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“...)
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—La existencia precede a la esencia —dijo Morelli sonriendo. (...)”

Julio Cortazar. Rayuela, Cap 154






Resumen

Sox4 es un factor de transcripcion perteneciente a la clase SoxC (que engloba a
Sox4, Sox11 y Sox12), dentro de la superfamilia de proteinas relacionadas con Sry con
dominios tipo HMG.

La expresion de Sox4 es maxima durante el desarrollo embrionario en la cresta
neural y el mesénquima, donde regula la diferenciacién y desarrollo de precursores
neuronales y mesenquimales. Asi mismo, también se ha detectado expresion de Sox4
en otros tejidos como timo, bazo, pancreas y foliculos pilosos.

Durante la embriogénesis, Sox4 esta implicado en un vasto panel de procesos
que incluyen maduracién de linfocitos B y T, modulacién de la diferenciacion mieloide,
desarrollo de islotes pancreaticos y osteoblastos, y adecuada formacién del canal
auriculoventricular. Ratones deficientes en la expresion de Sox4 presentan letalidad
embrionaria debido a profundas malformaciones cardiacas, que cursan con defectos en
hematopoyesis y en la formacion de islotes pancreaticos.

En adultos la expresion de Sox4 se restringe a unos pocos tejidos como la médula
Osea, sistema reproductivo femenino, criptas intestinales, islotes pancreaticos y foliculos
pilosos activados. Dichas constricciones son sugestivas de una fuerte regulacién que
asegure una adecuada homeostasis tisular; de hecho, la desregulacion de la expresion
de Sox4 en adultos se encuentra asociada a transformacién celular.

Sox4 puede actuar como un potente oncogén que promueve la supervivencia de
células transformadas y favorece el crecimiento independiente de anclaje a substrato. La
expresion elevada de Sox4 esta estrechamente asociada a leukemogenesis, inhibicién de
la apoptosis y aumento de la viabilidad celular. Ademas, el aumento de la expresion de
Sox4 se asocia frecuentemente a la adquisicion de un fenotipo invasivo dado a que es
capaz de promover el programa transcripcional asociado a la EMT, y por lo tanto a
menudo se asocial a la colonizacion metastatica de tejidos distantes.

Para estudiar Sox4 en adultos, hemos generado ratones con niveles reducidos de
Sox4 en todo el organismo. Dichos ratones muestran un panel de enfermedades
asociadas al envejecimiento y resistencia frente al cancer espontaneo, indicando un
papel para Sox4 en el mantenimiento de la homeostasis tisular y en tumorogénesis. Para
estudiar en detalle el papel de Sox4 en células madre adultas, hemos delecionado Sox4

de forma condicional en epitelio estratificado (ratones Sox4°<°

). Estos ratones muestran
mayor quiescencia en las células madre de la piel junto a una mayor acumulacion de
dafio en el DNA vy resistencia a carcinogénesis quimica. Dichos fenotipos correlacionan
con una regulacion negativa de genes implicados en ciclo celular, reparacion de dafio en
el DNA y diferenciacion de células madre de la piel. Estos resultados resaltan la

importancia de Sox4 en la homeostasis tisular adulta y cancer.






Abstract

“Morelliana.

Si el volumen o el tono de la obra pueden llevar a creer que el
autor intentd una suma, apresurarse a sefialarle que esta ante
la tentativa contraria, la de una resta implacable.”

Julio Cortazar. Rayuela, Cap. 137







Abstract

Sox4 belongs to the SoxC class of transcription factors (encompassing Sox4,
Sox11 and Sox12) within the Sry-related HMG box-containing superfamily of proteins.

Sox4 expression peaks during embryonic development in neural crest and
mesenchyme, where it regulates the differentiation and survival of mesenchymal and
neural progenitors. Sox4 expression has also been found in thymus, spleen, developing
pancreas and hair follicles. During embryogenesis, Sox4 has been implicated in a plethora
of processes including the maturation of B and T lymphocytes, the modulation of myeloid
differentiation, pancreatic islet development, osteoblast development and proper cardiac
cushion formation. Sox4” mice display embryonic lethality at E14.5, mainly due to
profound cardiac malformations, concomitant with defective haematopoiesis and
pancreatic islet formation defects.

In adults, the Sox4 is restricted to few tissues such as haematopoietic
compartment, female reproductive system, intestinal crypts, pancreatic islets and
activated hair follicles. These constrictions suggest a tight regulation to ensure proper
tissue homeostasis; indeed, deregulated Sox4 expression is frequently associated to
malignant cellular transformation.

Sox4 can act as a potent oncogene that promotes the survival of transformed cells
and favours anchorage-independent cell growth and motility. High expression of Sox4 is
associated with leukemogenesis, inhibition of apoptosis and increased cell viability.
Moreover, increased Sox4 expression is often linked to the acquisition of an invasive
phenotype by promoting the initiation of the EMT transcriptional program, and therefore is
often associated to metastatic colonization of distant tissues.

To study the role of Sox4 in the adult organism, we first generated mice with
reduced whole-body Sox4 expression. These mice display a plethora of age-related
degenerative disorders and reduced spontaneous cancer incidence, indicating a role for
this protein in maintaining adult tissue homeostasis and in tumour growth. To specifically
address a role for Sox4 in adult stem cells, we conditionally deleted Sox4 (Sox4°°) in

stratified epithelia. Sox4“©

mice show increased skin stem cell quiescence and DNA
damage accumulation, accompanied by resistance to chemical carcinogenesis. These
phenotypes correlate with downregulation of cell cycle, DNA repair and skin stem cell
differentiation genes. Altogether, our findings highlight the importance of Sox4 in adult

tissue homeostasis and cancer.
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Andabamos sin  buscarnos pero sabiendo que
andabamos para encontrarnos.

Julio Cortazar. Rayuela, Cap 1
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"(...) No aprendas datos idiotas”, le aconsejaba. "Por qué
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Introduction

|. DEVELOPMENT, CANCER AND AGEING

Mammalian embryonic development comprises a plethora of tightly regulated
biological processes (spatiotemporal control of specific gene regulation, cell signalling, cell
migration and growth, tissue patterning and modulation of metabolism among others) that
govern the differentiation of the embryonic stem cells into all the cellular lineages that form
the adult organism while maintaining a population of undifferentiated cells that ensure
proper input to all cellular lineages (Tam and Loebel 2007; Smith, 2001). Likewise, adult
organs and tissues are maintained through a delicate balance of proliferation,
differentiation and self-renewal of their tissue-type adult stem cells in order to keep a
constant replacement of the damaged cells originated upon injury or during normal tissue
homeostasis (Wagers and Weissman, 2004; Blanpain and Simons, 2013). Any
perturbation in the aforementioned control of such regulatory mechanisms can cause
aberrant loss or gain of cellular fitness. On one hand, accumulation of cellular damage is
thought to be the widest accepted cause of ageing (Lopez-Otin et al, 2013); on the other
hand, aberrant proliferative potential or increased survival advantage are some of the

commonest hallmarks of cancer (Hanahan and Weinberg, 2011).

Il. THE MAMMALIAN SKIN AS A MODEL FOR STEM CELL FUNCTION

The skin is the largest of the mammalian organs and its main function consists on
covering the entire body surface in order to provide protection from external aggressions
(either from biological or from physical sources, such as infections or ionizing radiations,
respectively) and to confer a barrier against water loss and thereby prevent dehydration. It
also provides an additional layer of functionality with its multiple specialised appendages,
such as touch pads for sensing, sweat glands for thermoregulation and excretion, feathers
and hairs for thermal isolation and defensive keratinized structures (Fuchs, 2007). The
skin structure meets the functional requirements of such a specialised organ, and its
repertoire of specialised cell populations and their dynamics in mammals have been
broadly studied; this knowledge provides a great tool in cell biology for addressing
embryonic and adult stem cell function during development, ageing, regeneration and
cancer (Arwert et al., 2012; Blanpain and Fuchs, 2009).
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I1.1. The structure of the mammalian skin

In mammals, the skin is composed of the dermis and the epidermis. The dermis is
a supportive connective tissue which contains fibroblasts and a dense scaffold composed
of collagen, elastin and glucosaminoglycans, that is placed on top of a subcutaneous fat
pad covering the muscular layer. The epidermis is the external layer, and is attached to
the dermis through the basement membrane (BM). The epidermis comprises several
layers of differentiating keratinocytes, remaining the less differentiated ones directly
attached to the BM (Watt and Huck, 2013). The increased differentiation towards the
surface is accompanied by programmed cell death (apoptosis), cornification
(accumulation of intermediate filaments, especially keratins, in the cytosol), stratification
and sequential expression of differentiation markers (cytokeratin 14 in the basal layer,
cytokeratin 10 in the suprabasal or spinous layer, involucrin and filaggrin in the granular
layer and loricrin in the cornified layer) (Fuchs, 1994).

Being the most exposed part of the skin, the epidermis is subjected to constant
mechanical tension and other types of physicochemical aggressions. In order to prevent
the tearing of the skin with such stresses, the epidermal keratinocytes are subjected to
constant replacement. The source of this replacement is the basal layer of the epidermis,
which proliferates constantly in order to provide with fresh cells the upper epidermal
layers, while the cornified, dead cells are constantly desquamated and shed from the skin
surface. Similarly, most other epidermal structures are constantly renewed through
recurring bouts of proliferation, differentiation and degeneration that take place during the
hair cycle, and which depends on the timely activation of the so-called hair follicle stem
cells (HFSCs), which provide with their input to all the skin cellular lineages (Alonso and
Fuchs, 2006; Fuchs, 2007).

11.2. The hair follicle and the hair cycle

The outermost part of the mammalian epidermis is composed of a multi-layered
epithelium known as the Interfollicular Epidermis (IFE) and its adjunct structures: hair

follicles (HFs), sebaceous glands (SGs) and sweat glands (SwGs). In mice, the sweat
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glands are restricted to hairless regions, such as the paws; therefore, the epidermal stem
cell potential is usually assessed in terms of input to the IFE, the HF and the SG.
Terminally-differentiated cells from these compartments are constantly lost and thus it has
been long known that all the epidermal lineages are maintained by the HFSCs, capable of
self-renewal and terminal differentiation (Blanpain and Fuchs, 2006).

Every hair is destroyed and regenerated several times during an organism
lifespan, initially in a synchronic manner that gradually becomes less frequent and less
coordinated among different parts of the body with ageing. The hair cycle in mice has
been deeply characterised, mostly because of its structural resemblance with that of
human hair cycle and because it provides an unvaluable tool for modelling adult stem cell
function. In fact, each hair follicle is considered to be a mini organ, composed of
specialised structures containing differentiated cells and a variety of multipotent stem cells
(the HFSCs) that can partially (or totally, under certain circumstances such as wound

repair) regenerate the whole hair structure (Blanpain and Fuchs, 2009).
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Figure 1. The Hair cycle. Adapted from Alonso and Fuchs, 2006.
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The hair cycle is composed of three alternating states, namely the resting phase or
telogen (from the Greek telos: end, completion, perfection), proliferative phase or anagen
(from the Greek ana: up, upward, anew) and the destructive phase or catagen (from the
Greek kata: downward, regression) (Figure 1). After each cycle, the old hair is lost and a
new complete fur coat is generated from the hair follicle stem cells (HFSCs) (Alonso and
Fuchs, 2006). Every cycle happens in waves that start at the snout and progresses along
the mouse back towards the tail, and each of the stages of the hair cycle have been
meticulously studied and can therefore be identified through detailed
inmunohistochemistry (Muller-Rover et al., 2001). The alternation between these states is
orchestrated by the dermal papilla, which provides the appropriate signals required for
HFSC activation mainly through the TGFB, Shh and Wnt/B-catenin pathways (Oshimori
and Fuchs 2012; Kobielak et al., 2007; Watt et al. 2008). In mammals, HFSCs reside
mainly at the Junctional Zone and Hair bulge regions (Figure 1). The molecular signature
of resting and activated HFSC has been extensively studied by transcriptional profiling,
showing that while dormant HFSCs are enriched in factors that promote quiescence
and/or self-renewal including Lhx2, Lgr5, Lgr6, Lrig1 and CD34 among others (Braun et
al., 2003; Jaks et al., 2008; Jensen et al., 2009; Jensen et al., 2010; Nowak et al., 2008;
Rhee et al., 2006; Snippert et al., 2010; Tumbar et al., 2004), activation of HFSC occurs
stepwise with increased expression of genes involved in cell cycle progression,
extracellular matrix/adhesion and transcription (Greco et al., 2009). Among them, Sox4
(Sry-related High Mobility Group (HMG) box-containing transcription factor 4) has been
found upregulated upon hair regeneration cues (Greco et al., 2009; Kobielak et al., 2007;
Lien et al., 2014; Lowry et al., 2005).

lll. THE HIGH-MOBILITY GROUP SUPERFAMILY

The Sox4 gene belongs to the SoxC class within the Sox family of transcription
factors. All Sox proteins share a High-mobility-group (HMG), a functional domain also
found in other members of the HMG domain superfamily. To get a better insight into the
major roles of Sox4 it becomes indispensable to have first an overview to the history of its
discovery, its family diversification and finally a brief description of its functional domain
organization. We finally brief the main functions assigned to Sox4 in development and

cancer.
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Figure 2. The HMG domain superfamily

(A) Polyacrilamide gel elctrophoresis showing HMG proteins isolated from mouse thymus (Th) or spleen (Sp). Adapted
from Rabbani, 1978.

(B) Diversity of HMG-containing proteins.

(C) Schematic representation of two HMG-box domains from LEF-1, either alone or in complex with a DNA molecule.
Source: Biochemical Society Transactions.

lll.1. The discovery of the High-mobility-group (HMG) domain proteins

In the early 1970’s the search for non-histone DNA-bound proteins led to the
discovery of an intriguing group of proteins which clustered together when analysed by
SDS-PAGE according to their mobility in acrylamide gels (Goodwin et al., 1973). This
group of proteins belonged to three unrelated families of DNA-bound proteins: the
nucleosome-binding family (also known as HMG-14/17), the AT-hook family (or HMG-Y)
and the HMG domain family (or HMG-1/2). Proteins containing an HMG domain (also
known as HMG-box) comprise the T-cell factor (TCF)/lymphoid enhancer binding factor
(LEF) family and the Sox family (Figure 2). HMG-box proteins have acquired certain
sequence specificity in the binding to DNA that the rest of HMG-containing proteins lack.
Moreover, and in contrast to other HMG domain members, HMG-box factors are

expressed at very low levels in a limited subset of cell types, suggesting a tight regulation
and functional diversification (Harley and Lefebvre, 2009).
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Class Members Expression Function
SoxA Sry Male germ cells Male sex determination
Sox1 Neural Progenitor Cells (NPCs) NPC specification and maintenance
SoxB1 Sox2 Ectoderm, endoderm and mesoderm derivatives Embryonic/adult stem cell specification and maintenance

Spermatogonia differentiation, NPC specification and

Sox3 Spermatogonia, NPCs .
maintenance
Sox14 Neural tube, limbic ectodermal ridge Neuronal differentiation, limb development
SoxB2
Sox21 NPCs Neuronal differentiation
Sox4 NPCs, mesenchymal stem cells, haematopoietic B/T cell specification, regulation of survival/apoptosis, cardiac
system, pancreas, kidney, heart, uterus, skin... development, osteoblast/myeloid/g-cell differentiation
SoxC Soxi1 NPCs, heart, pancreas, haematopoietic system, lymphoid d|ﬁergnt|at|oq, c_:ard|ac developn_']ent, osteoblast
differentiation, neurogenesis
Sox12 Cardiac progenitors, N.P Cs, mesenchymal Cardiac development, neural development
progenitors
Sox5 NPCs, bone Neurogenesis, skeletogenesis
SoxD Sox6 Mesoderm Cardiac development, skeletogenesis, erythropoiesis
Sox13 T lymphocytes Lymphoid differentiation
Sox8 Muscle satellite cells Inhibition of myogenesis

Hair follicle stem cells, NPCs, distal tip cells
SoxE Sox9 (lung), pancreatic progenitors, liver duct cells, Stem cell specification and maintenance
intestinal progenitors, mammary stem cells

Sox10 NPCs, melanocyte Stem cell maintenance, melanocytic lineage determination

Cardiac progenitors, haemogenic endothelium,

Sox7 HSCs Cardiogenesis, erythropoiesis
SoxF Sox17 Extraembryonic endoderm (XEN), haematopoiteic XEN gene expression regulation, fetal HSC maintenance
stem cells
Sox18 Cardiac progenltors,_ hae!'nogenlc endothefium, Cardiogenesis, angiogenesis, hair follicle development
hair follicles
SoxG Sox15 ES cells, satellite cells No obvious phenotype from LOF
SoxH Sox30 Unknown NA

Table 1. Sox family members. Adapted from Lefebvre et al 2007, and Sarkar et al 2013

lll.2. The Sox family portrait

In the early 90’s the search for an elusive male-determining differentiation factor

finished when Dr. A. H. Sinclair and colleagues discovered Sry (acronym for Sex-
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determining region of the Y chromosome), the founding member of the Sox family
(Sinclair et al., 1990). After the discovery of Sry, an intense research activity focused on
finding proteins with high degree of identity with this factor, and this lead to the
identification of several Sry-related genes with important functions in sex determination,
development and adult/embryonic stem cell function (Lefebvre et al., 2007; Sarkar and
Hochedlinger, 2013). For classification purposes, only genes sharing at least 50%
homology with the HMG domain from Sry were included in the Sox family.

In mammals there are twenty Sox factors classified into nine groups (SoxA,
SoxB1, SoxB2, SoxC, SoxD, SoxE, SoxF, SoxG and SoxH; see Table 1), according to
their protein sequence homology (Harley and Lefebvre, 2009). Each of them regulates
diverse aspects related to adult stem cell function and cell fate decissions, nuclear
reprogramming to induced pluripotency (generation of iPS cells), cell specification,
differentiation and numerous crucial steps of embryonic development (Sarkar and
Hochedlinger, 2013). Members from the same group share a high degree of identity along
its whole aminoacidic sequence, whereas members from different groups share up to 50%
homology in the HMG box domain, by definition, and none in the rest of the protein

sequence (Bowles et al., 2000).

lll.3. The structure of Sox proteins

All Sox factors share a HMG box, and most of them display several other domains
which confer them additional properties such as oligomerization, subcellular localization,
transactivation or sequence specificity modulation.

The HMG-box domain features three L-shaped a-helices that allow the HMG-box
bind and bend the minor groove of the DNA; this sharp curvature induces a local shift in
the chromatin conformation, thereby enabling the assembly of transcriptional activator
complexes and subsequent transactivation of gene expression (Figure 2). Besides its role
in transactivation (including DNA recognition, and bending), the HMG-box fulfils other
basic functions required for the proper functioning of Sox proteins, including nuclear
translocation and protein-protein interaction (Lefebvre et al., 2007). DNA motif recognition
specificity was studied by in vitro DNA site selection assays, which unveiled a preference
for the hexameric sequence 5-WWCAAW-3' (where W stands for either A or T). In the
case of Sox4, its crystal structure has been recently solved in complex with DNA, and this

revealed slight structural differences with other Sox members, such as Sox2 or Sox17
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(Jauch et al., 2012). In particular, Sox4 can accommodate a primary AACAAG and a
secondary AATTGTT motif. Despite these sequence preferences, the HMG-box of Sox
proteins displays a very low affinity and a variable sequence specificity, as seen for
example in the degree of variability with respect to the consensus sequence that Sox4
shows in some of its bound enhancer sequences, such as the ones belonging to Tubb3
(TATTGTC, CATTGTG), CD2 (AACAATA) or Tead2 (CTTTGTC, CTTTGTT) genes.
Therefore, given the low specificity in target recognition and the widespread distribution of
consensus sequences along the genome, it remains challenging in general to identify
HMG-box recognised sequences and makes it impossible to predict Sox-target sequences
based solely on the presence of matching motifs, in contrast to most of the rest of
mammalian transcription factors (Lefebvre et al., 2007; Vervoort et al., 2013b).

In the case of Sox4, its protein structure also features a transactivation domain
(TAD) whose main function is to activate Sox4 transcriptional activity functions through yet
unknown mechanisms. The TAD domain is adjacent to a destruction domain (DD)
necessary for regulating the protein stability and proteasomal-dependent degradation, a
glicine-rich region (GRR) required for the regulation of Sox4-mediated apoptosis, a serine-
rich region with not very well characterised functions (SRR) (Figure 3) (Vervoort et al.,
2013Db).

@®® @ @ @

E HMG-box GRR SRR
1 59 135 152 227 333 397 441 474
S — | S
Ubc9, p53, Brn1,p53,
Syntenin-1, GATA3, Syntenin-1,
Tbc3 GATA3

Other interaction partners: TCF4, 3-catenin,
p300, Plakoglobin, Oct4

Figure 3. Functional domain organization, interacting proteins and post-translational modifications of Sox4.
P, phosphorylation; A, acetylation; GRR, Glicine-rich; SRR, Serine-rich; TADD/DD, transactivation domain/degradation
domain; numbers stand for aminoacid position. Adapted from Vervorrt et al, 2013.

IV. SOX4 IN EMBRYONIC DEVELOPMENT

Sox4 belongs to the SoxC class of transcription factors, encompassing Sox4,

Sox11 and Sox12 (Harley and Lefebvre, 2010). As mentioned above, Sox4 specificity in
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target recognition largely depends on cellular and molecular contexts when binding to
different target promoters and enhancers (Jauch et al., 2012). Sox4 is expressed mainly
during embryonic development in neural crest and mesenchyme, and displays a high
degree of overlapping in most tissues with its cousin members Sox11 and Sox12 (Dy et
al., 2008). Sox4 mRNA has also been detected in the developing pancreas, thymus,
spleen and hair follicles (Dy et al., 2008; Hoser et al., 2008; Lioubinski et al., 2003). Most
of the functions of Sox4 have been ascertained from the study of mouse models with
deficient expression of either Sox4 alone or in combination with other SoxC class
members. Sox4-null mice die at midgestation (E14.5) due to profound cardiac
malformations, unveiling a role for Sox4 in cardiac outflow formation (Paul et al., 2013;
Schilham et al., 1996). Other functions attributed to Sox4 are the regulation of survival and
proliferation of neural and mesenchymal progenitors, where its expression peaks in
coordination with Sox11 and Sox12 to ensure the survival and proliferation of neural
progenitor cells (NPCs) (Bhattaram et al., 2010). Of note, part of the late embryonic
lethality seen in Sox4™ mice is at least partially due to the strong overlap among all SoxC
class members, a fact that is evident upon simultaneous knock-out of both Sox4, Sox11
and Sox12, which results in accelerated embryonic lethality (E8) than with either of the
single knock-out mice (Bhattaram et al., 2010). Sox4 also intervenes in pancreas
development, as Sox4™ mice display reduced pancreatic islet formation capacities,
resulting in impaired insulin secretion and glucose tolerance (Wilson et al., 2005).
Moreover, Sox4*" mice show diminished bone formation and osteoblast developmental
defects, an effect related to parathyroid hormone signalling defects observed in
osteoblasts (Nissen-Meyer et al., 2007). B and T cell maturation defects have been
observed in haematopoietic progenitors obtained from Sox4™ embryos and Sox4 is
induced during TGFB-mediated differentiation of Th2 lymphocytes (Kuwahara et al., 2012;
Laurenti et al., 2013; Schilham et al., 1997; Schilham et al., 1996). Moreover, Sox4 is
involved in the regulation of myeloid differentiation, a feature often involved in the onset of
myeloid leukemia (see below), by regulating IL5-triggered myelopoiesis, (Aue et al., 2011;
Geijsen et al., 2001; Sandoval et al., 2012).

In adults, Sox4 expression is found in a limited set of tissues such as female
reproductive system, hematopoietic system, pancreatic islets, intestinal crypts and
activated Hair Follicle Stem Cells (HFSCs) (Deneault et al., 2009; Hunt and Clarke, 1999;
Lien et al., 2014; Schilham et al., 1997; Van der Flier et al., 2007; Wilson et al., 2005).
These constrictions in expression of Sox4 by adult cells suggest a tight regulation required
to maintain an adequate tissue homeostasis. Indeed, aberrant Sox4 expression in adult

tissues has been linked to cancer onset and progression in mice and humans (Jafarnejad
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et al., 2013a; Vervoort et al., 2013b). Some of the most relevant cellular functions of Sox4
have been unveiled by studying its involvement in cancer onset and progression,

therefore they will be discussed in closer detail in the next section.

V. ROLES OF SOX4 IN CANCER ONSET AND PROGRESSION

It is widely accepted that given |) their prominent roles in regulating crucial cell-fate
decisions along embryonic development and Il) the tight spatiotemporal regulation of Sox
protein expression levels, uncontrolled expression of these factors during the adulthood
leads to loss of cell identity and cancer in general terms. Sox4 is no exception in this
regard. There are however few cases in which Sox4 has been reported as a potential
tumour suppressor, due to its positive correlation with induction of apoptosis immediately
upon Sox4 overexpression; nevertheless, it is not completely clear whether these are in
fact autonomous mechanisms triggered by the cell upon oncogenic traits in order to
prevent transformation as it is the case of the oncogene c-Myc (Jafarnejad et al., 2013a;
Vervoort et al., 2013b). The case of melanoma, in which Sox4 seems to behave

specifically as a tumour suppressor, will be discussed in detail (see below).

V.1. Sox4 in blood malignancies

The first proof that Sox4 could act as an oncogene in vivo was the finding of the
Sox4 locus as one of the most common integration sites in genome-wide tagging
protocols based on retroviral-mediated activation of proto-oncogenes. In two inbred
mouse models bearing random retroviral insertion-mediated gene activation that led to
myeloid or B-/T-cell leukemia (BHX-2 mice and AKXD mice, respectively), a high-
throughput screening based on inverse PCR sequencing revealed retroviral integration
sites (RISs) relevant for cancer and unknown thus far. From a group of B-cell lymphomas
from the AKXD strain, a panel of RISs was isolated; interestingly, the authors of the study
also found these RIS in myeloid leukaemia samples obtained from the BHX-2 strain.
Being these RISs found repeatedly enriched in tumours of different origin vs. normal
tissue, they were referred to as CISs, common integration sites; these CIS therefore

tagged new genes potentially involved in cancer (Suzuki et al., 2002) (Figure 4). Sox4 was
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one of the factors whose promoter was most frequently targeted, and in subsequent
studies reproducing retroviral tagging experiments with replication-incompetent, LT-
expressing retroviruses, this finding was validated in a number of independent studies (Du
et al., 2005; Li et al.,, 2007; Shin et al., 2004), indicating that Sox4 behaves as an
oncogene in haematological tumours such as myeloid leukemia and lymphocytic

leukemia.
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Figure 4. Strategy for High-throughput retroviral tagging and discovery of Sox4 as an oncogene in leukemia
Random integration of retroviruses induces stochastic activation of genes. B-cell tumours are screened for retroviral

integration sites (RISs) which are validated in myeloid tumours to unveil common integration sites (CISs).Asterisks
denote point mutations induced by retroviral random integration. Source: Suzuki, 2002.
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Sox4 in myeloid leukemia: a block in myeloid differentiation

Expression of Sox4 is a requisite for normal haematopoiesis during embryonic
development, but its aberrant expression leads to cellular transformation in the
hematopoietic compartment. Indeed, forced expression of Sox4 in bone marrow explants
is sufficient to induce malignization, either alone or in cooperation with a variety of pro-
oncogenic cues such as proviral insertion of Evi1 (Boyd et al., 2006), loss of Cdkn2b (Bies
et al., 2010), upregulation of CREB (Sandoval et al., 2012), deregulation of Mef2C (Du et
al., 2005), PU.1 haploinsufficiency (Aue et al., 2011), PML-RARa translocations (Omidvar
et al., 2013), oncogenic C/EBPB mutations (Zhang et al., 2013).

Of note, many of such conditions are incapable of inducing myeloid
leukemogenesis per se, in contrast to Sox4; however they notably accelerate the
tumourigenesis onset and progression when combined with Sox4 overexpression. The
mechanisms whereby Sox4 exerts such a central role in initiating and promoting
leukemogenesis range from increased cell survival and proliferation, transcriptional
repression of PU.1, increased self-renewal and potentiation of CREB-mediated
transcription; all these facts result in a block in myeloid cell differentiation, thus coalescing
around the major cause for myeloid leukemogenesis (Figure 5) (Vervoort et al., 2013b). In
addition, the intriguing incidence of Sox4 overexpression in myeloid leukaemia patients
bearing common chromosomal translocations such as AML1-ETO suggests a selective
pressure to activate Sox4, most likely through epigenetic mechanisms, in support of a role
for Sox4 as an oncogene that can potentiate the effect of pre-existing genetic lesions and
act synergistically with them to drive the disease (Kvinlaug et al., 2011; Vervoort et al.,
2013b).
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Figure 5. Schematic diagram summarizing the proposed mechanisms for Sox4-mediated oncogenesis in blood
malignancies.

Highlighted in blue are the mechanisms linked to myeloid leukemia and in red, mechanisms in lymphoid leukemia.

Sox4 in lymphocytic leukemia: pro-survival & anti-apoptotic

As above-mentioned, and in an analogous manner to myeloid leukemia, Sox4 is
required for normal B-/T-cell development during embryogenesis. A prominent role for
Sox4 has also been documented in blood malignancies other than myeloid leukemia.
Among them, Sox4 has been shown to act as a critical activator of the PI3K/MAPK-
dependent signalling to promote survival of tumour cells, and Fra2-mediated expression of
HDACS8 (which prevents apoptosis and increases cancer cell proliferation), thereby
promoting T-/B-acute lymphocytic leukemia (Higuchi et al., 2013; Ramezani-Rad et al.,
2013). The study of the Role of Sox4 during lymphomagenesis has revealed important
hints into the molecular pathways that regulate Sox4 expression, such as TGFB pathway
and its regulation through micro-RNAs (miRNAs) (Wong et al., 2013; Zhao et al., 2011)
(Figure 5).
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V.2. Sox4 in solid malignancies

In parallel to the compelling evidence of the prominent role that Sox4 exerts in
blood malignancies, there has been an intense research activity gathered around the
study of a possible function for this protein in solid tumourigenesis. Since the discovery
that expression of Sox4 is sufficient to drive tumorigenesis, Sox4 overexpression has
been found in virtually all major cancer types including lung cancer, bladder cancer,
prostate cancer, hepatocellular carcinoma (HCC), glioblastoma, endometrial cancer and
adenoid cystic carcinoma (ACC). Mirroring the number of molecular phenotypes arising
from Sox4 overexpression in leukemia, there has been a number of findings associated to
Sox4 upregulation in solid tumours as well (Table 2). Notably, there is a high dependence
on tumour and cell-type specific contexts in the nature of such outcomes, which range
from regulation of cell survival to activation of specific genes involved in cellular

transformation (Jafarnejad et al., 2013a; Vervoort et al., 2013b).

Sox4 regulates cell cycle and apoptosis

Recapitulating the role of Sox4 in neural and mesenchymal progenitors during
normal embryonic development and in acute-lymphoblastic leukemia, increased
expression of Sox4 in prostate cancer and adenoid cystic carcinoma correlates with
enhanced apoptosis resistance and greater cell survival, features that are reversed in ex-
vivo cell cultures treated with siRNA targeting Sox4, thus reinforcing the hypothesis that
such mechanisms are intrinsically linked to Sox4 expression (Frierson et al., 2002; Liu et
al, 2006; Pramoonjago et al., 2006; Veervort et al., 2013b). Indeed, Sox4 expression
positively correlates with tumour grade in prostate carcinoma. In addition, forced
expression of Sox4 in non-transformed cell lines ex-vivo is sufficient to confer colony-
forming abilities and support anchorage-independent growth in soft agar in vitro, indicating
that Sox4 behaves as a potent oncogene also in solid tumours. The suggested
mechanisms governing Sox4-mediated inhibition of apoptosis and enhanced survival
include the control of cell cycle and proapoptotic regulators such as BCL10, PUMA, CSF1
or CCNB1 as ascertained from microarray-based gene profiling of tumour cells depleted
of Sox4 by siRNA (Frierson et al.,, 2002; Liu et al., 2006; Pramoonjago et al., 2006).
Moreover, Sox4 has been shown to inversely correlate with p16, a main hub in cell cycle
regulation and a molecular marker of ageing; in healthy lungs Sox4 decreases and p16

increases with ageing, and in small cell lung carcinoma, wherein Sox4 becomes
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reactivated to overcome cell cycle breaks (such as p16) and promotes a transcriptional

program that boosts tumorigenesis (Castillo et al., 2012).

The interaction among Sox4, p53 and DDR

An interesting observation in some of these studies was the marked upregulation
of p53 protein, by means of western-blotting, when Sox4 was targeted with siRNA. Such
p53 accumulation was likely due to protein stability rather than transcriptional induction
upon Sox4 interference, given the lack of evidence for significant p53 mRNA upregulation
in any of the microarrays included in these studies (Liu et al., 2006; Pramoonjago et al.,
2006). Some studies focused thereafter in the putative interaction between Sox4 and p53,
leading to an intense debate with paradoxical observations that still remain to be studied
in depth and put into appropriate context to provide meaningful insights into Sox4 function
in this regard. In particular, several reports postulated an interaction of Sox4 with the DNA
damage response (DDR) pathway to modulate p53 levels. There is a substantial
upregulation of Sox4 in HCT116 cells after treatment with DNA damage-inducing agents
such as doxorubicin, UV irradiation or ionizing radiation (IR) but not with other cellular
stressors such as hypoxia, heat shock or H,O, treatment. Interestingly, this was shown to
be a p53 independent but ATM/ATR-dependent phenomenon (Pan et al., 2009). Sox4
interacts with p53 whereby it prevents Mdm2-mediated ubiquitination of p53 and its
subsequent proteasomal degradation, resulting in increased p53 protein stability.
However, in this context and in stark contrast with previous results, Sox4 downregulation
resulted in a reduced stability of p53 protein, paradoxically pointing to a putative role for
Sox4 as a tumour suppressor (Pan et al., 2009). A negative correlation between tumour
prognosis and Sox4 expression (and thus in support of a tumour-suppressive effect of
Sox4) was found in subsequent studies in a limited subset of human tumours including
bladder cancer, HCC, gall bladder carcinoma and melanoma (Vervoort et al., 2013b).
Nonetheless, the only type of tumour showing robust association of Sox4 with tumour-
suppressive functions along subsequent studies is melanoma (see below).

An interesting observation is the fact that Sox4 confers resistance to DNA damage
in medulloblastoma cell lines, thus alleviating the burden of the DDR upon irradiation. In
this setting, Sox4 knock-down (KD) or inhibition through expression of SPARC (a bona-
fide endogenous peptide inhibitor of Sox4) renders cancer cells susceptible to IR. Even
the mere reduction of Sox4 levels is sufficient to induce a mild DDR, as means of yH2AX
accumulation (a marker for DNA lesions such as double-strand breaks or replication-
associated ssDNA) (Jackson and Bartek, 2009), and when challenged with sub-lethal IR
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apoptotic rates were increased up to six fold. Importantly, these results were reproducible
in vivo with transplanted tumours (Chetty et al., 2012). Overall, these studies suggest an
intimate link of Sox4 with the DDR and p53-dependent apoptotic response in tumours,
therefore open new therapeutic windows for certain tumours that could suffer from
endogenous replication stress alleviated by Sox4, a feature that could be counterbalanced
by means of Sox4 inhibition or downregulation to render cancer cells more susceptible to

current treatments such as IR.

Type of tumour

Sox4 status and role

Splenic marginal zone lymphoma

Common retroviral integration site (increased expression), positive correlation with
disease progression

Myeloid leukemia

Upregulated in myeloid leukemia, prevents myeloid differentiation, association with
disease progression, associated to AML1-ETO translocation

Hpatocellular carcinoma

Overexpressed, good correlation with metastasis

Medulloblastoma

Increased expression compared to normal cerebellum, alleviation of DNA damage
response and associated to radiation-resistance

Prostate cancer

Increased expression compared to healthy tissue, associated with aggressiveness,
EMT and metastasis

Lung cancer

Gene amplification, prevents p16 activation upon oncogenic cues

Colorectal cancer

Increased expression, associated to metastatic potential

Adenoid cystic carcinoma

Increased expression relagtive to normal tissue, prevents apoptosis and increases
cellular viability

Bladder Cancer

Increased expression and gene amplification

Glioblastoma multiforme

Elevated expression compared to normal brain, favours cancer stem cell phenotype

Gallbladder carcinoma

Elevated in primary tumours, reduced expression in advanced forms of the disease

Gastric cancer

Elevated expression relative to normal tissue

Breast cancer

Elevated in comparison to normal tissue, good correlation with tumour grade,
promotes metastasis and EMT phenotype

Pancreatic cancer

Upregulated when compared to normal tissue

Pheochromocytoma

Upregulated when compared to normal tissue

Table 2. Status and role of Sox4 in different tissues. Adapted from Vervoort, 2013

Sox4 and metastasis: the control of EMT

So far, it can be ascertained that Sox4 constitutes a key oncogenic event in the
vast majority of tumours, that occurs in the initial stages of tumorigenesis. Nonetheless, a
number of reports have demonstrated a prominent role for Sox4 also in regulating late
cellular transformation steps. In particular, Sox4 expression levels strongly correlate with
disease progression, metastasis and probability of relapse. In the breast cancer line MCF-
7, high Sox4 expression was associated to cancer stem cell-like properties in
tridimensional collagen scaffolds concomitant with downregulation of epithelial markers

such as ECDH, upregulation of cancer stem cell markers such as OCT4 and SOX2, and
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higher tumorogeneicity in xenotransplants (Chen et al., 2012). Interestingly, independent
studies demonstrated that higher Sox4 expression correlated with the triple-negative
breast cancer subtype in humans (ER/PR/HERZ2", associated with more aggressive and
difficult to treat forms of breast cancer). In this study, ectopic Sox4 expression in the
immortalized cell line MCF-10A was sufficient to induce a mesenchymal phenotype with
increased migratory/invasive abilities. Sox4 itself is induced by TGF and required for the
initiation of the EMT/metastatic programs (Vervoort et al., 2013a), and, in xenografts,
Sox4 cooperates with oncogenic Ras mutations to promote tumorigenesis in vivo (Zhang
et al., 2012). The induction of Sox4 by TGFf is crucial for the induction of Ezh2 and
subsequential epigenetic reprogramming of cancer cells to acquire a phenotype tailored
for distant tissue colonization (Tiwari et al., 2013). The relevance of Sox4 in metastasis is
evident in studies showing how breast cancer cell lines selected for their metastatic
capacities in vivo display a selective pressure for losing endogenous miRNAs that

regulate Sox4 expression among other targets (Tavazoie et al., 2008).

The case of melanoma

As aforementioned, the only human type of tumour displaying Sox4
downregulation concomitant with disease progression is melanoma. This is the only
setting in which in most cases Sox4 seems to behave as a tumour suppressor rather than
as an oncogene (Jafarnejad et al., 2013a; Vervoort et al., 2013b). Tumour microarray
analysis in various types of human melanocytic lesions shows that Sox4 is significantly
reduced in advanced lesions when compared to primary melanoma or dysplastic nevi.
Multivariate Cox analysis in human samples reveals controversial results, pointing out that
Sox4 is an independent prognostic marker of disease progression (Jafarnejad et al.,
2010), either alone or in combination with a set of markers relevant for melanoma
progression (Li et al.,, 2011) though sometimes despite finding similar trends, no
significance was obtained for this marker alone (Zhang and Li, 2012); in human
melanoma cell lines Sox4 plays a pivotal role in binding and inducing Dicer, thereby
promoting a shift in the set of miRNAs expressed in dysplastic nevi vs invasive melanoma
that controls cell proliferation and invasion (Jafarnejad et al., 2013b) or either inhibiting
NF-kB subunit p50 transcription through yet unknown mechanisms (Jafarnejad et al.,
2010). Despite the mounting results showing correlation of Sox4 downregulation with
melanoma progression, there is still a hot debate in this regard and no consensus on the

prognostic significance of Sox4 as a biomarker in melanoma, given the lack of meaningful
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insights into the molecular mechanism and consistency among studies (Jafarnejad et al.,
2013a).

Altogether, the extensive research gathered around Sox proteins, and in particular
the interest focused in Sox4, underlines the importance of these proteins in controlling
numerous aspects of stem cell biology during important processes often associated to
human disease. However, there is still a notable lack of appropriate research models that
allow the complete understanding of the molecular properties of this intriguing factor in
vivo and therefore facilitate the development and testing of new treatments useful to

confront and new ideas to comprehend these age-associated pathologies.



Objetivos

"(...) EI hombre es el animal que pregunta. El dia en que
verdaderamente sepamos preguntar, habra dialogo. Por ahora las
preguntas nos alejan vertiginosamente de las respuestas.(...)"

Julio Cortéazar. Rayuela, Cap 147






Objectives

El objetivo general de la presente Tesis Doctoral fue la generacién de nuevas
herramientas que permitieran el estudio in vivo de las funciones del factor de
transcripcion Sox4 en células madre y tejidos adultos. Los objetivos especificos fueron los

siguientes:

1. Generar un modelo de ratéon con un alelo insertado en el locus genémico de Sox4

(ratones Sox4'"°

), cuya secuencia esta flanqueada por sitios LoxP que permiten su
escision in vivo, para estudiar las células que expresan Sox4 y poder estudiar el efecto de

la ausencia de expresion en dichas células.

2. Determinar el impacto de la expresion reducida de Sox4 durante los procesos de

adquisicion de pluripotencia y durante la diferenciacion de células madre.

3. Estudiar la importancia de la expresién reducida de Sox4 en la homeostasis global y

durante el envejecimiento.

4. Comprobar la contribucion especifica de Sox4 a la arquitectura de la piel y a su

mantenimiento en ratones con delecién condicional de Sox4 en piel.

5. Caracterizar los efectos de la eliminacién de Sox4 durante la regeneracion del pelo y el

cierre de heridas.

6. Descubrir los cambios en los perfiles transcripcionales de la piel durante la

regeneracion del pelo en ausencia de Sox4.

7. Estudiar la dependencia de Sox4 en la transformacién de keratinocitos mediante

tratamiento con carcindégenos.
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Objectives

"(...)

—Contaselo con todos los detalles —dijo Oliveira.
—Oh, una idea general es bastante —dijo Gregorovius.
—No hay ideas generales —dijo Oliveira..(...)"

Julio Cortazar. Rayuela, Cap 15






Objectives

The main goal of the present PhD thesis was to generate new tools to in vivo study

the major functions of the Sox4 transcription factor in stem cells and adult tissues. In that

context, we aimed to address the following specific objectives:

—

To generate a reporter and excisable Sox4 Kl mouse model for studying and

tracking Sox4-expressing cells in vivo (Sox4'/* mice)

To determine the impact of Sox4 downregulation in acquisition of pluripotency and

stem cell differentiation.

To study the importance of Sox4 downregulation in global homeostasis and ageing.

To address the specific contribution of Sox4 to skin architecture and maintenance

when conditionally deleted in skin

To characterize the effects of Sox4 abrogation during hair regeneration and wound

healing in Sox4*° mice

To unveil the changes in the transcriptional profile of skin undergoing hair

regeneration in the absence of Sox4.

To understand whether Sox4 is required for cellular transformation during

chemically-induced skin carcinogenesis.

39






Experimental Procedures

“(...) La rayuela se juega con una piedrita que hay que empujar con la punta del zapato.
Ingredientes: una acera, una piedrita, un zapato, y un bello dibujo con tiza,
preferentemente de colores. En lo alto esta el Cielo, abajo esta la Tierra, es muy dificil
llegar con la piedrita al Cielo, casi siempre se calcula mal y la piedra sale del dibujo.
Poco a poco, sin embargo, se va adquiriendo la habilidad necesaria para salvar las
diferentes casillas (rayuela caracol, rayuela rectangular, rayuela de fantasia, poco
usada) y un dia se aprende a salir de la Tierra y remontar la piedrita hasta el Cielo,
hasta entrar en el Cielo, (...), lo malo es que justamente a esa altura, cuando casi nadie
ha aprendido a remontar la piedrita hasta el Cielo, se acaba de golpe la infancia y se
cae en las novelas, en la angustia al divino cohete, en la especulacién de otro Cielo al
que también hay que aprender a llegar. (...)"

Julio Cortazar. Rayuela, Cap. 36






Experimental Procedures

I. ANIMAL EXPERIMENTATION

' mice, recombinant ES cells from a 129Sv

In order to generate the Sox4
background were injected into C57BL6 and the chimeras obtained were back-crossed
with C57BL6 for a total of four generations and thereafter inter-crossed to expand the
colony; therefore, all the mice used in this study were of mixed background
C57BL6/129SvV (75%:25%).

All animals were maintained at the Spanish National Cancer Research Centre
(CNIO) under specific pathogen-free conditions, in agreement with the recommendations
of the Federation of European Laboratory Animal Science Association (FELASA). Mice
were fed a standard chow diet (Harland Tekland 2018, 18% of fat-based calorie content)
and observed on a weekly basis by trained personnel. All the treatment protocols were
evaluated and approved by the Ethical Committee of the Carlos Ill Health Institute, and
the animals were supervised on a weekly basis by trained personnel. All the mice

presenting any sign of morbidity (http://dels.nas.edu/global/ilar/Guide) were sacrificed in

agreement with the guidelines for Humane End Point for Animals Used in Biomedical

Research.

1.1 Generation of a Sox4 Knock-In (Sox4“') mouse model

The targeting construct and the mice carrying the Sox4“ allele were generated by
genOway (France; see Figure 6A for additional information) by means of standard
procedures. In brief, the Sox4 locus was cloned from mouse ES genomic DNA
encompassing the only Sox4 exon together with the 5’-UTR and 3’-UTRs and surrounding
genomic regions. This allowed the generation of the homologous arms of the targeting
construct and the targeting cassette containing the endogenous Sox4 unique exon
sequence fused to an IRES-GFP-Luciferase cassette; a neomycin selection region
flanked by FRT sites (specifically recognized by the Flpe recombinase) was also included
for positive selection of recombinant ES cells, and the Sox4-IRES-GFP-NEO™" construct
was flanked by LoxP sites (specific for Cre recombinase), allowing the excision of the
whole cassette in a controlled time and tissue-specific manner to be performed.

+/loxFRT

Mice bearing the NEO™R" sequence (Sox4 mice) were viable and fertile, and

thus we proceeded further with the crosses with Flpe-expressing mice in order to
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eliminate the neomycin cassette; we inter-crossed Sox4"°* once the NEO™' region was

4I0x/lox

deleted, in order to generate homozygous Sox mice.

1.2 Genotyping strategy of Sox4 alleles by PCR

30-50ng of total DNA were isolated from mouse tissues following standard
procedures were subjected to PCR reaction using Platinum Taq (/nvitrogen Cat. 10966)
by following the manufacturer’s instructions (1.5mM MgCl,, 0.2mM/dNTP, 0.5uM/primer,
0.05U Platinum Tag/reaction, 1yl DMSO and milliQ distilled water to reach a final volume
of 20 yl per reaction). The PCR program was as follows: 1min 94°C + 35x(30sec 94°C +
30sec 60°C + 3min 72°C) + 7min 72°C + keep at 8°C. The genotyping PCR primers used
were (See Figure 6B):

Cre F: TTAATCCATATTGGCAGAACGAAAACG
Cre R: CAGGCTAAGTGCCTTCTCTACA
Genot-Sox4 F1: CCAGCATCTCTAACCTGGTCTTC
Genot-Sox4 F2: TTGGAGCACGGAAAGACGAT
Genot-Sox4 R: CAGGCCAGCTCTATGCACTTT
Genot-Neo F: CACTTGTGTAGCGCCAAGTGC

1.3 Body Imaging with DEXA

Lean mass, fat content and bone mineral density were analyzed by Dual-Energy
X-Ray Absorptiometry (DEXA) by using a Lunar PIXImus Densitometer (GE Medical
Systems) on anesthetized mice with 2% isofluorane. Acquisition time was 5 min. Bone
mineral density was calculated from a manually-restricted Region of Interest (ROI)

including the whole left femur of the studied animals.

44



Experimental Procedures

1.4 Plucking and wound healing in mouse skin

For hair plucking protocol, mice were anesthetized in 2.5% Isofluorane / 1%
Oxygen (kept during the whole procedure with gas masks adapted for mice) and were
intraperitoneally administered Buprex solution as analgesic. 1cm? of dorsal hair was then
removed by manual plucking with tweezers and tape-stripping until only dorsal skin and
no hair was visible in the plucked area. Hair regeneration was assessed by taking pictures
from a fixed distance and hair-depleted regions were scored as a percentage of the initial
plucked area with the help of ImagedJ software.

For wound healing assays, mice were anesthetized as above; 4-6¢cm? of dorsal
hair was removed with depilatory cream (Veet) and rinsed with distilled water. 24h later
parallel-double wounds were performed under anaesthesia conditions in the upper region
of the dorsal skin of the mice with 4mm biopsy punch device. Subsequent wounds were
performed following a head-to-tail progression along the back skin of the mice every 3

days and pictures were taken every second day and wound size assessed with a calliper.

.5 DMBA/TPA-mediated skin carcinogenesis

For skin carcinogenesis assays 12-week-old mice (6-10 mice per genotype) were
hair clipped and a single dose (100ul) of a 100nM DMBA solution in acetone was
administered topically in the lower part of the back skin in order to promote cancer-
initiating mutations. Thereafter, animals were treated every 3 days with 12ug TPA
dissolved in 200yl acetone in order to induce a proliferative state in the skin that favours
expansion of cells bearing oncogenic mutations. Mice were clipped once weekly right
before TPA administration, and tumour burden was evaluated on a weekly basis,
recording number and size of lesions (papilloma) as well as appearance of other skin
conditions, such as melanocytic growths. Mice were sacrificed whenever signs of
morbidity (caquexy, presence of tumours >15mm, etc) were detected and samples

collected for assessment by an anatomic-pathologist.
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1.6 Histology and IHC. Antibodies

Mice were culled and tissues were collected and fixed immediately in 10%
Formalin in PBS during 16h and embed into paraffin blocks. 5um sections were mounted
in poly-L-Lysine glass slides, deparaffinised and rehydrated. After that, either we
performed Haematoxylin-Eosin staining or antigen retrieval in 10mM citrate buffer cooked
under high pressure for 2min. Spurious peroxidise activity was removed by H,O, and
methanol treatment. After blocking, primary antibodies were incubated 16h at 4°C,
washed, further incubated with biotin-conjugated secondary antibodies and processed for
standard indirect immune peroxidase detection (Vector Laboratories) using DAB as
substrate (Dako). Finally, slides were slightly counter-stained with Haematoxylin-Eosin
and analysed by light microscopy. For confocal microscopy, Alexa-fluor conjugated
antibodies (Molecular Probes, Invitrogen) were used at 1:500 dilution, washed,
counterstained with DAPI and mounted in Vectashield or ProLong Gold antifading
reagents. Confocal microscopy acquisition and settings were as described for QFISH (see
below).

Antibodies used and dilutions were as follows: mouse monoclonal anti-GFP
(Roche, 1:500), rabbit polyclonal anti-CK14 (Covance, 1:1000), rabbit polyclonal anti-
CK10 (Covance, 1:300), rabbit polyclonal anti-Loricrin (Covance, 1:500), rabbit polyclonal
anti-p53 (CM5 Novocastra, 1:200), mouse monoclonal anti-Ki67 (Master Diagnostica,
1:200), mouse monoclonal anti-Histone 3 phospho-Ser10 (Millipore, 1:200), mouse
monoclonal anti-Histone 2 phospho-Ser139 (yH2AX, Millipore, 1:100), mouse monoclonal
anti-p63 (Neo Markers, 1:100), rabbit polyclonal anti-TRF1 (homemade, 1:50) (Munoz et
al., 2009).

Il. CELL CULTURE

Unless otherwise specifically indicated, cells were cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium, Gibco) supplemented with 10% FBS (Foetal Bovine Serum,
Sigma) and 1% antibiotic/antimycotic (Gibco). Culture plates were held in appropriate
incubators at 37°C, 16% O, and 5% CO,.
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1.1 Extraction and culture of MEFs and preparation of feeders

Pregnant female mice were euthanized in a CO, chamber 13.5dpc, and uterus was
removed and kept on 1% Antibiotic/Antimycotic in PBS pre-warmed at 37°C. Inside a
tissue culture hood, each embryo was isolated and the extraembryonic layers were
removed with a pair of forceps and tweezers. The embryo head was cut below the eye
and preserved in an eppendorf tube placed on dry ice for genotyping. The rest of the
embryo was transferred to a p35 dish containing 1ml of 2X Trypsin solution in PBS,
chopped during 30sec with a razorblade and incubated at 37°C. After 20min, the
suspension containing the chopped embryo was aspirated up and down 15 times through
a glass Pasteur pipette and incubated at 37°C for 20 additional minutes. Then, the cell
suspension was diluted in 15ml of 10% complete medium and transferred to a T75 bottle.
When confluent, cells were resuspended in 1ml trypsin and split in a 1:3 ratio every 2-3

days. For long-term preservation, 5x10° cells were frozen in 10% DMSO diluted in FBS.

For generating Feeders, MEF were expanded up to passage 4-5 and when at 75-
90% confluence, incubated with 10pg/ml MitomycinC for 3h at 37°C, washed twice in PBS
and frozen at 5x10° cells per vial. For co-culture with iPS or keratinocytes, 2,5x10° cells
per p100, 4x10° cells per p35 or 1x10* cells per m96 well were seeded at least 2 days in
advance in 10% complete medium on top of a porcine gelatine coating (10ml per p100
dish of 1% porcine gelatin in milliQ distilled water were incubated during 10 min at RT,
aspirated, air-dried and the Feeders were seeded in complete DMEM medium). Medium

was changed as appropriate medium when co-cultured with iPS or keratinocytes.

1.2 Transfection and Viral Transduction

In order to produce retroviral particles containing the vectors encoding the genes
of interest for subsequent transduction into mammalian cells, 4x10° 293T packaging cells
were seeded for 30 minutes in p100 dishes and transfected with 4ug of ecotropic
packaging vector for mouse cells (pCL-Eco) and 4ug of the vector containing the gene of
interest, using Fugene6 (Roche). One day after transfecting the 293T cells, the target
MEF were seeded at a density of 2x10° cells per p35 dish or 8x10° cells per p100 plates,
and fresh complete DMEM medium was added to the 293T cells. The following day, the
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supernatant containing the viral particles was collected and replaced with fresh medium;
the supernatant was filtered through a 0.45um mesh and diluted 1/3 with complete
medium. After addition of 8ug/ml of Polybrene, 2ml (p35) or 10ml (p100) of supernatant
was added to the target MEF. This procedure was repeated every 8 hours for a total of 4

rounds of infection.

1.3 Generation and maintenance of ES and iPS cells

MEF from the desired genotypes were retrovirally-transduced with pMX-Sox2,
pMX-Oct3/4 and pMX-KIf4 at a ratio 1:1:1 as described. 24h after the last transduction
round, complete medium was replaced by iPS medium (high-glucose DMEM
supplemented with 1000U/ml LIF, 1% non-essential aminoacids, 15% KSR, 1% Glutamax
and 0.1% B-mercapto-ethanol, Life Technologies) and subsequently fresh iPS medium
was added daily. The cultures were kept until colonies became apparent (typically 10-15
days) and then the dishes were either stained for Alkaline Phosphatase to asses
reprogramming efficiency or picked for clonal expansion. Picked colonies were trypsinized
and plated onto 96 well plates (1 clone per well), and upon establishment of iPS clones
they were split every other day in a 1:5 ratio, and fresh KSR medium was added daily. ES
were maintained in ES medium (high-glucose DMEM supplemented with 1000U/ml LIF,
1% non-essential aminoacids, 15% dialysed FBS, 1% Glutamax and 0.1% B-mercapto-
ethanol, Life Technologies) For gelatine culture we used 2i medium (Complete iPS
medium supplemented with 1uM MEK inhibitor and 3uM GSK3[3 inhibitor, Stemgent). The
ES/iPS clones were preserved in a 2X freezing medium (20% DMSO, 40% KSR, 40% ES
medium) after trypsinization, neutralization with ES medium and cell counting. Vials were

preserved in liquid Nitrogen for long-term storage.

Il.4 Teratoma Formation and RA-mediated differentiation of stem cells

For studying general iPS differentiation by teratoma-forming capabilities, 2x10° iPS
cells were injected subcutaneously into nude athymic mice (FOXN1 mutant strain).

Typically, the tumours started to form around 1 week post-inoculation, and size was
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assessed on a weekly basis with a calliper on grafted tumours. When the grafts reached
1.5cm length mice were sacrified and tumours collected for subsequent IHC analysis.

RA treatment was used to assess neuro-ectodermal differentiation. 1x10° cells
grown in gelatine and 2i medium were seeded into p35 gelatin-coated dishes. After 24h, 2i
medium was switched to ES medium without LIF (Day 0), and the day after (Day 1)
medium was changed to RA-containing ES medium (without LIF) at a concentration of
1x10°® M. Thereafter, fresh RA medium was added daily and cells collected as indicated

for biochemical characterization.

1.5 Extraction and culture of Peripheral Blood Mononuclear Cells (PBMCs)

100ul of peripheral blood was obtained from the submandibular vein of restrained
animals onto EDTA-containing tubes. Immediately after collection, the blood was
resuspended in 10ml QIAGEN RBC buffer for erythrocyte lysis. After 15 min at 4°C the
cell suspension was vortexed and cells were pelleted at 450xg for 3min in conical
polypropylene tubes; then, cells were either frozen in 10% DMSO-containing FBS or
plated in 96-well Greiner plates in RPMI medium (RPMI supplemented with 10%FBS, 1%
non-essential aminoacids, 1% sodium pyruvate, 1% HEPES, 0.1% [-mercapto-ethanol,

1% antimycotic/antibiotic) for HT-QFISH analysis (see below).

1.6 Extraction, culture and differentiation of Keratinocytes from adult mice

For adult keratinocyte extraction, mice were clipped and then culled by cervical
dislocation. After hair-spraying with 70% EtOH, skin was collected and kept in cold-ice
PBS containing 1% antimycotic/ antibiotic. In a tissue culture hood, skins were stretched
dermal side up in a p150 lid and subdermal adipose tissue was scraped with a scalpel.
Once the fat was removed, skins were subjected to 15sec sequential washes in 10%
Povidone lodine in PBS, 70% EtOH and finally PBS with antibiotics, skins were floated
dermis side down in p100 dishes containing 10ml of EDTA-free trypsin and kept overnight
at 4°C. The day after, skins were stretched in sterile p100 lids, epidermal side up, and
epidermis was scraped and minced with scalpels. After resuspending in EDTA-free trypsin

with a 5ml pipet, cell suspension was filtered through a 70pm nylon mesh and neutralized
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with 2ml of trypsin neutralizer. After addition of 10 ml of Keratinocyte Medium 02
(CELLNTEC), cells were spun down at 500xg during 8min. Cell pellet was collected by
aspirating 2ml from the bottom of the tube and resuspended in 10ml of Keratinocyte
Medium 02 for cell counting.

For keratinocyte differentiation, 5x10° keratinocytes were plated in triplicates in 2ml
of Keratinocyte Medium 02 onto p35 dishes containing pre-seeded feeder layers and
cultured at 37°C in a 2% oxygen incubator. Fresh medium was added every 3-5 days, and
when 10-50 cell colonies were visible, plates were fixed in 4% Formaldehyde for 30min at
RT and stained with 1% Rhodamine B or 0.02% Giemsa in PBS during 30min at RT in an
orbital shaker. Plates were rinsed with distilled water, dried o/n and colonies were scored

on digital images with ImageJ after scanning the plates.

1.7 Ras/E1a-mediated transformation of MEFs

For assaying cell transformation, MEF were infected with a pBabe-Ras®'?'-IRES-
E1a construct following the standard retroviral infection protocol. After selection in 2ug/ml
puromycin during 48h, cells were split in the presence of 1ug/ml puromycin and when
cells reached confluence, 2x10° or 2x10* cells were seeded in p100 dishes and cultured
for 10-15 days adding fresh medium once per week. When macroscopically visible
colonies appeared (typically after 10-15 days) cells were fixed by adding 2ml of 37%
Formaldehyde solution to the dishes containing 10ml of complete DMEM medium, and
kept on an orbital shaker for at least 30min at RT. After removing the fixative, colonies
were stained with a 0.02% Giemsa solution in PBS for 30 min at RT. The plates were
washed in distilled water until the water run clear and dried overnight placed on top of a
filter paper. Plates were scanned and colonies quantified with regard to their relative

abundance and size distribution on digital images with ImagedJ software.
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lll. IN VITRO ASSAYS AND CELL IMAGING

111.8. Quantitative-Real Time PCR (qPCR) and Primers

Total RNA isolation and DNA digestion was done with RNA later, RNEasy and
DNAse | kits (QIAGEN) following manufacturer’s instructions. For cDNA synthesis, 0.5ng
of total RNA were retro-transcribed with Advanced iScript and assayed using Power
SYBR Green PCR Master Mix (Applied Biosystems). GAPDH and Actin were used as

references and results were represented as relative to GAPDH levels. gPCR primers are

listed below.
Gene Forward Reverse
GAPDH 5 GCA CAGTCAAGGCCGAGAATYZ 5 GCC TTC TCC ATG GTGGTGAA 3’
Actin 5" GGC ACC ACACCTTCTACAATG 3 5 GTG GTG GTGAAGCTGTAGCC 3’
Sox4 5 GCC TCC ATC TTC GTACAACC ¥ 5 AGT GAAGCGCGTCTACCTGT 3
Sox11 5" ATC AAGCGG CCC ATGAAC 3 5 TGC CCAGCCTCTTGGAGATJ
Sox12 5 GAG CGG AGAAAAATC ATGGA 3 5 CGA GGC CGGTACTTIGTAGTC 3’
p16 5 TAC CCC GAT TCA GGT GAT 3 5 TTG AGC AGAAGAGCTGCTACGT?3
p19 5" GCC GAC CGGAATCCT3J 5 TTG AGC AGA AGA GCTGCTACGT3
GATA3 5" TAC CAC CTATCC GCC CTATG 3’ 5 AGGATGTCC CTGCTCTCCTTJ
Tcf3 5’ GGA GCC GGG GCA ACC AGT G3’ 5 CATCCTGGG GCC TTIC TCACTTC 3’
Tcfd 5 CAC CCGGCC ATC GTCACAC ¥ 5" GCC ACC TGC GCC CGAGAATYZ
Sox9 5" GAC TCC CCACATTCCTCCTC 3 5 CCCTCTCGC TTC AGATCAAC 3
c-Myc 5" AAGCCACCGCCTACATCCTGY 5" AAA GCC CCAGCCAAGGTTG3J
mTERT 5'GGA TTGCCACTGGCTCCG 3' 5'TGCCTGACCTCCTCTTGTGAC 3'
Nanog 5' CAGGTGTTTGAGGGTAGCTC 3' 5' CGGTTCATCATGGTACAGTC 3'
Oct4 5' TCTTTCCACCAGGCCCCCGGCTC 3' 5' TGCGGGCGGACATGGGGAGATCC 3'
Rex1 5'ACGAGT GGC AGTTTC TTC TTG GGA 3' 5'TAT GAC TCA CTT CCA CGG GGC ACT 3'

lll.1 Transcriptional profiling by microarray hybridization

Total RNA was extracted from pluck skin of the indicated genotypes after
immediate preservation in RNA later with the QIAGEN RNEasy Mini Kit, following

manufacturer’s instructions. RNA Integrity Number (RIN) was in the range 7 to 9.8 when
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assayed by Lab-chip technology on an Agilent 2100 Bioanalyzer. 100ng of total RNA were
labelled with commercial "One-Color Microarray-Based Gene Expression Analysis (Low
Input Quick Amp Labeling)" version 6.5 kit by following manufacturer instructions, and
purified with silica-based spin columns (BioRad).

For Microarray hybridization, a Mouse Gene Expression 60K (Agilent) was used in
a SureHyb hybridization chamber (Agilent) during 17h at 65°C. The microarrays were
scanned in a G2505C DNA microarray scanner (Agilent). Images were analysed by
Agilent Feature Extraction Software (ver. 10.7) without background substraction. The
resulting TIF images were transformed into low resolution false-colour JPEG images. The
raw data files were used to generate .txt files for further quantification and annotation with
the FeatureExtraction software. Genes were ranked according to their FDR, P values and
fold enrichment, and only those showing a FDR<0.15 were considered Differentially
Expressed Genes (DEGs).

lll.2 Gene set enrichment analysis

Gene Set Enrichment Analysis was performed using annotations from the KEGG,
Reactome and NCI databases, or by testing in-house made gene lists extracted from the
TransFac repository or signatures found in published research articles (indicated when
appropriate). Genes were ranked using the t statistic. After Kolmorogov-Smirnoff
correction for multiple testing, only those pathways bearing a FDR<0.15 were considered
significant. The Gene Ontology GO terms (biological proccesses, cellular components and
molecular functions), Genecard and Malacard annotations were included and annotated
according to published literature. Enrichment plots were also obtained with GSEA, and

ranked according to their enrichment score (ES).

lll.3 Telomere Quantitative Fluorescence In-Situ Hybridization (QFISH)

In order to perform QFISH in metaphase nuclei of mouse tissues, paraffin-embed
organs were processed as described (Methods, section 1.6). Then, 5um sections were
attached to Poly-L-Lysine-covered glass slides. After deparaffinization and antigen

retrieval, tissues were fixed in 4% Formaldehyde, washed 3x5min in PBS and incubated
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in pepsin solution (0.1% Porcine Pepsin (Sigma) containing 0.01M HCI (Merck)) 10min at
37°C. After another round of washes and fixation as above-mentioned, slides were
dehydrated in a 70% - 90% - 100% Ethanol series (5min each). After 30 min of air drying
50ul of Telomere probe mix (10mM TrisCl pH7, 25mM MgCl,, 9mM Citric Acid, 82mM
Na,HPO, (adjusted to pH7), 70% Deionised Formamide (Sigma), 0.25% Blocking
Reagent (Roche) and 0.5ug/ml Telomeric PNA probe (Panagene)) were added to each
slide. After putting a cover slide on top of it, DNA was denatured by heating during 3min at
85°C, and further incubated for 2h at RT in a wet chamber in the dark. Finally, slides were
washed 2x15min in Washing Solution | (10mM TrisCl pH7, 0.1% BSA in 70%
Formamide), then 3x5min in Washing Solution Il (TBS 0.08% Tween-20) and then
incubated with 4ug/ml DAPI (Sigma) and mounted in Vectashield mounting medium
(VectorTM). For analysis, confocal image stacks were acquired every 0.5um for a total of
10um by using a Leica SP5-MP confocal microscope and maximum projections were
generated and analysed using LAS-AF software and TFL-Telo (A kind gift of Peter
Landsorp)

lI.4 High-Throughput QFISH (HT-QFISH)

PBMCs were obtained as described above. 96-well Greiner plates were pre-coated
with 1:10 Poly-L-Lysine in milliQ distilled water for 30min at 37°C, at a density of 1,2x10°
cells per well. The cells were incubated during 2h at 37°C and then fixed 3x5min in 200l
with a multichannel pipette in Methanol:Acetic Acid 3:1. Fixed cells were preserved at -
20°C until use. Then, plates were dehydrated o/n in an air-jacketed 37°C incubator, then
rehydrated 5min in PBS and fixed again in 4%PFA in PBS. After 3x5min PBS washes, the
plates were included in a Styrofoam frame floater and digested in Pepsin 15min in a 37°C
water bath. After digestion, samples were fixed and washed as above mentioned. Then,
the plates were dehydrated in EtOH (5minx70% EtOH, 5minx90% EtOH and 5minx100%
EtOH) and dried for 30min in a 37°C incubator. After dehydration, 50ul of Cy3-Telomeric
probe mix were added to each well and denatured 5min at 85°C in a hot plate. The
Greiner plates were hybridized then for 2h at RT in the dark and washed 2x15min in
washing solution I, then 3x5min in washing solution I, then 1x5min in PBS with DAPI and
then mounted using Mowiol solution (Calbiochem).

Images were acquired using an automated Opera Confocal High-throughput

microscope (PerkinElmer), and analysed with Acapella software to obtain mean telomere
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intensity. Briefly, DAPI signal was used to create nuclei masks in which telomeric spots
were identified and classified depending on their intensity. 60 images per well were
captured from duplicate wells, and at least 5x10° telomeres were analysed per sample.
For normalization and transformation of a.u.f. into Kilobases, LY-R and LY-S reference
lymphoma cell lines with known telomere length (70.9Kb and 11.2Kb, respectively) were

included in each plate.
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"(...) Pero detras de toda accién habia una protesta, porque todo hacer significaba salir
de para llegar a, o mover algo para que estuviera aqui y no alli, o entrar en esa casa en
vez de no entrar o entrar en la de al lado, es decir que en todo acto habia la admisién de
una carencia, de algo no hecho todavia y que era posible hacer, la protesta tacita frente
a la continua evidencia de la falta, de la merma, de la parvedad del presente. Creer que
la accién podia colmar, o que la suma de las acciones podia realmente equivaler a una
vida digna de este nombre, era una ilusion de moralista. (...)”

Julio Cortazar. Rayuela, Cap 3






Results

l. Generation of mice with an excisable Knock-In allele for Sox4

The fact that complete Sox4 abrogation (Sox4™ mice) results in embryonic lethality
(Schilham et al., 1996) has hampered understanding the role of Sox4 in the adult
organism. To circumvent this, we decided to generate a Sox4 Knock-In (KI) mouse model
(Sox4'””°* mice), which would allow us to conditionally delete Sox4 as well as to in vivo
track Sox4-expressing cells in adult tissues. To do so, we generated a Kl construct
targeted to the Sox4 locus including the whole Sox4 5- and 3-UTR and the full length
Sox4 unique exon adjacent to an Internal Ribosome Entry Site-Green Fluorescent
Protein-Luciferase (IRES-GFP-Luc) reporter coding sequence. We flanked the KI allele
with LoxP sites in order to allow the excision of the whole cassette with tissue-specific Cre
recombinase. We included FRT sequences in order to remove the neomycin cassette by
crossing the founders with Flp-expressing mice. When intact, the Kl cassette is regulated
by the endogenous Sox4 promoter and its transcription is expected to give rise to the full-

length Sox4 protein simultaneously to a GFP-Luc protein (Figure 6A and B).
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Figure 6. Generation of Sox4-IRES-Luc-GFP Knock-In mouse model

(A) Schematic of the different Sox4 alleles. The Forward-WT (F1), Forward-KI (F2) and Reverse (R) genotyping
primers (red arrows) and PCR sizes in base pairs (bp) are depicted. See Supplementary Table 4 for detailed primer
sequences.

(B) Genotyping PCR of the different Sox4 alleles.

Il. Sox4 is dispensable for pluripotent cell generation and differentiation

In 2006, Takahashi and Yamanaka demonstrated that it is possible to reprogram
the cell’s differentiated status to ES-cell like status, giving rise to the so-called induced-
Pluripotent Stem cells (iPS cells) by inducing the expression of only four factors, namely

KIf4, Oct4, c-Myc and Sox2 a method that soon was proven equally efficient disposing of
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c-Myc, allowing the generation of iPS with only three factors (3F) (Marion et al., 2009;
Takahashi et al., 2006). Ever since, nuclear reprogramming has become a powerful tool to

address the influence of a given condition in the acquisition and maintenance of
pluripotency.

A

9]
O

15
10 -~ Sox4 6 -~ Sox4 60
Reprogramming - Nanog . - Nanog
------- > T 81 z
3F w2 oa | L
MEF iPSC é’ ° }(’ P
22 4 ge
€E 2 ER 51 - 20
@ Diferentiation. W 2 2] £
PSC RA 0 gt O ol =l
1P Differentiated MEF __ 6 91 21 ipsc mes 3 we
Cells Reprogramming Differentiation (RA)
% ¥ ++ lox/lox
D E % % Sox4 Sox4
i %]
Magnif. AdCre — 2 _ L4+ 4+ - -+ 4+ +++
$ « |3330bp e B L Sox <
R < ' | Te . "
w +
3 250bp |7 o= o i ]
x B !
3 m‘ 530 bp [ = . — | Sox4ox
3 _ i
< 3 |
X a [ 150bp GAPDH
< 1
() o L
Tail skin iPS
AP
F 2 Reprog. 300 —
Efficiency
200
14
100 —
*
0
Par MEF Sox4++ Sox4'oxiox Sox4++ Sox4oxliox Sox4++ Sox4oxiox Sox4+* Sox4oxlox Sox4++ Sox4oxliox
AdCre - + - + -+ -+ -+ -+ -+ -+ -+ -+

Figure 7. Sox4 is dispensable for the generation of iPS but required for efficient reprogramming

(A) Schematic of reprogramming into iPSC or differentiation of mESC protocols.

(B and C) Dynamics (Days) of Sox4 (green, right Y axis) and Nanog (purple, left Y axis) along reprogramming (left
panel) or differentiation (right panel). Data is relative to GAPDHx 103, n=3 experiments.
(D) Alkaline phosphatase staining of reprogramming plates.

(E) Genotyping PCR to confirm AdCre-mediated excision of Sox4 locus in iPS clones. Yellow asterisks, not excised Kl
cassette escaper clones; red, excised cassette.

(F) Relative reprogramming efficiency, relative Sox4 mRNA levels and total mMRNA expression levels (relative to
GAPDHx103) of Nanog, Oct4 and Rex1, respectively, in iPSC clones of the indicated genotypes.

Depicted is mean and SEM Only significant P values are shown (two-tailed Student’s t test, P<0.01)
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Given that most of the principal roles of Sox4 are related to stem cell maintenance
and differentiation, we wanted to address a possible role for Sox4 in the biology of
pluripotent stem cells. To that end, we performed reprogramming assays in WT MEFs
using the Yamanaka cocktail of three factors (3F) and differentiation assays in mESC with
retinoic acid (RA; Figure 7A) and measured Sox4 mRNA. We observed a decrease of
Sox4 expression during reprogramming and a sharp increase during differentiation
protocols, as opposed to Nanog (Figure 7B and C), suggesting that Sox4 is induced
during the differentiation of mMESC and repressed during acquisition of pluripotency. To
study the function of Sox4 during reprogramming, we infected Sox4°°* and Sox4*"* MEF
with adenoviral vectors expressing Cre recombinase (AdCre) prior to reprogramming. We
observed a =50% decrease in reprogramming efficiency; however, the iPS clones with
proven excised Sox4 cassette expressed largely normal expression levels of pluripotency-
associated factors such as Nanog, Oct4 and Rex1(Figure 7D-F). To understand whether
these Sox4-deficient iPS clones could have defects during differentiation into specific
lineages, we performed teratoma-mediated differentiation by subcutaneous injection into
nude athymic mice. We detected slower growth rates in Sox4-depleted iPS undergoing
differentiation, without reaching significance (Figure 8A). Nevertheless, we obtained
tissues from the three embryonic layers, as assessed by IHC (Figure 8B). These results

are indicative that Sox4 is largely dispensable for reprogramming and differentiation.
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Figure 8. Sox4-deficient iPS are pluripotent

A) Dynamics of teratoma growth (n=5 clones per genotype).

B) IHC of the three embryonic layers, obtained from teratomas of the indicated genotypes. AFP, alphafeto protein
endoderm); CKAE1/AE3, cytokeratins AE1 and AE3 (ectoderm); a-SMA, a-smooth muscle actin (mesoderm). Insets
depict magnification.
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No significant differences were obtained (Student’s t test)
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Il. Sox4">*'°* mice show signs of premature ageing and are cancer-resistant

Sox4"™/°* mice are viable and fertile, but they are born under sub-mendelian ratios
(Figure 9A). Moreover, Sox4>/°* mice show a reduced body size and weight compared
with their Sox4™" littermates (Figure 9B and C). These differences were increased when
mice grew older (Figure 9C). Dual-Energy X-Ray Absorptiometry (DEXA) indicated that

reduced weight could be attributed to a decrease in both lean and fat mass (Figure 9D).
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Figure 9. Characterization of Sox4-IRES-Luc-GFP Knock-In mouse model

(A) Mendelian ratios, in two different cross settings, of Sox4'ox/lox Sox4*/1ox and Sox4*'* pups. P values were calculated
using Fisher's exact test.

(B) Macroscopic aspect of Sox4**and Sox4'ox/lox mice. Genotypes are included. Note the marked size reduction and
increased pigmentation in exposed skin (red arrowheads).

(C) Plot of the average weight in grams (g) of a group of male mice of the indicated genotypes.

(D) (Left) DEXA images of adult male Sox4** and Sox4'°lx mice. (Right) Fat mass (%) and grams of lean mass
Sox4** and Sox4'%x/1ox mice.

In addition, Sox4°”°* mice have a significantly reduced longevity when compared
to Sox4"* or Sox4*"* mice (Figure 10A-D). This decreased survival paralleled an early

onset of various age-associated pathologies. In particular, Sox4°'* mice present brittle
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bones due to decreased bone mineral density (Figure 10E), and a higher incidence of
intestinal failure, chronic hepatic failure, skin hyperpigmentation and dilated
cardiomyopathy (Figure 10F and Table3). We also found an increased incidence of
congenital diaphragmatic hernia and pyometra (Figure 10F and Table3). Furthermore, the
humane end point was significantly anticipated in Sox4'°/°* compared to control mice
(Figure 10A-D and Table3).
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Figure 10. Accelerated ageing in Sox4'°X!°x mice.
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® Sox4*'*(n=6) _ (B) Plot of the lifespan of the 10-longest-lived mice of
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(C and D) Kaplan-Meyer survival curves of the
indicated cohorts. Sexes are separated as male (C)
and female (D)

(E) Bone mineral density obtained with DEXA.

(F) General aspect upon humane-end point necropsy
of Sox4'olox mice. Yellow, dilated cardiomyopathy;
green, congenital diaphragmatic hernia; blue,
pyometra.
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P values refer to comparison with Sox4** mice (Log-
rank test). Dashed red line defines the mean lifespan.
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These signs of accelerated ageing and decreased longevity are coincidental with a
notable reduction in the mean telomere length of peripheral blood cells, a bona fide
indicator of biological aging (Canela et al., 2007; de Jesus and Blasco, 2012; Lopez-Otin

et al., 2013; Vera et al.,, 2012) (Figure 11A). Interestingly, these mice also display
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Figure 11. Reduced telomere length and cancer incidence in Sox4 hypomorphic mice
(A) HTQFISH in mice of the indicated age and genotype. Indicated is the number of mice per group of age and
genotype. P=Student’s t test, n=number of mice per age group and genotype.

(B) Spontaneous cancer incidence in the indicated genotypes, classified according to the type of cancer; bars represent
the percentage of affected mice. Fisher's exact test was used for comparison.

Together, these findings indicate that Sox4°”'™* mice show signs of premature loss
of tissue homeostasis and a subsequent accelerated onset of age-associated pathologies.

In addition, Sox4'>/°* mice also show a significant cancer resistance.

IV. Sox4'>*'** mice are hypomorphic

The above results point out to hypomorphic behaviour of the Sox4 Kl allele. In
order to demonstrate this, we performed indirect inmunohistochemistry (IHC) for GFP in
tail skin sections given that Sox4 mRNA has been detected in skin (Dy et al., 2008; Greco
et al., 2009; Lowry et al., 2005). We failed to detect any positive GFP signal in any skin
region, indicating either very low expression levels of Kl cassette or absence of Sox4
expression in adult mouse skin (Figure 12A). To confirm this, we performed Sox4
quantitative-Real Time RT-PCR (qPCR) in a panel of tissues from both Sox4°* and
Sox4"* mice. We found an approximated 10-fold reduction in the Sox4 mRNA levels in all
the analyzed tissues, therefore demonstrating reduced Sox4 expression in Sox4°** mice.
Notably, we did not detect a significant deregulation of the other SoxC class members
(Sox11 and Sox12) in the analyzed tissues (Figure 12B). Altogether, these findings

demonstrate that our Sox4°/°* mouse model behaves as a functional hypomorph for
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Sox4 mRNA expression levels, and thus constitutes the first viable adult mouse model

with whole-body reduced Sox4 expression.

Parameter Cateqo. Sox4** Sox4lox/llex Fisher’s
gory n=12 n=22 exact test
Male 6 14 _
Sex (%) (50.0%) (63.6%) p=0.34
Mean 106.9 53.8
Age at H. E. P. (Weeks) (Range) (72-139) (17-81) p<0.001
Diaphragmatic hernia Affected 0 16
phrag (%) (0%) (72.7%) p<0.001
Dilated Cardiomyopathy Affected 1 8 =0.083
and heart hypertrophy (%) (8.3%) (36.4%) p=v.
Affected 0 4 _
Pyometra (% of Female) (0%) (50.0%) p=0.03
Intestinal failure (oedema, amiloidosis, Affected 1 7 -0.13
hyperthropic caecum, etc) (%) (8.33%) (31.8%) p=0.
Renal failure (chronic glomerulonephritis, Affected 4 5 =0.58
amiloidosis, calculus, etc (%) (33.3%) (22.7%) p=5
Hepatic failure (necrosis, chronic hepatitis, Affected 2 12 -0.035
amiloidosis, congestion, steatosis, etc) (%) (16.7%) (54.5%) p=0.
. Affected 5 8 _
Skin atrophy (%) (41.7%) (36.4%) p=0.52
. . . Affected 0 5 _
Skin hyperpigmentation (%) (0%) (22.7%) p=0.09

Table 3. Main histopathological findings in Sox4 hypomorphic (Sox4'°x/ox) mice compared to their wild type counterparts
(Sox4**) at humane end point.

V. Generation of a Sox4 conditional KO mouse model in stratified epithelia

The above results indicate that adult mice with reduced Sox4 levels show a faster
loss of normal tissue homeostasis. As the latter relies on a controlled balance between
tissue replenishment and degeneration, we hypothesized that organ failure could be due
to defects in the activity of adult stem cells. In order to test this, we abrogated Sox4 in skin
as a model for adult stem cell function. Sox4 is hitherto the only SoxC class member

whose expression has been detected in developing and adult skin (Dy et al., 2008; Lien et
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al., 2014; Lowry et al., 2005). To this end, we crossed Sox4°”* mice with K5Cre
transgenic mice (Ramirez et al., 2004), giving rise to Sox4"*; K5Cre™" (Sox4"") and

Sox4"°%. K5Cre™" (Sox4“°) mice. As expected, Sox4%° mice lack Sox4 mRNA

expression in tail skin epidermis when compared to Sox:

4WT

the expression levels of Sox71 and Sox12 (Figure 13A and B).
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Figure 12. Expression of SoxC factors in Sox4 hypomorphic mice

(A) GFP IHC in tail skin sections from Sox4** and Sox4/°x/°x mice.
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(B) Sox4, Sox11 and Sox12 gPCR in the indicated tissues from Sox4** and Sox4/°/°x mice. P values are obtained with

Student’s t test, n=number of mice per genotype.
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Finally, we did not find any significant change in the lifespan of mice with or without
the K5Cre transgene (Figure 14), therefore unless specifically mentioned we refer
hereafter to Sox4™*; K5Cre™"* and Sox4"*; K5Cre™* mice collectively as Sox4"" mice.
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VI. Sox4 is dispensable for normal skin development

In order to assess a role for Sox4 during skin development, we studied skin
differentiation markers in Sox4“° and Sox4"" mice. We did not find differences in the
assembly or disposition of Cytokeratin 10 (CK10, committed basal keratinocytes),
Cytokeratin 14 (CK14, epidermal keratinocytes) or Loricrin (terminally-differentiated,
cornified layer of keratinocytes) (Fuchs, 1994) (Figure 15A). In addition, Sox4°“° mice
displayed a normal hair coat in a gross examination (Figure 15B), indicating that Sox4 is
largely dispensable for normal skin specification and stratification. Being hypomorphic in

all other tissues Sox4°° mice also display reduced weight and lifespan, (Figure 15C and
Figure 14A-C).
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Figure 15. Sox4 is dispensable for skin stratification
(A) IHC of tail skin sections from mice of the indicated genotypes.

(B) General aspect of Sox4°%0 and Sox4"WT mice. Orange arrowhead, hyperpigmentation (magnified)
(C) Weight plots of male Sox4KO and Sox4WT mice.

VII. Sox4 deficiency results in premature skin ageing

Decreased Sox4 expression resulted in skin hyperpigmentation and a thinning of
the IFE (Figure 15B and Figure 16). These phenotypes are also observed in mice with

increased DNA damage in the skin owing to telomere dysfunction (Martinez et al., 2009;
Munoz et al., 2005; Tejera et al., 2010).
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3 panel. N=number of mice per
@ 0 - genotype, p values arise from
IFE Student’s t test.

We also detected decreased proliferation rates at the IFE and Infundibulum but not
at low proliferative compartments such as the bulge (Bg) and the sebaceous glands (SG)
(Figure 17). This points out to a possible defect in the response to proliferative stimuli in
the absence of Sox4 in proliferative skin compartments, which in turn may lead to
premature skin aging phenotypes.
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Figure 17. Reduced proliferation in Sox4°K° mouse tail skin

Ki67 staining in tail skin sections of mice from the indicated genotypes (left) and quantification of the percentage of
proliferative cell per compartment (right). N=number of mice per genotype, Student’s t test.

To address whether Sox4 deletion leads to accelerated skin degeneration, we
studied several molecular biomarkers of ageing. First, we performed Quantitative telomere
Fluorescent In-Situ Hybridization (QFISH), which allows determination of telomere length
at a single cell level (Flores et al., 2008) in tail skin sections from 6-month old mice. We
detected a marked decrease in the mean telomere length in the differentiated skin
compartments, such as the IFE in Sox4%° mice (Figure 18A and B), indicative of
replicative ageing. This was paralleled by significant accumulation of short telomeres and
reduced abundance of long telomeres in the IFE (Flores et al., 2008) (Figure 18B).
Strikingly, we observed a tendency to accumulate long telomeres in the hair bulge of
Sox4°° mice (Figure 18C and D), suggestive of decreased replicative history of Sox4-
depleted HFSC and possible defects in exiting quiescence (see below).

Dysfunctional or critically short telomeres have been shown to behave as DSBs
by inducing a DNA damage response at chromosome ends, forming the so-called
Telomere-Induced foci (TIFs) (de Lange, 2009). In order to assess whether the increased
abundance of short telomeres could be a source of damage to Sox4-depleted IFE
keratinocytes, we performed co-staining of yH2AX and Telomere End Repeat binding
Factor 1 (TERF1, hereafter referred to as TRF1) to visualize DNA damage at telomeres in

4°° mouse IFE

tail skin sections. We detected increased amounts of yH2AX in Sox
(Figure 19A and B). While we observed a preferential distribution of yH2AX foci in non-
telomeric regions in Sox4"" keratinocytes, in agreement with normal telomere length,
Sox4™° mouse skin showed a shift towards increased presence of yH2AX foci at
telomeres or TIFs, thus suggesting increased DNA damage arising from telomeres in the

absence of Sox4 (Figure 19C).
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Figure 18. Accumulation of molecular markers of ageing in Sox4-depleted mouse skin (1)
(A) QFISH on adult mouse (6 month-old) tail skin IFE. Dermis and Epidermis are indicated, depicted is also
maghnification (Magn.).

(B) Mean telomere length (left), percentage of short telomeres (middle) and long telomeres (right) at the IFE.

(C) QFISH on adult mouse tail skin (Bulge region).

(D) Mean telomere length (left), percentage of short telomeres (middle) and long telomeres (right) from the bulge
region.

N=number of mice per genotype, Student’s t test was done for comparison.

Given that skin hyperpigmentation is also linked to DNA-damage-dependent p53
upregulation (Cui et al., 2007), we next determined p53 expression in Sox4-depleted skin,
which is also a marker of replicative senescence and DNA damage in vivo (Collado et al.,
2007). We observed a moderate but significant increase in the amount of p53-positive
cells by IHC at the IFE compartment of the skin (Figure 19D). This was paralleled by a
significant increase in the age/senescence markers p16 and p19 as detected by gPCR in
isolated epidermal sheets of 6 month-old mice (Figure 19E).

Altogether, our results showing shortened telomeres, accumulation of DNA
damage, and increase senescence markers as a consequence of Sox4 deletion confirm a

contribution of Sox4 to skin maintenance and a pro-ageing phenotype in Sox4-depleted
tissues.
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Figure 19. Accumulation of molecular markers of ageing in Sox4-depleted mouse skin (Il)

(A) TRF1 and yH2AX staining in tail skin IFE from Sox4WT and Sox4°K° mice. TIFs are indicated with empty
arrowheads, non-telomeric yH2AX foci are indicated by white arrowheads.

B) Proportion of cells with the indicated yH2AX foci at the IFE from mice of the indicated genotypes.

C) Distribution of H2AX staining between telomeric (TIFs) and non-telomeric foci.

D) (Left) p53 IHC in 6 month-old mouse tail skin. (Right) p53-positive cells at the IFE (%).

E)p16 (left)and p19 (right) gPCR analysis of tail skin epidermal extracts from adult Sox4"WTand Sox4°K°mice.

—_~ e~~~

N=number of mice per genotype, Student’s t test was done for comparison.

VIIl. Sox4 is induced upon plucking and modulates hair regeneration and wound

healing

It is possible to force unscheduled entry into the hair cycle by physically removing
a portion of the hair coat. Following plucking, resting HFSCs exit quiescence, become
activated and proliferate while differentiating into all the hair lineages (Keyes et al., 2013;
Muller-Rover et al., 2001) (Figure 20A). To test whether Sox4 expression is induced
during the plucking-induced anagen response, we depilated a group of Sox4"" mice and
determined mRNA expression levels for several markers of HFSC activity. We found
upregulation of GATA3, Tcf3/4, mTERT, Sox9 and c-Myc in a step-wise manner,
confirming sequential activation of HFSCs after plucking (Greco et al., 2009) (Figure 20B).
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Figure 20. Sox4 is induced in the anagen phase upon plucking response
(A) Schematic of the timing of HFSC activation dynamics upon plucking. Symbols are: green, resting bulge HFSC; blue,
differentiated cells; yellow, activated HFSC; and red, hair progeny. The timeline (in Days, D) is indicated on top of the
graph.

(B) gPCR analysis of genes relevant for epidermal activation along hair regeneration (mid and late anagen, D6 and
D12, respectively). 2-3 mice per condition were analyzed. Student’s t test was used for comparison.

Sox4 was similarly induced during hair regeneration (Figure 21A). None of the
other SoxC class members showed significant changes after plucking, indicating
functional specificity of Sox4 in the context of epidermal stem cell activation (Figure 21A).
To test whether Sox4 increased expression was required for hair regeneration we plucked
Sox4"T and Sox4““° mice. We observed complete fur regeneration in Sox4"" mice 12-15

days after plucking, while Sox4°©

mice displayed a delayed hair growth although
eventually they also resumed full hair coat regeneration (Figure 4D).

Hair regeneration relies on the activity of HFSCs, located in the hair bulge in mice
(Fuchs, 2009). Other HFSC populations can also contribute to tissue replenishment in
other regions than the hair progeny. Among them, the Junctional Zone (JZ)/Lrig1-positive
cells can also contribute to the IFE regeneration (Jensen et al., 2009). To understand
whether Sox4 could be required also for proper IFE regeneration, we performed wound-
healing assays. In accordance with delayed hair regeneration, Sox4“° mice also
displayed a significant delay in replenishing the epidermis after wounding (Figure 21C),

indicating a general delayed response of Sox4-deficient skin to proliferative stimuli.
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Figure 21. Absence of Sox4 delays skin regeneration.

(A) Sox4, Sox11 and Sox12 qPCR along plucking-induced
anagen. N=2-3 mice per condition.

(B) (Left) Hair regeneration dynamics in Sox4"Tand Sox4cKO
mice. Initial pluck area is delimitated by white dashed lines.
(Right) Quantification of hair regeneration at D12 after
plucking, as means of regenerated area (%) with respect to
that of initial plucked area.

(C) (Top) Wound healing in Sox4"Tand Sox4°%°mouse skin at
D0 and D8 after wounding. Dashed circles mark the initial
wound area. (Bottom) Quantification of remaining wound area
(% of initial) at the indicated days
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IX. Defective HFSC activation and DNA damage accumulation upon plucking in the

absence of Sox4

In order to understand the cause of the delayed hair regeneration and wound-
healing in Sox4*° mice, we tested the ability of HFSCs to regenerate the skin after
plucking (Keyes et al., 2013; Muller-Rover et al., 2001). To this end, we performed skin
histology and IHC analysis 12 days after plucking. We noted a significant reduction in hair
follicle length, epidermal thickness and dermis size in Sox4°“° compared to Sox4"",
indicating reduced hair cycle induction in the absence of Sox4 (Figure 22A and B) (Flores
et al., 2005; Keyes et al., 2013; Muller-Rover et al., 2001). Simultaneously, there was an
overall decrease in the number of proliferating cells, as evidenced by Ki67 staining, in the

differentiating areas of the skin such as the IFE, the hair bulb and the hair progeny
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compartments, further supporting limited induction of hair cycling (Figure 22C and D). This

was accompanied by an increase in the percentage of yH2AX-positive cells (Figure 22E
and F) and p53-positive cells (Figure 22G and H). To confirm that the delayed HFSC

activation was a cell-autonomous event, we extracted keratinocytes from adult mice and

cultured them in clonogenic conditions. After 2 weeks in culture we observed a significant

reduction in the number of big, differentiated colonies in keratinocytes depleted of Sox4

(Figure 23)
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Figure 22. Requirement of Sox4 for normal HFSC activation during hair regeneration.

(A) H&E staining in Sox4"T and Sox4°KO mouse back skin sections, at D12 after plucking. Skin regions are delimitated

with dashed lines.

(B) Hair follicle length, epidermis thickness and dermal size from the experiment described in A.
(C-H) (Left) Ki67 (C), yH2AX (E) and p53 (G) IHCs on back skin sections from Sox4"T and Sox4°KO mice, at D12 post-
pluck. Insets show magnification. Abbreviations are: Prog, Hair Progeny; IFE, Interfollicular Epidermis; JZ, Junctional
Zone; HF, Hair Follicle; Bulb, Hair Bulb. Scale bars are indicated; depicted is a representative picture of 5 mice per
genotype. (Right) Ki67 (D), yH2AX (F) and p53 (H) positive cells (% in the indicated compartments) found 12 days after

plucking.

Number of mice (n) is 5 mice per genotype unless indicated. Student’s t test was used. Depicted is average and SEM.

Scale bars are included within graphs.
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These results indicate that Sox4 is necessary for the skin response to proliferative
stimuli such as hair plucking, suggesting an impaired ability of stem cells to exit
quiescence and regenerate the hair (Flores and Blasco, 2009; Flores et al., 2005; Keyes
et al., 2013).

Figure 23. Requirement of Sox4 for
normal HFSC activation during hair

Brightfield ~ Giemsa B Sox4"(n=2) regeneration (ll).
=g _ i ° [ Sox4cko(n=2) 9 "
%_ 5 mg 25 10 (Left) Micrographs of differentiating primary
3 2 20 -0.26 keratinocytes under bright field
(%] é 15 p=0. (magnification is 20X) and Giemsa-stained
° e 10 5 35mm dishes. Images are representative of
e @ p=0.04 6 plates from 2 mice per genotype (n=2).
3 'g 5 (Right) Total colonies and colonies >1mm
3 S 9 A - :
3 Total >1mm found in differentiating keratinocytes, as

described in left panels. Student’s t test was
used for comparison.

X. Sox4 is required for the coordinated initiation of differentiation and proliferative

programs upon HFSC activation

To dissect the molecular pathways underlying the delayed hair regeneration in
Sox4-deficient skin, we performed microarray-based gene expression profiling in anagen
skin 12 days after plucking, when Ki67 peaks (Figure 24A and B). Given that Sox4 acts as
a transcriptional activator (van de Wetering et al., 1993), we first focused in the genes
negatively regulated in Sox4®° mice. A stringent (FDR<0.15) analysis revealed 12

4" and Sox4°“°® mouse skin

differentially expressed genes (DEGs) between Sox
undergoing hair regeneration (Table 4).

Among them, Sox4 was the most downregulated gene (log,FC=4.87; =30-fold
decrease) (Figure 24B and Table 4), thus validating the microarray. The rest of DEGs
were involved in nervous system development, heart function, cytoskeleton remodeling
and cancer, as determined by GO studies (Table 4). All these processes have been
previously linked to Sox4 (Vervoort et al., 2013) and therefore provide a biologically-

relevant quality control.
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Biological/Molecular GO

Symbol Name log,FC p value Annotated Diseases GO ID term
GO0:0001841 neural tube formation
Neuronitis, Splenic marginal zone
lymphoma, Adenoid cystic G0:0002328 pro-B cell differentiation
carcinoma, Endometrial
adenocarcinoma, Ependymoma,  G0:0003211 cardiac ventricle formation
SRY (Sex Mantle cell ymphoma, Colorectal
Sox4 De.termlnlng 4872 9.01E-13 cancer, Melanoma, Hepatitis, Breast GO:0006355 regulation of transcription, DNA-
Region Y)-Box cancer, Lung cancer, Prostate dependent
4 cancer, Obesity, Myeloma, ! positive regulation of cell
Hepatocellular carcinoma, G0:0008284 proliferation
Adenocarcinoma, Glioblastoma,
Medulloblastoma, Bladder GO0:0035019  somatic stem cell maintenance
carcinoma
GO:0090263 canonical Wnt signaling
pathway
G0:0003723 RNA binding
Mex-3 RNA
Mex3a Binding Family 2,231 2,47E-08 NA G0:0005515 protein binding
Member A
G0:0008270 zinc ion binding
Plasticity- G0:0003824 catalytic activity
Related Gene 2
BC005764 Protein Lipid
(Prg-2, Phosphate 1,923 6,24E-07 Melanoma, Pancreatitis G0:0005515 protein binding
Lpppr3) Phosphatase-
Related Protein
Type GO:0008195 phosphatldatg Phosphatase
activity
G0:0007015 actin filament organization
Splenic abscess, Esophageal varix, _ cell surface receptor signaling
. . G0:0007166
Hypersplenism, Portal hypertension, pathway
Ena/VASP-Like Wiskott-aldrich syndrome, Liver G0:0007399  nervous system development
Evil Protein 1,423 1,07E-05 cirrhosis, Hypertension, ’ ¥ P
Esophagitis, Colorectal cancer, _ .
Gastric cancer, Endotheliitis, Breast G0:0007411 axon guidance
cancer G0:0008154 actin polymer!zat!on or
depolymerization
. . G0:0006351  transcription, DNA-dependent
Zfo184 Zinc Finger
(Znf184) Protein 184 1,261 3,97E-05 Choriocarcinoma, Schizophrenia requlation of transcriotion. DNA-
(Kruppel-Like) 600006355 9 ption,
dependent
G0:0001570 vasculogenesis
G0:0001843 neural tube closure
. Patulous eustachian tube, Alpha- G0:0003143 embryonic heart FUbe
TEA Domain mannosidosis, Plasmodium morphogenesis
Tead2 Family Member 1,017 5,48E-05 . - " regulation of transcription, DNA-
falciparum malaria, Pharyngitis, G0:0006355
2 o dependent
Neuronitis
GO:0006367 transcription initiation from RNA

polymerase |l promoter

Table 4. Annotated ranked listof genes significantly downregulated in Sox4<KOvs. Sox4"WT mice undergoing hair regeneration 12 days after

plucking.
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Next, we performed Gene Set Enrichment Analysis (GSEA) to gain insights into
the biological significance of the DEGs. GSEA revealed significant alteration (FDR<0.05)

of 92 signaling pathways (extracted from the KEGG, Reactome and NCI repositories) in

4WT 4CKO

Sox4™" vs. Sox mice (Table 5). We confirmed a Sox4 signature in the microarray by
analyzing genes identified by Liao and colleagues (Liao et al., 2008) (Figure 24C;
FDR=0.017). This group of gene sets showed downregulation in pathways controlling
progression throughout cell cycle, epidermal stem cell activation and DNA repair (24 D
and E; Table 5). These included critical mitotic regulators such as CDK4, Bub1, CcnbT,
genes of the DNA replication origin assembly, such as Mcm2, 5 and 7; and centrosome
maturation genes such as Mad2/1 and Plk1 (Figure 24D and E). We also found
downregulation of DNA repair and replicative stress pathways in Sox4°“° mice undergoing
hair regeneration, in agreement with the observed DNA damage accumulation upon
plucking (Figure 24D and E). Interestingly, several of the gene sets significantly
downregulated in the absence of Sox4 have been shown crucial for proper hair follicle
cycling and activation/differentiation of HFSCs (Berta et al., 2010; Lien et al., 2014; Nowak
et al., 2008; Oro and Higgins, 2003). In particular, we found downregulation in the Myc
and Hedgehog pathways, in support of the previously shown delayed hair follicle
activation (Figure 24D and E). We further confirmed a defective HFSC function by testing
a home-made list of genes obtained from the Sox9 signature in the Transfac repository.
We observed a significant (FDR=0.029) overlap among genes regulated by Sox9 and

4CKO

those specifically downregulated in Sox: mice undergoing anagen in contrast to

Sox4™T

controls. We used the Sox5 signature as a negative control, which did not show
significant variation in our microarray (Figure 24C). Finally, we compared our microarray
data with the plucking-induced, Whnt-upregulated, B-catenin-sensitive gene signature
obtained by Lien and colleagues, a bona fide set of genes governing HFSC activation
(Lien et al., 2014). Interestingly, we found a significant downregulation (FDR=0.028) of
this set of genes in Sox4-depleted HFSC 12 days after plucking, when compared to their
WT controls (Figure 24D and E). This overlapping regulation points out to a cooperation of
B-catenin and Sox4 in regulating target genes relevant for Wnt-induced HFSC activation
and normal hair regeneration.

Altogether, these results demonstrate that absence of Sox4 in skin results in
delayed epidermal stem cell activation and subsequent deficient induction of proliferative
and differentiation pathways, concomitant with defects in DNA damage repair and

therefore pointing out to Sox4 as a crucial regulator of pathways that master the exit of
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epidermal stem cell quiescence. The coalescence of Sox4-mediated transcription with (3-

catenin targets further confirms the importance of Sox4 in governing the hair regeneration

process.

Gene Set Name # Genes NES FDR g-val Source Status
DNA REPLICATION 35 23.419.375 < 1E-05 KEGG DOWN ¥
CELL CYCLE 108 22.575.436 < 1E-05 KEGG DOWN ¥
CELL CYCLE, MITOTIC 317 2.670.456 < 1E-05 REACTOME DOwWN V¥
M PHASE 94 25.053.108 < 1E-05 REACTOME DOwWN ¥
MITOTIC PROMETAPHASE 90 24.785.168 < 1E-05 REACTOME DOwWN ¥
G2/M CHECKPOINTS 45 24.457.316 < 1E-05 REACTOME DOwWN ¥
ACTIVATION OF THE PRE-REPLICATIVE COMPLEX 29 23.832.464 < 1E-05 REACTOME DOwWN V¥
ACTIVATION OF ATR IN RESPONSE TO REPLICATION STRESS 35 23.366.392 < 1E-05 REACTOME DOwWN ¥
DNA STRAND ELONGATION 29 22.902.646 < 1E-05 REACTOME DOwWN ¥
PLK1 SIGNALING EVENTS 40 25.397.267 < 1E-05 NCI DOWN ¥
FANCONI ANEMIA PATHWAY 42 2.312.326 < 1E-05 NCI DOWN ¥
ATR SIGNALING PATHWAY 37 22.004.871 < 1E-05 NCI DOWN ¥
ELONGATION AND PROCESSING OF CAPPED TRANSCRIPTS 129 21.529.381 6.39E-05 REACTOME DOwWN ¥
E2F MEDIATED REGULATION OF DNA REPLICATION 37 2.168.428  6.74E-05 REACTOME DOwWN ¥
EXTENSION OF TELOMERES 22 21.894.016  7.14E-05 REACTOME DOwWN ¥
E2F TRANSCRIPTIONAL TARGETS AT G1/S 22 21.906.655 7.58E-05 REACTOME DOWN ¥
FORMATION AND MATURATION OF MRNA TRANSCRIPT 146 21.985.574 8.09E-05 REACTOME DOWN ¥
LOSS OF PROTEINS REQUIRED FOR INTERPHASE MICROTUBULE ORGANIZ/ 81 22.046.125 8.67E-05 REACTOME DOWN ¥
G2/M TRANSITION 97 22.255.423  9.34E-05 REACTOME DOWN ¥
DOUBLE-STRAND BREAK REPAIR 31 22.309.527 1.01E-04 REACTOME DOwWN ¥
HOMOLOGOUS RECOMBINATION REPAIR OF REPLICATION-INDEPENDENT D 26 22.312.896 1.10E-04 REACTOME DOwWN ¥
LOSS OF NLP FROM MITOTIC CENTROSOMES 81 22.381.098 1.21E-04 REACTOME DOWN ¥
HOMOLOGOUS RECOMBINATION REPAIR 26 22.718.346  1.35E-04 REACTOME DOWN ¥
CENTROSOME MATURATION 90 22.736.535 1.52E-04 REACTOME DOWN ¥
ASSEMBLY OF THE RAD50-MRE11-NBS1 COMPLEX AT DNA DOUBLE-STRANI 16 20.962.038  1.58E-04 REACTOME DpOwN ¥
CELL CYCLE CHECKPOINTS 116 21.012.824  1.65E-04 REACTOME DpowN ¥
ATM MEDIATED PHOSPHORYLATION OF REPAIR PROTEINS 17 21.284.003  1.72E-04 REACTOME powN ¥
LAGGING STRAND SYNTHESIS 19 21.374.292  1.80E-04 REACTOME powN ¥
ELONGATION OF INTRON-CONTAINING TRANSCRIPTS AND CO-TRANSCRIPTI( 129 21.416.466  1.89E-04 REACTOME DOwN ¥
AURORA B SIGNALING 39 20.790.722  2.09E-04 NCI DOWN ¥
GAP-FILLING DNA REPAIR SYNTHESIS AND LIGATION IN TC-NER 16 20.626.438  2.23E-04 REACTOME DOwWN ¥
E2F-ENABLED INHIBITION OF PRE-REPLICATION COMPLEX FORMATION 15 20.684.686 2.32E-04 REACTOME DOwWN ¥
MRN COMPLEX RELOCALIZES TO NUCLEAR FOCI 16 20.856.543 2.41E-04 REACTOME DOwWN ¥
ATM MEDIATED RESPONSE TO DNA DOUBLE-STRAND BREAK 17 20.860.016  2.50E-04 REACTOME DOwWN ¥
BARD1 SIGNALING EVENTS 27 20.733.442  3.50E-04 NCI DOWN ¥
DNA REPLICATION 96 20.064.106  3.89E-04 REACTOME pOwN ¥
G1/S TRANSITION 109 2.009.477  4.02E-04 REACTOME DOWN ¥
CYTOSOLIC TRNA AMINOACYLATION 27 20.106.726  4.15E-04 REACTOME  DOWN ¥
METABOLISM OF NON-CODING RNA 17 20.236.602 4.30E-04 REACTOME DOwWN ¥
DNA REPAIR 98 19.992.706  4.53E-04 REACTOME pown ¥
GAP-FILLING DNA REPAIR SYNTHESIS AND LIGATION IN GG-NER 16 19.747.477 6.90E-04 REACTOME DpowN ¥
HOMOLOGOUS RECOMBINATION 27 20.180.893 0.001285787  KEGG DOWN ¥
PYRIMIDINE METABOLISM 89 2.018.695 0.001353652 KEGG DOWN ¥
MISMATCH REPAIR 22 19.752.159 0.001968444  KEGG DOWN ¥
DNA REPLICATION PRE-INITIATION 75 18.913.058 0.002422943 REACTOME  DOWN ¥
APC/C:CDC20 MEDIATED DEGRADATION OF CYCLIN B 30 18.631.127 0.003491783 REACTOME  DOWN ¥
MITOTIC SPINDLE CHECKPOINT 22 18.565.638 0.003697891 REACTOME  DOWN ¥
FOXM1 TRANSCRIPTION FACTOR NETWORK 39 19.572.923 0.0037972662 NCI DOWN ¥
APC-CDC20 MEDIATED DEGRADATION OF NEK2A 27 18.275.056 0.004728567 REACTOME  DOWN ¥
CLEAVAGE OF GROWING TRANSCRIPT IN THE TERMINATION REGION 26 18.290.805 0.004823893 REACTOME ~ DOWN ¥
ABC TRANSPORTERS - GENERAL 41 -20.396.116 0.005750482  KEGG upP A

FORMATION OF THE EARLY ELONGATION COMPLEX 32 1.806.907 0.005861847 REACTOME  DOWN ¥
BASE EXCISION REPAIR 17 18.014.127 0.006018174 REACTOME  powN ¥
APC/C-MEDIATED DEGRADATION OF CELL CYCLE PROTEINS 84 17.948.378 0.006361603 REACTOME  powN ¥
INHIBITION OF THE PROTEOLYTIC ACTIVITY OF APC/C REQUIRED FOR THE ( 21 17.887.087 0.006581755 REACTOME  powN ¥
RHOA SIGNALING PATHWAY 43 -20.495.057 0.007478651 NCI upP A

Table 5. Ranked list of gene sets significantly changed in Sox4K° vs. Sox4"WT mice undergoing hair regeneration 12
days after plucking.
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Gene Set Name # Genes NES FDR g-val Source Status
HEDGEHOG SIGNALING PATHWAY 53 1.873.602 0.007613374 KEGG DOWN ¥
BASAL CELL CARCINOMA 55 18.676  0.007957148  KEGG DOWN ¥
AMINOACYL-TRNA BIOSYNTHESIS 42 1.851.659 0.008033624 KEGG DOWN ¥
SYSTEMIC LUPUS ERYTHEMATOSUS 87 18.603.351 0.00830677  KEGG DOWN ¥
GENE EXPRESSION 353 17.621.422 0.008675053 REACTOME  DOWN ¥
VALIDATED TARGETS OF C-MYC TRANSCRIPTIONAL ACTIVATION 78 18.829.532  0.0091759 NCI DOWN ¥
HEDGEHOG SIGNALING EVENTS MEDIATED BY GLI PROTEINS 47 18.652.664 0.009426778 NCI DOWN ¥
INACTIVATION OF APC/C VIA DIRECT INHIBITION OF THE APC/C COMPLEX 21 1.746.477 0.010122311 REACTOME  powN ¥
BASE EXCISION REPAIR 33 18.169.132 0.010572486  KEGG DOWN ¥
IL23-MEDIATED SIGNALING EVENTS 37 -19.667.697 0.011410583 NCI uP A

E2F TRANSCRIPTION FACTOR NETWORK 67 18.426.008 0.011725595 NCI DOWN ¥
GLOBAL GENOMIC NER (GG-NER) 34 1.729.057 0.011841513 REACTOME  powN ¥
GLUCOSE METABOLISM 77 -18.421.031 0.014822196 REACTOME uP A

CYTOCHROME P450 - ARRANGED BY SUBSTRATE TYPE 50 -18.640.511 0.017167443 REACTOME uP A

PHASE 1 - FUNCTIONALIZATION OF COMPOUNDS 71 -18.427.429 0.018527746 REACTOME uP A

AURORA A SIGNALING 29 17.860.239 0.019656735 NCI DOWN ¥
ACTIVATION OF APC/C AND APC/C:CDC20 MEDIATED DEGRADATION OF MIT 77 16.652.274 0.02164067 REACTOME  DOWN ¥
NUCLEOTIDE EXCISION REPAIR 40 1.751.457 0.022095194 KEGG DOWN ¥
ATM PATHWAY 32 17.544.352 0.024574187 NCI DOWN ¥
MITOCHONDRIAL TRNA AMINOACYLATION 26 16.489.309 0.024760392 REACTOME ~ DOWN ¥
HDL-MEDIATED LIPID TRANSPORT 26 -18.641.241 0.025751164 REACTOME uP A

NUCLEOTIDE EXCISION REPAIR 50 16.393.281 0.026672386 REACTOME  powN ¥
CONVERSION FROM APC/C:CDC20 TO APC/C:CDH1 IN LATE ANAPHASE 19 16.323.775 0.027763184 REACTOME  DOWN ¥
UREA CYCLE AND METABOLISM OF AMINO GROUPS 27 1.704.583 0.029192088 KEGG DOWN ¥
COLLAGEN-MEDIATED ACTIVATION CASCADE 16 16.171.777 0.030529834 REACTOME  DOWN ¥
THYROID CANCER 27 17.080.088 0.030887974  KEGG DOWN ¥
GENERATION OF SECOND MESSENGER MOLECULES 20 15.895.758 0.036932748 REACTOME  powN ¥
M/G1 TRANSITION 61 15.907.022 0.037230276 REACTOME  DOWN ¥
APC/C:CDC20 MEDIATED DEGRADATION OF MITOTIC PROTEINS 74 15.929.469 0.037267175 REACTOME ~ DOWN ¥
FGFR4 LIGAND BINDING AND ACTIVATION 15 -18.798.758 0.039966363 REACTOME uP A

ASSEMBLY OF THE PRE-REPLICATIVE COMPLEX 61 15.754.787 0.040402573 REACTOME  pown ¥
METABOLISM OF BILE ACIDS AND BILE SALTS 47 -17.318.394 0.044718016 REACTOME uP A

MELANOGENESIS 100 16.441.392 0.04555292  KEGG DOWN ¥
P53 SIGNALING PATHWAY 65 16.359.637 0.04618583  KEGG DOWN ¥
SELENOAMINO ACID METABOLISM 22 16.455.731 0.04809926  KEGG DOWN ¥
FORMATION OF RNA POL Il ELONGATION COMPLEX 43 15.488.114 0.049070586 REACTOME  DOWN ¥

Table 5 (Cont.). Ranked list of gene sets significantly changed in Sox4°K0 vs. Sox4"WT mice undergoing hair
regeneration 12 days after plucking.

Xl. Sox4 deficiency prevents chemically-induced skin carcinogenesis

We have shown that Sox4 levels correlate with resistance to spontaneous
carcinogenesis in hypomorphic Sox4'*/°* mice. Moreover, Sox4-deficient keratinocytes
are resilient to HFSC activation when facing proliferative stimuli, and several of the Sox4-
regulated genes in our microarray profiling point to severe impairment of cell division
capacity of cells. We therefore speculated that Sox4-deficient keratinocytes could be
resistant to oncogenic signals required for rapid proliferation, thereby preventing
expansion of malignant cells during skin carcinogenesis. To test that, we performed a two-
step chemically induced carcinogenic protocol. We treated the mice with a single dose of
DMBA and administered TPA twice weekly during 15 additional weeks in order to promote
expansion of cells bearing oncogenic mutations. We monitored tumor burden once a week

during a total of 35 weeks after the first DMBA administration (Figure 25A). We observed
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that the onset of papillomas was delayed in Sox4°° mice after DMBA/TPA administration
(Figure 25B). Moreover, the average number of tumors per mouse was notably reduced
across the duration of experiment (Figure 25B and 26A and B). Of note, most of the

papillomas that appeared in Sox4“°©

mice regressed upon TPA withdrawal, while up to
30% of the tumours formed in Sox4"" became independent of TPA administration and
progressed (Figure 25B and Figure 26A and B). In addition, Sox4-depleted mice did not
display any papilloma bigger than 6mm after 30 weeks of treatment, in contrast to more

than 80% of Sox4"'" mice (Figure 26B).
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Figure 25. Absence of Sox4 prevents chemically-induced tumorigenesis

(A) Schematic representation of the two-step chemically-induced carcinogenesis protocol. Red arrows denote the

twice-weekly administration of TPA during the first 15 weeks of the treatment.

(B) Average number of papillomas, stratified by size (colour-coded), at the indicated weeks after the TPA/DMBA
treatment in Sox4WT (left) and Sox4°KO (right) mice. Red arrowhead marks the end of the TPA treatment.

In order to rule out possible non-cell autonomous effects of Sox4 in chemically
induced skin carcinogenesis, we performed in vitro transformation protocols. For that, we
assayed Sox4°”* and Sox4"* Mouse Embryonic Fibroblasts (MEFs) previously
transduced with Adeno-Cre viruses to induce recombination of the Kl allele (hereafter
Sox4°*% AdCre and Sox4"** AdCre MEFs). In order to transform the MEFs, we further
transduced them with HRasG12V and E1A oncogenes, and subsequently plated them at
a very low density to quantify appearance of transformed foci. Sox4>/% AdCre MEFs

+/+

showed a dramatically reduced foci formation compared to the Sox4™" controls, indicative
of reduced transformation ability (Figure 26C). These results indicate that the impairment

of tumorigenesis in the absence of Sox4 is cell autonomous.
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We also studied carcinogenesis in Sox4™" and Sox4 hypomorphic (Sox4°'*)
mice. We observed a good correlation between Sox4 gene dosage and tumour burden, as
assessed by the total number of tumours and the percentage of mice bearing big tumours
(Figure 26B). These results point out to Sox4 as a gene necessary for skin cell
transformation and tumorigenesis, in agreement with the fact that Sox4 is upregulated in

many different cancer types.
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Figure 26. Absence of Sox4 prevents chemically-induced tumorigenesis

(A) Representative pictures of Sox4WT (top) and Sox4°KO mice (bottom), 30 weeks after the DMBA application.

(B) Average number of tumors (Left; Student’s t test, all groups were compared to Sox4"T) and percentage of mice
bearing tumors >6mm (Left: two-tailed Student’s t test; right, Fisher's exact test, compared to Sox4"T).

(C) (Left) Colony-forming assay using transformed Sox4** and Sox4'°x/'x MEF, previously transduced with AdCre and
further transduced with Ras-IRES-E1A. (Right) 100mm dishes seeded with 2x10°3 cells grown for 2 weeks and stained
with Giemsa. (Right) Number of transformed foci >2mm per mouse. Two-tailed Student’s t test.

XIl. A resistance to TPA-induced proliferation limits the skin tumour burden in the

absence of Sox4

Having demonstrated the essential role that Sox4 plays on keratinocyte
transformation, we wanted to understand the mechanism by which this protein could exert
its function during carcinogenesis. Given that papilloma burden in Sox4"T
between 6 and 8 weeks after TPA/DMBA administration (Figure 25), we decided to

sacrifice a group of animals after 6 weeks of treatment for histological examination of skin.

mice peaks

Interestingly, we found a strong reduction in the percentage of proliferating cells, as
assessed by Ki67 staining, at the IFE of Sox4°° mice (Figure 27A and B). Accordingly,

these mice showed a reduced thickening of this compartment and a reduced hair follicle
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length, indicating that Sox4 is needed for cell expansion upon mitogenic stimulation. We
also studied the levels and distribution of phosphorylated Histone-3 (P-H3) by IHC in
equivalent regions of benign lesions (collected at 30 weeks of treatment) from Sox4"" and

Sox4*°

mice, as determined from the distribution of the Loricrin and Cytokeratin-6
markers (Figure 27C). We observed a notable reduction in the amount of cells positive for
P-H3. In addition, the majority of P-H3-positive cells in Sox4°° mouse skin showed a
dotted pattern, indicating that these cells could not progress through the cell cycle beyond
G2 (Goto et al., 1999) (Figure 27C). These findings are in line with defective activation
and proliferation of HFSCs upon stimulation that we have observed both through IHC and
microarray profiling, which include downregulation of many genes required for cell
division. All these results provide a molecular proof of tumour suppression mediated by
loss of Sox4 by preventing entry into cell cycle and account for the reduced tumour

formation abilities in Sox4-reduced contexts.
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Xlll. DMBA/TPA treatment favours melanocytic lesions in the absence of Sox4

Melanoma is the only tumour type in which reduced expression or genomic loss of
Sox4 has been consistently reported in correlation with increased malignancy hitherto
(Jafarnejad et al.; Jafarnejad et al.; Zhang and Li, 2012). We have shown that Sox4°°
mice have reduced susceptibility to skin tumorigenesis. Nevertheless, we noted that upon
TPA/DMBA stimulation a number of melanocytic lesions started to appear in mice from all
the studied genotypes. However, both the rate of growth and the number of such
lentiginous lesions were notably increased in Sox4° and Sox4 hypomorphic Sox4/
mice. These melanocytic hyperplasias stopped growing after TPA withdrawal, according
to the correlation of melanocytic growth with skin stress (Cui et al., 2007). However, in
reduced Sox4 expression contexts (such as in Sox4°“°, hypomorphic Sox4°** and,

4HET

though to a lesser extent, in Sox mice) these lesions progressed in size and number

in good correlation with Sox4 dosage (Figure 28). Interestingly, we even detected one

malignant melanoma with metastasis in the axilar lymph nodes of a Sox4™'

mouse
(Figure 28). This paradoxical result indicates that reduced Sox4 expression can be causal
of melanoma initiation and/or progression, in agreement with the observation that Sox4
can behave as a tumour suppressor in melanoma despite it prominent role as oncogene
in most cellular contexts (Cai et al.; Jafarnejad et al.; Jafarnejad et al.; Zhang and Li,

2012) (Figure 28).

Figure 28. Reduced Sox4 expression
levels favour the appearance of
melanoma under forced proliferative
stimulus.
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“(...) Cuantas veces me pregunto si esto no es mas que escritura, en un tiempo en que
corremos al engarfio entre ecuaciones infalibles y maquinas de conformismos. Pero
preguntarse si sabremos encontrar el otro lado de la costumbre o si mas vale dejarse
llevar por su alegre cibernética, ;no sera otra vez literatura? Rebelién, conformismo,
angustia, alimentos terrestres, todas las dicotomias: el Yin y el Yang, la contemplacion
o la Tatigkeit, avena arrollada o perdices faisandées, Lascaux o Mathieu, qué hamaca
de palabras, qué dialéctica de bolsillo con tormentas en piyama y cataclismos de living
room. El solo hecho de interrogarse sobre la posible eleccion vicia y enturbia lo
elegible. Que si, que no, que en ésta esta... Pareceria que una eleccidon no puede ser
dialéctica, que su planteo la empobrece, es decir la falsea, es decir la transforma en
otra cosa. Entre el Yin y el Yang, ¢;cuantos eones? Del si al no, ;cuantos quiza? Todo
es escritura, es decir fabula. ;Pero de qué nos sirve la verdad que tranquiliza al
propietario honesto? (...)".

Julio Cortéazar. Rayuela, Cap. 1






Discussion

I. Sox4 is dispensable for mES differentiation and iPS generation

Mammalian embryonic development consists on the generation of specialised
tissues composed of a variety of cells that arise from an original multipotent embryonic
stem cell (Smith, 2001). Likewise, adult tisular homeostasis is maintained through input
coming from the tissue stem cells that fuel with fresh cells those tissues that have lost
their integrity during normal tissue homeostasis or wounding (Blanpain and Simons,
2013).

The dogma of the Waddington’s deterministic, irreversible epigenetic landscape
along differentiation was first challenged when Gurdon demonstrated in the late 1950’s
that it was indeed possible to revert a cell's fate by means of nuclear transfer when he
generated the first cloned organism, obtained from somatic cells (Gurdon et al., 1958).
More than 40 years later, Yamanaka and colleagues achieved another milestone in the
field of somatic nuclear reprogramming when they demonstrated that it was possible to
revert a differentiated cell's status to that of embryonic stem-like by transducing a
differentiated cell with a cocktail of just four transcription factors. These induced-
pluripotent stem cells (iPS cells) were capable of giving rise to all the cellular lineages in a
similar fashion to that of mES cells and therefore overcome the ethical issues that arise
from the use of human embryonic stem cells (Takahashi et al., 2007; Takahashi and
Yamanaka, 2006).

However in nature, while stem cells specialize and differentiate they also lose part
of their potency, and as so in adult organisms the so-called somatic (or adult) stem cells
are uni-, bi-, or multi-potent, therefore being capable of giving rise to only few, but not all,
cellular lineages, as opposed to embryonic stem cells (Wagers and Weissman, 2004). To
prevent stem cell exhaustion, the other main feature of stem cells besides differentiation
into specialised tissues through asymmetrical cell division is that they are also capable of
self-renew through symmetrical division whereby they generate identical daughter cells
that ensure a stable population of stem cells (Sharpless and DePinho, 2007). The
decisions that govern the balance between self-renewal and differentiation are tightly
controlled through the interaction of extrinsic cues (such as fluctuating environmental
stimuli) with intrinsic mediators of the cell behaviour (such as chromatin remodelers and
transcription factors) (Simons and Clevers, 2011). Among the above-mentioned intrinsic
factors, the family of Sox proteins is known to play major roles in regulating processes
associated to cell fate decisions (Lefebvre et al., 2007; Sarkar and Hochedlinger, 2013).

Not surprisingly, some of the Sox factors also play crucial roles in the differentiation and
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maintenance of somatic stem cells, such as Sox1 or Sox9 in neural and skin stem cells
respectively (Nowak et al., 2008; Sarkar and Hochedlinger, 2013), or in the generation of
iPS cells, such as Sox2 (Takahashi and Yamanaka, 2006).

In this work we have focused our attention in Sox4, one of the poorest-studied Sox
members in the context of adult tissues and embryonic/somatic stem cell biology (Sarkar
and Hochedlinger, 2013). For that, we have generated mice bearing an excisable Ki
cassette that would allow us to track cells expressing Sox4 in vivo; the Kl cassette was
flanked by LoxP sites to functionally address the results of its ablation in adult organisms
and stem cells (Figure 6).

First of all, we have observed an upregulation of Sox4 mRNA expression levels in
WT mES cells treated with retinoic acid to promote neuroectoderm differentiation inversely
paralleled by a progressive reduction along acquisition of pluripotency (Figure 7A-C).
These results were exciting, as they suggested that Sox4 could constitute a break during
reprogramming. In this regard, promising results arising from high-throughput mRNA
sequencing in iPS treated with 2i (naive pluripotent cells) compared to FBS-treated cells
(primed state) showed upregulation of Sox4 in primed iPS cells, suggesting indeed that
this factor could represent an early trigger during the loss of pluripotency (Marks et al.,
2012). Taking advantage of our mouse model bearing a Kl-excisable cassette at the Sox4
locus, we first tested whether Sox4 could boost reprogramming. We actually observed
decreased reprogramming efficiency in the absence of Sox4, but we obtained iPS cells
depleted of Sox4 expression that besides displayed normal expression levels of
pluripotency factors (Figure 7). Aiming to test whether Sox4 could be relevant during stem
cell differentiation instead, we performed teratoma-mediated assays and detected
contribution to all embryonic layers, indicating that Sox4 is largely dispensable at least
during the first stages of mammalian embryonic development. These results go in line with
the observation that Sox4-null embryos can develop until midgestation (E14.5) (Penzo-
Mendez, 2010; Schilham et al., 1996), in contrast to Sox2-null embryos, for example,
whose development in severely impaired at the two-cell stage (Sarkar and Hochedlinger,
2013). Interestingly, the reduction in reprogramming efficiency and the slightly reduced
velocity of teratoma growth are suggestive of imperfect induction of proliferation, required
for both reprogramming and differentiation, an effect that we later observed also in adult

stem cells from the skin (see below).
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Il. Sox4 is required for normal adult tissue homeostasis

We next sought to address the role of Sox4 in the adult organism. We generated a
Kl cassette targeted to the Sox4 locus in order to achieve expression of a reporter protein
driven by the endogenous Sox4 promoter. This would allow us to in vivo track cells
expressing Sox4, by means of direct GFP or Luciferase detection. Unfortunately, we could
not detect any GFP-positive cell, indicative of interference of the Kl cassette with its own
expression; most likely this was due to decreased mRNA stability due to the insertion of
the distal LoxP site within the 3'-UTR region or rather owing to the IRES sequence
(decreased translation was not likely, given that we detected the expression changes at
the mRNA level, see below). Nevertheless, we observed a notable reduction in the
Mendelian proportions at birth of mice from the Sox4°*'** genotype likely due to mother’s
disregard after smaller pups, as observed in other settings (Ortega-Molina et al., 2012) or
decreased fitness of these pups; we could confirm that these mice were indeed
hypomorphic and bear reduced Sox4 levels across tissues by gPCR (Figure 12). We took
advantage of this peculiarity and obtained the first viable adult mouse model with reduced
Sox4 levels in adult tissues. This allowed us demonstrate for the first time that moderately
decreased Sox4 levels allow the progression throughout embryogenesis and produces
viable organisms, in contrast to full abrogation of Sox4 (Bhattaram et al., 2010; Schilham
et al., 1996); interestingly, Sox4 global downregulation leads to an earlier onset of several
age-related pathologies, pointing out towards a prominent role for Sox4 in maintaining
proper adult tissue homeostasis, beyond its roles during embryogenesis. This is of great
interest, as before the publication of this thesis there was a recognised vast lack of
knowledge with regard to the functions of Sox4 in adult tissues (Sarkar and Hochedlinger,
2013); so far the results of Sox4 abrogation had only been addressed either during
embryonic development or in haematopoietic and lymphoid cells obtained from Sox4-null
foetal-liver cells or thymic cultures (Schilham et al., 1997); only recently conditional
deletion in lymphocytes (Kuwahara et al., 2012; Malhotra et al., 2013; Sun et al., 2013),
and in developing kidney and retina have been achieved so far (Huang et al., 2013; Jiang
et al., 2013).

A marked reduction was observed in the mean and maximum lifespan of Sox4'<"*
mice when compared to WT cohorts. Interestingly, we found decreased cancer-associated
pathologies (20% of mice) in these mice when compared to WT mice at the humane end

point, meaning that they died because of degenerative lesions rather than cancer, as
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opposed to 80% of WT mice (Figure 10 and Table 3). Among the most prominent findings
associated to ageing, hypomorphic Sox4 mice presented bone frailty due to decreased
bone mineral density. This is an interesting result, according to previous reports showing
that Sox4 is expressed in bone and positively regulated through parathyroid hormone
signalling specifically in cultured osteoblasts (Reppe et al., 2000). In addition, human
patients suffering from osteopetrosis secondary to hyperparathyroidism condition show
increased Sox4 mMRNA expression as assessed through microarray profiling of transiliacal
bone biopsies; interestingly, a two-year follow-up analysis in one of the patients who
undertook surgical removal of the parathyroid gland showed a reversion to normal levels
of bone remodelling parameter, including Sox4, in response to normalised PTH levels
(Reppe et al., 2006). Moreover, Sox4 haploinsufficiency in mice resulted in decreased
bone mineral density and reduced trabecular mesh, as seen by DEXA and micro-
computerised tomography (UCT), due to a specific defect in osteoblast-mediated bone
remodelling. Upon culture of calvarian osteoblasts in the context of Sox4
haploinsufficiency or siRNA-mediated downregulation of Sox4, the authors demonstrated
reduced proliferation and differentiation defects in osteoblast-specific markers such as
osterix and osteocalcin in a Runx2-independent manner. The differences in BMD grew
bigger in old mice, in support of a age-related progressive loss of proper bone
homeostasis (Nissen-Meyer et al., 2007). The connection of bone loss with age in a Sox4-
dependent manner has further been proven in post-menopausal women through
association studies (Duncan et al., 2011; Jemtland et al., 2011), providing exciting insights
into possible development of treatments for this type of osteoporosis, and Sox4
hypomorphic mice can be of great use in research in this topic, given that it can model this
human condition in a closer fashion to what happens in the real situation.

We also observed other age-associated pathologies and biomarkers such as
increased incidence of dilated cardiomyopathy, pyometra and hepatic failure, together
with shorter PBMC telomere length in Sox4°°* mice. There is a reminiscence of the
vastly-characterised heart-associated defects during embryonic development in the
absence of Sox4 with the incidence of cardiomyopathy in Sox4'*/°* mice (Paul et al.,
2013; Penzo-Mendez et al., 2007; Schilham et al., 1996; Ya et al., 1998). It is tempting to
think of a possible function for Sox4 in the homeostasis of the adult heart, paralleling the
prominent role that this protein exerts during heart morphogenesis. The impact of Sox4 in
different cell types and in cardiac extracellular matrix remodelling during embryonic
development could in our hypomorphic mice either result in congenital, non-lethal defects

that only become evident with age or rather a manifestation of a role for Sox4 in adult
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heart homeostasis (Paul et al., 2013), an interesting subject of study in the future. The
presence of pyometra is also an exciting observation, given its marked association to
progressive degeneration of the uterine wall with age (Verstegen J, 2008). Given that
Sox4 expression in adult female mice has been found in correlation with oestrus, we
cannot discriminate between a side effect of possible hormonal deregulation in the
presence of reduced Sox4 levels, or a decline in the integrity of the uterine wall (Hunt and
Clarke, 1999). There are no studies showing correlation of liver function with Sox4 thus
far, with the exception of the increased Sox4 expression found in tumours (Hur et al.,
2010; Liao et al., 2008), therefore we speculate that increased hepatic failure could be, in
principle, secondary to the onset of a general degenerative process and progressive loss
of cellular fitness overall. An extremely exciting result to us was the correlation of the
decreased survival with the reduced mean telomere length in peripheral blood (Figure 11).
Telomere length is one of the most acknowledged molecular biomarkers of ageing, given
the correlation of replicative age with telomere erosion (Canela et al., 2007; Lopez-Otin et
al., 2013; Vera et al., 2012) and the causality of shortened telomeres in the accelerated
onset of age-related pathologies, as ascertained from studies in telomerase-deficient mice
and telomerase reintroduction or reactivation and its impact on age and lifespan
(Bernardes de Jesus and Blasco, 2011; Bernardes de Jesus et al., 2011; Bernardes de
Jesus B, 2012). Interestingly, global downregulation of Sox4 mRNA in Sox4'/°* mice also
resulted in a reduced incidence of spontaneous cancer, indicating that Sox4 is necessary
for tumour development and providing genetic evidence for previous reports
demonstrating oncogenic activity of Sox4 and its requirement for cellular transformation
(Penzo-Mendez, 2010; Vervoort et al., 2013b). Further connections of Sox4 with ageing
and its impact in cancer were obtained recently, when an inverse correlation of Sox4
expression with age and p16 mRNA levels was observed in mouse lungs and this was
proposed to function as an anti-tumour mechanism in small cell lung carcinoma onset
(Castillo et al., 2012).

lll. Role of Sox4 in skin homeostasis and regeneration

Sox4 is the only SoxC class member whose expression has been detected by in
developing hair follicles (Dy et al., 2008). Moreover, during normal hair cycling, expression
of Sox4 was observed in the hair progeny during anagen (proliferative), but not during

telogen (resting) phase (Lowry et al., 2005). To gain deeper knowledge into the
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consequences of Sox4 abrogation in adult tissues, we generated mice conditionally
deleted for Sox4 in the skin (Sox4°“° mice). We expected a dramatic skin condition, in a
similar fashion to deletion of other Sox factors expressed in skin such as Sox9, which is
also induced during morphogenesis (Nowak et al., 2008). We found a moderate increase
in skin atrophy and hyperpigmentation in our hypomorphic Sox4 mouse model (Table 3).
However, we did not see any overt defects in skin stratification and mice displayed a
largely normal hair coat upon gross examination. Nonetheless, the tail skin

4on/on

hyperpigmentation phenotype that we previously observed in Sox mice was

incremented upon full Sox4 abrogation. After close examination of Sox4°<°

mouse skin,
we detected decreased proliferation, concomitant with accumulation of short telomeres
and DNA damage and senescence/ageing markers such as p16 and p19 at the tail skin
epidermis. These results reinforced the pro-ageing phenotype that we detected upon
global downregulation of Sox4 in the whole organism in hypomorphic mice.

Decreased mean telomere length and accumulation of short telomeres have been
previously observed to happen in a progressive manner in ageing mouse tail skin (Flores
et al., 2008). Moreover, reduced telomere length limits the regenerative potential of skin
stem cells (Flores et al., 2006; Flores et al., 2005), and this has obvious implications in the
accelerated onset of ageing (Donate and Blasco, 2011). The striking longer telomere
length observed in Sox4°° mice hair bulge (the main skin stem cell niche in tail skin) is
suggestive of decreased replicative history in HFSCs, likely reflecting stem cell resistance
to activation cues and thus accounting for the accelerated ageing seen in the most
differentiated parts of the skin (Flores et al., 2008). If this hypothesis was true, we should
expect a deteriorated response of HFSCs upon forced proliferation cues in the absence of
Sox4. Indeed, when we performed hair plucking to compel entry into hair cycle, we saw
specific upregulation of Sox4, indicating likely a role for this protein during hair
regeneration; moreover, Sox4 depletion resulted in delayed, but not abrogated, wound
healing and hair coat regeneration. We also detected accumulation of DNA damage at
stem cell compartments and decreased proliferation in Sox4-depleted skin undergoing
plucking-induced regeneration.

It has been largely demonstrated that accumulation of DNA damage is one of the
driving forces of ageing, and one of its bona fide molecular biomarkers (Hoeijmakers,
2009; Lopez-Otin et al., 2013). DNA damage accumulates naturally with age, thus limiting
stem cell function (Sharpless and DePinho, 2007); the proof that accumulation of DNA
damage leads to accelerated ageing arises from engineered mouse models with

deficiencies in distinct DNA repair pathways, that show accelerated ageing due to a faster
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stem cell decline (Schumacher et al., 2008). Age-dependent stem cell dysfunction seems
to be one of the major determinants in mammalian lifespan regulation due to the
accelerated loss of the regenerative capacity of somatic tissues (Lombard et al., 2005;
Signer and Morrison, 2013). We have observed an exacerbated DNA damage
accumulation at stem cell compartments upon induction of forced proliferation with
plucking (Figure 22), likely indicating replication stress sensitivity, in line with previous
reports showing an XRCC1-dependent sensitivity to DNA damage and subsequent
yH2AX accumulation in Sox4 depleted cells (Chetty et al., 2012). We can hypothesize on
the other hand that the accumulation of DNA damage could be indicative of ageing due to
defective stem cell activation and tissue maintenance. As we have detected increased
yH2AX staining in both resting tail skin (thus indicating a persistent accumulation of DNA
damage likely due to stem cell dysfunction and subsequent accelerated ageing) but also
in the short-term, right after induction of proliferation of HFSCs upon plucking (thus
probably indicating increased sensitivity to RS), we cannot rule out either of the
hypothesis, but assume that they act in a concerted manner to contribute to accelerated

ageing in skin depleted of Sox4.

In order to further dissect the molecular mechanisms causing accelerated ageing,
DNA damage accumulation and hampering stem cell activation, we performed microarray-
based transcriptional profiling of WT and cKO mice undergoing hair regeneration. We
validated our microarray by confirming downregulation in a Sox4 signature and
downregulation of known Sox4 target genes.

We then analysed the gene set enrichment by using the NCI, Reactome and
KEGG repositories; we observed a notable downregulation in a number of cell cycle and
DNA repair pathways in Sox4-deficient skin undergoing regeneration. This confirms the
previously observed resistance to induction of proliferation and accumulation of DNA
damage by IHC (Figure 22). On one hand, the cell cycle-inducing abilities of Sox4 have
been broadly demonstrated, in the context of cancer cell biology (Bilir et al., 2013; Cai et
al., 2011; Yu et al., 2013). On the other hand, the marked downregulation in DNA damage
repair pathways in the face of yH2AX accumulation could underline an inefficient DDR in
the absence of Sox4, therefore leading to accumulation of unrepaired DNA. There are
reports demonstrating that Sox4 is induced upon DNA damage in an ATM/ATR-
dependent pathway (Pan et al., 2009); however in this context the authors found a striking
tumour-suppressive function for Sox4 in mediating p53 stabilization, inducing apoptosis

and preventing cell cycle entry. Other groups have found similar accumulation of Sox4

91



Discussion

upon genotoxic agents, associated however in this case to radiation-resistance and linked
to p53 downregulation; in fact, Sox4-depleted cells spontaneously accumulate DNA
damage and are extremely sensitive to IR (Chetty et al., 2012). In light of these and our
results, we propose a model in which Sox4 can be activated to alleviate this stress, and
therefore its absence leads to accumulation of stress and blockade of cell cycle
progression under certain situations, such as oncogenic or hair follicle stem cell activation
(Figure 29).

Stress Prollferatlon Figure 29. Model for Sox4-mediated

OnCOgene alleviation of stress to promote cell
Cancer ; '
cycle progression under oncogenic
or replicative stresses, and its impact
. in cancer and homeostasis.
Stem Cell Homeostasis
Activation

Interestingly, we also observed a significant downregulation of pathways related to
HFSC activity, such as Myc and Hedgehog (Kobielak et al., 2007; Watt et al., 2008). We
further confirmed a defective HFSC activation specific to hair plucking-induced hair
regeneration by testing a list of genes which have been recently linked to Wnt-activated -
catenin-sensitive plucking-induced transcriptional program. According to this work, Tcf3/4
levels prevent HFSC activation and promote quiescence. When the Wnt pathway
becomes activated 3-catenin-mediated alleviation of the repression exerted by the Tcf3/4
complex results in transcriptional activation of a subset of genes relevant for the initiation
of hair follicle differentiation programs (Lien et al., 2014). The downregulation of these [3-
catenin-sensitive Wnt targets reveals specific deficiencies in the overcome of the
threshold that leads to HFSC activation in the absence of Sox4. Interestingly, Sox4 was
itself one of such genes included in the Cttnb1-sensitive gene set (Figure 24), in
agreement with our results showing Sox4 upregulation upon plucking (Figure 21) and
previous results suggesting Sox4 upregulation as a result of hair follicle cycling-mediated
Whnt/Bcatenin activation (Lowry et al., 2005). In this regard, it has been also demonstrated
that Wnt pathway induces Sox4 in several settings to promote tumorigenesis by
modulating the Wnt transcriptional output (Bilir et al., 2013; Cai et al., 2011; Lai et al.,

2011; Lee et al., 2011). Nevertheless, the molecular mechanism by which Sox4 controls
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Whnt/B-catenin signalling still remains poorly understood. There is a clear consensus
claiming cooperation among the canonical Wnt pathway and Sox4, in contrast to other
Sox members, such as Sox17. In the colon adenocarcinoma cell line SW480, Sox4 was
shown to stimulate Wnt/B-catenin activity by preventing proteasomal degradation of -
catenin through direct interaction with B-catenin and TCF/LEF factors (Sinner et al., 2007).
A direct interaction with TCF4 has also been reported by independent studies, this time
excluding direct interaction of Sox4 with B-catenin during morular differentiation of
endometrial carcinomas (Saegusa et al., 2012). Others have attributed the Sox4-
dependent modulation of the Wnt pathway to the interaction of Sox4 with Plakoglobin; the
formation of a Sox4-plakoglobin transcriptional complex in a Wnt3a-dependent manner
induces direct transcriptional regulation of Wnt target genes such as Dicer and Axin2
among others (Lai et al., 2011). In skin, Bmpr1 signalling blocks Wnt-mediated expression
of Sox4 and this constitutes a threshold orchestrated by the dermal papilla to govern
HFSC activation (Kobielak et al., 2007). All these results indicate a plethora of possibilities
for Sox4-mediated regulation of and activation by Wnt signalling pathway. Regardless of
the molecular mechanism, that can be highly variable depending on the cell of origin, the
metabolic and/or the transformation status of such cells, it is clear that at least in skin
Sox4 is induced upon Wnt cues and modulates its transcriptional output, likely by long-
range genomic interactions of Wnt-target promoters and Sox4-associated enhancers.

We, in light of our microarray results and current published literature, propose a
role for Sox4 in modulating the repression that Tcf3/4 exerts on Wnt targets in resting hair
follicles. Upon stimulus that activate the HFSC to initiate proliferation and differentiation
programs, Sox4 is induced to counterbalance Tcf3/4 repression and therefore favour (-

catenin-mediated activation of genes required for hair regeneration (Figure 30).
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Figure 30. Modulation of Wnt/B-catenin output by Sox4 upon hair regeneration cues.

Interestingly, very recent studies focused on the transcription factor C/EBPa (a
major hub in myeloid lineage specific differentiation genes in the haematopoietic
compartment) discovered that it is actually a direct repressor of Sox4 (Zhang et al., 2013),
and this was shown to function as a preventive mechanism for uncontrolled proliferation,
providing a molecular mechanism for the development of a specific subtype of myeloid
leukemia (Fung et al., 2013). Besides its implication in tumour development, the authors
also discovered that Sox4 is also required for normal haematopoiesis, and when depleted
by means of shRNA in total bone marrow cells, there is a progressive loss of colony-
forming abilities along passages, an in vitro approach to model stem cell ageing. The
authors did not go beyond this observation in studying stem cell maintenance, but these
results clearly point out towards a requirement of Sox4 for long-term maintenance of
competent adult stem cells, given that Sox4 depletion mimics stem cell ageing
phenotypes. This goes in line with our own observations in skin, and suggesting a role for

Sox4 in regulating somatic stem cells from a broad panel of tissues.

Overall, Sox4 seem to modulate both HFSC activation and alleviation of DNA
damage, and both pathways seem to be cross-wired as an adaptive solution to improve
survival and tolerate moderate stress levels, at the cost of accelerating the oraganism
decline (Rossi et al., 2007).
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IV. Sox4 is required for chemically-induced skin carcinogenesis

We observed that hypomorphic Sox4 mice are resistant to spontaneous cancer
onset. This appreciation goes in line with a general reduction of Sox4 levels in this mouse
model, and provides genetic evidence that highlights the requirement of Sox4 for cellular
transformation. Most studies showing the implication of Sox4 in cancer have vastly
demonstrated that Sox4 is indeed sufficient for achieving transformation, either alone or in
combination with additional pro-oncogenic insults (Vervoort et al., 2013b). However, our
results suggest that Sox4 expression can constitute a key event during the acquisition of a
malignant phenotype. We further proved that by means of conditional ablation of Sox4 in
skin. We demonstrated that not only upon intrinsic cues, but also during multistep
chemically-induced carcinogenesis, absence of Sox4 correlates with resistance to cell
transformation. This can be explained by a decrease in proliferation, as observed both at
early time points after TPA treatment and at benign skin lesions (papilloma). The interest
of proving the oncogenic effects of Sox4 in skin stems also from the fact that Sox4 has
been detected overexpressed in most types of tumours; however non-melanoma skin
cancer is largely disregarded in these studies (Vervoort et al., 2013b). Of note, elevated
Sox4 levels associated to stratified epithelial-type cancer, such as squamous cell
carcinoma (SCC) from different tissues, displays good correlation with disease

progression as ascertained from cancer databases such as Oncomine (Figure 31).

1

Legend

1. Esophagus (17)

2. Esophageal Squamous Cell Carcinoma
17y

Figure 31. Relative Sox4 expression levels in esophageal SCC (left, dark blue) and head and neck SCC (right,
dark blue) compared to normal tissue (light blue). Source: Oncomine.

We have demonstrated that abrogation of Sox4 prevents skin carcinogenesis. The

diminished cell transformation is probably due to the resistance to respond to proliferation-
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inducing agents, as assessed by reduced Ki67 staining after short or long-term treatment
with TPA. This phenotype parallels the delay in hair regeneration and induction of hair
cycling upon hair plucking, as shown by of hair coat regeneration dynamics, IHC and
transcriptional profiling. Therefore, Sox4 provides a connection between the processes
involved in stem cell activation and cancer development. In support of that hypothesis,
most of the DEGs that we found in our microarray of skin undergoing regeneration are
linked to cancer, further reinforcing the interconnection of stem cell activation with cancer.
In this regard, a recent report showing contribution of mobilized Sox4-positive, activated
HFSC owing to E6/E7 oncoprotein activity suggests an intimate connection between
HFSC activation, Sox4-positive progeny and skin tumorigenesis (da Silva-Diz et al.,
2013). In this context, a resistance to HFSC activation could act as a preventive barrier to
the onset of cellular transformation. However, there are a number of reports showing a
connection of Sox4 with the acquisition of pro-invasive features typical of EMT, and
therefore usually linked to metastatic colonization of distant tissues rather than a
prevention in the initial steps of epithelial carcinogenesis (Parvani and Schiemann, 2013;
Vervoort et al., 2013a; Wang et al., 2013). Nonetheless, there are other reports showing
how Bmpr1 abrogation can lead to deregulated expression of a panel of genes associated
to the Wnt signalling pathway, among which they found Sox4. This resulted in loss of the
quiescence signalling in the niche, but not in the HFSC, leading to the appearance of
tumour-like cysts reminiscent of pylomatrichoma lesions in humans (Kobielak et al., 2007).
Therefore we cannot but assume that Sox4 influences carcinogenesis both at early and
late stages of cellular transformaction and metastatic colonization.

Finally, an interesting side-observation linked Sox4 to melanomagenesis in the
course of the TPA/DMBA assays. While all the treated mice developed melanocytic

lesions during the 15-week TPA treatment, Sox4-reduced contexts such as Sox4%©,

4onllox 4HET

Sox , and Sox mice bore increased number of them from the beginning (not
shown). When we stopped the TPA treatment to assess tumour dependence on
proliferative cues, we observed progressive disappearance of such lesions in Sox"" mice,
but not in the rest of genotypes. In fact, they even increased in size and number, and we

4"ET mouse. As

even detected a metastatic melanoma in the lymph nodes of a Sox:
mentioned before, melanoma is the only type of tumour in which reduced Sox4 levels
seem to be detrimental for tumour prognosis and disease progression, in conflict with the
observations in all other types of tumours, in which the roles of Sox4 pinpoint it definitely
as an oncogene. Nevertheless, these paradoxical appreciations cannot be consistently

reproduced even in studies arising from the same research groups and to our eyes is a
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reflection of the paradigmatic intrinsic heterogeneity of this type of tumours, that hampers
tumour stratification according to common genetic somatic events (Curtin et al., 2005). It
is tempting to speculate that absence of Sox4 can wire a transcriptional program relevant
for melanoma malignization without promoting transformation in this cell context, and that
in certain situation such as p16 loss, this pre-malignant setting can turn the melanocytic

benign nevi into metastatic melanoma (Figure 32).

Proliferation,
Transformation

:‘ Malignant Lesions
Carcinoma

% —) Benign Lesions  —  \jglanoma
: y Nevi
! ’ p53 p16/p19

inactivation

Carcinogens

Figure 32. Model for the postulated sequence of events that coonects Sox4 loss with the onset of melanoma.

In this regard, recent studies show that SPARC (secreted peptide acidic and rich in
cystein), a protein involved in matrix remodelling and a natural cellular inhibitor of Sox4
(Coskunpinar et al., 2013; Chiodoni et al., 2010), has opposing roles to Sox4 in most
tumours and its overexpression usually leads to apoptosis, while its loss is associated with
disease progression and radioresistance, as expected (Chetty et al., 2012; Said et al.,
2013). Interestingly, melanoma constitutes an exception to this precept, and SPARC is
usually increased during melanoma progression in contrast to Sox4, and its depletion
prevents cancer cell growth (Maloney et al., 2009), in support for a negative role for Sox4

in this specific type of cancer, whose origins still remain to be investigated

Our results, overall, show that Sox4 is an important factor in modulating the pace
of somatic stem cell activation. Its deletion leads to delayed stem cell activation and
regeneration of damaged tissues, without excessively compromising their integrity. Its
permanent ablation or reduced levels can lead to accelerated ageing and loss of normal
tissue homeostasis; however, the most notable effect of Sox4 deletion is the acquired

resistance to chemical skin carcinogenesis. So far, Sox4 had been studied in depth in the

97



Discussion

context of most tumour types but non-melanoma skin cancer. Our results suggest that the
inhibition of Sox4 could prove useful in preventing the expansion of malignant cells, and
our new mouse model contributes to a better understanding of the in vivo roles of Sox4 in

adult tissues in organ homeostasis, cancer and ageing.
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“...)

—Mas o menos —concedié Oliveira—. Es increible lo que te cuesta
captar las nociones abstractas. Unidad, pluralidad... ;No sos capaz de
sentirlo sin necesidad de ejemplos? No, no sos capaz. En fin, vamos a
ver: tu vida, ;es una unidad para vos?

—No, no creo. Son pedazos, cosas que me fueron pasando. (...)".

Julio Cortézar. Rayuela, Cap 19






Conclusiones

. Sox4 se sobreexpresa durante la diferenciacion de células madre embrionarias y se
reprime durante la generacion de iPS. Sin embargo, Sox4 es dispensable para la
generacion de iPS y para la diferenciacién a todas las capas embrionarias.

. Los ratones Sox4'¥"°

con expresioén reducida de Sox4 en todos sus tejidos constituyen
el primer modelo de ratéon con niveles de Sox4 globalmente reducidos en todo el
organismo adulto.

. Los ratones Sox4'>x

nacen en ratios sub-mendelianos; la expresion reducida de Sox4
correlaciona con sintomas de envejecimiento acelerado tales como adiposidad
disminuida, fallo hepatico croénico, fragilidad ésea y reduccion de la supervivencia.

Estos ratones presentan telémeros cortos y son resistentes al cancer espontaneo.

. La eliminacién condicional de Sox4 en epitelio estratificado no altera a la correcta
estratificacion de la piel pero aumenta la frecuencia de hiperpigmentacion y disminuye

la proliferacion y el grosor epidérmico.

. La eliminacién de Sox4 genera envejecimiento prematura de la piel con reduccién de
longitud telomérica, acumulacion de p53/p16/p19 y dano en el DNA en la IFE de la piel
de cola. Los teldmeros alargados en el compartimento de células madre de la piel

sugieren mayor quiescencia en ausencia de Sox4.

. Sox4 se induce con la depilacion de forma especifica y secuencial. La ausencia de
Sox4 resulta en la acumulaciéon de dano en el DNA y menor proliferacion de
keratinocitos, generando un retraso en la regeneracién del pelaje. La ausencia de

Sox4 también causa retraso en el cierre de heridas.

. La ausencia de Sox4 genera desregulacion especifica de genes relacionados con las
vias de ciclo celular, respuesta a dafo en el DNA y Myc/Hedgehog/Wnt, durante la

regeneracion del pelo post-depilatoria.

. La expresiéon de Sox4 es necesaria para la carcinogénesis quimica y su ausencia
reduce la incidencia de tumores y aumenta la resistencia a transformacién celular. Por
el contrario, el numero de lesiones melanociticas aumenta, sugiriendo un papel para

dicha proteina en melanomagenesis.
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“(...) se entrara por una puerta cualquiera a un jardin cualquiera, a un
Jardin alegérico para los demas, como los mandalas son alegdricos para
los demas (...) a lo mejor todo eso no era mas que una nostalgia del

paraiso terrenal, un ideal de pureza, solamente que la pureza venia a ser
un producto inevitable de la simplificacion, (...)".

Julio Cortazar. Rayuela, Cap 18






Conclusiones

Sox4 is overexpressed during mES differentiation and repressed during iPS
reprogramming. Sox4 expression is dispensable for the generation of iPS cells and
differentiation into all the embryonic layers.

Hypomorphic Sox4'

mice, bearing decreased Sox4 mRNA across tissues
constitute the first viable mouse model with globally-reduced Sox4 expression in the
adulthood. These mice are viable and fertile.

4% mice are born at sub-mendelian ratios; reduced Sox4 levels result in a

Sox
premature onset of age-associated pathologies such as reduced adiposity, chronic
hepatic failure, bone frailty and reduced lifespan. These mice also bear short

telomeres and are cancer-resistant.

Conditional ablation of Sox4 in stratified epithelia results in normal skin stratification

but increased skin hyperpigmentation, reduced proliferation and epidermal thinning.

Sox4 abrogation causes premature skin ageing, as evidenced by shortened
telomeres, accumulation of p53, p16/p19 mMRNA and DNA damage in tail skin IFE.
Longer telomeres at the HFSC compartment are suggestive of increased

quiescence in the absence of Sox4.

Sox4 mRNA is specifically induced after plucking in a stepwise manner. Hair
depilation in a Sox4-depleted context results in DNA damage accumulation and
reduced proliferation in skin keratinocytes, resulting in delayed hair coat

regeneration. Sox4 depletion also results in a slowed-down wound healing.

Sox4 depletion correlates with a specific downregulation of cell cycle, DNA damage
response and Myc/Hedgehog/Wnt pathways, as assessed by microarray profiling,

during plucking-induced hair regeneration.
Expression of Sox4 is required for chemical skin carcinogenesis and its absence

results in strongly reduced tumour burden, and resistance to cell transformation in

vitro. The number and size of melanocytic lesions are increased in Sox4-reduced
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contexts upon DMBA/TPA treatment, suggesting a role for this protein in

melanomagenesis.

106



References

"(...) La melancolia de una vida demasiado corta para tantas
bibliotecas. Cuando creés que has aprehendido plenamente cualquier
cosa, la cosa lo mismo que un iceberg tiene un pedacito por fuera y te
lo muestra, y el resto enorme esta mas alla de tu limite.(...)".

Julio Cortazar. Rayuela, Cap 84
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SUMMARY

Aberrantly short telomeres result in decreased
longevity in both humans and mice with defective
telomere maintenance. Normal populations of hu-
mans and mice present high interindividual variation
in telomere length, but it is unknown whether this is
associated with their lifespan potential. To address
this issue, we performed a longitudinal telomere
length study along the lifespan of wild-type and trans-
genic telomerase reverse transcriptase mice. We
found that mouse telomeres shorten ~100 times
faster than human telomeres. Importantly, the rate of
increase in the percentage of short telomeres, rather
than the rate of telomere shortening per month, was
a significant predictor of lifespan in both mouse
cohorts, and those individuals who showed a higher
rate of increase in the percentage of short telomeres
were also the ones with a shorter lifespan. These find-
ings demonstrate that short telomeres have a direct
impact on longevity in mammals, and they highlight
the importance of performing longitudinal telomere
studies to predict longevity.

INTRODUCTION

Telomeres are repeated DNA nucleoprotein structures at the
ends of eukaryotic chromosomes (Blackbum, 1991; de Lange,
2008) that protect them from degradation and DNA repair activ-
ities, and are essential for chromosomal stability (Chan and
Blackburn, 2002). Telomere repeats can be added de novo by
telomerase, a reverse transcriptase that elongates telomeres in
cells in which it is expressed (Blackbum, 2005; Flores et al.,
2008; Greider, 1998; Greider and Blackbum, 1885; Marion
et al., 2009). In telomerase-negative cells, telomeres shorten
with each round of cell division as a result of end replication
and DMNA-degrading activities. Short telomeres are passed
onto daughter cells, and thus telomere shortening is exacer-
bated by cell division and increasing age in both humans and
mice (Flores etal., 2008; Harley etal., 1990). Critically short telo-
meres can trigger a persistent DNA damage response that leads
to cellular senescence and/or apoptosis (Collado et al., 2007;
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Deng et al., 2008), eventually compromising the regenerative
capacity and function of tissues (Blasco, 2007). Short telomeres
are proposed to be sufficient to cause the degenerative pathol-
ogies associated with aging even in the presence of telomerase
activity (Armanios et al., 2008; Hao et al., 2005).

In further support of this notion, both telomerase-deficient
mice and human diseases due to mutations in telomerase
components result in accelerated-aging phenotypes and
decreased longevity due to premature depletion of stem cells
and subsequent organftissue failure (Armanios et al.,, 2007;
Blasco et al.,, 1897; Garcia-Cao et al.,, 2006; Herrera et al.,
1989; Mitchell et al., 1999; Tsakiri et al., 2007; Vuliamy et al.,
2001; Yamaguchi et al., 2005). Telomere shortening associated
with normal aging can be influenced by known risk factors for
disease and premature death, such as psychological stress,
smoking, cognitive impairment, and obesity (Canela et a.,
2007; Cawthon et al.,, 2003; Cherkas et al., 2006; Epel et al.,
2004, Valdes et al., 2005). However, whether the rate of telomere
shortening in individual mammals has an influence on their
longevity remains unexplored. In this regard, although serial telo-
mere length measurements were previously obtained in
baboons, a corelation with longevity was not sought (Baerocher
et al., 2003). Of interest, it was recently reported that telomere
length measured at 25 days of age is a predictor of lifespan in
birds (Heidinger et al., 2012).

Evidence from telomerase loss-of-expression and gain-of-
expression transgenic mouse models suggests that telomere
length may be rate limiting for mouse longevity (Garcia-Cao
etal., 2006; Tomas-Loba etal., 2008). Nonetheless, arolefor telo-
mere lengthin nommal mouse aging is broughtinto question by the
fact that although mice have very long telomeres compared with
humans (~50 kb in young C57BL/6 mice, compared with ~15 kb
in young humans) (Gomes et al., 2011; Wright and Shay, 2000),
mice have a much shorter maximal lifespan (~5 years in mice of
mixed background homozygous [—/—] for the GHR/BP gene)
(Brown-Borg and Bartke, 2012) than humans (122 years).
Although numerous studies have measured the average rate of
telomere shortening per year in human population studies, which
ranges from 31 base pairs (bp)/year to 72 bp/year in peripheral
blood cells (Canela et al., 2007; Hastie et al., 1990; Slagboom
etal., 1994; Vaziri et al., 1993), this rate has not been obtained
in mice. Moreover, only one study has linked the increase in the
percentage of short telomeres with age in humans, which was
calculated as a 0.6% increase per year (Canela et al., 2007).
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Figure 1. Mouse Telomeres Shorten 100-
Fold Faster than Human Telomeres with
Aging

(A) Kaplan-Meyer survival curves of the indicated
cohorts. Arrows indicate time of blood extraction.
(B and C) The mean telomere length (B) and per-
centage of short telomeres (C) were determined
by HT-QFISH on white blood cells (n, number
of mice). Values are given as average + SEM, and
statistical significance was determined by one-
tailed Student’'s t test. (B) From left to right
(average + SEM): 51.49 + 1.633, 4510 + 1.322,
4318 + 1.118, 37.51 + 2.241, 52.61 + 2.049,
46.06 + 2.142, 40.54 + 2,053, 38.55 + 1.801. (C)
From left to right (average + SEM): 12.78 +0.8693,
16.19 + 0.8230, 17.99 + 1.257, 2514 + 3.552,
12,16 + 1.078, 1668 + 1.237, 20.77 + 1.798,
21.83 + 2581,

(D and E) Adjustment of mean telomere length (D)
and percentage of short telomeres (E) with aging
to a linear or guadratic model. Second-order
polynomial adjustment (quadratic) was used for
the nonlinear fit model.
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age and fed a defined diet of 92.5 keal
per week (see Experimental Procedures).
This caloric intake represents ~10%
fewer calories than the average daily
intake of C57BL/6 mice, and was used
to avoid a possible impact of obesity on
longevity. In parallel, we determined
the same parameters in a transgenic
mouse line overexpressing the mouse
catalytic subunit of telomerase reverse
transcriptase (TERT) in various epithelial
tissues (hereafter termed transgenic
TERT [TgQTERT]; Gonzélez-Sudrez et al.,
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Here, we reasoned that the rate of increase in the percentage
of short telomeres and the rate of telomere shortening
throughout the lifespan of individuals might explain the different
longevities of wild-type (WT) mice and humans, as well as the
interindividual variations in longevity in mammals.

RESULTS AND DISCUSSION

With the aim of determining the rate of telomere shortening and
the rate of increase in the percentage of short telomeres with
aging in mice, we performed longitudinal telomere length deter-
minations in the blood of individual mice by using an automated
high-throughput quantitative fluorescence in situ hybridization
(HT-QFISH) platform (Canela et al., 2007).

To correct for gender and genetic background, as well as to
circumvent possible effects of reproduction on telomere length,
we used only male mice of a 100% C57BL/& background.
In addition, the mice were individually housed at 3 months of

Age (years)

2001, 2002). This mouse line has a
comparable 100% C57BL/6 background;
however, it presents delayed signs of
aging compared with WT mice (Gonza-
lez-Suarez et al., 2005; this work), as well as a 40% increase in
median longevity when combined with overexpression of tumor
suppressor genes (Tomas-Loba et al., 2008). As shown in Fig-
ure 1A, the TgTERT mice used here show a delayed onset of
the first deaths in the colony compared with the WT cohorts
(see Figure 1A), in agreement with their increased healthspan.
Thus, we set out to study whether any telomere-related param-
eter could predict longevity in these two independent mouse
cohorts (TgTERT and WT) with slightly different longevities.

For cell analyses, we used peripheral blood leukocytes (PBLs),
which are widely used for human telomere length studies
because hematopoietic stems cells proliferate throughout life
and thus reflect on cellular turnover associated with the aging
process. Telomere length measurements in the blood have
been shown to be representative of the general health status in
humans (Canela et al., 2007; Cawthon et al., 2003; Collerton
et al., 2007; Mainous et al., 2010; Valdes et al., 2005) and mice
(Bernardes de Jesus et al., 2012), and provide an indicator of
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the general healthspan. In this regard, although the TERT trans-
genic mice used here do not target telomerase to blood cells,
TERT expression in these mice has systemic beneficial effects
that delay aging (Tomas-Loba et al., 2008), as also observed
recently when a gene therapy strategy was used to overexpress
TERT late in life (Bernardes de Jesus et al., 2012). We extracted
300 pl of blood from the facial vein of each mouse at 4, 8, 12,
and 25 months of age (see Experimental Procedures) and the
mice were left to age until the end of their lifespan, to obtain
their complete longevity curve (Figure 1A). To avoid morbidity
associated with this procedure in old mice, blood extractions
were not performed after 25 months of age. Of note, we
observed a delay in the age at onset of first death in the
TgTERT cohort: the first mouse died at =100 weeks of age,
compared with <50 weeks of age in the case of the WT cohont
(Figure 1A). We determined both the average telomere length
and the percentage of short telomeres at the indicated time
points per individual mouse by using HT-QFISH (Canela et al.,
2007). HT-QFISH is able to measure individual telomere signals
at a single-cell level in interphasic nuclei. In this setting, each
telomere signal comesponds to a clustering of few individual
telomeres. The percentage used to represent short telomeres
by HT-QFISH usually corresponds to the 10%-20% percentile
in the reference population (in this case, we used 4-month-
old WT mice as reference), which is 15 kb. We previously deter-
mined that telomere signals <15 kb are a good indicator of the
presence of short telomeres in mouse blood cells and reflect
differences in telomere length between different cohorts and
treatments (Bemardes de Jesus et al., 2012). Therefore, here
we set a cutoff of 15 kb to quantify the presence of short telo-
meres. In addition, we performed correlations with other cutoffs
(<2, <5, and <10 kb), but we observed the strongest correla-
tions at the 15 kb cutoff (not shown).

First, it is apparent that even though mouse telomeres are very
long at young ages (>50 kb at 4 months of age), they shorten with
age, as reflected by both a significant decrease inthe mean telo-
mere length and a significant increase in the percentage of short
telomeres, detectable at 4 month intervals (Figures 1B and 1C).
By adjusting the data to a linear regression model, we deter-
mined a rate of telomere shortening (as estimated by the slope
of the regression line) of 7,000 bp per year (Figure 1D), which
was comparable in both mouse cohorts and is 100 times faster
than that obtained for human PBLs using the same technology
(Canela et al., 2007). These results indicate that even though
mouse telomeres are much longer than human telomeres at
younger ages, they exhibit a much faster rate of shortening
with age, highlighting the relevance of performing longitudinal
telomere length studies rather than measuring telomeres at
asingle time point. The rate of increase inthe percentage ofshort
telomeres per year was 6.6% in WT mice and 4.9% in the
TgTERT cohort (as estimated by the slope of the regression
line; Figure 1E).

MNext, we investigated whether the telomere length or the
percentage of short telomeres at any of the studied timepoints
is predictive of mouse longevity, as was recently reported for
zebra finches (Heidinger et al., 2012). In the case of mice,
however, we did not find a significant correlation between either
the average telomere length or the percentage of short telomeres

734 Cell Reports 2, 732-737, October 25, 2012 ©@2012 The Authors

with longevity inany of the two mouse cohorts, with the exception
of an inverse comelation between average telomere length and
longevity at 12 months of age in the TgTERT mice (Figure S1).

Longitudinal studies allow one to examine telomere dynamics
in a given individual over time. A given rate of telomere short-
ening or a rate of increase in the percentage of short telomeres
is the result of a longitudinal trend in individual mice that may
reflect very complex genetic traits associated with longevity,
which cannot be infered from a single time-point measurement.
Therefore, we determined the rate of increase in the percentage
of short telomeres per month and the rate of telomere shortening
per month for every mouse under study. Strikingly, we found
a significant comrelation between the rate of increase in the
percentage of short telomeres per month and longevity (Fig-
ure 2A), which could be observed in both mouse cohorts, and
between the rate of telomere shortening per month and longevity
(Figure 2B), which was only observed in WT mice. We also
observed a significant comelation between the rates of increase
in the percentage of short telomeres and mean telomere short-
ening (Figure 2C). Together, these results indicate that the rate
of increase in the percentage of short telomeres is a reliable
and robust predictor of mouse longevity in two different mouse
strains with different TERT expression levels and different
longevities. The mice with the higher rates of increase in the
percentage of short telomeres were the ones that had shorter
lives, while those with lower rates of increase in the percentage
of short telomeres were the ones that enjoyed longer lives.

The fact that the TQTERT cohorts did not show a correlation
betweenthe rate of telomere shortening per month and longevity
prompted us to address whether this was the consequence of
TgTERT mice showing a delayed time of onset of the first death
in the colony. In particular, to assess whether lifespan can influ-
ence the rate of telomere shortening or the rate of increase inthe
percentage of short telomeres, we plotted these two parameters
at different time intervals of measurement (Figure S2). Indeed,
age influenced the rate of mean telomere shortening per month
in a discontinuous manner, so that we found higher rates of telo-
mere shortening per month in young mice compared with older
mice (Figure S2B). Of interest, this was not the case for the
rate of increase in the percentage of short telomeres per month,
which was quite constant at different age intervals in both mouse
cohorts, with the exception of lower rates of increase in the
percentage of short telomeres in old T9TERT mice (Figure S2A).
The fact that the rate of telomere shortening per month was not
constant with age in both mouse cohorts could account for the
significant correlation between the rate of mean telomere short-
ening per month and longevity in the WT mice but not in the
TgTERT mice (Figure 2B), because a significant fraction of WT
mice (versus only one TQTERT mouse) died before measurement
of the four time points. Indeed, even if we exclude the single
TgTERT mouse that died before the fourth measurement, we
observe a strong correlation between the rate of increase in
the percentage of short telomeres and longevity (Figure S3).
These findings indicate that the rate of increase in the
percentage of short telomeres is a robust and reliable telomere
marker for longevity studies.

It is of interest to note that differences in telomere length and
longevity could not be attributed to differences in gender,
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reproduction, genetic background, or environmental factors, as
only male mice of the C57BL/6 genetic background housed at
our specific pathogen-free (SPF) facility were studied. In this re-
gard, we did not find a correlation between the rate of increase in
the percentage of short telomeres or rates of telomere short-
ening and weight gain with age (Figure S4), which together
with the fact that the mice were fed a defined diet rules out
a possible dietary contribution. These results suggest that differ-
ences in the rate of increase inthe percentage of short telomeres
or in the rate of telomere shortening, which have been shown to
vary among individuals ofthe same age in different species (Can-
ela et al., 2007; Heidinger etal., 2012; Monaghan, 2010), may be
the result of small differences in modifier genes, or environmental
factors, and offer an expermental platform to uncover new
factors for modulation of aging and longevity.

Finally, we sought to determine whether variationsin the rate of
increase in the percentage of short telomeres had an impact on
pathologies found atthe time of death. Tothat end, we performed
a full histopathological analysis of mice under study at their
endpoint. The more prevalent pathologies found in C57BL/6
mice at their time of death are cancer (in ~50%-80% of mice)
and age-associated pathologies (~50%-20%) (Gonzélez-
Sudrez et al., 2002; Herranz et al., 2010; Tomds-Loba et al.,
2008). We first determined whether the incidence of malignant
cancers (lymphoma, sarcoma, and adenocarcinoma) showed
any differential prevalence in mice belonging to either the higher
or lower quartile of rate ofincrease in the percentage of short telo-
meres. We found a similar incidence of cancer or degenerative

Lifespan (weeks)

centage of short telomeres (<15 kb) per month
versus lifespan (weeks). (B) Rate of mean telomere
length shortening (kb/month) versus the rate of
increase in the percentage of short telomeres (per
month). (C) Rate of mean telomere length shortening
(kb'month) versus the rate of increase in the
percentage of short telomeres (<15 kb) per month.
The slope of each regression line is indicated.

See also Figures 51, 52, 53, 54, and S5.

T
100

diseases in both cases, in spite of the
fact that mice belonging to the higher
quartile of rate of increase in the percent-
age of short telomeres showed a median
age at death of 105 weeks, compared
with 140 weeks in the case of mice
belonging to the lower quartile (Figure S5).
We observed the same tendency in the
TgTERT cohort, and mice belonging to
the higher quartile of rate of increase in the percentage of short
telomeres showed a median age at death of 116 weeks,
compared with 149 weeks in the case of mice belonging to the
lower quartile.

Collectively, these findings demonstrate that the rate of
increase in the percentage of short telomeres during an individ-
ual's lifetime, rather than the rate of telomere shortening over
time, determines longevity in mice. These results bring into ques-
tion the prevailing viewpoint that telomere shortening does not
influence replicative aging in WT mice (Gomes et al., 2011;
Wright and Shay, 2000), and highlight the importance of perform-
ing longitudinal telomere studies to predict traits as complex as
longewity.

EXPERIMENTAL PROCEDURES

Mice

Male mice of a 100% C57BL/6 background were produced and stored at the
SPF barier area of the Spanish National Cancer Center, in accordance with
the recommendations of the Federation of European Laboratory Animal
Science Associations.

In this study we used a total of 38 mice (20 WT and 18 TgTERT; Figure 1B).
Two mice from each cohort were sacrificed after the last telomere length
measurement point for experimentation, and were excluded from the survival
curves and other correlations involving final lifespan.

Experimental Setup

After weaning, five mice were housed per cage and fed a nonpurified diet (Mo.
2018; Harlan) ad libitum. For the aging study, 3-month-old mice were individ-
ually housed and were fed 92.5 kcal per week of chemically defined control

Cell Reports 2, 732-737, October 25, 2012 ©@2012 The Authors 735

Open

ACCESS

153



Annex

Open

ACCESS

154

diet (AlM-93M, diet Mo. F05312; Bio-Serv). Thiz caloric intake was ~10% fewer
calories than the average daily intake of C57BL/6 mice, to ensure that all food
was consumed. Defined diets were cold-packed into 1 g pelets. The mice
were fed two-sevenths of the weekly allotment of food on Monday and
Wednesday, and three-sevenths of that amount of Friday (Dhahbi et al.,
2004; Pugh et al., 1999).

Mice were inspected on a daily basis and sacrificed when they presented
signs of illness or tumors, in accordance with the Guidelines for Humane
Endpoints for Animals Used in Biomedical Research (Harrison et al., 2009).
The date of euthanasia was considered as anestimation of the natural ifespan.
The mice were subjected to necropsy and histopathological analysis.

Histological Analysis

Histopathology was performed as previously described (Gonzalez-Surez
et al., 2001). Briefly, tissues and organs were fixed for 24 br in a 10% neutral
buffered formalin solution at room temperature, dehydrated through graded
alcohols and xylene, and embedded in paraffin. Histological analysis was
achieved on 4-5 pm sections according to standard procedures. Cancer-
related pathologies and senile lesions were grouped as described previously
(Tomas-Loba etal., 2008).

HT-QFISH on PBLs

Blood was extracted from the facial vein at the indicated time points. Upon
erythrocyte lysis (buffer EL; Qiagen), PBLs were plated on a clear-bottom,
black-walled, 96-well plate, and HT-QFISH was performed as previously
described (Canela et al., 2007). The accuracy and sensitivity of HT-QFISH
are similar to those of telomere QFISH on metaphasic chromosomes (Canela
et al., 2007). We analyzed telomere length values using individual telomere
spots (5,000 per sample) corresponding to the specific binding of a Cy3-
labeled telomeric probe. Fluorescence intensities were converted into kilo-
bases as described previously (Canela et al., 2007; Mcllrath et al., 2001).

Statistical Analysis

A log-rank test was used to calculate statistical differences in the survival
curves. Student’s t-test was used to calculate the statistical significance of
the mean telomere and short telomere variation over time. To calculate the
rate ofincrease in the percentage of short telomeres and the rate of mean telo-
mere shortening, linear regression lines were calculated for each mouse with
GraphPad Prism, representing the best-fit values of the four values calculated
at the different time points (either percentage of short telomeres or mean telo-
mere length). For mice that died before the acquisition of all time points, linear
regression lines were determined from the available measurements. The p
value was calculated by dividing the slope by its standard error, and repre-
sents the correlation between the axes (slope significantly different from
zero). Pathological analysis was calculated with the 12 test.
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Abstract

Caloric restriction (CR), a reduction of food intake while avoiding malnutrition, can delay the onset of cancer and age-related
diseases in several species, including mice. In addition, depending of the genetic background, CR can also increase or
decrease mouse longevity. This has highlighted the importance of identifying the molecular pathways that interplay with
CR in modulating longevity. Significant lifespan extension in mice has been recently achieved through over-expression of
the catalytic subunit of mouse telomerase (MTERT) in a cancer protective background. Given the CR cancer-protective
effects in rodents, we set to address here whether CR impacts on telomere length and synergizes with mTERT to extend
mouse longevity. CR significantly decreased tumor incidence in TERT transgenic (TgTERT) mice and extended their lifespan
compared to wild-type (WT) controls under the same diet, indicating a synergy between TgTERT and CR in increasing mouse
longevity. In addition, longitudinal telomere length measurements in peripheral blood leukocytes from individual mice
showed that CR resulted in maintenance and/or elongation telomeres in a percentage of WT mice, a situation that mimics
telomere dynamics in TgTERT cohorts. These results demonstrate that CR attenuates telomere erosion associated to aging
and that synergizes with TERT over-expression in increasing “health span” and extending mouse longevity.
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Introduction

Caloric restricion (CR) in various organisms, including
primates, delays the development of some age-related discases
such as cancer, atherosclerosis, diabetes, and newro-degenerative
and respiratory failures, among others [1,2,3], thus mereasing the
so-called “health span”. At the metabolic level, CR results in
improved insulin sensitivity and subsequent decrease in the fasting
glucose, protecting from age-dependent metabolic syndrome and
diabetes [2,4,5]. CR in humans also reduces the risk factor for
diabetes, cardiovascular disease and cancer [4], although it has
been reported to negatively impact on bone mineral density and
muscular mass [6,7].

In addition to these benefical effects of CR in increasing
“health span”, chronic CR is considered among the most robust
life-extending  interventions, although several recent reports
indicate that CR does not always extend and may even shorten
lifespan depending on the genotype [28], highlighting the
importance of finding the genetic pathways which synergize with
CR in extending or shortening lifespan. In the particular case of
the C57BL/6 mouse strain used in this study, CR has been
reported o produce around a 20% life extension when started in
12 months old mice and 40% when started with 19 months old
mice [9,10,11,12]. Similar strategies were employed in younger
mice and rats and, although the duration was diffcrent from the
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actual smdy, some beneficial effects could be observed (for a
comprehensive review see [13]).

The exact mechanisms by which CR works are currently
debated, although the most widespread theory pomts to a
sgnificant protection from DNA damage due to a reduction of
metabolism [14,15]. Understanding the mechanisms underlying
CR is of great importance as this could pinpoint new therapeutic
targets for age-associated diseases, or for and-aging therapies. In
this regard, the well-documented association between telomere
shortening and aging [16] suggests a possible role of telomere
dynamics in the systemic effects of CR.

Telomeres protect chromosome ends from degradadon and
DNA repair activities and, therefore, are essential for chromo-
some-end integrity (telomere capping) and chromosomal stability
[17]. Telomere repeats are maintained by telomerase, a reverse
transcriptase that can clongate chromosome ends de novo in those
cells where it is expressed at sufficiently high levels, such as
embryonic pluripotent stem cells [18]. In telomerase-negative cells,
telomeres become shorter associated to each round of cell division
due to the end-replication problem and to the acton of DNA
degrading activities. Short telomeres are passed onto danghter cells
and thus telomere shortening s exacerbated with cell division, as
well as with increasing age both in humans and mice [19].
Critically short telomeres can trigger a persistent DNA damage
response, which leads to cellular senescence and/ or apoptosis [207],
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thus eventually compromising tissue function and tisue regener-
atve capacity, and contributing to organismal aging [21]. This
progressive  telomere  shortening s proposed o represent a
“molecular clock™ that underlies organism aging.

Both telomerase-deficient mice and human diseases involving
mutatons in telomerase components result in accelerated-aging
phenotypes probahly due to the depletion of the pools of stem cells
followed by organ failure [16,22,23]. In addigon, the speed of
telomere shortening with aging can be influenced by factors
known to be a nisk for discase and premature death, soch as
psychological stress, smoking, cognitive impairment and obesity
[24]. Litile 1s known, however, on the poteniial effect of treatments
that increase bfespan, such as CR, on the rate of telomere
shortening with aging.

Besides CR, hifespan extension has been also achieved by over-
expressing the catalytic subunit of telomerase, mTERT, m a
cancer protective backgrounds owe © increase expression of
tumor suppressor genes (23] or through telomerase expression in
old mice by using a gene therapy approach [26]. In this context,
mTERT over-expresson was sufficient to decrease  telomere
damage with age, delay aging, and crease median longevity.
Transgenic overexpression of mTERT, however, was found to
increase  cancer  incidence, therefore masking  the  potental
beneficial effects of constitutive telomerase activaton [27]. Since
CR is partially mimicking a tumor suppressive condidon, we set
here to study the impact of transgenic telomerase overexpression
m a CR model.

To this end, we performed longitudinal telomere length analyses
in single mice by using an automated highthroughput (HT)
quantitative telomere FISH platform, HT-QFISH [28], which
allows the quantfication of individual telomeric spots, and
therefore the percentage of short telomeres, in individual cells
from large human and mice cohorts. The abundance of crideally
short telomeres, rather than the mean telomere length, is
indicative of telomere dysfunction [29], and thus likely o be
useful as biomarker of aging and age-associated diseases.

In summary, we address here the effect of CR on telomere
dynamics and telomere functon longitudinally during the lifetime
of wild-type and telomerase ransgenic mice in a C37BLY6 genetic
background, as well as smdy its impact on several health
indicators, cancer, and longeviry. In this context, we demonstrate
that CR slows down telomere shortening and the accumulation of
telomere damage with aging m CR WT mice, a situation that
mimics mMTERT over-expression. These positive effects of CR on
telomere length are observed in a wide range of tssues, including
peripheral blood mononuclear cells. Importantly, under our
experimental settings TgTERT mice under CR show a significant
lifespan extension compared to wild-type mice under CR. In
contrast, wild-type mice under CR did not present a significant
lifespan extension compared t wild-type control mice. These
resulis demonstrate that CR synergizes with telomerase expression
resuling in a significant hfespan extension. A similar synergism
was previousty observed between telomerase expresson  and
higher level of tumor suppressors, which result in a safe cancer
protective background for telomerase expression [23]. Hypothet-
ically, the synergism between telomerase expression and caloric
restriction could be ruled though the same mechanism.

Results

Calorie Restriction Leads to Significant Weight Loss in

both WT and TgTERT Mice
We first set to address whether CR impacts on telomere length
dynamics in mice. To this end, we established 4 cohorts of mice,
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inchiding wild-type and TgTERT mice under either a control or a
CR dict. All mice had an identical genetic background, which was
a pure C57BL/6 (Materials and Methods). When mice were 3
maonths of age, those mice to be under CR where shified to a diet
containing 40% of the calories of those of the control dict group.
Of note, control mice were not fed ad fGbium, thus avoiding
individual variations in caloric intake in this group (Materials and
Methods). One month after the start of diets, the body weight of
WT and TgTERT mice under CR was significantly lower than
that of the corresponding cohorts under the control diet, and we
did not detect differences associated to telomerase over-expression
(Fig. 1A; p=<0.0001). After 12 months of diet, both wild-type and
TgTERT mice under CR were 35% lighter than the correspond-
ing controls (Fig. 1A) and this difference was reduced o 20% at
24 months of diet (Fig. 1A; p=<<0.0001). Total fat mass values as
determied by DEXA (Materials and Methods), were significantly
reduced following 16 months of CR diet in both genotypes
compared to the corresponding cohorts under the control diet
(Fig. 1B,C). Those differences were maintained after 24 months
of dict, at which point mice under the control diet also presented
reduced far most likely owe to the normal aging process
(Fig. 1B,C). Interesangly, old TgTERT mice under the control
diet showed significanty higher total fat mass than the age-
matched WT cohort under the same diet (Fig. 1C; p=0.02), in
accordance with our previous observations that TERT over-
expressgon leads to improved health status and delayed aging
associated pathologies [25].

Stronger Effect of CR in Delaying Age-associated
Pathologies in Mice Over-expressing TERT

To test the potental synergistic effects of CR and TgTERT in
protecting from age-associated pathologies, we first examined the
metaholic capacity of mice under CR compared to mice under the
control diet. Glucose intolerance and insulin resistance are commaon
indicators of aging in control conditions. In turn, enhanced glucose
tolerance and insulin sensitivity normally accompany lifespan
extension in mammals and are also ohserved after long-term CR
[7,30] as well asin some long-lived genetically modified mice, such as
mice with enhanced expression of TERT or with enhanced
expressdon of certain tumor suppressor genes (23], As expected, after
12months of diet(at 15 monthsofage), bothWT and Te TER T mice
under CR showed a significantly improved glucose tolerance
compared to the corresponding cohorts under the control diet
(Fig. 1D, E;p = 0.007 and p = 0.003, respectively), as ndicated by a
faster ghucose uptake following glucose injection in fasung (Materials
and Methods). Fasting plasma insulin levels (Fig. 1F) showed a trend
to be lower in CR WT mice, and this trend reached statistical
significance in TgTERT mice after 12 months of CR diet compared
to the corresponding cohorts under a conirol diet (Fig. 1F;
p=10.006). Similarly, insulin sensitivity after 12 months of reatment
tended to be lowerin CR WT, and this trend became significant only
m CR TgTERT mice (Fig 1G; p=0.04), as assessed using the
homeostatic model assessment score (HOMA) [31].

Another common featre of aging is the development of
osteoporosis, a process were bone mineral density (BMD) 1s
reduced [32]. In line with this, both WT and TgTERT mice
showed BMD loss through life, as measured by DEXA, however,
bone Inss was significantly higher in mice under the control diet
compared w calorie restricted mice (Fig 1H; p=0.05 and
p=0006 for WT and TgTERT, respectvely; Fig. 11 for
representative image). Of note, in the first 16 months of diet,
CR led to decreased BMD i hoth genorypes compared to the
control dict, in agreement with previous observanions (Fig. S1A-
C) [6,7]. In summary, these findings suggest a long-term
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Figure 1. Impact of long-term calorie restriction on metabolic
homeostasis and age-associated pathologies. (A) Weight given as
average = SEM of WT and TgTERT mice fed with control or CR diet (see
Materials and Methods). One way ANOVA was used to assess statistical
significance between the four groups (WT Control vs, Wt CR: p<<0.0001;
TgTERT Control vs. TgTERT CR: p<0.0001; WT Control vs. TgTERT
Control: p=072 WT CR vs. TgTERT CR: p=0.46). (B and C) Total fat
mass of the indicated cohorts was measured at 16 months of diet (B)
and 24 months of diet (C). Values are given as average * SEM, and
statistical significance was determined by the two-tailed Student's t-
test. (D and E) Glucose tolerance test (GTT) was performed at 12 months
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of diet. Integrated AUCs (area under the curve; (D)) and curves (E) are
shown. Values are given as average * SEM, and statistical significance
was determined by the two-tailed Student's t-test. (F) Fasting plasma
insulin levels, given as mean * SEM, was measured in the different
cohorts at 12 months of diet. Statistical significance was determined by
the two-tailed Student's t-test. (G) Insulin sensitivity, estimated using
the homeostatic model assessment score (HOMAAR), was performed at
12 months of diet. Values are given as average * SEM, and statistical
significance was determined by the two-tailed Student’s t-test. (H)
Femur bone mineral density (BMD) variation through lifetime of WT and
TgTERT mice under control and CR diets. Values are given as average =
SEM, and statistical significance was determined by the two-tailed
Student's t-test. (I) Representative DEXA image used for BMD and fat
mass calculations. (J) Neuromuscular coordination was quantified as the
percentage of mice that pass with success the tightrope test. Numbers
above the bars represent the number of mice that successfully pass the
test over the total number of mice tested. Student’s t-test was used to
assess significance between control and CR mice. Values are given as
average * SEM, and statistical significance was determined by the two-
tailed Student’s t-test.

doi:10.1371/journal. pone.0053760.9001

protective effect of CR m the onset of osteoporosis in both
genotypes in spite of an itial negative impact of CR on bone
density.

An additional biomarker of aging is the progressive loss of
neuromuscular coordinatdon that can be measured by the
tghtrope success test [33]. In this assay, CR mice from both
genotypes performed  significantly better than mice under the
control diet (Fig. 1]; p=0.008 and 0.02 for WT and TgTERT
mice, respectively). Of notice, TgTERT mice under the control
dict performed better than WT mice under the same diet,
although the differences did not reach staostcal significance
(Fig. 1J; p=0.08), in line with an improved health status and
delayed aging associated to TERT over-expression [23]. In
summary, CR has a measurable positive effect on neuromuscular
coordination in WT mice and this effect seems to be synergistic
with that of TgTERT expression.

Together, these results demonstrate that the long-term calorie
restricion protocol  performed  here delays the onset of age-
associated pathologies such as glucose inwlerance, osteopoross,
and impaired newromuscular coordmation both n WT and
TgTERT mice, although in some assays the effects tended o be of
a greater magnitude in the TgTERT cohorts {i.e. insulin levels or
tightrope test).

The Impact of CR Decreasing Molecular Markers of Aging
is More Apparent in Mice Over-expressing TERT

Calorie restriction, similarly to the effect of some longevity-
enhancing mutations in mice, has been shown to reduce IGF1
serum  levels, particularly in aged rodents [34,33]. In our study,
however, we did not find significant differences in IGF-1 levels
between WT mice under either CR or a control diet (Fig. $1D;
p=0.2). Interesangly, IGF-1 levels where higher in TgTERT
mice compared WT mice under control diet (Fig. S1D; p=0.01),
in agreement with previous findings [25], and these levels were
sgnificantly reduced in TgTERT cohorts under CR (Fig. S1D;
p=0.4). Growth hormone (GH) levels were significantdy
mcreased in TgTERT mice under CR (Fig. S1E; p=0.04)
compared to the control diet cohorts.

An additional molecular marker of aging is the accumulation of
phosphorylated histone H2AX (y-H2AX) foci in aged dssucs,
which has been shown to co-localize with double strand breaks
(DSBs) as well as with critically short/dysfunctional telomeres
[36,37,38,39.40.41]. We found a tendency to have decreased levels
of y-H2AX in the kidney of WT and TgTERT CR mice

January 2013 | Volume 8 | Issue 1 | e53760



Annex

- ) -
A gy Eay Bos g ow
g9 $99 §99 g3 %
- -] B o a 2 o o a a &
¥ LU I | —r 1 LI L L
2 @ 2 -]
60+ P i
2
=
)
=
o
g
o
£
-]
[
=]
=
[]
L]
=
WT Control WTCR TgTERT Control  TETERTCR

B

Comparisan of Controal versus CR regression lines:

55- WT p=0.0164
— TgTERT p=0.0007
o
2
£
o
@
® =~—-__J CR
E Control
x
E 3‘0 T L T ¥
= 0 5 10 15 20
time of diet (months}

c - — - -
888 832 88y 8%,
g9 9 997 99 9 g7 %
o o - a o (-} o o o o o o

Wy rry Y o rryorrT
g ;
=
=
w
—
s
:
E
o
w
-
£
2
0 WT Control WTCR TeTERT Control TeTERT CR
b Comparison of Control versus CR regression lines:
30q WTp=0.0608

3 TgTERTp=0.0019

iy

=

a

o

w

[

@

1=

o

-

t 1c L L] L] L)
o 0 5 10 16 20
v

time of diet (months)

PLOS ONE | www.ploscne.org

Telomerase and Calorie Restriction

. 1 month

. 5 months
. 9 months
22 months

[l WT Control (slope=-0,61 + 0,11}
WT CR {slope=-0,29+0,12)

. TeTERT Control (slope=-0,61 + 0, 14)

] TeTERT CR (slope=-0,42+0,12)

. 1 month

. 5 months
. 9 months
22 months

[l WT Control (slope=0,54 £ 0,11)

WT CR {slope=0,18 £ 0,09)

W TETERT Control (slope=0,42+0,12)

Il TETERT CR {slope=0,24 + 0,08)

January 2013 | Volume & | lssue 1 | e53760

159



Annex

Telomerase and Calorie Restriction

Figure 2. Slower age-dependent telomere shortening in mice under calorie restriction. (A and C) Mean telomere length (A) and
percentage of short telomeres (C) was determined by HT QFISH on white blood cells from the indicated mice under CR and control diet. The number
of mice is indicated on the top of each bar (n). Values are given as average = SEM, and statistical significance was determined by one-tailed Student's
t-test. (B and D) Linear regression lines of the values obtained for mean telomere length (B) and percentage of short telomeres (D) measured in white
blood cells. The slope * 5D of each regression line is indicated and represents the rate of telomere loss with time.

doi:10.1371/journal.pone.0053760.9002

compared to those cohorts under control diet, although the
differences were not significant (Fig. S2A,B). The accumuladon
of y-H2AX was significantly attenuated, however, only m CR
TegTERT mice compared to CR WT cohorts (Fig. S2A,B;
p=0.03), suggesting that TERT and CR may contribute in a
synergic way to prevent DNA damage with aging something not
surprising, since telomerase over-expression prevents telomeres
shortening [26,42] (a form of DNA damage [41]) and CR has been
extensively linked to DNA damage protection [43].

Calorie Restriction Decreases the Rate of Telomere
Shortening with Aging in Longitudinal Studies

To address the effect of CR in telomere length dynamics, we
performed a longitudinal telomere length study in individual WT
and TgTERT mice under calorie restricdon or under a control
diet. The most widely used cell type for human and mouse
telomere studies are peripheral blood leukocytes (PBL). Telomere
length in PBLs has been proposed to reflect on the speed of aging
process as hemartopoietic stems cells proliferate throughout hife. To
this end, first, we measured telomere length and the percentage of
short telomeres (arbitrarily set o <<15 kb as this cutoff has been
previously shown by ws o be indicative of presence of short
telomeres in mice [26]; see also Fig. S3A-C for additional cutoffs)
mn PBLs by wsmg the highthroughput QFISH (HT-QFISH)
method previousy developed by us for blood samples (Materials
and Methods) [28]. Blood was extracted from each indiwvidual
mouse after 1, 5, 9 and 22 months of diet. We represented changes
in mean telomere length and the percentage of short telomeres
(<215 Kb with time. As recently reported by us, WT mice under
the control diet showed sgmficant telomere attriion with age,
which was detectable when comparing 4 months intervals, as
reflected both by a significant decrease in mean telomere length
and by a significant increase in the percentage of short telomeres
(Fig. 2A,C and Fig. $3A-C), demonstrating that mice undergo
telomere shortening associated to the aging process [44]. A similar
trend was observed for TeTERT under a control diet, however, in
this background telomeres shortened only during the first 9
months of diet, after which telomere erosion rate as well as the rate
of merease of short telomeres were decreased, most likely as the
consequence of increased TERT expression (Fig. 2A,C). Interest-
ingly, m both CR WT and CR TgTERT mice, after an inital
telomere shortening during 1 to 5 months of diet, telomeres were
stabilized and did not show significant shortening undl the end of
the experiment (Fig. 2A). A similar wrend was observed for the
percentage of short telomeres, which showed an initial increase at
5 month of diet but was stabilized from 5 to 22 month of diet
(Fig. 2C and Fig. S3C). These results are also illustrated by the
linear regression of telomere length with tme of the different
groups. In particular, the rate of telomere shortening, as
represented by the slope of the regression line, was significantly
slower in CR mice of both genotypes compared to the
correspondmg  cohorts  under  the control  diet  (Fig. 2B;
p=0.0164 and p=0.0007 for WT and TgTERT, respectively).
Similarly, WT and TgTERT mice under CR showed a lower rate
of accumulation of short telomeres compared to the corresponding
cohorts under the control diet (Fig. 2D; p=0.0608 and
p=0.0019 for WT and TgTERT, respectively). These results
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further reinforce our findings that long-term CR decreases the rate
of telomere shortening associated with aging, and proteces form
the appearance of short telomeres. This links two major cellular
pathways mvolved in the aging process demonstrating for the first

time that caloric restriction impacts on telomere dynamics.

Calorie Restriction Leads to Maintenance and/or
Elongation of Telomeres in Individual Mice

To understand how CR is impacting on telomere length, we
studied telomere dynamics with time in individual mice of both
genotypes. First, we plotted both mean telomere values and the
percentage of short telomeres ar different tme points for each
mouse and adjusted these values to either a inear model (linear
regression) or a non-hinear model (quadratic) (Fig. 3A-L). In a
recent report, we described that the rate of telomere shortening
per vear in both WT mice and TgTERT mice under a control dict
15 100-times faster than in humans [44]. Interestungly, here we first
show that both the rate of telomere shortening and the rate of
accumulation of short telomeres were affected by CR in WT mice
[p-value = 0.06 for mean telomere length and p-value<<0.01 for the
percentage of short telomeres), but not in the TgTERT group
(Fig. 3I-L). These findings indicate that the effects of CR on
telomere maintenance are smaller in the telomerase over-
expressing mice, suggestng that they could be pardally mediated
by TERT.

To address this, we studied different patterns of telomere length
behavior per individual mice with time (Fig. 4A-F). Interestingly,
we observed three different wends for mean telomere length
behavior: shortening of telomeres, maintenance of telomeres, and
elongation of telomeres. Similarly, for the percentage of short
telomeres, we found increased, decrease or mamtenance in the
percentage of short telomeres. These different behaviors are
consistent with the fact that leukocytes can activate telomerase
[45]. The frequency of these patterns in different genotype mice
under CR or control diet may be informative on the effects of CR
or TERT over-expression on telomere length dynamics with
aging. To this end, we studied the changes in telomere length in 3
tme intervals: 1-22, 5-22 and 922 months of diet (Fig. 4A-F
and Fig. S4A-F). When considering behavior of telomeres in
ndividual mice during 1-22 months of diet period, all WT mice
under the control diet showed telomere shortening with tme and
none of them showed maintenance or elongation of telomeres
during this period. In contrast, both WT mice under CR and
TeTERT mice under both diets showed a number of indwviduals
(~20%) that either elongated or maintained telomere length. This
was paralleled by the abundance of short telomeres. Representa-
tive examples of each pattern are represented (Fig. 4G,H). These
findings indicate that CR can stop or reverse the trend of
continuous telomere shortening with aging, in an analogous
mamner to that observed for TERT over-expression,

Calorie Restriction Results in Longer Telomeres in Various
Adult Mouse Tissues

To further study the impact of CR in telomere maintenance in
the context of the organism, we measured telomere length in a

varicty of tissues (lung, kidney-cortex, muscle-fibers) from WT and
TeTERT mice that had been under CR or a control diet during a
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maodel or, alternatively, to a quadratic model in the indicated mouse
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cohorts. Linear regression analysis was used to measure the association
between age and mean telomere length. The slope of the regression
line is indicated and represents the rate of telomere shortening per year
(Kb). Second order polynomial adjustment (quadratic) was used for the
non-linear fit model. The R® indicates the goodness of the data
adjustment to each model. The number of mice per group is shown (n).
(E F. G and H) Adjustment of the percentage of short telomeres
(<<15kb) to a linear model or alternatively to a quadratic model in the
indicated mouse cohorts. Linear regression analysis was used to
measure the association between age and the percentage of short
telomeres. The slope of the regression line is indicated and represents
the percentage of short telomeres enrichment per year. Second order
polynomial adjustment (quadratic) was used for the non-linear fit
madel. The R indicates the goodness of the data adjustment to each
model. The number of mice per group is shown (n). (I and 1) Linear
regression lines of the assodation between age and mean telomere
length are shown for mice under CR (red lines) or a control diet (black
lines), in both WT {I) and TgTERT {J)) backgrounds. Multiple regression
analysis was used to evaluate the statistical differences between the
slopes of the different linear regression lines. The number of mice in
each group is indicated (n). (K and L) Linear regression lines of the
association between age and the percentage of short telomeres
(<215 kb) are shown for mice under CR (red lines) or a control diet (black
lines), in both WT (K} and TQTERT (L) backgrounds. Multiple regression
analysis was used to assess the statistical differences between the
different linear regression lines. The number of mice in each group is
indicated (n).

doi:10.1371/journal.pone. 00537609003

total of 23 months. To this end, we used a quantitative telomere
FISH method (QFISH) on mouse tissue sections (Materials and
Methods). In agreement with the results obtained i lenkocytes,
tissues from CR mice showed significantly longer telomeres than
those of mice under a control diet, as reflected both by higher
mean telomere length and by a lower percentage of nuclei with
short telomeres (Fig. 5A-H and representative images in
Fig. 5K). These results were confirmed by quantitadve QFISH
on metaphasic chromosomes from bone marrow (BM) cells, which
allows measuring all individual telomeres per nuclei. In particular,
mice under CR showed longer telomeres and a lower percentage
of chromosome ends with undetectable telomere signals by
QFISH (or signal-free ends) compared to the corresponding
genotypes under a control diet (Fig. 5HLI). Together, these results
mndicate a systemic effect of CR on telomere length mamtenance in
muldple organs in mice.

Calorie Restriction Decreases Accumulation of Telomere-
originated Chromosomal Aberrations with Aging

Telomeres protect chromosome ends from recombination and
DNA repair acovides, thus preventing end-to-end fusions and
other telomere-related chromosomal aberratons [46,47]. Telo-
mere shortening below a cridcal length has been shown to lead ©
loss of telomere protecton, chromosomal instability, as well as
severe cellular defects (senescence/apoptosss), which eventually
can contribute to development of cancer and/or aging.

Here, we used telomere QFISH on BM metaphases to
determine the impact of CR on telomere-originated chromosomal
aberrations. After 23 months of dietary resriction, CR mice of
both genotypes presented a tendency to have less telomere fusions
and chromosomes with multitelomeric signals, a telomere aberra-
ton recently related to telomere fragility [48], as well as other
types of aberrations such as chromosome breaks and fragments
(Fig. 3J-0; representative images at Fig. 3M,0).

Altogether, these results indicate that long-term calorie restric-
tion results in protection from telomere damage and occurrence of
telomere-originated chromosomal aberrations.
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Figure 4. Calorie restriction leads to telomere maintenance
and/or elongation with time in a percentage of mice. (A, Cand E)
The behavior of mean telomere length was classified in two different
profiles ("Decrease” and "Increase or Maintenance”) at different times
of diet (1-22 months of diet, 5-22 months of diet and 9-22 months of
diet; A, C and E, respectively) in the indicated groups. Numbers above
bars indicate the number of mice showing the profile of interest over
the total number of mice. Chi-squared test was used to assess the
statistical significance of the differences observed. (B, D and F) The
behavior in the percentage of short telomeres (<15 kb) was classified in
two different profiles (“Increase” and “Decrease or Maintenance”) at
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different times of diet (1-22 months of diet, 5-22 months of diet and 9-
22 months of diet; B, D and F respectively) in the indicated groups.
Numbers above bars indicate the number of mice with the profile of
interest over the total number of mice. Chi-squared test was used to
assess the statistical significance of the differences observed. (G and H)
Representative examples of the different assigned profiles for mean
telomere length (“Increased”, “Maintained”, and "Shortened”) and
percentage of short (<15 kb) telomeres ("Reduced”, “Maintained”, and
“Increased”).

doi:10.1371/journal. pone.00537 60,9004

CR Synergizes with TERT Over-expression in Extending
Mouse Longevity

Fially, we tested the ability of a CR diet to extend the lifespan
of both WT and TgTERT cohorts. We observed a tendency to
increase the median survival of WT mice under CR compared w
those under a control diet (141, 4 weeks compared to 1296 weeks,
respectively; Fig. 6A—H), although the differences did not reach
dagnificance (Fig. 6A). A possible explanadon for the lack of
lifespan extension associated to CR in the WT cohort could be
related to the early age of the mice at the start of the CR protocol,
which was of only 3 months. Nevertheless, we observed that WT
mice under CR showed a delay in the tdme of onset of the first
deaths in the colony (Fig. 6A and I-]) n agreement with an
increased ““health span™ as the result of CR (see also Figs. 1 and 2).
Of note, this effect was similar tw that seen in TgTERT mice
under a control diet, which also showed an mereased median
survival of 139, 9 weeks compared tw 1296 weeks in the WT
controls, as well as a delayed onset of first deaths in the colony
(Fig. 6B-]J), suggesting that the beneficial effects of CR in
increasing “health span™ in WT mice could be mediated at least in
part by TERT over-expression. Interesungly, we observed a
agnificant extension of the median longevity in the TgTERT mice
under CR compared to WT mice under a control diet (Fig. 6C).
These results suggest a synergistic effect between TERT over-
expression and CR In increasing mouse longevity (which could be
also observed in Fig 6H).

In this regard, we have previously demonstrated a synergistic
effect between TERT over-expresson and increased expression of
tumor suppressor genes [23]. As CR has been also previously
demonstrated to protect from different cancer types [3,12], we
next set to address whether CR was significantly impacting on
tumor formation in WT and TgTERT cohorts. To this end, we
performed full histopathological analysis of all mice at their tme of
death. Interestingly, both WT and TgTERT cohorts under CR
showed a lower incdence of tumors compared to the correspond-
ing cohorts under the control diet (Fig. 61,]). Of note, the umor
spectrum associated to TERT over-expression was different from
that of conrol mice (Fig. 6]), irrespectve of this fact, the
incidence of cancer in TgTERT mice was reduced to similar levels
of those of wild-type mice under a control diet. In summary, CR is
able to reduce the increased cancer ncidence associated o TERT
over-cxpression, which together with the increased “health span”
associated to TERT over-expression could explam the synergistic
effects of TERT and CR in increasing longevity (see summary
table, Fig, 6K).

Discussion

Amelioratdon of health span, usually alongside with a significant
extension of lifespan, has been achieved in the last decades in
various species through interventions in major cellular pathways.
One of the oldest observatons anse from the seminal stdies of
McCay et al., which reported that rats under a restricted intake of
calories showed and extended longevity [49], and that since then
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Figure 5. Calorie restriction prevents telomere shortening in different mouse tissues and protects from telomere-mediated
chromosomal aberrations in bone marrow cells. (AB,C) Telomere fluorescence as determined by QFISH in the indicated tissues from the
different mouse cohorts studied here. Histograms represent the frequency (in percentage) of telomere fluorescence per nucleus (in arbitrary units of
fluorescence [auf]l. Mean telomere length is indicated by a straight line, red for mice under a control diet and yellow for mice under CR. The number
of mice (n) and the total number of nuclei analysed is indicated. (D,EF) Percentage of short telomeres (fraction of telomeres presenting intensity
below 50% of the mean intensity) in the indicated tissues from the different mice cohorts studied as determined by QFISH. Students t-test was used
for statistical analysis. (G) Representative QFISH images for different tissues from the indicated cohorts. Blue colour corresponds to chromosome DNA
stained with DAPI; red dots correspond to telomeres (TTAGGG repeats). (H) Telomere kength measured in metaphase spreads of BM cells from the
different cohorts after hybridization with DAPI| and a fluorescent Cy3 labelled PMNA-telomeric probe. (I) Frequency of signal-free ends per metaphase in
BM cells from the indicated mouse cohorts. (J) Frequency of multitelomeric signals (MTS) per metaphase in BM cells from the indicated mouse
cohorts. (K) Representative QFISH images of metaphases from the indicated mouse cohorts. Blue, DNA stained with DAPI; red, telomeres (TTAGGG
repeats). (L) Frequency of chromosome fusions per metaphase in BM cells from the indicated mouse cohorts. (M) Representative images of
chromosomal fusions. (N) Frequency of other chromosome aberrations (chromosome breaks, fragments and extrachromosomal elements) per
metaphase in BM cells from the indicated mouse cohorts. (O) Representative images of the different types of chromosomal aberrations scored. Blue,

DAPI staining (DNA) red dots, telomeres (TTAGGG repeats) as detected with a PNA-Cy3 probe.

doir10.1371/journal pone 00537609005

has been extended o other animal models [3]. However, more
recently, it has become apparent that effects of CR in extending
longevity are not universal [2]. Indeed, depending on the genetic
backgroond CR can ecither extend or decrease longeviry,
highlighting the need of identfying the pathways that interplay
with CR. In line with this noton, the molecular mechanisms
responsible for hifespan extension through CR are stll debated. As
an example, mammalian Sirt! (yeast protein Sir2), which encodes a
NAD-dependent deacerylase and was long believed o mediate life
extension associated to calorie restriction in different species, such
as (0 elegans and Drosophila, [50,51], has been recently challenged
[52]. Currenty, the most widely accepted model s thar CR
protects from DNA damage through a decrease of metabolism and
mitochondrial activity, and this result in a tdsue-protective
phenotype [4,53]. Here, we addressed whether CR could impact
on telomere dynamics, one of the best-known molecular mecha-
nisms leading to accumulation of DNA damage with aging. In
particular, we set to address whether CR may impact on the rate
of telomere shortening as well as on the ncidence of telomere-
originated aberrations associated with aging. Morcover, we set to
address whether CR could synergyze with telomerase over-
expression in extending Life span.

First, we showed that the CR protocol used here was able to
protect from the development of pathologies associated with aging
in both WT and TgTERT mice, including insulin sensitivity and
glucose intwlerance, as well as protection from bone loss over dme.
In additon t protecion from age-related pathologies, CR
improved other aspects of mouse health such neuromuscular
coordinadon in both genotypes. Together, these results indicate
that the CR protocol used in this smdy was able to mcrease the
“health span” of both WT and TgTERT mice.

In agreement with this, we observed a delayed onset of firse
deaths in the WT and TgTERT cohorts under CR. Interestingly,
WT mice under CR showed a similar median longevity and
similar onset of first deaths to that m TgTERT mice under a
control diet, suggestng that TERT transgenic expresion is
partially the beneficial effects of CR.

By using longitudmal telomere length studies, we also describe
here that CR delays telomere shortening associated to aging in
blood cells from WT mice (PBLs), to an analogous degree to that
observed associated to TERT over-expression. Other tssues, such
as lung, kidney, bone marrow and muscle, also presented longer
telomeres in mice under CR compared to those under the control
diet. In agreement with a protection from telomere shortening
associated with aging, we also observed that CR protected from
telomere-origmated DNA damage and chromosomal aberrations.
This mechded “multitelomeric signals”, which have been recently
associated to increased telomere fragility owing to replication fork
stalling at telomeres [48]. The fact that CR reduced the load of
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telomere fragility, may be suggestive of a reduced replicative stress
associated to CR in mpe, in agreement with the lower cellular
proliferation described for this condidon [53,54]. Aleernatively, the
observed telomere protection associated to CR could also he
explained by the reduction of oxdative stress mediated by CR.
Onidative stress accelerates telomere loss, whereas antoxidants
decelerate it [53].

Importantly, the slow-down or even increase in telomere length
associated to CR in mice, together with the protecton from
telomere damage, may underlie the delayed onset of age-related
discases upon CR. In support of this nodon, there is recent
evidence indicating that the rates of accumulaton of short
telomeres with aging determines mouse longevity [44]. Further-
more, short telomeres are associated with age-related diseases,
mcluding heart discase, impaired glicose tolerance, type 2
diabetes and higher plasma oxidative stress [56].

Interestingly, the significanty improved health-span associated
to CR in WT mice, also lead to a delay in the onset of first deaths
m the cohort, although was not sufficient to significantly increase
life-span compared to control mice. Life-span extension in this
seting was only achieved m TgTERT over-expressing mice,
suggesting a synergy between high TERT expresson and CR in
extending mouse longevity. The fact that we did not observe a
dgnificant increase in the longevity in CR WT mice maybe related
to the young age of mice used for this study (3 month of age)
compared to other studies (12 month of age), suggesting the
mteresting idea that CR may differendally impact on young or
adult individuals, in line with the higher proliferative demands of
YOUnger organisms.

Finally, our results show a clear impact of CR reducing the
mmor incidence  associated to the TgTERT genotype. In
particular, although TERT overexpressing mice presented a
higher incidence of neoplasias than WT mice, the incidence of
these neoplasias was reduced to a similar incidence than that of
WT mice under CR. This results in a synergistic impact of both
mechanisms on survival, mimicking the expression of tumor
suppressors under a telomerase overexpression background [25].

In conclusion, we provide evidence of the interaction between
two major anti-aging mechanisms in mammals. Further investi-
gaton of the nterface between telomerase and CR could help
unveiling how CR works and could permit to draw new and safer
anti-aging reatments.

Materials and Methods

Ethics Statement
Male mice of a 100% C57BL/6 background were produced
and stored at a pathogen-free barrier area of the CNIO, in

accordance to the recommendatons of the Federadon of
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Figure 6. Caloric restriction increases median and maximum
longevity and protects from cancer. (A-F) Kaplan-Meyer survival
curves of the indicated mouse cohorts. The Log rank test was used for
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statistical analysis. Mice under CR were more susceptible to unexpected
stresses such as the blood extraction procedure carried. 5 mice of the
WT CR cohort and 6 mice of the TgTERT cohort died during the blood
extraction and were excluded from the survival curves (of note, none of
the WT or TgTERT mice show sensibility to the blood extraction
procedure). {G-H) Realized lifespan of the 50% shortest (G) and longest
(H) lived mice of each cohort. Students t-test was used for statistical
analysis. (I) Percentage of mice with cancer and cancer-free mice in the
different cohorts. All death mice were subjected to full histopatholog-
ical analysis. (J) Percentage of mice in the different cohorts with the
indicated tumours at their time of death. (K) Summary table with the
findings regarding telomere length and survival of the different cohorts.
doi:10.1371journal.pone.0053760.g006

European Laboratory Animal Science Associatons. Mice were
mspected I a daily basis by an authorized animal facility expert
and weight monthly the firsts 6 months and each two months
thereafter. All the work carried out by the Amimal Facility of
CNIO (including mice welfare) complies with both natonal and
EU legslation — Spanish Royal Decree RD 1201/2005 and EU
Directive 86/609/CEE as modified by 2003/65/CE — for the
protection of animals used for research experimentation and other
scientific purposes. Mice were sacrificed using carbon dioxide
(CO2) following ISCIT IACUC guidelines, when presenting signs
of llness or tumors in accordance to the Guidelines for Humane
Endpoints for Animals Used in Biomedical Research [37]. The
date of euthanasia was considered as an estmation of the natural
hfe span. The Spanish National Cancer Research Centre (CNIO)
5 part of the “Carlos 11" Health Instiute (ISCII) and all
protocols were previously subjected and approved by the Ethical
Committee of the ISCIIL; approval ID numbers: PA-418/08.

Experimental Set-up

After weaning, five mice were housed per cage and fed ad libitum
of a non-purified diet (n® 2018, Harlan) For the aging study,
three-month old mice were individually housed and randomly
assigned to control and CR group of 18-20 mice each group
WT=20, TgTERT =18, WT CR=19, TgTERT CR=19).
Independenty of specific cases delineated at the comresponding
figure legends, two mice of each cohort were sacrificed after the 25
months’ time point for experimentation and were censored from
the survival curves. Control mice were fed 92.5 keal per week of
chemically defined control diet (AIN-93M, Diet No. FO5312,
bioderv, Frenchtown, NJ). This caloric intake was found to be
~10% fewer calories than average daily intake of C57BL/6 mice
to ensure that all was consumed and allowing the comparison of
non-obese controls and CR mice. Caloric restriction was
mtroduced by feeding 74 keal per week of chemically defined
CR diet for two weeks, followed by 59.2 keal per week of CR diet
(ATN-93M 40% Restricted, Diet No. F03314, Bioserv). Defined
diets were cold packed nto 1 g pellets. Mice were fed two-seventh
of the weekly allotment of food on Monday and Wednesdays and
three-seventh of that amount of Friday [10,58].

Histological Analysis

Histopathology was performed as described [59]. Briefly, tissues
and organs from sacrificed or natural death mice were fixed for
24h m a 10% neutral-buffered formalin soludon at room
temperature, dehydrated through graded aleohols and xylene,
and embedded in paraffin. Histological analyss was achieved on
4-5 wm sections according to standard procedures.
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Bone Density and Fat Content
Bone mineral density and fat content were measured in
anesthetized amimals {or post-mortem when referred) using a

Dual Energy X-ray Absorptometry (DEXA) scan device.

Intraperitoneal Glucose Tolerance Tests

Mice were fasted for at least 8 hr, and injected intraperitoneally
with a 50% dextrose solution (2 g/kg body weight) as previously
described. Blood glucose levels were measured at the mndicated
time points with a glucometer (Glucocard Memory 2, Arkray,
Japan), after injection. Analysis of the data was performed as
described in [23].

Insulin, HOMA-IR, IGF1 and GH Measurements

Blood msulin levels were measured with an Ulra-Senagwve
Mouse Insulin ELISA Kit (Crystal Chem Inc. #90080), followng
manufacturers protocol. HOMA-TR was calculated as previously
described [31]. IGF-1 levels were calculated with a Rat/ Mouse
IGF-1 ELISA (Novozymes, AC-18F1) and growth hormone with a
Rat/Mouse ELISA Kit Milipore, EZRMGH-45K) following
manufactures proceedings. Mice were fasted for at least 6 hr prior
to blood msulin, IGF-1 and GH analysis.

Telomere QFISH on Paraffin Sections

Paraffin-embedded tdssue sections were hybndized with a PNA-
telomeric probe, and fluorescence intensity of telomeres was
determined as previowsly described [39]. Quantitative image
analysis was performed wsing the Definiens Developer Cell
software (version XD 1.2; Definiens AG). For statistical analyss
a two-talled Student #est was wsed o assess  significance
(GraphPad Prism software).

Quantitative Telomere Fluorescence in situ Hybridization
(QFISH) on Bone Marrow Cells

Bone marrow cells were solated and sdmulated with IL3
(10 ng/ul) (Sigma) diluted n 25% RPMI (Sigma) 75% Myelocult
(Stemeell technologies) culture medias for 72 hr. Cells were
mcubated with 0.1 mg/mL Coleemid (Gibco) at 37°C overnight
to arrest cells in metaphase. Cells were then harvested and ficed in
methanol:acetic acid (3:1). Metaphases were spread on glass slides
and dricd overnight, and QFISH was performed using a PNA-
telomeric probe labeled with Cy3 as described previously
[29,60,61]. Images were captured at 100x magnification using a
COHU CCD camera on a Leica DMRA (Leica, Heidelherg,
Germany) microscope. Telomere fluorescence signals were nte-
grated from 17-21 metaphases from 2 animals per diet group and
genotyped and quantfied by using the TFL-TELO program (gift
from Peter Lansdorp, Vancouver, Canada) [60]. Telomere
fluorescence values were converted into kb by external calibradon
with the L5178Y-8 and L3178Y-R lymphocyte cell lines with
known telomere lengths of 10.2 and 79.7 kb, respecavely [61].

High-througput QFISH (HT QFISH) on Peripheral Blood
Leukocytes

Blood was extracted from the facial vein while the mice were
alive at the indicated time points from the beginning of the diet.
Erythrocyte lysis was performed (Buffer EL, Quiagen) and
perpheral blood  leukocytes were plated on a clear bottom
black-walled 96-well plate. HT-QFISH was performed as previ-
ously described [28]. Telomere length values were analyzed using
mdwidual telomere spots (>5000 per sample) corresponding to
the specific binding of a Cy3 labeled telomeric probe. Fluores-
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cence intensities were converted into Kb as previously described

[2861].

Quantification of Phosphorylated H2AX

We performed y-H2AX (Millipore 05-636, clone JEW301)
staining on paraformaldehyde-fixed, paraffin-embedded sections
(AxioVision software was used for image analysis; quantitation of
immunostainings was determined by counting the number of
peroxidase stained nuclel over the total number of hematoxylin-
stained nuclel). Samples were processed and acquired under
identical conditions.

Neuromuscular Coordination Test
The dghrope test was performed as described elsewhere [25].

Supporting Information

Figure 51 Molecular markers of aging in WI and
TgTERT mice under Control and CR diets. (A and B)
Fernur bone mineral density (BMD) was measured at 16 months of
diet (A) and 24 months of diet (B) m mice from the different
cohorts. Values are given as average = SEM, and statstical
dgnificance was determined by the two-tailed Smdent’s t-test. (C)
Fermur bone mineral density (BMD) variaton through lifetme of
WT and TgTERT mice under control and CR diets. Values are
given as average. (D and E) IGF-1 (D) and GH (E) in serum were
measured at 16 months of diet in mice of the indicated cohorts.
The number of mice 1s indicated on the wp of cach bar (n). Values
are given as average * SEM, and smgstical significance was
determined by the two-tailed Student’s #test.

(TTF)

Figure 82 Protection from DNA damage in mice under
calorie restriction. (A) Percentage of y-H2AX positve cells in
the kidney of mice from the indicated cohorts. Students t-test was
wed for statsdcal assessments. (B) Representarve yp-H2AX
immunohistochemistry images of kidney from the indicated mice
cohorts.

(TTF)

Figure 83 Slower age-dependent telomere shortening in
mice under calorie restriction. (A, B and C) Percentage of
short telomeres (<2 kb, <3 kb and <10kb; A, B and C
respectively] was determined by HT QFISH on white blood cells
from the indicated mice under CR or control diet at different tme
points. The number of mice is indicated on the top of cach bar (n).
Values are given as average = SEM, and statistical sgnificance
was determined by one-tailed Student’s #test.

(TTF,)

Figure 54 Calorie restriction leads to telomere mainte-
nance and/or elongation with time in a percentage of
mice. (A, B and C) The behavior of mean telomere length was
classfied in three different profiles (“Decrease”, “Increase”, and
“Mamtenance™) at different times of diet (1-22 months of diet, 5—
22 months of diet and 922 months of diet; A, B and C,
respectively) in the indicated groups. Numbers above bars indicate
the number of mice showing the profile of interest over the total
mumber of mice. Chi-squared test was used to assess the statistical
dgnificance of the differences observed. (D, E and F) The behavior
i the percentage of short telomeres (<015 kb) was classified n
three different profiles (“Increase™, “Decrease”, and ‘“‘Mainte-
nance’’) at different times of diet {1-22 months of diet, 5-22
months of diet and 9-22 months of diet; D, E and F respectively)
in the indicated groups. Numbers above hars indicate the number
of mice with the profile of nterest over the total number of mice.
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Chi-squared test was used to assess the statistical significance of the
differences observed.

(TIF)
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Conditional TRF1 knockout in the hematopoietic compartment leads to bone
marrow failure and recapitulates clinical features of dyskeratosis congenita

Fabian Beier,! Miguel Foronda,' Paula Martinez,! and Maria A. Blasco'

Telomere and Telomerase Group, Molecular Oncology Program, Spanish Mational Cancer Research Centre (CNIO), Madrid, Spain

TRF1 is part of the shelterin complex,
which binds telomeres and it is essential
for their protection. Ablation of TRF1 in-
duces sister telomere fusions and aber-
rant numbers of telomeric signals associ-
ated with telomere fragility. Dyskeratosis
congenita is characterized by a mucocu-
taneous triad, bone marrow failure (BMF),
and presence of short telomeres because
of mutations in telomerase. A subset of
patients, however, show mutations in the
shelterin component TIN2, a TRF1-

interacting protein, presenting a more
severe phenotype and presence of very
short telomeres despite normal telomer-
ase activity. Allelic variations in TRF1
have been found associated with BMF. Te
address a possible role for TRF1 dysfunc-
tion in BMF, here we generated a mouse
model with conditional TRF? deletion in
the hematopoletic system. Chronic TRF1
deletion results in increased DNA dam-
age and cellular senescence, but not in-
creased apoptosis, in BM progenitor cells,

leading to sewvere aplasia. Importantly,
increased compensatory proliferation of
BM stem cells Is associated with rapid
telomere shortening and further increase
in senescent cells in vivo, providing a
mechanism for the very short telomeres
of human patients with mutations in the
shelterin TIN2. Together, these resulis
represent proof of principle that muta-
tions in TRF1 lead to the main clinical
features of BMF. (Blood. 2012;120(15):
2990-3000)

Introduction

Telomeres consist of tandem TTAGGG repeats and associated
proteins that form a capping structure at the ends of chromosomes,
protecting them from DNA repair activities and from degrada-
tion.'? The length of telomeric repeats is mainly regulated by
enzyme lelomerase. which can add telomeric repeats de novo at
chromosome ends because of ils reverse transcriptase (TERT)
activity that uvses an associated RNA component (TERC) as
template** Telomere repeats are then bound by a 6-protein
complex, known as shelterin, encompassing TIN2, TRFI, TRE2,
TPP1, POTI, and RAPI, which is needed to form a functional
telomere.2?5 TRF1, together with POT1 and TRE2, directly binds
telomeric DNA 235 TRF1 has been proposed to have roles in the
regulation of telomere length and telomere capping, as well as in
the prevention of replication fork stalling at telomeres.'* TRF1
ablation leads to rapid cellular senescence because of activation of
DNA damage response (DDR).*7 supporting an essential role of
TRF1 in preventing DNA damage at telomeres.

Dyskeratosis congenita (DKC) is considered to be paradigmatic
of premature aging syndromes and it is characterized by the classic
triad of bone marrow failure (BMF), skin abnormalities, and
increased risk of cancer.®* The molecular basis of DKC commonly
involves mutations in genes related to telomere maintenance 1%
Disturbance of telomere maintenance results in premature telomere
shortening and subsequent replicative senescence, leading to
premature stem cell exhaustion and tissue failure.!! The most
frequent DKC mutations affect the telomerase complex, including
the telomerase RNA component or TERC and the reverse transcrip-
tase subunit or TERT, as well as small nucleolar ribonucleoproteins
important for the stability of TERC, such as DKCI, NHP2, or
NOP10, and therefore for proper functioning of telomerase, %213

In addition, mutations of the shelterin protein TIN2 contribute to
approximately 109%-20% of all DKC cases.!"1213 TIN2 mutations
are autosomal-dominant and generally de novo mutations in
contrast to mutations in components of the telomerase complex 510

Concerning the clinical manifestations of DKC, patients with
mutations in TIN2 appear to have more clinical features and a more
severe clinical course than those with mutations in telomer-
ase. ™45 Furthermore, the onset of the disease develops at a
younger age in patients with TIN2 mutations compared with
patients with telomerase mutations."”"" Strikingly, patients with
TIN2 mutations are characterized by presence of very short
telomeres, a feature that correlates with the severity of the disease
and that it is vsed to identify these patients versus other BMF
syndromes. 10141615 [n contrast to mutations affecting the telomer-
ase complex, the mechanism underlying the dramatic telomere
shortening associated with TIN2 mutations remains presently
unknown. Of note, all known TIN2 mutations in patients with DKC
are found in exon 6, in the proximity of the TRF1 binding site,'81?
raising the interesting possibility that impaired interaction of TRF]
and TIN2 can contribute to the severe DKC phenotype. In line with
this hypothesis, deletion of the TRFI binding site of TIN2 results in
reduced in vitro TRF1 levels in the shelterin complex.*2* Further
supporting a potential involvement of TRF1 in the pathogenesis of
DEC, allelic varations in TRFI have been associated with
BME22 However, solid proof that TRF] mutations can cause
BMF is still pending.

In the present study, we set out to test whether abrogation of
TRFI in the hematopoietic system can recapitulate the clinical
features of BMF. To this end, we generated a conditional TRF]
deletion mouse model for the hematopoietic system. Our results in
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vivo demonstrate that deletion of TRF1 results in BME In addition,
we were able to reproduce the main clinical features as observed in
DKC patients with TINZ mutations, such as severe lelomere
shortening over time, reduced progenitor cells, and progressive
development of cytopenia and BME. In summary, we describe the
first mouse model simulating DEC features caused by alteration of
the TRF1 shelterin component. Our results also provide the first
mechanistic explanation for the severe telomere shortening in the
in vivo setting of the bone marrow associated with shelterin
mutations in patients with DKC.

Methods

TRF s mice were generated in our laboratory as described® To
conditionally delete TRFI in the bone marrow, homozygous TRF Jfexfios
mice were crossed with transgenic mice expressing Cre under the control of
the endogenous Mxl promotor (Mxl-Cre).®* Heterozygous TRFE=!
MxI-Cre mice were crossed with homozygous TRF =% mice to obtain
TRF Jfocfior My]-Cre mice. All mice were penerated in a pure C5TB6
background. Then, 8- to 14-week-old TREIF=xpx] Cre and TRF [fexiox
Mx]-wildtype (wf) mice were used as bone marrow donors. Peripheral
blood (30-80 pL. per mouse) was obtained by jugular puncture and
collected into EDTA-coated tubes for further analysis. Peripheral blood
counts were measured with the Abacus Junior Vet System (Diatron) or
processed for high-throughput (HT), quantitative FISH (QFISH).

Treatment and transplantation protocols were approved by the Ethical
Committee of the “Carlos III" Health Institute, and mice were treated in
accordance of the Spanish laws and the guidelines for “Humane Endpoints
for Animals used in Biomedical Research.” All mice were maintained at the
Spanish National Cancer Research Center under specific pathogen-free
conditions in accordance with the recommendations of the Federation of
European Laboratory Animal Science Association.

Bone marrow transplantation and Cre induction

Bone marrow transplantation was performed as described.?” Groups of
8 wild-type littermates (C57B6 background, 7-10 weeks old) per donor
mouse were irradiated with 12 Gy the day before the transplantation. The
following day, bone marow of the donor mice was harvested from the
femora and tibiae and 2-3 x 106 cells were injected per recipient. All
experiments were performed on animals that underwent transplantation
after a latency of at least 30 days.

TRFFxfexpx ] Cre or TRF IFsfesjfy ]t mice undergoing long-term
polyinosinic-polycytidylic acid (pl-pC; Sigma-Aldrich) injections were
used for serial transplantation. A total of 2 x 10¢ cells of donor bone
marrow were transplanted into groups of 4 irradiated wild-type littermates
as bone marrow recipients.

To induce the Cre expression, 15 pgfe body weight of pl-pC was
injected intraperitoneally into animals that had undergone transplantation.
Duration and frequency of pl-pC injections is indicated in the respective
experiment.

G-CSF ELISA

Peripheral blood of euthanized mice was centrifuged and serum was frozen
at —80°C until measurement. ELISA analysis of mouse G-CSF levels was
carried out according to the manufacturer (Quantikine; R&D Systems).

FACS analysis and FACS sorting

For detailed bone marrow characterization, 10 > 10% bone marrow mononu-
cleated cells (BMMCs) per animal were incubated with 3% BSA (Sigma-
Aldrich) for 20 minutes. After washing cells once with PBS, anti-sca-1-
PerCP-Cy3.3, lin cocktail-eFluor4 50, anti-FC-receptor—PE-Cy 7, anti-CD34-
eFluor660, anti-IL7-Alexad88 (all eBioscience), and anti—c-kit-APC-HT
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(BD Pharmingen) antibodies were added and cells were incubated for
30 minutes. After washing cells once with PBS, 2pL of DAPI(200 pg/mL)
was added

For BrdU (Sigma-Aldrich) staining and cell-cycle analysis, 150 mg/kg
BrdU was injected intraperitoneally 2 hours before the animals were killed.
To summarize, 1 »% 10° BMMCs were fixed for 20 minutes with the use of
T0% ethanol and then denatured with 2N HCL solution. After neutralization
using 0.1M sodium borate, cells were washed twice with PBS/1% BSA and
incubated for 20 minutes with anti-BrdU-FITC antibody (BD Pharmingen).
The samples were washed twice with PBS/1% BSA, and cells were
resuspended in 10 pg/mL propidiume iodide (Sigma-Aldrich).

For apoptosis measurement, 2 » 105 BMMCs per animal were incu-
bated with 3% BSA for 20 minutes. After washing cells once with cell
culture media (DMEM: Gibco), samples were resupended in 100 pL of
annexin-V binding buffer (Apoptosis detection kit BD Pharmingen)
containing lin cocktail-eFluor430, anti—c-kit-APC-HT, and annexin-V-
FITC (BD} Pharmingen). Before analysis, 2 pL of Topro-3 (1 pgfmL;
Invitrogen) was added to the samples.

For FACS sorting experiments, BMMCs were blocked with 3% BSA for
20 minutes and washed once with PBS. Cells were stained for 30 minutes
with lin cocktail-eFluord30, anti—c-kit-APC-H7, and, where required, with
anti-sca-1-PerCP-Cy5.5. After washing them once with PBS, we sonted
samples by wsing a FACS Aria II sorter (BD Bioscience).

Colony-forming assay

For short-term colony-forming assay (CFA) 1 > 108, 2 > 10%, or 4 x 10¢
of BMMCs were cultured in 35-mm dishes (StemCell Technologies)
containing Methocult (StemCell Technologies) according to the manufactur-
er’s protocol. All experiments were performed as doublets and the number
of colonies was counted on day + 12 after manufacturer’s protocol.

Statistical analysis and experimental groups

Because the pl-pC—induced interferon release has various effects on the
hematopoietic system, we used 4 experimental groups to exclude any effect
of interferon in our mouse model. TRFI®=%\x] Cre with and without
pl-pC injections and TRFI=*®=Mx ] wi with and without pl-pC injections
were compared with each other. All experiments were carried out with mice
from at least 2 different donors, and a comparison of untreated versus pl-pC
treated was performed in pairs by the use of mice from the same donor to
minimize interindividual differences. In all analysis, a significance level of
o = (.05 was considered as statistically significant, and all graphs are
displayed as mean value and SE. If not stated otherwise, “n” represents the
number of analyzed mice in each experiment. Statistical analysis was
performed with GraphPad prism software Version 5.0 (GraphPad).

Results

Acute TRF1 deletion progressively leads to pancytopenia and
histopathologically proven BMF but not to telomere shortening

To study the effects of TRF] deletion in the bone marrow, we
crossed TRFI™#%% mice with a conditional knock-out allele for
TRFI, with Mx]-Cre mice, which express the Cre recombinase in
the bone marrow as well as in several tissues like liver, heart,
spleen, and kidney.?® To avoid the potentially deleterious and
complex effects of TRFI deletion in other tissues, we used bone
marrow transplantation, allowing us to selectively analyze the
consequences of TRFI deletion in the bone marmrow. To this end,
the bone marrow from TRF Ifesfiespx]-Cre and TRE Ifexfior My J-wt
mice was transplanted into wild-type recipient littermates (see
“Bone marrow transplantation and Cre induction”). PCR analysis
for TRFIF™ and TRF1] revealed complete engraftment of the
transplanted transgenic bone marrow excluding any relevant partici-
pation of the original recipient marrow (Figure 1A). Thirty days
after transplantation, we found a complete recovery of the peripheral
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Figura 1. TRF1 deletion prograssively leads to pancytopenia and histopathologically proven BMF but not to telomere shortening. (&) PCR for wild-type and floxed
TRF1 confirmed the absence of remaining recipient wild-type bone marrow in TRF ey i-wi (lane 3 + 4) and TRF 2S5y 1-Cro (lane 5 + 6). Gencmic control DNA of
TRF™ and TRF1.es®s arg shown {lane 1 + 2). (B) Hematoxylin and acsin staining of the stemal bone mamow of TRF Mo ki1 wi and TRF7eoilfy] - Cre animals without
Cre induction and after +18 days. Image was captured with 10 magnification (blue bar represents 200 pm), small image shows <40 magnification. {C) Peripheral blood
counts measured twice a week of TAFMefliyiwt and TAFPoebrfdi-Cre mice. Mo stafistical difference was found at day 0 in all subpopulafions between
TRF rextexbici-wi and THF P22, i -Cro mice {all P> .05) except for thrombocytes (P = .005). At day +18, all TRF =%y {-Cro mice showed siatistically significant
lower peripheral blood counis (all P < 005) except for hemoglobin levels (P = 55). Two-sided f test was used for statistical compariscn. (D) Westemn blot analysis of
TRF1 protein levels of bone marmow protein axtracts of TRF 120y 1-wt and TRF1 2y 1 -Cre animals without pl-pC injections and after + 18 days. Two different exposure
timas are shown. (E) Quantification of TRF1 protein levels in relation to actin protein levels (without pl-pC. dark gray bars and with pl-pC, light gray bars). Two-sided ftest was
used for stafistical companson. (F) Telomers length analysis using Q-FISH of stemal bone marrow sactions of TRF P>y 1wt and THF P =%cbici-Cre animals without
(dark gray bars) and after 18 days of pl-pC treatment {light gray bars). Two-sided f test was used for statistical comparison.

blood counts and normal bone marrow histopathology in both
groups (Figure 1B-C), indicating full reconstitution of the recipient
bone marrow by the different genotypes.

To delete TRF1 in the bone marrow, we induced Cre expression
every second day by treating the mice with pl-pC (see Methods and
supplemental Figure 1A, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).
Eighteen days after induction of Cre (day +18), the mice were
sacrificed because they presented with severe pancytopenia and
poor health condition. At this end point, we found a significant
reduction of TRF1 protein expression in the TRF P My ]-Cre
mice, demonstrating a successful abrogation of TRF1 in the treated
mice (Figure 1D-E). Reduced TRFI1 protein levels also were
confirmed by TRF1 immunofluorescence on day +18 at the

single-cell level. Of note. although we found dramatically de-
creased TRF1 protein levels per cell, we did not find any single cell
with completely absent TRF1 signals, most likely indicating that these
cells are rapidly removed from the bone marrow (supplemental
Figure 2A-B).

Histopathologic analysis of the bone marrow at day + 18 showed a
hypocelluar, aplastic bone marrow (Figure 1B) in the TREF JAfieciy ] -
Cre group consistent with BMF but no signs of hypocellularity/
aplasia in the TRF =fox\x]-wt mice. In line with the histologic
findings, all mice in the TRFIiex)My]-Cre group developed a
progressive decrease of the peripheral blood counts resulting in
pancytopenia. In contrast, the TRF Ife=fioxpfy | -wi group (Figure 1C)
showed stable or even increasing blood counts except for the
hemoglobin levels owe to the blood withdrawal.
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Figure 2. Induction of TRF1 deletion deplates HSC and progenitor cells and leads to increased compensatory proliferation. (&) Representative FACS analysis of the
HSC and progenitor cell populations. Single cells in panel Ai were further gated based on forward and side scatier (Aii). Including only viable cells without DAP] incorporation,
BMMCs of (Aii) were separated on the basis of being lineage negative and IL-7 recepior positive or negative (Alii). |L-7 receptor-positive cells were further analyzed basad on
the sca-1 and c-kit staining (4wi). Comman lymphoid progenitors (CLP) were identified as sca-1 and c-kit low(+) cells. Lin and IL-7 receptor—negafive cells were further
distinguished on the basis of sca-1 and c-kit staining (Av). HSCs wera identified as c-kit{+), sca-1{+). C-kit{+), sca-1{—) pregenitor cells ware further differentiated in (Av) on
the basis of CD34 and Fc-recepior staining. C034 and Fo-receptor lowi +) cells were identified as megakaryocyte-arythrocyte progenitor cells (MEP), CD34(+), Fe-receptor
low-pasitive cells as common myeloid progenitors (CMP),and CD34{+ ), Fe-recepion+ ) cells wara identified as granulocyte-macrophage progenitors (GMP). (B) Quantification
of the percentage of the hematopoietic stem and progenitor cell subpopulations. The respective percentage was calculated in relation to the number of cells gated for forward
and side scatier in panel Aii. Mice without pl-pC—induced Cre expression are represented by dark gray bars and mice undengoing pl-C injections by light gray bars. Two-sided
test was used for siatistical comparnison botween TRF 12 L] -wi and TRF1254x{ -Cro group, student paired ¢ test for statistical comparison within the respective group
(untreated vs freated). (C) Representative FACS analysis of BrdU incorporation after 2-hour pulse labsling in TRFfes®oddy 1 -wi and TRF 1ty 1 -Cre mice undergoing Cre
induction. EMMCs were gated for singlet cells and forward and side scatier (FACS scatier gram not shown) and then further separated on the basis of ErdU and propidium
iodide staining. (D) Quantification of BrdU-positive cells. The respective percentage was calculated in relation to the number of cells gated for forward and side scatter. Mice
without pl-pC—induced Cra exprossion are represented by dark gray bars and mice undergaing pl-C injections by light gray bars. Two-sided ftest and student paired ftest was
used for siafistical comparison batwean respective TRE 1ot de 1-wiand TRF 1Pk iy 7 -Cro subgroups.

To investigate the impact of acute TRF1 abrogation on telomere
length. telomere length in both groups was measured before and
after TRFI deletion. We observed no significant differences
between both groups (Figure IF). In summary. these findings
indicate that TRF1 deletion progressively leads to BMF in the
absence of detectable telomere shortening.

Progressive TRF1 deletion significantly reduces the number of
HSC and progenitor cells and leads to increased compensatory
proliferation

To understand the effect of progressive TRF1 deletion in the bone
marrow, we injected pI-pC daily for a total of 7 days (supplemental
Figure 1B). Using this approach, we obtained a significant decrease
of TRF1 protein levels and a robust decrease of the bone marrow
cellularity (supplemental Figure 3A-C), yet at the same time we
could obtain sufficient bone marrow cells for further experimenta-
tion. First, we performed a detailed analysis of the different bone
marrow subpopulations (Figure 2A-B). FACS analysis revealed an
increase of HSCs in the pl-pC—-treated TRF Mfexflexpy -wt control
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group but a decrease in the TRFM=fspMy]-Cre group (Figure
2A-B). In the progenitor cell population, we found a significant
decrease in the number of common lymphoid progenitors as well as
the common myeloid progenitors in the TRF e fx ] - Cre but not
in TRF Mesfox\fx]-wi group (Figure 2A-B). We also found a
significant decrease in the more differentiated megakaryocyte-
erythrocyte progenitors in the TRF Mesfox\x]-Cre mice compared
with the TRFIfesorpfx[-wt controls (Figure 2A-B). In contrast,
granulocyte-macrophage progenitors did not significantly differ
between genotypes (Figure 2A-B).

Because the induction of TRFI deletion leads to a decrease of
the HSC and progenitor cells, we asked whether the observed stem
and progenitor cell depletion results in reduced proliferation rates
in the bone marrow. To this end, we performed cell-cycle analysis
and 2-hour BrdU pulse labeling to analyze for changes in the prolifera-
tion rate. Cellcycle profile revealed significant increased S-phase and
Gy-M phase in the TRFMfE)yx]-Cre mice (supplemental Figure
3E-F). In line with the cell-cycle analysis, the number of BrdU-
incorporating cells in the TRFPosfiespy]-Cre mice was significantly
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increased compared with the TRFIfesfegify]-wt controls (Figure
2 C-D). These findings indicate an increased compensatory prolif-
eration of the remaining non-TRF1-deleted cells in the TRF lisv'
fexMx]-Cre mice despite significant reduction of stem and progeni-
tor cells. Supporting the notion of increased compensatory
proliferation in response to TRF1 ablation, we found significantly
increased G-CSF levels in the blood of the TRF Mesfaxpfy]-Cre
mice (supplemental Figure 3D), which is the main growth factor
for granulocyte precursors. These results indicate that TRFI
deletion results in increased compensatory proliferation of the
remaining non-TRF l-deleted bone marrow cells to compensate for
loss of stem and progenitor cells.

Progressive TRF1 deletion leads to increased number of
telomere-induced foci, increased p53-mediated induction of
p21, and cellular senescence but no apoptosis

vH2AX can form foci that marks the presence of DSBs, and
colocalization of yH2AX foct with telomeres indicates the pres-
ence of uncapped/dysfunctional telomeres, the so-called telomere
damage associated foci or telomere-induced foci (TIFs).® To
address whether TRF1 ablation results in increased telomeric
damage. we combined yH2AX immunofluorescence staining with
telomere (Q-FISH (immuno-Q-FISH) for colocalization analysis of
vH2AX foci and telomeres in bone marrow sections (Figure 3A).
We observed a significant increase in the number of TIFs in the
pl-pC—treated TRF Hesfiespx]-Cre bone marrow but a decrease in
similarly treated TRFfesfexpfx]-wt control group (Figure 3B).
Because dysfunctional telomeres as the result of TRF1 depletion
can lead to chromosomal aberrations,®” we next analyzed bone
marrow metaphases. We did not observe significant differences in the
number of chromosome aberrations between TRFIf=foxpy[-wi
and TRF [f=xiexpy |- Cre mice (supplemental Figure 4A-B).

Activation of a persistent DDR as the consequence of dysfunc-
tional telomeres leads to up-regulation of p53 and to cellular
senescence mediated by the p53 target gene p21.2° To address
whether conditional TRF1 deletion in the bone marrow induces
p33-mediated senescence in vivo, we first analyzed p53 protein
levels by Western blotting. We found significantly greater p53 levels in
pl-pC—treated TRF Ifexfiaxpfy]-Cre mice compared with similarly
treated TRF Mexfox)y]-wt controls (Figure 3C-D). Next, we ana-
lyzed p21 mRNA levels by RT-PCR in FACS-sorted bone marrow
cells. We found significantly greater p21 mRNA levels in progeni-
tor cells from treated TREMesfeopfx]-Cre mice, as well as in
differentiated cells. Interesting, we observed the opposite tendency
to have lower p21 mRNA levels in the HSC compartment on TRF1
deletion, which goes in line with compensatory hyperproliferation
of this compartment. Immunohistochemistry (IHC) with anti-p21
antibodies directly on bone marrow sections confirmed a signifi-
cant increase in p21 protein levels in the treated TRF = fxpfy]-
Cre group compared with the TRF oAy ] vt controls (Figure
3E-G). Again, we did not detect any relevant changes in p2l
mRNA or protein levels in similarly treated TRFAefospy -yt
control mice (Figure 3E-G). In summary, elevated p53 and p21
levels are consistent with increased cellular senescence in vivo as
the consequence of TRF1 deletion in the bone marrow.

To directly assess induction of senescence in vivo caused by
TRF1 deletion, we used B-galactosidase staining directly on freshly
isolated bone marrow cells (Figure 3H). The bone marrow from the
TRF Mooy ] Cre—treated group showed a massive increase in
the number of B-galactosidase—positive cells compared with the
similarly TRF Ifeefexifx [-wit control group (Figure 31). To identify
the most affected cellular subpopulation, the bone marrow from
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treated TRF esforyfx [ -Cre mice was sorted by FACS into differen-
tiated and progenitor cells. Both subpopulations showed signifi-
cantly increased numbers of B-galactosidase—positive cells, but
progenitor cells accounted for the majority B-galactosidase—
positive cells (Figure 3I). Interestingly, when we used the same
approach for unsorted bone marrow cells with 3 additional days
without Cre induction, no increased number of B-galactosidase
positive cells was observed, indicating a rapid clearance of the
senescent cells (supplemental Figure 4C).

Finally, we wanted to address whether, in addition to cellular
senescence, apoptosis also contributed to depletion of HSC and
progenitors on TRF1 deletion. Annexin-V analysis of early apopto-
tic cells (annexin-V positive, TO-PRO-3 negative) of all bone
marrow cells and progenitor cells revealed no significant differ-
ences between the groups (Figure 3J-K). Our findings demonstrate
that conditional TRF1 deletion induces p53-mediated p21 activa-
tion and subsequent induction of cellular senescence mainly in the
progenitor cells because of persistent telomeric DNA damage in the
absence of increased apoptosis.

Long-term induction of TRF1 deletion leads to massive
Impaired overall survival because of BMF after B weeks and
massive telomere shortening

Next, we investigated the effects of long-term TRF1 dysfunction by
inducing TRF1 deletion at a lower frequency, which could recapitu-
late a more similar situation to that of human patients with TIN2
mutations. To this end. we induced TRF1 deletion 3 times per week
during several weeks (5-13 weeks) in a long-term approach (supple-
mental Figure 1C). Analysis of the peripheral blood counts
revealed a progressive decrease in all 3 lineages over time in the
treated TRFIf=foxpMx]-Cre mice (Figure 4A). In agreement with
development of pancytopenia, all treated TRF I#}x]-Cre mice
showed histopathologic signs of BMF characterized by a hypocel-
lular or aplastic bone marrow (Figure 4B). In contrast, no signs of
BMF were found in similarly treated TRFIfsfiespfx]-wt control
animals. In addition, we observed a dramatically reduced median
survival of 8.1 weeks for the treated TRFIM¥My]-Cre mice
(Figure 4C).

In this setting of a more chronic TRF1 dysfunction, we next
analyzed telomere length in bone marrow sections by using quantitative
telomere Q-FISH (Figure 5A). Strikingly, TRFI=ferpMy]-Cre
mice undergoing long-term Cre-induction/TRF1 deletion showed a
dramatic telomere shortening of approximately 15 kb within
7-9 weeks of treatment in comparison with TREF 5\ x ] vt
mice after 13 weeks of treatment (Figure 5B). Telomere length
distribution revealed a massive increase in the abundance of shorter
telomeres in the treated TRFIFsMy]-Cre group (Figure 5C).
Analysis of the telomere length in relation to the respective
untreated counterpart revealed that TRF I Mx[-wr animals
showed 7.4% shorter telomeres after 13 weeks. Telomeres of
TRF [fewfioxhy]-Cre mice after 7-9 weeks were found to be 44.7%
shorter, resulting in an approximately 6-fold increased telomere
shortening compared with the TRFIesfespx]-wt (Figure 5D).
These results clearly show that chronic TRF1 dysfunction leads toa
severe telomere shortening over time, similar to that observed in
human patients with TIN2 mutations.

Because (Q-FISH analysis on bone marrow sections can only
determine telomere length at the time of death. we set out to
perform longitudinal telomere length studies on induction of TRF1
deletion. To analyze the telomere length dynamics over time, we
used the Q-FISH method (HT-Q-FISH), which determines telo-
mere length in a per-cell basis in peripheral blood.**3! HT-Q-FISH
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Figure 3. TRF1 deletion leads to increased number of TIFs and cellular senescence via p21 but ne induction of apoptosis. (A) Representative image of colocalization
(indicated by white amows) of yH2AX foci and telomeres using immuno Q-FISH. (B) Quantification of the number of TIFs per detected nucleus. Only cells showing 2 or more TIF
wera included. Mice without pl-pC—induced Cre expression are represented by dark gray bars and mice undergeing pl-C injections by light gray bars. Two-sided fiest was used
for statistical comparison. (C) Westemn blot analysis of p53 protein levels of pl-pC—treated TRF %P5y 1 wi and TRF %%y - Cro mice. (D) Quantification of Westem blot
analysis of the p52 protein levels in relation to respective acfin levels. Two-sided { test was used for statistical comparison. (E) Fold change of quantitative PCR of p21 mENA
lavels in FACS-sorted bone marrow cells sorted for HSC: lin{—), c-kit (+). sca-1(+); progenitor cells: fin{—), c-kit{+), sca-1 (—); and differentiated cells: fin{+). mRNA of p21
levels were nommalized to actin levels, and statistical comparison was conducted with the Student f test between untreated and pl-pC—treated THF7%%®8x] wt and
TRF et i Cre mice. (F) Representafive image of p21 IHC staining of THF7 %%y i -Cre mice with and without pl-pC injections (<40 magnification, blue bar represents
50 pm). (G) Quantification of the p21 |HC-positive area (brown cells) in relation to the area of all cells. Mice without pl-pC—induced Cre expression are representad by dark gray
bars and mice undargoing pl-C injections by light gray bars. Two-sided f test and Student paired ftest was used for statistical comparison botwaan THF 70stoqlfy 1 wf and
TRFPesexpied-Cro subgroups. (H) Representative images of p-galactosidass staining in unsortad bone marow. Images were captured with < 10 magnification, small window
represents a magnified (20:<) section of the image showing representative B-galactosidase—positive (indicated by black arrows) and —negative cells. (1) Quantification of the
percentage of p-galactosidase positive cells per counted dish. Bar graph on the left represants unsorted bone marrow cells. On the right, quantfication of FACS-sortad linf+)
differentiated cells and lin{ —)c-kit{+) HSC and progenitors cells is shown. Mice without pl-pC—induced Cre expression are representad by dark gray bars and mice undergoing
pl-Cinjections by light gray bars. Two-sided f test was usad for statistical comparison. (J) Quantification of the percentage of eary apoptofic cells in all bana marrow calls and
stem and progenitor cells. Cuantification on the left represents all bona mamow cells, on the right, quantification of lin{—)c-kit{+) HSC and progenitors cells is shown. Mice
without pl-pC—induced Cre expression are represented by dark gray bars, mice undergoing pl-C injections by bright gray bars. Two-sided { fest and Student ¢ test was usad for
statistical comparison between TRF ™My i-wiand TAFelde1 Cro subgroups. (K) Representative FACS analysis for apoptosis of pl-pC—ireated TRFPowTor Ly 1. wi
and TRF etk iy1.Cre mice. Single cells in Ki were further gated on the basis of forward and side scatter (Kii). Selected calls of Kii were analyzed as iotal bone mamow based
on TO-PRO-3 and annexin-V staining or further separated in panel Kiii on the basis of negative linage staining. Lineagei — ) cells were further distinguished in c-kit—pesitive and
—negafive cells (in Kiv). C-kit{+), lin(—) HSC, and progenitor cells (Kiv) ware further analyzed on the basis of TO-PRO-2 and annexin-V staining. Annexin-V—positive and
TOP-RO-3-negafive cells were identified as early apoptofic calls.

also allows for the determination of the abundance of short
telomeres because it can quantify individual telomere signals per
cell. 3! HT-Q-FISH analysis showed that telomere length progres-
sively shortened over time in the treated TRF I#==iexMx ]-Cre group
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(Figure 5E). In addition, HT-Q-FISH revealed a massive accumula-
tion of short telomeres in the treated TRFIf=fospMy]-Cre group
(Figure 5F). Interestingly, both telomere length and the percentage
of short telomeres per individual mice showed a significant
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correlation with the remaining overall survival of the individual
treated TRF =iy ]-Cre mice (Figure 5G-H). These results demon-
strate that chronic TRF1 deletion leads to a progressive decrease in
telomere length, which eventually determines mouse longevity.

Mice undergoing long-term TRF1 deletion undergo replicative
senescence and exhaustion because of telomere shortening

The aforementioned results suggest that the reduction of the HSC
and progenitor cells and the consecutive compensatory increased
proliferation of the remaining stem and progenitor cells maybe be

responsible for the massive telomere shortening and accumulation
of short telomeres induced on chronic TRF1 dysfunction, thus
providing a molecular mechanism for the observations in human
TIN2 patients. To confirm the supposed increased proliferation and
replicative stress, we guantified the IHC for phospho-Histone3 and
phospho-CHK 1, known markers for cell proliferation and replica-
tive stress, respectivelyi? TRFMosfspy]-Cre mice showed a
significant relative increase in proliferation and replicative stress
compared with TRFI#=RsMx[-wi mice after 4 and & weeks of
long-term Cre induction (supplemental Figure SA-D).
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In turn, accumulation of short telomeres can induce replicative
senescence. ™ To analyze the consequences of the massive
accumulation of short telomeres in TRF s\ ]-Cre mice, we
performed P-galactosidase staining in TRF fesfospMy]-Cre and
TRF Mefexpy ] -wr mice after 4 weeks of long-term Cre induction/ TRFI
deletion and 5 days without Cre induction. The TRFIe=fojfx]-Cre
group showed a significantly increased, approximately 13-fold greater
number of B-galactosidase—positive cells (2.19%-0.165%, respectively)
compared with the TRF Jfesfioxpfy ] -wt (Figure 6A-B). The number
of B-galactosidase—positive cells in the TRF o)y I-wt proup
was in the same range as previously found (Figure 3I). To test
whether short telomeres affect proliferative capacities of the stem
cells, we performed CFA after 4 weeks of long-term Cre induction.
CFA showed significantly decreased capacity of forming colonies
in the TRF fesfiospfx [ -Cre group (Figure 6C-D).

To analyze the effects of long-term Cre induction after 8 weeks,
we performed IHC of p21 in bone marrow sections. The number of
p21-positive bone marrow cells was significantly increased in the
TRF [fesfioxpfy ] -Cre group, 4.5-fold greater compared with the p21
levels of TRF Mfexfoxpfy]wt mice. p21 levels of TREF Moxfisxpy]-
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Cwt mice were in the range as previously observed (Figure 6E-F).
To analyze the functional consequences of short telomeres and
increased p21 levels, we performed serial bone marrow transplantation
after 8 weeks of long-term Cre induction in TRFefexpfy]-wt and
TRF Ifefexpfx ] -Cre mice. The bone marrow of the TRFIffexpx] vt
mice did not exhibit difficulties to repopulate a second time. In the
TRF P\ ] -Cre group, we found a tendency for prolonged survival
compared with iradiated mice without bone marrow transplantation,
but no transplanted bone marrow of the TRF HosfoxMy]-Cre group
was able to stably repopulate over 4 weeks (Figure 6G). Our data
indicate that accumulation of short telomeres because of chronic
TRF1 deletion is the underlying mechanism of replicative senescence
and impaired proliferative capacity in TRF1 deleted bone marrow.

Discussion

Here, we set out to test whether abrogation of TRFI in the
hematopoietic system recapitulates the clinical features of BMF
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associated with mutations in the telomere pathway (ie, patients
with telomerase or shelterin mutations). We first show that acute
TRF1 deletion results in BMF and progressive cytopenia in the
absence of telomere shortening. Because of the severity of the
phenotype mice had to be killed only 18 days after the induction of
TRFI ablation, which represents a lifespan of only 8 extra days
compared with that of lethally irradiated mice. These findings
indicate a severe dysfunction of the HSC/progenitor compartment
as observed for chemotherapy and in line with previously studies
confirm the essential nature of the TRFI gene.® In the in vivo
setting of the BM, TRF1 depletion leads to dysfunctional telomeres
and to in vivo induction of cellular senescence via p33 mediated
activation of p21.6

Cellular senescence was specifically found in progenitor cells
and, to a lesser extent, in differentiated cells, in agreement with the
fact that these compartments have the highest cell cycle activity.
This progenitor cell depletion explains the phenotype observed in
the closely clocked acute TRFI deletion. As a result of the

progenitor cell depletion, we found an increased compensatory
proliferation of the no-TRFI-depleted stem cell pools (HSCs).
This increased proliferation of HSC is mechanistically explained
by lower p21 levels in the HSC compartment’” Notably, we
observed that TRFI-depleted cells did not contribute to cell
division and were rapidly cleared of the bone marrow in the
absence of increased apoptosis. In this regard, it is likely that
phagocytosis of the TRFI depleted senescent cells by macrophages
in the bone marrow as observed for mature granulocytes may
explain the clearance of senescent cells.™

Next, by deleting TRF1 at a lower frequency and during longer
times, we aimed to induce a chromic TRFI dysfunction, which
could resemble more closely the human BMF syndromes associ-
ated with telomere dysfunction. In this setting, mice progressively
developed cytopenia and BMF over time until reaching their end
point. Mice undergoing acute TRFI1 deletion did not show telomere
shortening because of the acute depletion of the progenitor cell
compartment and the short time span. In contrast, telomeres were found
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to undergo massive shortening with time in mice receiving less frequent
long-term Cre induction. Furthermore, as a consequence of telomere
shortening, we observed an accumulation of short telomeres and in vivo
induction of replicative senescence in the bone marrow concomitant
with impaired replicative capacity.

Importantly, our chronic TRFI dysfunction mouse model
recapitulates various clinical features of DKC patients carrying
mutations in the shelterin TIN2 gene. Similar to the clinical course
in DKC patients with TIN2 mutations, TRF1-deleted mice exhibit
progressive pancytopenia over time, resulting in BME."** Further,
we found a reduced number of colony-forming units, indicating
impaired bone marrow function as reported in patients with DKCA?
In addition, the clinical feature of early onset of symptoms in
patients with TIN2 mutations and the very short telomeres observed
in these patients coincidences with the massive and rapid telomere
shortening over a period of only few weeks, leading to impaired
overall survival as observed in our mice.'*'® In particular, mice
with chronic TRF1 dysfunction showed approximately a 6-fold
increase in telomere shortening over time compared with the
control group, which is in a similar range to that observed in a
prospective study demonstrating a 4-fold increase in telomere
shortening in patients with DKC."* Furthermore, we found an
excellent correlation between telomere length and percentage of
short telomeres with the remaining lifespan of mice with TRFI]
deletion in the bone marrow, highlighting the role of telomeres as a
possible marker for clinical outcome in BMF syndromes. In this
regard, in the clinical practice, short telomere length s used to
identify DKC patients with TIN2 mutations'&-'%

Defects in telomere maintenance contribute to various types of
BMF syndromes. Previous models for the pathogenesis of DKC
proposed that stem cell dysfunction is caused by accelerated
telomere shortening because of impaired functionality of the
telomerase complex in the HSC because of mutations in the
telomerase genes. As a consequence of telomerase deficiency,
cycling HSC cannot properly maintain telomere length, resulting in
progressive accumulation of short telomeres, a common clinical
feature of DKC patients with impaired telomerase activity. 4142
On the basis of our findings, we propose an additional mechanism
leading to telomere shortening in the presence of a functional
telomerase complex, such as it is the case of DKC patients with
TIN2 mutations. Dysfunctional telomeres lead to activation of
DDR and increased number of progenitor cells undergoing cellular
senescence. To compensate for the constant progenitor cell lost, a
greater cell turnover is needed to maintain blood homeostasis,
resulting in telomere shortening and subsequent replicative senes-
cence. We cannot completely rule out the possibility that TRFI1-
deleted cells can divide and contribute to the phenotype in our
mice. However, on the basis of previous studies.® this possibility
is unlikely without additional p53 inactivation.

In line with our findings, recent studies demonstrated that
progenitor cells with high levels of DNA damage because of aging
or irradiation are cleared from the bone marrow and only progeni-
tor cells without increased DNA damage can contribute to hemato-
poiesis. ¥4 Further supporting our proposed mechanism, Wang
et al demonstrated that mice deficient for the shelterin POTI1b
develop BMF at the age of 15 months.*® Absence of POTIb
resulted in dysfunctional telomeres, and DDR activation led to an
intrinsic growth defect and progressive depletion of the hematopoi-
etic stem cell pool. Interestingly, POTIb-deficient mice with
heterozygous telomerase deficiency (mTERCH-) develop even
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earlier DKC features as BMF and cutaneous phenotypes, highlight-
ing the role of telomere maintenance for the stem cell pool 4647

Interestingly, all known TIN2 mutations in DKC patients are
observed in the exon 6 close-by or in the region encoding for the
TRF1 binding site, raising the possibility that impaired TIN2-TRF1
interaction accounts for the pathogenesis of DKC. In vitro studies
revealed that deletion of the TRF1 binding site of TIN2 leads to
reduced TRF1 levels in the shelterin complex.2™2* Further support-
ing this notion, the recent study of Sasa et al reports the case of a
4-year-old patient with a TIN2 mutation in the TRF1 binding site
and very short telomeres.'* Coimmunoprecipitation assay resulted
in a severely impaired ability of the patient’s TIN2 mutation to
interact with TRF1. In addition. Kim et al reported that human
fibroblasts with a truncated TIN2 protein lacking the TRF1 binding
site showed significantly reduced TRF1 levels.™ In striking similar-
ity to our data, these fibroblasts showed impaired cell growth, an
increased number of DNA damage foci on the telomeres indicative
for dysfunctional telomeres, and an increased number of
B-galactosidase senescent cells. However, despite similarities of
our mouse model with the observations in patients with TIN2
mutations, further data are needed to circumstantiate the hypothesis
of impaired TIN2-TRF1 interaction responsible for the pathogene-
sis of DKC. In summary, we provide the first mouse model
simulating DKC features caused by alteration of TRFI1 and the
conditional TRF1 deletion represents a useful model to further
investigate the pathogenesis of DKC.
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