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ABSTRACT

Snaill transcription factor is the key inducer of epithelial-to-
mesenchymal transition (EMT) and controls tumor invasion,
resistance to apoptosis and the maintenance of cancer stem cell
features. In this thesis we describe a novel role for Snaill on the
regulation of telomere integrity and transcription as well as
telomerase expression. An analysis of telomere integrity by
fluorescence in situ hybridization (FISH) indicates a dramatic
increase of telomere alterations in Snaill-depleted mouse
mesenchymal stem cells (MSC) and shorter telomeres. However,
these cells present higher levels of TERT since Snaill represses its
expression, meaning that other mechanisms in telomere
homeostasis are involved. In fact, telomeres are actively transcribed
into a long non-coding RNA called telomeric repeat-containing RNA
(TERRA). Although TERRA plays crucial a role in telomere
homeostasis, little is known about how its transcription is regulated.
Here we report that Snaill transcription factor regulates TERRA
transcription by repressing TERRA 2q, 11g and 18g. TERRA and
TERT are transiently down-regulated during TGFB-induced EMT in
NMuMG cells correlating with Snaill expression. Ectopic expression
of TERRA affects the transcription of some genes induced during
EMT such as fibronectin whereas TERT does not modify those
genes. We propose that Snaill control of TERRA besides being
required for telomere maintenance is also necessary for the

expression of a subset of mesenchymal genes.
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RESUM

El factor de transcripcié Snaill és el principal inductor de la transicié
epiteli-mesenquima (EMT) i controla la invasi6 tumoral, la
resisténcia a apoptosi i el manteniment de les caracteristiques de
les cancer stem cells. En aquesta tesi descrivim un nou paper de
Snaill en la reglulacié de la integritat telomérica i de la seva
transcripci6 aixi com de I'expressio de la telomerasa. L’analisi de la
intergritat telomeérica usant la técnica d’hibridacié fluorescent in situ
(FISH) mostra un increment dramatic d’aleracions telomériques en
en MSCs deficients de Snaill. En canvi, aquestes cél-lules
presenten nivells més elevats de TERT ja que Snaill en reprimeix
la seva expressio. Aixo significa que hi ha altres mecanismes que
regulen ’lhomeostasi telomérica. De fet, els telomers es transcriuen
de forma activa en uns RNA no codificants llargs anomenats
“telomeric repeat-containing RNA” (TERRA). Malgrat TERRA té un
paper molt important en 'lhomedstasi telomérica, la regulacié de la
seva transcripci6 és un mecanisme forca desconegut. Aqui
demostrem que Snaill regula la transcripcié de TERRA reprimint el
TERRA 2q, 11qi 18q. L'expressié de TERRA i TERT disminueix de
forma transitoria durant EMT induida per TGFB en les cél-lules
NMuMG, correlacionant-se amb I'expressié de Snail1. L’expressid
ectopica de TERRA afecta la transcripcié d’alguns gens induits
durant 'EMT, com la fibronectina, mentres que TERT no modifica
'expressié d’aquests genes. Proposem que el control de TERRA per
part de Snaill, no només és necessari pel manteniment telomeéric

sind també per I'expressié d’un grup de gens mesenquimals.
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1. CANCER
1.1. Overview

According to the World Health Organization, cancer is a leading
cause of morbidity and mortality worldwide. In 2012, 14 million of
new cases were diagnosed and 8.2 million cancer related deaths
were reported. The number of new cases is expected to rise by about
70% in the next two decades [1].

The regulation of cell division and multiplication is very important to
ensure the correct response to the body, achieving the homeostasis
of the organism [2]. When this balance is disrupted due to mutations
in somatic cells that affect key genes involved in the regulation of cell
proliferation and survival, cancer appears [3]. Consequently, cells
begin to proliferate very rapidly and acquire malignant features.
Tumorigenesis is a multistep process consequence of several
somatic mutations. The most frequently mutated genes (onco-
suppressors and oncogenes) in cancer cells are PI3K, Ras, p53,
PTEN, Rb and p16™%4, Moreover, there is a large number of low-
frequency changes that also contribute to tumorigenesis [4]. In the
last decades, a lot of work has been put in studying these mutations
and how them provide to cancer cells features that allow them initiate

the tumor and make it progress [5].

Even though there are several types of cancer described until now,
they share some characteristics. In the past years, several common
hallmarks of cancer have been proposed. In fact, Hanahan and

Weinberg described six essential characteristics in 2000, which are



the following: self-sufficiency in growth signals, insensitivity to anti-
growth  signals, limitless replicative potential, sustained
angiogenesis, evasion to apoptosis, and tissue invasion and
metastasis [6]. In the last years, four more features have been
added: reprogramming of cellular energy metabolism, the evasion of
the immune system, tumor-promoting inflammation and genomic
instability and mutability [5,7,8] (Figure 1).
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Figure 1. The hallmarks of cancer. Schematic illustration of the
hallmarks of cancer proposed by Hanahan & Weinberg (2011) [5].

1.2. The Origin of Cancer

Although the effort to understand tumorigenesis, nowadays it is not

clear the mechanism of tumor initiation and progression. There are



two main hypothesis, which are the clonal expansion model and the
cancer stem cell hypothesis. Both models propose that tumors
originate from a single cell that accumulate mutations and gain
unlimited proliferative potential, but through different mechanisms
[9]. The clonal evolution model postulates that when cancer cells
acquire genetic alterations, their progeny is expanded as a
neoplastic clone; afterwards, they acquire growth advantages and
are selected and expanded to become the predominant
subpopulation inside the tumor. Based in this model, any tumor cell
that acquires the capacity of self-renew has the potential to
contribute to tumor progression [10]. On the other hand, the cancer
stem cell hypothesis postulates that mutations are accumulated in a
subset of tumor cells with stem cell-like properties called “cancer
stem cells” (CSCs), that give rise differentiated cells carrying the
mutation, and also drive tumor initiation, progression and recurrence
[11,12].

Moreover, another classification of cancer can be done considering
the cell type where the mutation is originated. Most cancers (80-
90%) originate from the epithelium and are called carcinomas,
differentiating between the adenocarcinomas (developed from
gland) and squamous cell carcinoma (developed in squamous
epithelium) [13]. Cancer can also develop from mesenchymal tissue,
differentiating into bone, muscle, fat and cartilage. It is postulated
that in this case, cancer could originate from Mesenchymal Stem
Cells (MSCs), which are multipotent cells that can lead or
differentiate into these different mesenchymal tissues [14]. Some

neoplasias also originate from blood cells precursors; among these



leukemia, originated in the immature leukocytes of the bone marrow;
multiple myeloma, that arises from uncontrolled clonal growth of the
plasma cells in the bone; and lymphoma that develops in the
lymphatic system [13,15,16].

2. TELOMERES

2.1 Introduction

Telomeres are repetitive DNA elements that protect the ends of
linear chromosomes from catastrophic damage. Telomeric repeats
are assembled into a dynamic nucleoprotein complex and the 3’
single-stranded overhang located at the end of chromosomes
providing a protective cap (Figure 2).
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Figure 2. Telomeres are located at the ends of linear DNA.
Telomeres are found at the termini of chromosomes, consisting of
repetitive units of TTAGGG in vertebrates.



Telomeres are essential in normal cells for the genomic integrity
maintenance and to protect chromosome ends to be recognized as
DNA double-strand-breaks (DSB) [17]. Due to the linear structure of
mammalian chromosomes, cell division and proliferation
progressively shortens telomere length; stress conditions can
increase the shortening rate [18-20]. When telomeres get to a critical
length, the protective function cannot be provided, and cells get in a
process of senescence that can be bypassed in some pathologies
such as cancer among others [21-24]. Therefore, telomere
shortening induces chromosomal instability that, in the absence of

functional tumor suppressor genes, contribute to tumorogenesis.
2.2. Telomere Structure

Mammalian telomeres consist of TTAGGG DNA tandem repeats [25,
26] and a six-subunit complex (TRF1, TRF2, TIN2, TPP1, POT1,
Rapl) known as shelterin. These telomere sequence specific
binding proteins bind to both the single and the double telomere
stranded forms, enabling the formation of higher specialized
structures. Shelterin regulates the maintenance of telomere length
and protects the ends to be recognized as damaged DNA [27,28].
Both the sequence DNA motif and shelterin are required for genomic

protection and stability [29].

The telomere repeat length shows individual variation between
species: in human is considered to be around 10-15 kilobases (kb)
for each chromosome [25], but in mice they are longer, achieving up
to 80 kb [30-32].



Short telomeres block the proliferative capacity of stem cells,
affecting their potential to regenerate tissues, and trigger the
development of age-associated diseases including cancer. Some
evidence suggest that telomere length is inherited: mutations in
telomere maintenance genes are associated with pathologies
referred to as telomere syndromes, including Hoyeraal-Hreidarsson
syndrome, Dyskeratosis Congenita, pulmonary fibrosis, aplastic
anemia, and liver fibrosis. Dyskeratosis Congenita is a rare
progressive congenital disease characterized by short telomeres,
where the offspring of patients with this disease have increasingly
short telomeres in next generations [33,34]. Moreover, in some mice
models it has been demonstrated that telomere length is genetically
determined for a given species [35]. Furthermore, studies in twins,
have shown that telomere-size variation is genetically determined to
a large extent [36]. However, nutrition and lifestyle are known to
modulate aging process and age-related diseases affecting

telomere length with a great impact on healthspan [37,38].

2.2.1 T-loop

Eukaryotic telomeres normally terminate with 3’-G rich single-
stranded-DNA overhang, which is essential for telomere
maintenance and capping since it prevents from the recognition of
the chromosome ends as DSB. In order to be protected, telomeres
form large loop structures called telomere loops or T-loops, in which
the single-stranded DNA curls around in a long circle, and is
stabilized by telomere-binding proteins. At the very end of the T-loop,
the single stranded telomere DNA invades the double-stranded
region, thus creating an internal D-loop [39] (Figure 3). This “cap”
structure has a dynamic behavior during the cell cycle, particularly

during S-phase, when telomeres undergo replication [40]. T-loop



size is proportional to telomere length [41]. In fact, human T-loop
mice is 3 kb long, whereas in mice is 18 kb [29], reflecting their
different telomere length [30-32].

2.2.2. Shelterin

As it has been commented before, telomeres are further stabilized
by a protein complex called shelterin [41], which is necessary for
telomere integrity. Shelterin comprises DNA binding proteins as well
as protein-protein components that interact to telomeric sequences.
It is composed of six proteins:TRF1 and TRF2 (telomeric repeat
binding factor 1 and 2), POT1 (protection of telomeres 1), TIN2
(TRF1-interacting protein 2), TPP1 (POT1-TIN2 organizing protein,
also referred to as TINT1, PIP1 and PTOP), and Rapl
(repressor/activator protein 1). TRF1, TRF2 and POT1 bind directly
to telomeric repeats: TRF1 and TRF2 bind to the double-stranded
portion of telomeric DNA and enable the formation of the T-loop
[41,42], while POT1 binds to the single-stranded overhang, which
is important for the formation of the D-loop [39,43-45] (Figure 3).



TERT/
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Figure 3. Secondary structure of telomeres. A) Formation of the T-
loop and internal D-loop secondary structures of telomeres. B) Shelterin
complex is involved in the formation and stability of T-loop and D-loop.

Even though human cells have only one POT1 gene, mice have two
variants that are highly homologous (POT1a and POT1b) although
the role at telomeres is distinct [46,47]. These three proteins recruit
three additional proteins: TRF2 recruits Rapl, while TIN2 associates
with both TRF1 and TRF2 as well as with the TPP1, which in turn is
a POT1-binding partner, required for POT1 binding to the telomere
overhang [45]. Overall, the shelterin complex is involved in telomere
stability and telomere length regulation [43]. Specifically, TRF1 plays
a role in telomere length and TRF in telomere protection. Mutations
in shelterin components have also been found in cancer. Several
studies have reported up-regulation of the shelterin complex TRF1
and TRF2 in lung, gastric, breast and renal cancers, suggesting that

their expression might confer proliferative advantages to tumor cells.
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However, the role of TRF1 and TRF2 in cancer development and
progression is still unknown [48]

2.3. Telomere Function

Telomeres (TTAGGG DNA repeats + shelterin) are considered as a
telomeric “cap” and they play a fundamental role due to the linear
nature of human chromosomes. Over the years, it has been
described the important role that telomeres have in the stability and
mobility of the genome and how telomeres prevent the erosion of
coding DNA. In addition to its protective role, the telomere has also
been hypothesized to serve as a molecular clock that counts the
number of cell divisions and limits further divisions at a

predetermined point.

2.3.1. Genomic Stability

Linear DNA fragments are a problem to mammalian cells, and
effective mechanisms have evolved to deal with them. Therefore,
telomere structure needs to be distinguished from DSBs and do not
activate the activation of DNA damage response (DDR). This
mechanism provides protection from homologous recombination
(HR) and non-homologous end-joining (NHEJ). Therefore, when
telomeres are unmasked, genome instability arises [49]. Critically
shortened telomeres or missing shelterin components can activate
the DDR [50] and the up-regulation of cell cycle checkpoints such as
p53 [51-53]. In some cells, cell cycle checkpoints can be by-passed

increasing the risk of neoplastic transformation.

11



2.3.2. End-replication Problem

Cells go through a finite number of cell divisions before undergoing
replicative cellular senescence, and it is known as the Hayflick limit
[54,55]. Olovnikov and Watson proposed that this limited number
was due to the fact that linear chromosomes cannot replicate their
ends, termed as the “end-replication problem” [56,57], since the DNA
polymerase can only replicate in the 5’ to 3’ direction and requires a
short RNA primer for initiation [58]. As DNA is double stranded, one
strand will be synthetized in short “okazaki” fragments, but at the 5’
end of the lagging strand, there will be a gap due to removal of the
last RNA primer [58] (Figure 4). Successive cellular proliferation
leads to progressive shorter telomeres, and as somatic cells are
unable to correct for this shortening, telomere reduces to a critical
length that leads to cell senescence and apoptosis [59]. It is known
that cells lose telomeres at a constant rate [60]. However, it has been
demonstrated the heterogeneity in the number of cell divisions that
a cell can undergo [61,62] and in the rate of telomere shortening [63].
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Figure 4. The end-replication problem. Schematic representation of
the end-replication problem, where the DNA polymerase can only
replicate in the 5’ to 3’ direction and requires a short RNA primer for
initiation.

2.4. Telomeres and Cell Senescence

In some age-related diseases and also with age, senescent cells
have been shown to accumulate in mammalian tissue, suggesting
that they might contribute to the loss of tissue function observed with
age. This phenomenon is characterized not only by a loss in
replicative capacity, but also by a series of dramatic changes in cell
morphology, gene expression, metabolism, epigenetics and others
[64]. One of the main mechanisms by which cells go to senescence
is telomere shortening and dysfunction. During each cell division,

telomeres shorten by~ 50-200 base pairs (bp) due to the end
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replication problem [65,66], which leads telomeres to reach a critical
length that activates a DDR. The subsequent processing of
dysfunctional telomeres is almost identical to the canonical DDR at
intra-chromosomal break sites. In that response, protein kinases
(ATM, CHK?2), adaptor proteins (53BP1 and MDC1) and chromatin
modifiers (y-H2AX), a variant of histone H2A that localizes to sites of
DNA damage, are involved [67]. This telomere-dependent activation
of DDR leads to the activation of p53 and up-regulation of its
downstream target gene p21 [65,67], that at last inhibits cell cycle
progression through the activation of pRB that in turn, inactivates the
transcriptional factor E2F. E2F induces the expression of genes
responsible for cell-cycle progression. Thus, the repression of E2F
induces cells to enter to a state of permanent cell cycle arrest
(senescence) [65,67]. Dysfunctional telomeres appear to function as
a potent tumor suppressor by involving cellular pathways that
activate replicative senescence and/or apoptosis to inhibit tumor
formation. Therefore, it is not surprising that if any of these cell cycle
checkpoints are by-passed normally due to mutations (most
frequently p53), the cell will continue to divide and telomeres will
shorten until a crisis phase is reached. p53 loss results in a
permissive environment that favors proliferation and survival of

genomically damaged cells and the eventual progression to cancer.

Here, chromosome fusions occur due to the activation of the NHEJ
pathway [68]. It has been described that a key factor involved in
senescence and apoptosis is that cells with shortened telomeres
cannot form a closed T-loop. In this direction, TRF2 inhibition in vitro
causes the activation of DDR and senescence [69]. Moreover, it is
not known whether the telomere length Ilimit that induces

senescence in humans and in mice is different. It is thought that
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mice, with an average T-loop size 6-7 times greater than in humans

[43], require longer telomeres to maintain a closed T-loop structure.

2.5. Telomerase

2.5.1 Introduction

In order to overcome the problem of telomere shortening, cells have
developed different mechanisms. The most common one depends
on telomerase, a reverse transcriptase discovered by Dr. Elizabeth
Blackburn and Dr. Carole Greider [70,71]. Another less common
mechanism to overpass telomere shortening is the alternative
lengthening of telomeres (ALT), a recombination-based mechanism
for telomere elongation that was discovered in telomerase negative

cancer cells [72,73].

2.5.2. Structure and Function

Telomerase is a reverse transcriptase that synthesizes telomeric
DNA de novo using integral RNA as the template. The core
components of telomerase are the reverse transcriptase (TERT) and
telomerase RNA component (TERC). Telomerase is associated with
a set of accessory proteins including dyskeratin (DKC1), nucleolar
protein 10 (NOP10), non-histone protein 2 (NHP2), GAR1 and
telomerase Cajal body protein 1 (TCAB1), that contribute to the
biogenesis and trafficking of telomerase inside the nucleus [65]
(Figure 5).

Many proteins function in order to direct recruitment of telomerase.
In that direction, TERT prefers to elongate shorter telomeres [74] due

to the fact that longer telomeres contain more shelterin proteins that
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may repress the access of telomerase to telomere ends.
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Figure 5. Telomerase structure. Telomerase is a ribonucleoprotein
complex formed of a catalytic reverse transcriptase core protein (TERT)
and a RNA molecule that acts as a template for the addition of telomeric
repeats “de novo” to the 3’ end of telomeres. Adapted from [75].

It is important to consider that the expression and activity of TERT is
tightly regulated at different levels: transcription, splicing, post-
translational modifications and subcellular localization [76,77], and it
is the rate limiting component of telomerase activity. In that direction,
transcriptional control of TERT is supposed to play an important role
in the regulation of telomerase activity. Ten different splice variants
of TERT have been described [78-81]. Telomerase activation during
tumorigenesis is often accomplished through mutations in the TERT

promoter [82]

Telomerase is ubiquitously expressed in the developing embryo but
its expression is down-regulated after embryogenesis in most
somatic cells [83]. Thus, somatic cells do not have the capacity to
divide indefinitely. Telomerase is not expressed homogenously in all
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the cells: highly proliferative tissues such as activated lymphocytes,
germ cells as well as some stem cell populations have higher
telomerase activity; however, telomeres still shorten in these cell
types meaning that it is insufficient to solve the end-replication
problem [84]. Moreover, telomerase expression in somatic cells is
different between species. Telomerase is still expressed to some
degree in mice somatic cells whereas not in somatic human cells
[85,86].

2.5.3. Non-canonical Telomerase Functions

It is well established that telomere length maintenance is necessary
for malignant cells to achieve infinite proliferative potential during
oncogenesis, and reactivation of telomerase expression is a critical
step in transformation. It is important to notice that TERT expression
is highly associated with risk of cancer. It has been described that

telomerase is expressed in over 85% of human tumors [86].

In addition to its requirement in cancer development by maintaining
telomere length, in the last years, accumulating evidence indicates
that telomerase is involved in some other biological functions, some
of which are independent of the enzymatic activity. These are
considered non-canonical functions of telomerase. In oncongenesis,
telomerase has been reported to act as a transcriptional factor [87],
protecting cells from apoptosis and from DNA damage [87-89],
regulating cell survival [90] and in providing stem cell properties

independent of telomere elongation [91]

Some of these non-canonical functions of TERT are involved in

signaling cascades that influence cancer development and
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progression, including the NF-kB and Wnt/3-catenin pathways [87].
Deregulation of the transcription factor NF-kB is implicated in the
pathogenesis of inflammation and cancer [92]. Ectopic expression of
telomerase results in increased cancer cell proliferation and
protection from cell death, which could be mitigated by repressing
NF-kB signaling [93]. Moreover, telomerase overexpression
promotes enhanced expression of NF-kB target genes. Interestingly,
TERT was found to bind to p65 and localize to promoters of a subset
of NF-kB target genes, including interleukin IL-6, TNF-a and IL-8,
cytokines that promote inflammation and cancer [93]. These findings
support a functional interplay between telomerase and NF-kB

signaling [94].

Besides NF-kB, telomerase has also been described to regulate the
transcriptional activity of the Wnt/B-catenin complex. TERT acts as
a co-factor in the B-catenin transcriptional complex through its
interaction with Brgl, a SWI/SNF-related chromatin remodeling
factor [95].

2.6. Telomeric Transcription (TERRA)

Telomere structure resembles constitutive heterochromatin. In fact,
telomeric chromatin contains DNA and histone modifications that are
typically associated with constitutive heterochromatin, such as
H3K9me3 and HP1 proteins that control chromatin structure and are
also important in telomere length maintenance and function [96-98].
Precisely, due to this heterochromatic structure, telomeres can silent
expression of genes located to subtelomeric regions [99]. Telomeres
are transcribed into telomeric repeat-containing RNA (TERRA)
molecules [100,101]. This RNA remains partially associated with

telomeres playing important functions [102].
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TERRA is a long non-coding RNA that is heterogeneous in length,
from 100 bases up to 9 kb in human cells. TERRA is conserved
through evolution and is found in all eukaryotes [100,103]. Its
transcription is directed by RNA polymerase Il (RNA pol 1) [104] and
initiates in the subtelomeric region, from CpG island-containing
subtelomeric promoters, located on average 1kb upstream of
TTAGGG repeats [101]. Telomere transcription can be activated in
response to developmental changes and cellular stress conditions
[100,104].

Even telomere transcription has been intensively studied, TERRA
functions are still not clear. It has been suggested that TERRAs act
as a scaffold recruiting different factors to chromosome ends and
impacting telomeric functions in different ways. TERRA is involved
in heterochromatin establishment and maintenance by promoting
H3K9 trimethylation [105,106]. Moreover, some in vitro as well as in
vivo studies suggest that TERRA contributes to telomere length
regulation: TERRA transcription promotes exonuclease 1-
dependent resection at chromosome ends, and inhibits TERT
activity [103,104,107-109]. Another proposed TERRA function is the
regulation of telomeric replication [106,110-112]. Finally, TERRA
has also been proposed to be implicated in promoting telomere end
protection [113] and enhances the recruitment of chromatin

modifiers to damaged telomeres [114,115].

2.7. Telomeres and Cancer

Telomeres have been studied for a long time, but its role in disease

is a relatively new area of research. In 1990 it was proposed that
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telomere shortening was related to aging [116], and age related
diseases were the first association between telomeres and disease.
Some studies among years suggest that short telomeres have an
impact on human health [23,117-121]. Nowadays, telomere length
has been related to a variety of diseases that include chronic
inflammation and infection, cancer, cardiovascular diseases and
premature age related syndromes [21,32,122,123]. However, more
research is necessary to further elucidate the telomeres

mechanisms involved in diseases.

The down-regulation of telomerase in somatic cells and the
progressive shortening of telomeres are tumor suppressor
mechanisms due to the limitation of cell division [124,125].
Consequently, the telomere tumor suppressor pathway may be a
powerful mechanism to limit cancer development. As stated in
section 2.4, dysfunction of p53 pathways causes cells to continue to
divide until they reach a state of crisis. Dysfunctional telomeres
causes genomic rearrangements that can induce up-regulation of
oncogenes and finally, promote tumorigenesis [126-128]. Moreover,
cancer cells in order to overcome the end-replication problem,
reactivate telomerase by up-regulation of its transcription, or use the
ALT pathway (Figure 6).
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Figure 6. Telomere crisis. Schematic representation of the molecular
basis of telomere crisis. Adapted from [75].

Therefore, activation of telomerase provides a path out of telomere
crisis, ultimately leading to the formation of cancer clone with a
heavily rearranged genome. Noteworthy, telomeres in human
cancer cells are often shorten than in normal tissues. It is possible
that this setting of short telomere length reflects selection for a
telomere length distribution that affords a low level of genome
instability without disminishing cell viability.

As stated before, telomerase is highly expressed in around 85% of
tumors [86] allowing cancer cells to skip cellular checkpoints and
acquire limitless replicative potential giving rise to uncontrollable
proliferating cells [86]. For this reason, some research has focused
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on telomerase as a target treatment for cancer [129,130]. Moreover,
as mentioned in state 2.5.2, it is postulated that non-canonical

telomerase functions are involved in cancer progression.

Interestingly, TERRA levels are altered in cancer cells compared to
normal cells, and the type of telomere elongation mechanism used
also has an influence on the amount of TERRA [131]. Thus, targeting
TERRA-mediated regulation of TERT would be a promising
therapeutic strategy against cancer and age-associated diseases.

3. THE TRANSCRIPTION FACTOR SNAIL1

3.1. General Characteristics

Snaill is a zinc-finger transcription factor that belongs to the Snail
superfamily of repressors, which is subdivided into the Snail and
Scratch families. To date, three members of the Snail family have
been described in vertebrates: Snaill (Snail), Snail2 (Slug) and
Snail3 (Smuc). These three transcription factors share a common
organization: a highly conserved C-terminal region that contains
from four to six zinc fingers of the C;H. type, and a divergent N-

terminal regulatory region [132].

Snaill has four zinc fingers in its C-terminal domain, which act as a
DNA binding domain and bind to specific sequences called E-boxes:
5-CACCTG-3 or 5-CAGGTG-3’ [133,134], located in the promoters
of its target genes. Upon binding to DNA, Snaill (and Snail family
members) are thought to act as transcriptional repressors [135,136]
(Figure 7).
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Figure 7. Scheme of Snaill protein. Graphic representation of Snaill
protein domains. Adapted [137]

The central region of Snaill is composed by a nuclear export signal
(NES), a destruction box domain and a serine-proline rich region

[137], and is involved in the protein stability and localization.

Finally, in its N-terminal domain, Snaill has a SNAG (Snail/Gfi-1)
domain, which is responsible for the interaction with co-repressors
and repressive activity [133,138]. Through this domain, Snaill
recruits histone deacetylases family members [139], mSin3A, Ajuba
LIM proteins [140,141], Polycomb repressive complex 2 [142], and
LSD1 [143] among others.

Snaill expression is regulated through a complex signaling network
that acts at the transcriptional and post-transcriptional level. The
most studied activators of Snaill expression are: TGF3, NOTCH,
FGF/EGF, WNT, NF-kB. Moreover, some stress insults such as y-
radiation and hypoxia also up-regulate Snaill [144-146].

Snaill is highly and ubiquitously expressed during embryo
development. In contrast, in adult tissues its expression is very
restrictive, and it has been only described during wound healing
[147], fibrosis [148,149] and in some tumors [147,150] such as
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ovarian [151], colorectal [147], breast [152,153], gastric [154],
sarcoma [155] among others.

3.2. Snaill and Epithelial to Mesenchymal Transition

EMT is a biological and reversible process by which epithelial cells
lose their characteristics and acquire a mesenchymal phenotype.
The changes that epithelial cells undergo during this process
include: loss of cell tight, adherents and gap junctions as well as
desmosomes and cytokeratins; loss of apical-basal polarity; and a
rearrangement in their cytoskeleton, in which intermediate filaments
are reverted to vimentin from keratins [144,156-159]. The resulting
cells are spindle-shaped, motile, more invasive and more resistant
to apoptosis (Figure 8). The reverse process, known as a
mesenchymal-to-epithelial transition (MET), has also been
described [160].

Epithelial and mesenchymal cells differ in various functional and
phenotypic features. Epithelial cells have adhesive structures
between them, such as adherens junctions, desmosomes, hemi-
desmosomes and tight junctions, to establish intercellular adhesions
and facilitate intercellular communication. Thus, cellular motility is
restricted and individual cells function as a cohesive unit [161].
Epithelial cells have an apico-basal polarization, and the apical and
basal surfaces perform different functions. E-cadherin, a
transmembrane protein localized to the adherens junctions, is the

best characterized molecular marker that epithelial cells express.
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Figure 8. Epithelial and mesenchymal cell traits. The figure
summarizes the changes that epithelial cells undergo during EMT.

In contrast with epithelial cells, mesenchymal cells do not have
stable intercellular junctions; so they do not form an organized cell
layer, nor do they have the apico-basal polarization and the actin
cytoskeleton. The contact with its neighboring cells is only focal.
Other mesenchymal features are front-to-back asymmetry that
facilitates motility and locomotion [159], filipodia at the leading edge,
and the expression of matrix metalloproteinases (MMPs) that digest
basement membranes and promote invasion [162,163].
Intermediate filaments, such as vimentin, and extracellular
components, such as fibronectin and collagen precursors, are

increased in mesenchymal cells [164].
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From a molecular point of view, the hallmark of EMT is the down-
regulation of E-cadherin. Moreover, many other epithelial markers,
such as claudins and occludins located in tight junctions, are also
down-regulated during EMT [165,166]. These changes in protein
expression are associated with changes in transcription [164,167].
Thus, activation and repression of specific genes during EMT are
tightly regulated. Several transcription factors have been implicated
in the transcriptional repression of E-cadherin, including zinc-finger
proteins such as Snaill [135,136], Snail2 [168], Zebl1 [169] and Zeb2
[170]; Twist and the basic helix-loop-helix factor E12/E47 [146,171].
Among these, Snaill has been described as the most important
inductor of EMT [135,136], since it is rapidly induced by cytokines or
stress conditions triggering EMT, and binds and represses the
expression of E-cadherin and other epithelial genes [135,172].
Besides its action as transcriptional repressor, Snaill is also involved
in the activation of mesenchymal genes such as Fibronectin
[174,175].

Interestingly, recent work in our laboratory has shown that Snaill
and the co-repressor LOXL2 play a role in regulating major satellite
transcription and heterochromatin reorganization during EMT [173].
In that direction, HP1a is transiently released from heterochromatin
foci concomitantly with a down-regulation of major satellite
transcription during EMT; the regulation of this heterochromatin
transcription is regulated by Snaill through LOXL2 creating a
favorable transcriptional scenario necessary for a complete EMT.
This result is a piece of evidence that chromatin reorganization

occurs during EMT.
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3.2.1 Physiological EMT

Embryonic development

EMT has been widely studied in embryonic development, where this
program is a crucial process for the generation of tissues and organs
during embryogenesis of both vertebrates and invertebrates [176].
The earliest example of EMT during embryonic development is the
generation of the mesoderm, which marks the beginning of
gastrulation. The process of gastrulation is a crucial step in the
formation of the vertebrate body plan. The induction of mesoderm
begins in a specific area of the primitive ectoderm (primitive streak).
After invagination of the epithelial cells, the basement membrane
breaches locally and cells lose their tight cell-cell adhesions and
remain attached to neighboring cells only by focal contacts.
Subsequently, these cells undergo mesenchymal differentiation and
migrate along the narrow extracellular space underneath the

ectoderm to form the mesoderm [161,177].

Another example of EMT is the neural crest delamination. After
gastrulation, neural crest is developed at the boundary between the
neural plate and the epidermal ectoderm, with the presence of a
specific sub-population of cells with rounded and pleomorphic
shape, in contrast with those of the polarized neural tube cells.
These cells lose cell-cell adhesion [178] and invade through the
basal lamina to migrate away from the neural tube. These cells are
a transient, multipotent, migratory cell population that will give rise to
different cell lineages including bone, smooth muscle, melanocytes,
some endocrine cells and most of the peripheral nervous system
[176,179].
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3.2.2 Pathological EMT

As mentioned before, EMT not only occurs during embryonic
development or as a physiological response to injury, but it is also
important is some pathologic situations such as fibrosis or cancer
progression. At a cellular level, pathological EMT is similar to
physiological one, as they share similar signaling pathways and

effector molecules. Here we focus on the role of EMT in cancer.

EMT has been studied in many in vitro cancer models, which have
evidenced that EMT promotes dissemination of a single carcinoma
cell from the primary tumor to distant sites by intravasation into
lymph or blood vessels due to the acquisition of mesenchymal gene-
expression profiles and properties. Indeed, the induction of EMT is
the first step in the metastatic process [146,180]. Moreover, the
activation of EMT during tumorigenesis also requires signaling
between cancer cells and stromal cells [156]. Cancer cells in
advanced primary carcinomas are thought to recruit different cell
types into the neighboring stroma (fibroblasts, macrophages,
mesenchymal stem cells, etc...). These recruited cells create an
inflammatory microenvironment that is crucial for the release of
EMT-inducing signals, promoting survival, growth and invasiveness
of the tumor. Carcinoma cells in direct contact to the reactive stroma
respon to these signals by activating transcription factors that will
direct EMT programs in them and consequently, secret cytokines
and proteases that promote angiogenesis and activate non-
neoplastic cells [181,182]. Moreover, cells having undergone EMT
present more resistance to cell death and senescence as well as
more resistance to chemotherapy and immunotherapy since they

escape immune surveillance [176]. In addition, TGFB1-induced EMT
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promotes metabolic reprogramming by reducing the expression of
enzymes necessary to convert glucose into fatty acids and
concomitant triggered respiration [183]. In that sense, cancer cells
reprogram their metabolism by increasing glycolysis in the presence
of oxygen (the Warburg effect). Elevated glucose metabolism is used
for energy production, provision of macromolecular precursors and
establishment of an NADPH pool to enable cells to resist oxidative
stress [184,185]. In addition, cancer cells also have increases in de
novo fatty acid synthesis for lipogenesis and membrane production
[186].

In resume, the in vivo model for EMT-mediated metastasis
postulates that the primary tumor contains some cells closer to the
stroma that undergo EMT and become mesenchymal, losing cell-cell
junctions and acquiring motility, thus being able to migrate from the
primary tumor. The invasive front can intravasate in the bloodstream.
Cytokines and other factors released from the stroma cells, help
cancer cells to maintain their mesenchymal phenotype. From the
bloodstream, cancer cells can reach organs with a
microenvironment similar to that of the tumor where cells will be able

to form a metastasis [137,187] (Figure 9).

It has been described that cancer cells that undergo EMT acquire
stem-like characteristics due to the fact that some of the signals that
control normal stem cell homeostasis are inducers of EMT, and are
important to the generation and maintenance of cancer stem cells
(CSCs). It means that EMT by itself can induce non-CSCs to enter
into a CSC-like state [188,189]. CSCs have self-renewal and

migratory capacities, which are important both for the formation of
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new tumor masses and also for the genesis of metastasis. Since
anti-cancer treatments are addressed against characteristics of the
tumor bulk, CSCs are not affected, and it is thought to be a cause of
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recurrence and resistance to treatments [190]. Moreover, some

studies have revealed that CSCs can be early detected not only in
the tumor but also disseminate to other organs, and it could be an
explanation of why complete surgical removal of a tumor is

sometimes not enough to avoid metastasis [191,192].

@ Epithelial cell @Mezn:fyw‘d tumour cell

@ Tunour c=ll @ Tumour cell under transient MET
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Figure 9. EMT and MET in tumor progression and metastasis. Cells
in the primary tumor undergo EMT, migrate and intravasate into the
blood stream where they can migrate to distant organs, where they can
form a metastasis undergoing MET and growing. Adapted from [137].

Interestingly, it has been proposed that cancer cells do not undergo

a complete EMT, thus, cells retain some characteristics of epithelial
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cells but also show mesenchymal markers. This intermediate
phenotype, also known as “partial EMT” or “metastable phenotype”
[193] is important because gives consistency to the CSC theory. The
features of these cells allow them to migrate in group since they
partially maintain cell-cell contacts. Moreover, expressing factors of
both phenotypes, allows them to adapt better and to fast
transcriptional reprogramming [144,193]. Since metastasis have
similar histology from the primary tumor from which they have arised
suggest that migrated cells may undergo MET when they reach an
organ to establish micrometastasis. Therefore, the acquisition of
mesenchymal features and properties may be a transitory event to
facilitate invasion and intravasation of cancer cells, but may be
reversible to allow metastasis establishment and growth at distant

organs.
3.3. Snaill in Mesenchymal Stem Cells

MSCs are multipotent progenitor cells with self-renewal capacity that
are mostly found in the bone marrow, but also in other tissues such
as connective and adipose tissue. MSCs are important for the bone
marrow homeostasis maintenance and differentiate into

chondrocytes, osteoblast or adipocytes [194-196].

MSC are involved in tumor progression since they are able to secrete
some factors such as IL-6, IL-8, CCL5 and EGF that trigger cancer
cell proliferation and invasion [197]. Moreover, MSCs can promote
angiogenesis [198] and protect the tumor of being recognized by the

immune system [199]. Furthermore, MSCs contribute to the pool of
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cancer-associated fibroblasts that participate in tumor growth and
progression.

TGF-p promotes MSCs proliferation and controls MSCs
differentiation. TGF-B is necessary for MSCs differentiation to
chondrocyte but prevents the differentiation to adipocytes and
osteoblasts [200] Furthermore, Snaill is necessary for MSCs
maintenance. It has been demonstrated that in Snaill-condicional
adult mice, upon Snaill depletion, the number of bone marrow MSCs
decreases. In culture, Snaill-deficient MSCs triggers prematurely
differentiation to adipocytes or osteoblasts and are resistant to the
TGFB1-induced differentiation block. By contrast, ectopic expression
of Snaill prevents its differentiation [201].
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Because Snaill is involved in some other hallmarks of cancer
besides activating invasion and metastasis, the main objective of this
thesis was:

To study the role of Snaill in regulating replicative immortality
mechanisms by investigating the role of Snaill in telomere

maintenance and integrity.
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1. SNAIL1 HAS A ROLE IN TELOMERE INTEGRITY AND
MAINTENANCE

1.1. Snaill Depletion Leads to Telomere Alterations

Snaill is the key inducer of epithelial-to-mesenchymal transition
(EMT) [135,136] and controls tumor invasion, resistance to
apoptosis and the maintenance of cancer stem cell features
[176,188,189]. It has also been shown that Snaill is required for the
maintenance of MSCs [201]. Therefore, we asked whether Snaill
could have a role in telomere maintenance and integrity since its

dysregulation is a key mechanism involved in cancer [126-128].

In this thesis, we have mainly worked with MSCs, as a model of stem
cell line, where Snaill has an important role [201]. These cells were
obtained from mice that carried one allele of Snaill deleted and
another one floxed. Upon transduction with Cre recombinase (pMx-
Cre) or with empty vector, we obtained Snaill-KO cells or Snaill-CT
cells (holding one wild type allele of Snaill). After 24 h, cells were
selected with puromycin (See Materials & Methods, 2.1.1). Depletion
of Snaill was confirmed by RT-qPCR and Western Blot (WB)
analysis (Figure 10).

39



MSCs

Snail1

A B
1.54
02
s 1.01 CT Ko
=2
S¢ 30kDa | M-
Z s . ;
°E‘§ 05 "Snalh
©
e 55kDa | M S | Tubulin
* %k
0.0-
CT SnaillKO

Figure 10. Generation of MSCs Snaill-KO. Expression of Snaill in
MSCs control (CT) and depleted Snaill gene (Snail1l-KO) is shown by
RT-gPCR (A) and Western Blot (B) probed with anti-mSnaill antibody.

First of all, we wanted to know whether Snaill could affect telomere
maintenance and integrity. For that aim, metaphase spreads of CT
and Snaill-kO MSCs were analyzed by fluorescence in situ
hybridization using peptide nucleic acid probes PNA - FISH, using a
specific probe for telomere TTAGGG repeat (see Materials &
Methods). We observed that Snail1l-KO MSCs presented chromatids
lacking telomeric signal (signal free ends-SFE) as well as chromatids
with fused sister telomeres (sister association-SA) (Figure 11).
Specifically, we observed that Snaill-KO MSCs presented 24% of
SFE and 15% of SA of the analyzed chromosomes. In contrast, only
a small part of CT MSCs presented these telomere alterations (2.4
% of SFE and 5.8% of SA respectively) (Figure 12). These results

suggest that Snaill is important for telomere integrity.
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Figure 11. PNA-FISH analysis of metaphase spreads in MSCs.
Telomere repeats were detected by using a Cy3-(CCCTAA) ), PNA

probe (red). DNA was stained with DAPI (4, 6-diamidino-2-phenylindole)
(blue). A representative metaphase spread from Snaill-KO MSCs is
observed, showing some telomere alterations: A) signal free ends (SFE)
and B) sister chromatid associations (SA) (both indicated with yellow
arrowheads).
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Figure 12. Snaill loss causes telomere dysfunctions. The graph
shows the distribution of the number of telomere atlerations (SFE and
SA) observed in CT and Snaill-KO MSCs. N indicate the number of
chromosomes analyzed. Error bars show mean + SEM of at least three
independent experiments. *p<0.05. **p<0.01
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1.2 Snaill Regulates Telomere Length

We then asked whether these telomere alterations observed in
Snail1-KO MSCs could have an impact on the normal function of
telomeres. Thus, we decided to analyze the telomere length in these
cells. Metaphases of CT and Snaill-KO MSCs were analyzed by
gquantitative fluorescence in situ hybridization (Q-FISH) at late
passages upon Snaill depletion (See Material & Methods). Analysis
of fluorescence intensities showed that Snaill-KO MSCs presented

abnormally short telomeres compared to CT cells (Figure 13).
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Figure 13. Snaill regulates telomere length in MSCs. A) Images of
representative metaphase spreads from MSCs of CT and Snaill-KO
mice. DNA was stained with DAPI (blue), and telomeres were stained
with a Cy3-labeled PNA telomere probe (red). B) Q-FISH analysis of
individual metaphase preparations from MSCs was used to measure
telomere length. 40 metaphases were analyzed for each histogram.
Average telomere length is indicated for each histogram. C) Graph of
the mean telomere lengths from Q-FISH analysis (as shown in B) for the
indicated MSCs. Error bars show mean + SEM of at least three
independent experiments. * p < 0.5
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This result suggests that Snaill has a positive role on telomere
length regulation.

In order to confirm these results in an alternative model, telomeres
were studied by telomere restriction fragment (TRF) analysis, which
is the gold standard assay to analyze telomere length. TRF analysis
was performed in a human cell line, the HTC75 cell line, which
express high levels of telomerase (TERT) and maintains telomeres
at a constant length. We generated stable HTC75 sub-lines by
expressing wild-type (WT) Snaill or the transcriptional inactive P2A
mutant [135] by infecting cells with pBABE-mSnaillHA (Snaill),
pBABE-mSnaill-P2AHA (Snaill-P2A) and pBABE-empty (CT)
(Figure 14). SnaillP2A is a mutated form of Snaill that exhibits a
point mutation in the N-terminal SNAG domain (a proline in position
2 is changed to alanine) that is definitive in repression [135]. SNAG
domain is a short domain common to all members of vertebrate Snail
family  [202,203] that mediates transcriptional-repressor
characteristics of Snail [134,138]. Therefore, we decided to use this
Snaill-P2A mutant in order to elucidate whether the changes we
observed in telomere length were due to a transcriptional regulation
of Snaill.
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Figure 14. Generation of stable HTC75 sublines. Immunoblot
analysis of extracts from stable HTC75 cell lines expressing pBabe
empty (CT), pBabe-mSnaillHA (Snaill), and pBabe-mSnaill-P2A-HA

(SnaillP2A), at early (E) population doubling (PD 2) or late (L)
population doubling (PD 68) probed with anti-HA.

TRF analysis was performed at early and late population doubling
(PD 2 vs PD 68). This assay showed that cells overexpressing Snaill
had an increase in telomere length that was not observed in CT cells
or in cells overexpressing the mutant Snaill-P2A (Figure 15 A and
B). This result confirmed that the transcriptional repressive activity of

Snaill is necessary for effective telomere elongation.
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Figure 15. Snaill regulates telomere length in HTC75 cell line. A) A
representative TRF assay from HTC75 cells at early (E; PD2) or late (L;
PD68) population doubling. Analysis of restriction enzymes-digested

gDNAs were run on agarose gel and hybridized to a “p_labeled
(CCCTAA), oligonucleotide probe. B) Graphical representation of

guantification of relative telomere length assessed by three independent
TRF assays on HTC75 expressing the indicated alleles at different
passages. **p<0.001. Plots represent the mean telomere length values
derived from the Southern blots in (A).

With these results we can conclude that Snaill is necessary for
telomere integrity since its depletion leads to abnormal telomeres.
Moreover, Snaill is necessary for effective telomere length by its

transcriptional repressive activity.
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2. SNAIL1 IS INVOLVED IN TELOMERASE REGULATION

We have obseved that Snaill is necessary for the integrity and
maintenance of telomeres since its absence leads to aberrant and
abnormal short telomeres. Therefore, our next step was to study
whether Snaill regulated any mechanism involved in telomere

maintenance and integrity.
2.1 Snaill Has no Effect on Shelterin Protein Expression

As mentioned in the introduction, telomeres consist in TTGGGA
repeats and shelterin complex [25,26,43]. We first focused on
analyzing the expression of some shelterin and other telomeric
associated proteins in CT and Snaill-KO MSCs, since they are
involved in the maintenance of telomere length [27,28] and telomeric
stability [39]

In Figure 16, we can observe that Snaill has no effect in the
expression of TIN2, TRF1 nor Rad51, some of the components of
shelterin and transiently associated proteins as Rad51. Therefore, it
seems that Snaill regulates telomere integrity and length by other
mechanisms rather than regulating the expression of shelterin

protein expression.
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Figure 16. Snaill has no effect on telomeric associated protein
expression. A) TIN2, TRF1 and Rad51 expression were analyzed by
RT-gPCR in MSCs. Gene expression was normalized against an
endogenous control (Pumilio) and presented as RNA levels over those
obtained in CT MSCs, which was set as 1. Error bars show mean + SEM
of at least three independent experiments. B) Rad51 expression was
analyzed by WB, without any significant differences between CT and

Snaill-KO MSCs.

2.2. Snaill Controls TERT Expression

It is well established that the main mechanism involved in telomere
maintenance is the enzyme telomerase (TERT) [86]. Since Snaill is
involved in the regulation of telomere integrity and length and does
not seem to be involved in the regulation of shelterin or other
telomeric associated proteins, we then asked whether Snaill could
regulate TERT expression in MSCs. Although Snaill-KO MSCs
presented shorter and abnormal telomeres compared to CT MSCs

(Figures 11, 12, 13), these cells showed a two-fold increase in
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MRNA TERT levels compared to CT cells (Figure 17), suggesting
that Snaill is involved in the regulation of TERT expression.
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Figure 17. Snaill controls TERT mRNA expression in MSCs. RT-
gPCR shows the change in the expression of Tert in CT and Snaill-KO
MSCs. Gene expression was normalized against an endogenous control
(Pumilio). Results are shown as relative RNA quantification (RNA levels
over those obtained in CT cells, which was set as 1). Error bars show
mean + SEM of at least three independent experiments. **p<0,01

To further confirm the role of Snaill in regulating TERT, Snaill was
overexpressed in the Snaill-KO MSCs by stable transfection. In
Figure 18 A, the Snaill overexpression in Snaill-KO MSCs is
observed by WB (left) and RT-gPCR (right). Upon Snaill
overexpression, TERT mRNA levels were down-regulated (Figure
18 B), thus, recovering partially the expression observed in CT

MSCs, and suggesting that Snaill is involved in TERT repression.
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Figure 18. Snaill regulates TERT mRNA expression. A) Western Blot
(left) and RT-gPCR (right) for Snaill expression in CT MSCs, Snaill-KO
MSCs and after Snaill transfection in Snaill depleted MSCs
(KO+Snaill). B) Analysis of TERT expression by RT-qPCR in CT,
Snaill-KO and KO+ Snaill MSCs. In all experiments, gene expression
was normalized against an endogenous control (Pumilio). Results are
shown as relative RNA guantification (RNA levels over those obtained
in CT cells, which was set as 1). Error bars show mean + SEM of at least
three independent experiments. *p<0.5

These results were also reproduced in another cell line, mouse
embryonic fibroblasts (MEFs), where the absence of Snaill induced
an increase on TERT levels (Figure 19).

We further confirmed the role of Snaill in the regulation of TERT
expression in two epithelial cell lines, RWP-1 and NMuMG, in which
Snaill is not normally expressed. Stable RWP-1 cells expressing
pcDNA3-Snaill-HA were generated in our laboratory [204]. Snaill
levels are observed in Figure 20 A. In Figure 20 B, we can observe
that human TERT mRNA levels were down-regulated in RWP-1 cell
line overexpressing Snaill compared to RWP-1 CT cells in about
60%.
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Figure 19. Snaill represses TERT mRNA expression in MEFs. RT-
gPCR shows the change in the expression of Snaill and Tert in CT and
Snaill-KO MEFs. In all experiments, gene expression was normalized
against an endogenous control (Pumilio). Results are shown as relative
RNA guantification (RNA levels over those obtained in CT cells, which
was set as 1). Error bars show mean =+ SEM of at least three independent
experiments. **p<0,01.
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Figure 20. Snaill overexpression represses TERT expression in
RWP-1 cell line. A) Analysis of Snaill expression by WB (left) and RT-
gPCR (right) in RWP-1 cell line with (mSnaill) or without (CT) Snaill
overexpression. B) Analysis of TERT mRNA levels by RT-gPCR with
(Snaill-HA) and without (CT) Snaill overexpression. Gene expression
was normalized against Pumilio endogenous control. Results are shown
as relative RNA gquantification (RNA levels over those obtained in CT
cells, which was set as 1). Error bars show mean + SEM of at least three
independent experiments. **p<0,01.
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Next, we analyzed TERT expression in NMuMG cell line. As we can
observe, upon transient Snaill overexpression, TERT levels were
down-regulated about 50 % compared to CT cells (Figure 21).

NMuMG
Snaill TERT

1.5+
1000004

80000-
60000
% 40000
= 20000
0.5 T

157 ]
1.04

0.51

0.0 0.0

CT Snail1-HA CT Snail1-HA

1.04

**

mRNA levels
(arbitrary un

mRNA levels
(arbitrary units)

Figure 21. Snaill overexpression represses TERT expression in
NMuMG cell line. Analysis of Snaill and TERT expression by RT-gPCR
in NMuMG cell line upon Snaill overexpression (Snaill-HA). Gene
expression was normalized against Pumilio endogenous control.
Results are shown as relative RNA gquantification (RNA levels over
those obtained in CT cells, which was set as 1). Error bars show mean
+ SEM of at least three independent experiments. **p<0,01.

Taken together, all these results demonstrate that Snaill represses

TERT expression.

We then asked whether this repression correlated with a change in
the enzymatic activity of TERT, which is responsible for telomere
elongation. For this aim, the catalytic activity of TERT was assessed
by using the Telomeric Repeat Amplification Protocol assay (TRAP)
(See Materials & Methods). As shown in Figure 22 A, CT MSCs
showed lower levels of TERT activity compared to Snaill-KO MSCs.
Quantification of PCR products indicated a four-fold increase in
TERT activity in Snaill-KO MSCs compared to CT cells (Figure 22
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B), demonstrating that, as expected, Snaill represses the enzymatic
activity of TERT.
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Figure 22. Snaill represses TERT activity. A) Representative image
of a TRAP assay in MSCs. The PCR products were separated by
electrophoresis in a 12.5% non-denaturing polyacrylamide gel in CT and
Snaill-KkO MSCS extracts with or without heat inactivation. Positive
telomerase activity cell extract (C+), contamination control and TSR8
control are shown. B) Quantification of telomerase activity, in CT and
Snaill-KO MSCs extracts subjected to the TRAP assay. Errors bars
show mean + SEM of at least three independent experiments. *p<0.05.

2.3. Snaill is a Transcriptional Repressor of TERT

Promoter Activity

As we have demonstrated that Snaill is involved in the regulation of
the expression and activity of TERT, we wanted to go one step
further and study whether Snaill directly repressed TERT

expression.
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To search for Snaill putative binding sites in TERT promoter, we
performed a Bioinformatic analysis using a Consensus Sequence
programs TFSEARCH ver 1.3 ** (¢) 1995 Yutaka Akiyama (Kyoto
Univ.), and TF_BIND. These rutine highly correlated sequence
fragments versus TFMATRIX transcription factor binding site profile
data base TRANSFACT and TFMATRIX. Non of these data bases
analysis gave us any putative Snaill binding site in TERT promoter.
However, we searched for E-boxes in TERT promoter sequence.
This manual analysis indicated that TERT promoter contained
several E-boxes (CACCTG or CAGGTG) corresponding to putative
Snaill binding sites at -253, -123, with respect to the transcription
start and more 3’ downstream, at +301, +324 and +426 (Figure 23
and 26 A).

CATGCCCCGCGATATTCTTATTTTTG
CTAAGGTAGCTT‘ “ATTGTT

GCTGTTTTCTAAGCACACCCTTGCAT CTT GGTT COCGCACGTGEE AGGOCCAT CCOGEOT
TTGAGCACAAT GACCCGOGCTCCTOGTT GOCCCGCGGTGCGCTCTCTGCTGOGCAGCCGA
TACCGGGAGGT GTGGCCGCTGGCARCCTTTGTGCGGCGCCT GGGGCCCGAGGGCAGGCGG
CTTGTGCARCCCGGGGACCCEARGAT CT ACCGCACT TTGGTTGCCCAATGCCT AGTGTGC
ATGCACT GGGGCTCACAGCCT CEXERINEGCCOG ACCTT TCCT T CCACSTENEGGCCTCCAG
GCGGGAT CCCCATGGGT CAGGGGCGGAAAGCCGGGAGGACGTGGGATAGT GCGTCTAGCT
CATGTGT CAAGACCCT CTTCT CCT TACSIREGNGT CATCCCT GARAGRAGCT GGTGGCCAGG
GTTGTGCAGAGACT CTGOGAGCGCARCGAGAGARACGT GCTGGCTTTT GGCTTTGAGCTG
CTTAACGAGGCCAGAGGUGGGCCT CCCAT GGCCTTCACTAGTAGCGTGOGT AGCT ACTTG
CCCAACACTGTT AT TGAGACCCTGCOGTGT CAGT GGT GCAT GGATGCTACT GTTGAGCCGA
GTGGGOGACGACCT GCTGGTCT ACCT GCTGGCACACTGTGCTCTTTATCTTCTGGTGCCC
CCCAGCTGT GCCTACELYGGNGT GT GGGT CTCCCCTGTACCARATT TGT GCCACCACGGAT
ATCTGGCCCTCTGT GT COGCT AGTTACAGGCCCACCCGACCOGTGGGCAGGAATTTCA

Figure 23. Putative Snaill binding sites in mTERT promoter.
Representation of mTERT promoter from -1161 to +874 from the
transcriptional start site TSS indicated in red “A”. In yellow, exons are
showed. In blue boxes, the Snaill binding sites (E-Boxes) are localized.
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In order to verify whether Snaill repressed mTERT promoter activity,
luciferase assays were performed by transient transfection of pGL3-
E-cad (178/92) and using a -599/+53 fragment of the mouse TERT
promoter cloned in pGL3 plasmid (See Materials & Methods).
Luciferase experiments were done first in MSCs, where we observed
that the expression of Snaill significantly decreased the activity of
the TERT promoter. Moreover, E-cadherin promoter was used as a
control because it is a well-known Snaill repressed gene (Figure

24). Luciferase assays were measured 24 h after transfection.
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Figure 24. Snaill regulates mTERT activity in MSCs. Luciferase
assays showing the activity of TERT promoter (-599 to +53) and E-
cadherin promoter (178/92) in CT and Snaill-KO MSCs. Errors bars
show mean + SEM in at least three independent experiments (except
for E-cadherin promoter activity in MSCs, n=2). **p<0.01.

These results were confirmed by luciferase analysis in two more cell
lines: 293T and RWP-1. Luciferase activites were measured 24h
after transfection. The promoter activity was determined by transient
transfection of the pGL3-E-cad (178/92) promoter or pGL3-mTERT
promoter upon Snaill transfection (pcDNA3-Snaill or pcDNA3

empty). In both cell lines, overexpression of Snaill (transiently in
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293T cell line; stably in RWP1 cells) produced a significant decrease

in MTERT promoter activity. Again, E-cadherin promoter was used

as a positive control (Figure 25 A and B).
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Figure 25. Snaill regulates mTERT activity in 293T and RWP-1 cell
lines. Activity of mMTERT promoter and E-cadherin promoter after Snaill
overexpression in 293T (A) and RWP-1 cells (B). Errors bars show
mean + SEM in at least three independent experiments. *p<0.05,

**p<0.01.
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After confirming that Snaill represses mTERT promoter, and due to
the fact that mMTERT promoter contains Snaill-binding sites (E-
boxes), we asked whether Snaill caused this repression by directly
binding to the promoter. For that aim, ChlIP assays were performed,
and we confirmed that Snaill directly binds to mTERT promoter in
CT MSCs, while no binding was observed when an irrelevant 1gG

was used as a hegative control or in Snaill-KO MSCs (Figure 26 B).
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Figure 26. Snaill binds to TERT promoter. A) Schematic
representation of mMTERT proximal promoter. E-boxes are represented
in black. Arrows indicate the primers used in the ChIP experiment. B)
Snaill ChlPs in CT and Snail1-KO MSCs corresponding to the mTERT
promoter. An irrelevant IgG was used as a negative control in the same
regions. The value given for the IgG sample was set as 1. n=2
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Taken together, these data demonstrate that Snaill is a
transcriptional repressor of the murine TERT mRNA.

3. TERT IS DOWNREGULATED DURING EMT

Since Snaill is a transcriptional factor that plays a key role in EMT,

we wonder whether it also regulates MTERT during this process.

For this reason, we used the well-established model of mouse
mammary epithelial NMuMG cells, which undergo EMT after TGF31
treatment. Addition of this cytokine induces Snaill up-regulation
(Figure 27 A and B) that precedes the up-regulation of mesenchymal
genes such as Fibronectin (FN) and ZEB1, and the down-regulation
of E-cadherin (Figure 27 A and B). Moreover, we observed that
MTERT transcription significantly decreased upon 2 h of TGFA1

exposure (Figure 27 C) concomitantly with Snaill up-regulation.
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Figure 27. TERT is downregulated during EMT. Snaill induction upon
TGFB1 (5ng/mL) is shown by RT-gPCR (A) and WB (B) in NMuMG cells
at different time points (0, 2, 8, 24h). A) RT-qCR shows CADH1 (E-
cadherin gene) down-regulation and up-regulation of FN1 (Fibronectin)
and ZEB1 mRNA levels upon Snaill induction. B) Immunoblot showing
E-cadherin repression and FN up-regulation upon Snaill induction. C)
RT-gPCR shows the down-regulation of MTERT mRNA levels in
NMuMG cells upon TGFB1 treatment at different time points (0, 2, 8,
24h). Gene expression was normalized against an endogenous control
(Pumilio) and presented as RNA levels over those obtained without
TGFB1 treatment. Error bars indicate SD + SEM in at least three
independent experiments. **p<0.01.
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In order to study the biological relevance of TERT repression during
EMT, mTERT was overexpressed in NMuMG cells by stably
infection with pBABE-mTERT and pBABE-empty as a control
(Figure 28 A).
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Figure 28. TERT expression does not affect TGFB1l-induced
changes in cell morphology. A) RT-gPCR shows the overexpression
of MTERT on NMuMG cells. B) Representative images of phase
contrast microscopy of mTERT or CT NMuMG cells upon TGFB1
treatment (5ng/mL). No phenotypic differences were observed upon
TGFB1 treatment between NMuMG-CT and NMuMG-mTert cells.

MTERT overexpression did not appear to significantly modify the cell
morphology of NMuMG cells after TGFB1-mediated EMT (Figure 28
B). Moreover, no changes were observed at the protein level (Figure
29) nor in mMRNA expression (Figure 30) of Snaill, E-cadherin,
Fibronectin and Zeb1 after mTERT overexpression during EMT.
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