC3395091.

Collado M, Blasco MA, Serrano M. Cellular senescence in cancer and aging. Cell. 2007; 130(2):223—
33. Epub 2007/07/31. S0092-8674(07)00890-2 [pii] https://doi.org/10.1016/j.cell.2007.07.003 PMID:
17662938.

Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human fibroblasts. Nature.
1990; 345(6274):458-60. https://doi.org/10.1038/345458a0 PMID: 2342578.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 24/25


https://doi.org/10.1016/j.ymthe.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16713360
https://doi.org/10.1038/mt.2009.71
http://www.ncbi.nlm.nih.gov/pubmed/19367261
https://doi.org/10.1038/nbt.1515
https://doi.org/10.1038/nbt.1515
http://www.ncbi.nlm.nih.gov/pubmed/19098898
https://doi.org/10.1038/ncomms6863
http://www.ncbi.nlm.nih.gov/pubmed/25519492
https://doi.org/10.1182/blood-2015-08-667485
http://www.ncbi.nlm.nih.gov/pubmed/26903545
https://doi.org/10.7554/eLife.31299
http://www.ncbi.nlm.nih.gov/pubmed/29378675
http://www.ncbi.nlm.nih.gov/pubmed/12957286
https://doi.org/10.15252/emmm.201404497
https://doi.org/10.15252/emmm.201404497
http://www.ncbi.nlm.nih.gov/pubmed/25971796
https://doi.org/10.1073/pnas.1320383110
http://www.ncbi.nlm.nih.gov/pubmed/24367082
https://doi.org/10.1074/jbc.M008419200
http://www.ncbi.nlm.nih.gov/pubmed/11056167
http://www.ncbi.nlm.nih.gov/pubmed/11454711
http://www.ncbi.nlm.nih.gov/pubmed/9054499
http://www.ncbi.nlm.nih.gov/pubmed/20718709
https://doi.org/10.1038/436642a
http://www.ncbi.nlm.nih.gov/pubmed/16079833
https://doi.org/10.1038/nature01764
https://doi.org/10.1038/nature01764
http://www.ncbi.nlm.nih.gov/pubmed/12853964
https://doi.org/10.1038/nature02118
https://doi.org/10.1038/nature02118
http://www.ncbi.nlm.nih.gov/pubmed/14608368
https://doi.org/10.1038/emboj.2012.132
http://www.ncbi.nlm.nih.gov/pubmed/22569128
https://doi.org/10.1016/j.cell.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17662938
https://doi.org/10.1038/345458a0
http://www.ncbi.nlm.nih.gov/pubmed/2342578
https://doi.org/10.1371/journal.pgen.1007562

@'PLOS | GENETICS

AAV-Tertin K-Ras-induced lung carcinogenesis

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Liu L, Bailey SM, Okuka M, Munoz P, Li C, Zhou L, et al. Telomere lengthening early in development.
Nat Cell Biol. 2007; 9(12):1436—41. https://doi.org/10.1038/ncb 1664 PMID: 17982445,

Martinez P, Blasco MA. Telomere-driven diseases and telomere-targeting therapies. Journal of Cell
Biology. 2017; 216(4):875-87. https://doi.org/10.1083/jcb.201610111 WOS:000398052700008. PMID:
28254828

Schaetzlein S, Lucas-Hahn A, Lemme E, Kues WA, Dorsch M, Manns MP, et al. Telomere length is
reset during early mammalian embryogenesis. Proc Natl Acad Sci U S A. 2004; 101(21):8034-8.
https://doi.org/10.1073/pnas.0402400101 PMID: 15148368; PubMed Central PMCID:
PMCPMC419552.

Hastie ND, Dempster M, Dunlop MG, Thompson AM, Green DK, Allshire RC. Telomere reduction in
human colorectal carcinoma and with ageing. Nature. 1990; 346(6287):866—8. Epub 1990/08/30.
https://doi.org/10.1038/346866a0 PMID: 2392154.

Lindsey J, McGill NI, Lindsey LA, Green DK, Cooke HJ. In vivo loss of telomeric repeats with age in
humans. Mutat Res. 1991; 256(1):45-8. Epub 1991/01/01. 0921-8734(91)90032-7 [pii]. PMID:
1944386.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646—74. hitps://
doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230.

Ma X, Gong R, Wang R, Pan Y, Cai D, Pan B, et al. Recurrent TERT promoter mutations in non-small
cell lung cancers. Lung Cancer. 2014; 86(3):369-73. https://doi.org/10.1016/j.lungcan.2014.10.009
PMID: 25456736.

Chin L, Artandi SE, Shen Q, Tam A, Lee SL, Gottlieb GJ, et al. p53 deficiency rescues the adverse
effects of telomere loss and cooperates with telomere dysfunction to accelerate carcinogenesis. Cell.
1999; 97(4):527-38. Epub 1999/05/25. S0092-8674(00)80762-X [pii]. PMID: 10338216.

Shay JW. Role of Telomeres and Telomerase in Aging and Cancer. Cancer Discov. 2016. Epub 2016/
04/01. 2159-8290.CD-16-0062 [pii] https://doi.org/10.1158/2159-8290.CD-16-0062 PMID: 27029895.

Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and interactive factor in aging,
disease risks, and protection. Science. 2015; 350(6265):1193-8. https://doi.org/10.1126/science.
aab3389 PMID: 26785477.

Varela E, Munoz-Lorente MA, Tejera AM, Ortega S, Blasco MA. Generation of mice with longer and bet-
ter preserved telomeres in the absence of genetic manipulations. Nat Commun. 2016; 7:11739. https://
doi.org/10.1038/ncomms11739 PMID: 27252083.

Seger YR, Garcia-Cao M, Piccinin S, Cunsolo CL, Doglioni C, Blasco MA, et al. Transformation of nor-
mal human cells in the absence of telomerase activation. Cancer Cell. 2002; 2(5):401-13. PMID:
12450795.

Greenberg RA, Chin L, Femino A, Lee KH, Gottlieb GJ, Singer RH, et al. Short dysfunctional telomeres
impair tumorigenesis in the INK4a(delta2/3) cancer-prone mouse. Cell. 1999; 97(4):515-25. PMID:
10338215.

Gonzalez-Suarez E, Samper E, Flores JM, Blasco MA. Telomerase-deficient mice with short telomeres
are resistant to skin tumorigenesis. Nat Genet. 2000; 26(1):114—7. https://doi.org/10.1038/79089
PMID: 10973262.

Perera SA, Maser RS, Xia H, McNamara K, Protopopov A, Chen L, et al. Telomere dysfunction pro-
motes genome instability and metastatic potential in a K-ras p53 mouse model of lung cancer. Carcino-
genesis. 2008; 29(4):747-53. https://doi.org/10.1093/carcin/bgn050 PMID: 18283039.

Nayak S, Herzog RW. Progress and prospects: immune responses to viral vectors. Gene Ther. 2010;
17(3):295-304. https://doi.org/10.1038/gt.2009.148 PMID: 19907498; PubMed Central PMCID:
PMCPMC3044498.

Jimenez V, Munoz S, Casana E, Mallol C, Elias |, Jambrina C, et al. In vivo adeno-associated viral vec-
tor-mediated genetic engineering of white and brown adipose tissue in adult mice. Diabetes. 2013; 62
(12):4012—-22. https://doi.org/10.2337/db13-0311 PMID: 24043756; PubMed Central PMCID:
PMCPMC3837045.

Wu Z, Yang H, Colosi P. Effect of genome size on AAV vector packaging. Mol Ther. 2010; 18(1):80-6.
https://doi.org/10.1038/mt.2009.255 PMID: 19904234; PubMed Central PMCID: PMCPMC2839202.

Ayuso E, Blouin V, Lock M, McGorray S, Leon X, Alvira MR, et al. Manufacturing and characterization
of a recombinant adeno-associated virus type 8 reference standard material. Hum Gene Ther. 2014; 25
(11):977-87. https://doi.org/10.1089/hum.2014.057 PMID: 25275822; PubMed Central PMCID:
PMC4236062.

Ambrogio C, Carmona FJ, Vidal A, Falcone M, Nieto P, Romero OA, et al. Modeling lung cancer evolu-
tion and preclinical response by orthotopic mouse allografts. Cancer Res. 2014; 74(21):5978-88.
https://doi.org/10.1158/0008-5472.CAN-14-1606 PMID: 25217522.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007562 August 16,2018 25/25


https://doi.org/10.1038/ncb1664
http://www.ncbi.nlm.nih.gov/pubmed/17982445
https://doi.org/10.1083/jcb.201610111
http://www.ncbi.nlm.nih.gov/pubmed/28254828
https://doi.org/10.1073/pnas.0402400101
http://www.ncbi.nlm.nih.gov/pubmed/15148368
https://doi.org/10.1038/346866a0
http://www.ncbi.nlm.nih.gov/pubmed/2392154
http://www.ncbi.nlm.nih.gov/pubmed/1944386
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.lungcan.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25456736
http://www.ncbi.nlm.nih.gov/pubmed/10338216
https://doi.org/10.1158/2159-8290.CD-16-0062
http://www.ncbi.nlm.nih.gov/pubmed/27029895
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1126/science.aab3389
http://www.ncbi.nlm.nih.gov/pubmed/26785477
https://doi.org/10.1038/ncomms11739
https://doi.org/10.1038/ncomms11739
http://www.ncbi.nlm.nih.gov/pubmed/27252083
http://www.ncbi.nlm.nih.gov/pubmed/12450795
http://www.ncbi.nlm.nih.gov/pubmed/10338215
https://doi.org/10.1038/79089
http://www.ncbi.nlm.nih.gov/pubmed/10973262
https://doi.org/10.1093/carcin/bgn050
http://www.ncbi.nlm.nih.gov/pubmed/18283039
https://doi.org/10.1038/gt.2009.148
http://www.ncbi.nlm.nih.gov/pubmed/19907498
https://doi.org/10.2337/db13-0311
http://www.ncbi.nlm.nih.gov/pubmed/24043756
https://doi.org/10.1038/mt.2009.255
http://www.ncbi.nlm.nih.gov/pubmed/19904234
https://doi.org/10.1089/hum.2014.057
http://www.ncbi.nlm.nih.gov/pubmed/25275822
https://doi.org/10.1158/0008-5472.CAN-14-1606
http://www.ncbi.nlm.nih.gov/pubmed/25217522
https://doi.org/10.1371/journal.pgen.1007562

