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RESUMEN (en espaiiol)

El envejecimiento es un proceso complejo caracterizado por un declive funcional que
produce un aumento en la incidencia de enfermedades que finalmente conducen a la muerte.
En los ultimos afios, se ha demostrado que tanto mecanismos celulares auténomos como
mecanismos sistémicos pueden contribuir al desarrollo del envejecimiento. Abordar el
estudio y tratamiento del envejecimiento y de enfermedades relacionadas, como el cancer,
requiere por lo tanto de aproximaciones integrativas. En la presente Tesis Doctoral, nos
hemos valido del uso de modelos murinos y del analisis de especies animales longevas para
explorar mecanismos involucrados en el envejecimiento y el cancer, y proponer nuevas
estrategias de intervencion. En primer lugar, hemos investigado el uso de la ediciéon génica
como posible tratamiento de la progeria de Hutchinson-Gilford (HGPS), una enfermedad rara
de envejecimiento acelerado. Para ello, hemos utilizado el sistema CRISPR/Cas9 para evitar la
produccion de progerina, proteina téxica causante de esta patologia. La administracion de
este sistema en un modelo murino de HGPS ha demostrado reducir el fenotipo progeroide y
alargar la vida de estos ratones. Paralelamente, hemos realizado un analisis bioinformatico
de genes involucrados en la reparacion del ADN en dos especies de tortugas gigantes. De
este modo, hemos obtenido potenciales genes candidatos asociados a longevidad y
resistencia a cancer en estas especies. Por ultimo, hemos explorado mecanismos de
regulacion de la de la proteostasis, a través del factor AIRAPL, y ensayado su posible
modulacién mediante intervencién genética y mediante dietas basadas en el ayuno.

RESUMEN (en Inglés)

Aging is a complex process characterized by a functional decline that leads to an increased
vulnerability to several pathologies, which finally drive to death. Over the last years, both cell-
autonomous and systemic mechanisms have been proposed to contribute to the
development of aging. Integrative approaches are therefore needed to address the study and
treatment of aging and age-related diseases, such as cancer. In the present Doctoral Thesis,
we have used mouse models and long-lived wild species analysis to explore the mechanisms
involved in aging and cancer and propose new intervention strategies. First, we have
investigated the use of genetic edition as a potential treatment for Hutchinson-Gilford
progeria syndrome (HGPS), a rare premature aging disease. For this purpose, we have used
the CRIPSR/Cas9 system to avoid progerin production, a toxic protein causing this disorder.
Administration of this system to an HGPS mouse model has demonstrated to reduce the
progeroid phenotype and extend lifespan. Secondly, we have carried out a bioinformatic
analysis of DNA repair genes in two giant tortoise species. This way, we have obtained
potential candidate genes associated to longevity and cancer resistance in both species.
Finally, we have explored proteostasis regulatory mechanisms, though AIRAPL factor, and
assayed their possible modulation through genetic intervention and fasting-based diets.
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Introduction

The intriguing phenomenon of aging and the prospects to intervene on it have
haunted the human being throughout history. Aging can be defined as a complex process
characterized by a physiological decline that leads to an increased vulnerability to several
diseases, which ultimately drive to death'?. These pathologies include cardiovascular
disorders, neurodegenerative diseases and cancer. At first, cancer appears to be an
opposite phenomenon to aging, as cancer implies an aberrant increase in cellular fitness?
while aging is associated with a loss of this feature!. Nevertheless, these two processes
share common mechanisms and origins, being their most important cause the

accumulation of cellular damage®.

The phenomenon of aging has been conserved in evolution, occurring in most
organisms, and is, at least in part, controlled by classical signaling pathways>. Over the
last few years, research in the field of longevity has benefited from the study of
centenarians’” and long-lived organisms!®!2. Genomics, transcriptomics, proteomics and
other multi-omics analysis of both groups can project shared biochemical pathways
involved in lifespan extension. On the contrary, progeroid syndromes may offer a model
of accelerated aging, allowing the identification of regulatory mechanisms involved in
both progeria and physiological aging'®. Thus, integrative approaches are essential to
unravel the keys of the multifaceted process of aging and to develop intervention

strategies to prevent or delay some of its associated diseases.

The nine hallmarks of aging

In 2013, the aging research field experienced a breakthrough when the molecular,
cellular and systemic features of aging were classified in nine hallmarks!. These
hallmarks should ideally achieve three principles: they should appear during normal
aging; their exacerbation should lead to accelerated aging; and their reduction should
delay aging, conducting therefore to a healthier lifespan. Following these criteria, nine
hallmarks were proposed: genomic instability, telomere attrition, epigenetic alterations,
loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular

senescence, stem cell exhaustion, and altered intercellular communication.

These nine candidates have also been grouped into three categories: primary,
antagonistic and integrative hallmarks, depending on their characteristics. The primary

hallmarks would correspond to the main causes of damage, playing all of them clearly
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negative roles. This category includes genomic instability, telomere attrition, epigenetic
alterations and loss of proteostasis. The antagonistic hallmarks would comprise those
with a compensatory response to damage and have opposing effects depending on their
intensity. This category encompasses deregulated nutrient sensing, mitochondrial
dysfunction and cellular senescence. Integrative hallmarks result from the previous two
groups and are responsible for the decline associated with aging, comprising stem cell

exhaustion and altered intercellular communication' (Fig. 1).

Primary hallmarks

Figure 1. Hallmarks of aging. The nine hallmarks of aging are grouped into primary hallmarks,
antagonistic hallmarks and integrative hallmarks. Adapted from Lopez-Otin et al., 2013.

Genomic instability

Accumulation of genomic damage throughout life is a well-known hallmark of
aging, affecting both nuclear and mitochondrial DNA*!4. These genetic lesions, produced
by intrinsic or extrinsic agents, include point mutations, translocations, gene disruption,

chromosomal gains and losses and telomere shortening. To reduce these alterations,
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different DNA repair mechanisms exist in the cell. Interestingly, many premature aging
syndromes are caused by mutations in DNA repair genes resulting in an increased
accumulation of DNA damage'’. Besides, promotion of chromosome integrity can delay

aging in model organisms'¢.

Telomere attrition

Telomerase, the enzyme responsible for chromosome ends replication, remains
inactive under most circumstances in somatic cells. This incapacity to replicate DNA
terminal ends is responsible for the limited proliferative capacity of cells in vitro'” and
leads to a shortening of telomeres during normal aging in mammals'®. Moreover, it has
been suggested that short telomeres are associated with a higher mortality risk!.
Conversely, experimental induction of telomerase or the increase in telomere length in

mice extends longevity and improves several biomarkers of aging?*2!.

Epigenetic alterations

Different epigenetic changes, involving variations in DNA methylation patterns,
post-translational modifications of histones and chromatin remodeling, are accumulated
during lifetime??. This accumulation of specific marks in the epigenome is associated
with aging and experimental induction of epigenetic alterations can trigger premature
aging phenotypes in animal models. The deacetylase SIRT6 represents an example of
how changes in the epigenome can play a role in longevity, as its deficiency leads to

premature aging, while its overexpression extends lifespan in mice?324,

Loss of proteostasis

Quality control mechanisms in the cell guarantee the stability and functionality of
the proteome through chaperone-mediated protein folding, and the autophagy-lysosome
and ubiquitin-proteasome proteolytic systems. During aging, there is a decline in the
activity of these systems, leading to an accumulation of damaged and misfolded proteins
and the consequent loss of protein homeostasis, which can impair tissue function®.
Moreover, chronic accumulation of aggregates of these misfolded proteins is associated

26

with neurodegenerative pathologies, such as Alzheimer’s and Parkinson’s disease~°.

Many studies have shown that experimental disruption of proteostasis can lead to aging-
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associated pathologies and premature death?’, whereas an increased activity of the

proteostasis network increases health and lifespan?®2°,

Deregulated nutrient sensing

Cells respond to fluctuations in the levels of nutrients through different signaling
pathways. Among them, the best known is the insulin and IGF-1 signaling (IIS) pathway,
which controls the FOXO family of transcription factors and the mTOR complexes, both
involved in longevity*°. Furthermore, there is evidence that anabolic signaling, activated
in periods of nutrient abundancy, accelerates aging, whereas reduced nutrient signaling
delays it’!. Accordingly, excessive intake of carbohydrates has a negative impact on
health, known as carbotoxicity, which leads to aging-related diseases®?. By contrast,
caloric restriction or pharmacological interventions that mimic a deprivation in nutrients

extend longevity and healthspan in different organisms3*4,

Mitochondrial dysfunction

Aging is generally associated with a gradual dysfunction of mitochondria,
characterized by a reduced effectiveness of the respiratory chain due to an increase in
electron leakage and a reduction in ATP generation®>. During aging, a rise in the levels
of reactive oxygen species (ROS) and a decrease in the efficiency of mitochondrial
energetics are observed. Moreover, mitochondrial dysfunction can also lead to a

premature aging phenotype in mice36-7.

Cellular senescence

As aresponse to stress, cells can undergo a process of permanent proliferative arrest
accompanied by alterations in their phenotype, including chromatin and secretome
changes and hyper-activation of tumor suppressor signaling®®. Although cellular
senescence has diverse roles, its main functions in adults seem to be to avoid the spread
of damaged cells and to promote tissue repair and oncogenic suppression®’. However,
during aging, there is an increase in the accumulation of senescent cells, which might
play a causative role in this process. Accordingly, several studies have shown that
elimination of senescent cells in progeroid mice can ameliorate their phenotype*® and
their clearance in wild-type mice attenuates physiological deterioration and extends

lifespan*!.
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Stem cell exhaustion

A decline in stem cell function is responsible for the decay in the regenerative
potential of tissues observed during aging. Stem cell exhaustion has been described in
most cell compartments, especially in the hematopoietic system*?, muscle®? and brain*.
Being the result of different types of aging-associated damage, attrition of stem cells
constitutes an integrative hallmark. Moreover, it has been proposed that stem cell

rejuvenation may delay the process of aging®.

Altered intercellular communication

Intercellular communications, either endocrine, neuroendocrine or neuronal, tend
to get deregulated during aging*®*’. The pro-inflammatory phenotype associated with
aging, known as inflammaging, is one of the best studied alterations. In this sense, there
are several proofs of the role of the microenvironment in aging. Different studies support
both the role of dysfunctional hematologic cells in promoting aging-associated features*®
and the rejuvenating properties of young blood in the organism*-3!. Recently, the gut
microbiome has also been described to exert systemic effects in the organism and its

modulation can extend lifespan in progeroid mice>2.

Short-lived and long-lived models of longevity

An enormous diversity in longevity exists in nature as a result of modifications in
the genomes of species throughout evolution. Only in the subphylum of vertebrates, more
than a 500-fold change in maximal lifespan has been reported®. In recent years,
comparative genomics of short-lived and long-lived animals has been used to uncover
putative genetic variants involved in the modulation of longevity. Analysis of short-lived
species, such as the African killifish, can contribute to understand its reduced lifespan
and its adaptations to life-threatening environments>*. In contrast, annotation of the
genomes of the bowhead whale'!, the naked mole rat'®, the Brandt’s bat>> and the
elephant® has allowed the identification of candidate genes contributing to exceptional
lifespans and resistance to age-related diseases. Specific variants and copy number
variations have been identified in genes involved in all of the hallmarks of aging.
Therefore, positive selection and adaptations in several genes involved in DNA repair,

proteostasis maintenance or mitochondrial function were described in long-lived species.
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Moreover, variants in nutrient-sensing pathways were also underscored, affecting
especially the IIS pathway>>>’. Altogether, data obtained from these comparative
analyses can help to understand the modulation of aging, which is crucial for the
subsequent development of intervention strategies against its related diseases. However,
further analyses including more long-lived species from less explored families, such as

giant tortoises, are still needed.

Progeria as a model of the aging process

Over the last years, research on accelerated aging syndromes has led to a deeper
knowledge of the molecular mechanisms involved in normal aging. In these disorders,
many of the characteristics of physiological aging are manifested prematurely and several
of its hallmarks are recapitulated'->®. Premature aging syndromes are mainly caused by
alterations in the DNA repair machinery or in the nuclear envelope architecture. Defects
in DNA repair mechanisms are the principal cause of progeroid syndromes, as occurs in
the case of Werner syndrome. This syndrome starts to manifest around the third decade
of life with aged facies, cataracts, grey hair, subcutaneous calcification, arteriosclerosis,
diabetes mellitus and high incidence of cancer. This finally drives to a premature death at
a median age of 54 years'>. Classical Werner syndrome is caused by null mutations in
WRN gene, which encodes a protein of the RECQ family*®. This protein has DNA
exonuclease and helicase activities and performs important functions in DNA repair,

recombination and replication, as well as in telomere maintenance®.

The second cause of premature aging disorders —globally known as progeroid
laminopathies— is related to defects in the nuclear envelope structure, which ultimately
produce accumulation of DNA damage and chromosome instability in the cell.
Hutchinson-Gilford progeria syndrome (HGPS) is the best known of these ultrarare
disorders. HGPS patients develop aging-associated symptoms early in childhood, such as
growth impairment, hair loss, lipodystrophy, joint contractures and cardiovascular

61,62 In

disease, which finally drive to their premature death at around 14.5 years of age
2003, the molecular basis of this syndrome was found to result from a de novo point
mutation in the LMNA gene (c.1824C>T; p.Gly608Gly)%%4, coding for lamins A and C
through alternative splicing. These lamins are two filamentous proteins of the inner

nuclear envelope, that provide support to this structure and establish interactions with the
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heterochromatin. HGPS mutation induces the activation of a cryptic splice site in exon
11 of this gene that results in the loss of 50 amino acids in the lamin A protein, leading

to the production of a pathogenic isoform known as progerin.

Typically, mature lamin A is produced after a multistep posttranslational processing
that seems to play a role in its target to the nuclear envelope. Thus, lamin A is initially
synthesized as the precursor prelamin A, ending with a CaaX motif. First, the C-terminal
cysteine undergoes a farnesylation event by farnesyltransferase. This process is followed
by the proteolytic removal of the last three amino acids and the methylation of the newly
exposed carboxyl group of the terminal cysteine residue by the isoprenylcysteine
carboxylmethyltransferase (ICMT). In the last step, the metalloprotease FACE-
1/ZMPSTE24 cleaves the terminal 15 amino acids, including the farnesyl group, finally
generating mature lamin A. In progerin —the HGPS isoform of prelamin A— this last
cleavage site is missing, leading to the accumulation of the constitutively farnesylated
form of the protein (Fig. 2). It has been widely demonstrated that this protein acts on a
dominant-negative way, triggering the alterations characteristic of HGPS cells and the

subsequent symptoms developed by progeria patients®.

Accumulation of progerin or other forms of altered lamin A in the cell nucleus
generates defects in the morphology of the nuclear envelope and produces changes in
heterochromatin organization, gene transcription, mitosis and DNA repair. HGPS
recapitulates different hallmarks of aging, such as genomic instability due to the nuclear
disruption, telomere attrition, epigenetic changes, senescence, alterations in metabolism
and increased systemic inflammation that altogether lead to the progeroid phenotype®®.
Interestingly, it has been observed that small amounts of progerin are also produced and
accumulated during normal aging through activation of the cryptic splice site altered in

progeria, providing additional relevance to the study of HGPS®’.
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Figure 2. Posttranslational processing of lamin A in normal and HGPS cells. The C-terminal cysteine
of the CaaX motif in prelamin A is farnesylated and the aaX peptides are cleaved off afterwards. Then, the
farnesylated cysteine suffers a methylation and finally 15 amino acids including this modified cysteine are
cleaved off to produce the mature lamin A. Adapted from Osorio et al., 2008.

Progeroid mouse models

Over the last years, different progeroid mouse models —and even minipig and
monkey models— that phenocopy many of the characteristics of HGPS have been
developed®®7?. These animals represent useful tools to investigate the molecular
mechanisms underlying progeroid syndromes and normal aging, and to test therapeutic
strategies against these pathologies’3. Two of these mouse models (Zmpste24-deficient

mice and Lmna®6096/Ce09G mjce) were generated in our laboratory.

Zmpste24-deficient mouse model

The generation of the Zmpste24-deficient mouse allowed the identification of the
zinc metalloprotease ZMPSTE24 as a critical enzyme in the maturation process of lamin
A%, Therefore, this mouse model accumulates farnesylated prelamin A in the nuclear
envelope, which constitutes another form of unprocessed lamin A with similar effects to

progerin. Thus, Zmpste24~- mice phenocopy many of the symptoms of the HGPS patients,
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developing growth impairment, lypodystrophy, osteolytic lesions, lordokyphosis,
hypoglycemia and heart alterations, and show a shortened lifespan of approximately 5
months of age®® (Fig. 3a-d). This phenotype makes of Zmpste24-deficient mouse a
valuable model for the study of progeria, but fails to imitate the aberrant splicing of lamin

A present in HGPS children.

Nevertheless, the use of Zmpste24-- mouse models has allowed to unravel many of
the cellular and systemic alterations caused by prelamin A accumulation’.
Transcriptional analysis of tissues from these mice revealed a hyperactivation of p53
signaling, which played a role in the premature aging phenotype’. Also, the lysosome-
autophagy system, which normally declines with age, is markedly activated in these
progeroid mice’®. Stem cell dysfunction was observed in the epidermal stem cells of
Zmpste24-deficient mice, showing reduced proliferation and increased apoptosis’’. All of

these findings also seem to play a relevant role in the pathology of human HGPS.

Regarding systemic alterations, Zmpste24-deficient mice show a marked
deregulation in the GH (growth hormone)/IGF-1 (insulin-like growth factor 1) rate
pathway, with a gradual reduction in IGF-1 and an increase of GH levels. These
alterations in the somatotroph axis could explain some progeroid features of these mice,
such as the reduction in body size and muscle development, alopecia and hypoglycemia’®.
Systemic inflammation was also observed in these mice’”. Furthermore, this mouse model
was used to demonstrate that reducing the levels of prelamin A results in a total rescue of

its progeroid phenotype’>-0,

LmnaG809G/Ge09G moyse model

The Lmna®6096/G609G moyse model imitates the HGPS human mutation and the
resulting aberrant LMNA splicing, therefore providing a useful tool for the evaluation of
strategies focused on the correction of this event’’. The specific point mutation was
introduced in exon 11 of the Lmna gene (c.1827C>T; p.Gly609Gly) by using a replacing
vector, which produced the activation of the cryptic splice site, then triggering the
accumulation of progerin in the cell nucleus. Lmna®809G/Ge09G mjce started to develop a
progeroid phenotype early in life, with growth retardation, loss of body weight, an
apparent lordokyphosis, heart dysfunction, hypoglycemia, and premature death at
approximately 4 months of age’™ (Fig. 3e-h). Heterozygous Lmna®8%%¢* mice

accumulated progerin on a similar way to HGPS patients —producing both lamin A and
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the toxic progerin form— but they showed a normal phenotype until 8 months of age. At
this age, they started to develop similar features to the homozygous phenotype and died
approximately at 9 months’® (Fig. 3e-h). This could be explained by the higher tolerance
that mice seem to have to alterations in nuclear lamins. For this reason, homozygous

Lmna®809G/C609G mijce seem to be a better model for the general study of HGPS.

Transcription profiles of LmnaC699¢/Ce0%6 mice revealed similar alterations to those
previously detected in the Zmpste24-deficient mouse model, such as the hyperactivation
of the p53 and the ATM-related pathways, which could be triggering the senescent

QGB09G/G609C myjce also showed a deregulation in

phenotype in these mice. Likewise, Lmn
the somatotroph axis, with a significant reduction in IGF-1 and an increase of GH blood
levels”. These similarities with the Zmpste24”- mice support the existence of common

drivers of the progeroid phenotype in these mouse models.
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Figure 3. Characterization of two progeroid mouse models. (a) Zmpste24”- mice produce prelamin A
instead of lamin A. (b) Accumulation of prelamin A in the cell nuclei results in alterations in the nuclear
shape, which are indicated with an arrowhead. (¢) Zmpste24-deficient mice show a reduced bodyweight
compared to their wild-type (WT) littermates. (d) Zmpste24” mice show a premature death. (e)
Lmna®809/Ce09G mjce mainly generate progerin, while Lmna®®®* mice produce both lamin A and
progerin. (f) Accumulation of progerin in the cell nuclei triggers alterations in the nuclear shape, which are
indicated with an arrowhead. (g) Lmna®609¢/C60% mice show a smaller size compared to their WT
littermates, while Lmna®%%* mice are indistinguishable from WT mice the first months of life. (h)
Heterozygous Lmna®®°¢™* mice show a reduced lifespan compared to WT mice, which is even shorter in
the case of the homozygous Lmna®609¢/Ce0% mice, Adapted from Pendas et al., 2002; Varela et al., 2005;
Osorio et al., 2011.

Therapeutic strategies in progeria

Since the discovery of the LMNA mutation, different therapeutic strategies have

been proposed for the treatment of HGPS based mainly on drug development, RNA
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intervention and gene therapy approaches!33!:82 (Fig. 4). The rapid development of these
therapeutic strategies and the transfer of the most feasible ones to clinical trials has been
possible due to the availability of different mouse models and the organization of the very

few patients on an efficient progeria network.

Drug and dietary interventions

Due to the farnesylation state of progerin, one of the first drugs assayed in progeria
were the farnesyltransferase inhibitors (FTIs), which had previously been approved for

83-87

cancer treatment. After promising results in HGPS cell cultures and progeroid mouse

models38-9!

, clinical trials were conducted and showed a modest improvement in some of
the progeroid symptoms®?** (ClinicalTrials.gov: NCT00425607 and NCT03895528).
Concurrently, it was discovered that progerin also suffered a process of
geranylgeranylation after the treatment with FTIs and this event produced a similar toxic
form of progerin®®. Both processes of geranylgeranylation and farnesylation could be
blocked by a combined treatment with statins and aminobisphosphonates. This
therapeutic strategy was first assayed in HGPS cells and in the Zmpste24-deficient mouse
model, with promising results in reducing the progeroid phenotype”, and is now under

clinical trials, alone or in combination with a FTI°® (ClinicalTrials.gov: NCT00731016,

NCT00916747 and NCT00879034).

The mTOR inhibitor rapamycin, known to have a positive impact on retarding
aging, was proven to enhance progerin degradation through autophagy, resulting on a
reduction of the nuclear alterations and senescence in HGPS cells”?® and in aging mouse
models®-1%!, Conversely, autophagy has also been reported to be upregulated in an HGPS
mouse model, in association with diverse metabolic alterations’®. A new clinical trial,
using rapamycin in combination with a FTI, will unravel the effect of this drug on
progeria patients (ClinicalTrials.gov: NCT02579044). Another pro-longevity compound,
resveratrol, an activator of SIRT1 which interacts with lamin A, has also been evaluated
as a therapy for progeria. In HGPS, SIRT1 shows a reduced deacetylase activity that
results in an exhaustion of stem cells. Resveratrol was reported to rescue the stem cell

decline and to improve the progeroid phenotype in the Zmpste24-- mouse model'?2.

At a systemic level, inhibition of the hyperactivated NF-«B signaling by
nonsteroidal anti-inflammatory drugs has also shown promising results in reducing the

progeroid symptoms’. Furthermore, dietary interventions based on methionine
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restriction or magnesium supplementation extended lifespan in different progeroid mouse
models by reducing inflammation or increasing ATP availability respectively'®®1%4,
Correction of intestinal dysbiosis found in HGPS mice also improved their phenotype and

lifespan, opening the possibility of microbiome-based approaches for HGPS treatment>2.

RNA therapy

RNA therapy has been widely considered a promising candidate treatment for
progeria, as the cause of this syndrome is the activation of a cryptic splice site. In this
sense, a strategy based on siRNAs was first developed to eliminate the progerin mRNA
in HGPS cells'®. Likewise, morpholino antisense oligonucleotides were designed to
modulate the altered splice site. These antisense approaches were tested in HGPS
fibroblasts'® and mice’”!?7, resulting on an important improvement of the progeroid
phenotype. Still, the in vivo delivery of these agents remains the main challenge for the

application of these promising strategies.

Gene therapy

Nowadays, gene therapy is getting more power in addressing the correction of
genetic-based diseases due to the discovery and development of Zinc-Finger Nucleases
(ZFNs), transcription activator-like effector nucleases (TALENSs), and specially
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) strategies. Due to
its genetic origin, HGPS is a potential candidate for the evaluation of gene-editing
treatments. As a proof of principle, in 2011, multiple LMNA mutations were corrected by

homologous recombination in iPSCs derived from patient fibroblasts!%8,

The recent development of CRISPR/Cas9 gene editing tools has provided
promising alternatives for the treatment of several diseases!'*>!'%. This system was
initially discovered in bacteria, as part of their adaptive immune system, and its modified
mechanism for research use involves a programmable Cas9 endonuclease directed by a
single-guide RNA (sgRNA). This sgRNA, allows the system to recognize its target region
plus a protospacer adjacent motif (PAM) sequence that varies between bacteria. Upon
recognition, the nuclease generates a double-strand break in the DNA, which is mainly
repaired through non-homologous end-joining (NHEJ) producing insertions and deletions

(indels) in the target region that can lead therefore to the disruption of a gene.
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Alternatively, the double-strand breaks can be repaired by homology-directed repair
(HDR), which can be used to insert specific mutations in the DNA!!!,

Since its discovery, the CRISPR system has undergone a rapid evolution to address

113

specific issues, such as the emergence of RNA editing nucleases'!?, base-editors''® and

prime editing!'* tools. Nevertheless, specific problems such as the off-target effects or
possible toxicity still exist. The system has already been tested for different syndromes in

both cell cultures and mouse models, such as Duchenne muscular dystrophy!!®, B-
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hemoglobinopathies''®, myocilin-associated glaucoma'!’, metabolopathies or
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deafness' ', showing very encouraging results in all of them. In HGPS, progerin plays a

dominant negative role, thus the potential gene therapy could be focused on either
correcting or disrupting the mutated LMNA gene. In this sense, the development of lamin
A-deficient mouse models showed that the mice that only express lamin C have an

n70,80

apparent normal phenotype and lifespa , S0 both options seem feasible.
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Figure 4. Therapies proposed for HGPS treatment. Therapeutic strategies are ranged from those
targeting only the DNA to those having a systemic effect in the organism. Adapted from Gordon et al.,
2014; Harhouri et al., 2018. This figure was made with Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 Unported License: (https:/smart.servier.com).
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Protein homeostasis in aging and cancer

Maintenance of protein homeostasis, or proteostasis, is guaranteed by a complex
network in the cell that prevents and corrects possible alterations of the proteome. Under
chronic stress, the proteostasis network gets compromised, which can lead to the
development of proteotoxicity in the cell?®. This loss of proteostasis is a primary hallmark
of aging and is associated with many age-related pathologies, such as cancer, type 2
diabetes or neurodegenerative diseases!. Conversely, a correct proteostasis maintenance
is related to healthy aging. Long-lived animals show a higher proteome stability'?* and
interventions that enhance proteostasis in animal models lead to a delay of aging and age-

related diseases!'?!-122,

The wide proteostasis network, which includes approximately 800 proteins, is
formed by three main components: molecular chaperones, the autophagy-lysosome
system and the ubiquitin-proteasome system (UPS) (Fig. 5). Besides these cellular
systems, some organelles show specific responses against loss of proteostasis, with the
endoplasmic reticulum (ER) standing out among them. Furthermore, recent studies point

to the existence of not only cell-autonomous but also systemic proteostasis networks.

Chaperones

Newly synthesized proteins generally need the assistance of molecular chaperones
to guarantee their correct folding and to prevent their aggregation. Still, as proteins are
dynamic macromolecules, chaperones must surveil them during their lifetime to ensure
the maintenance of proteostasis. If a protein becomes misfolded, chaperones can either
refold it or target it for degradation, depending on different factors and conditions in the
cell', Furthermore, molecular chaperones also play a role in protein trafficking.
Chaperones are grouped in different classes forming cooperative pathways and many of
them are known as heat-shock proteins (HSPs), as they are upregulated under stress

conditions.

During aging, the function of stress-induced chaperones becomes progressively
impaired, contributing to the loss of proteostasis. Deficiencies in chaperones have been
associated with multiple age-related diseases, particularly with neurodegenerative
pathologies!?*. Furthermore, studies in different model organisms have shown that an
increase in chaperone induction leads to an extension in longevity. Overexpression of

HSP16 triggers lifespan extension and stress resistance in C. elegans'?2. On the other
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hand, alterations in chaperones are not restricted to the aging process, as these molecules
also become dysregulated in oncogenic processes. HSP90 constitutes an example of the
role of chaperones in cancer. This chaperone assists the folding of multiple kinases
involved in cellular proliferation and has therefore been proposed as a target for cancer

treatment!2.

Ubiquitin proteasome system

The ubiquitin-proteasome system is the main mechanism for protein degradation in
the cell, playing therefore and important role in proteostasis control. Degradation by the
UPS involves two phases. First, the substrate protein is recognized and marked by
ubiquitin conjugation and afterwards it is degraded by the proteolytic core of the
proteasome in an ATP-dependent manner. Besides degrading misfolded or damaged
proteins, the UPS also helps to control the levels of non-defective proteins, regulates a
wide variety of cellular processes, is involved in the processing of antigens for their
presentation to the immune system, and participates in the generation of amino acids for
de novo protein biosynthesis'?®. Due to its important role in cellular physiology,

alterations in the UPS have been associated with multiple disorders!27-!2°,

During aging, the activity of the proteasome system diminishes, leading to an
increase in the accumulation of misfolded proteins in different tissues?. In contrast,
centenarians and naked mole rats show high levels of proteasome activity throughout
life!3%131 Regarding cancer, the increase in protein synthesis observed in tumor cells
make them particularly sensitive to alterations in proteolytic systems. Hence, proteasome
inhibitors have been evaluated as a treatment for different types of tumors, such as the
use of bortezomib in multiple myeloma!3?!33, The resulting massive accumulation of

misfolded proteins triggers cell death by apoptosis.

Autophagy-lysosome system

Like the UPS, the autophagy-lysosome system also participates in the clearance of
misfolded proteins and aggregates. Depending on the mechanisms of protein recognition
and delivery to lysosomes, three types of autophagy are distinguished: macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA). Microautophagy refers to
the degradation of cytosolic components by invagination of the lysosome membrane. In

macroautophagy, large portions of the cytoplasm are surrounded by a double membrane
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vesicle (autophagosome) and fused then with lysosomes. CMA consists in the selective
degradation of specific proteins, which are recognized by the molecular chaperone
HSC70 and translocated to the lysosomes by the membrane receptor LAMP2A!34,
Autophagy is constitutively active in the cell, but its activity arises under metabolic stress

conditions, in particular during nutrient deprivation.

Similar to other proteostasis systems, autophagy tends to decrease during aging and
its promotion is linked to an increase in longevity in humans and other animal
species'3%135 Alterations in CMA functioning have been associated with numerous
neurodegenerative disorders'3®. Moreover, genetic interventions that promote autophagy
in model organisms, such as the overexpression of Atg5 or the disruption of the beclin
1/Bcl-2 complex in mice, lead to an increase in lifespan®*!2!. A protumorigenic role of
CMA has also been described in cancer cells, probably due to its contribution to protein
quality control and the degradation of certain regulatory proteins. Blocking CMA

137 However, under

decreases tumorigenicity and proliferation of cancer cells
physiological conditions, CMA seems to protect cells against oncogenic transformation

partly through degradation of oncoproteins!*3,
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Figure 5. Intracellular proteostasis systems. Chaperones and two proteolytic systems, the ubiquitin-
proteasome system (UPS) and the autophagy-lysosome system, are responsible for the maintenance of
proteostasis. Adapted from Kaushik & Cuervo, 2015.
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Proteostasis in the endoplasmic reticulum

The endoplasmic reticulum is an essential organelle in the control of cellular
proteostasis due to its role in regulating protein biosynthesis and protein secretion. Thus,
the ER is continuously exposed to a high volume of unfolded proteins. Under certain
circumstances, the amount of unfolded proteins can rise, leading to a situation of stress
in the ER. Proteostasis maintenance in this organelle is assured by different systems, the
unfolded protein response (UPR), the retrotranslocation system or endoplasmic
reticulum-associated protein degradation (ERAD), and a specific type of autophagy
known as ER-phagy. The UPR is a signaling pathway that senses the folded state of
proteins in the lumen by three stress sensors in the ER membrane: IRE1, PERK and
ATF6, linked to the BiP chaperone. When the volume of unfolded proteins is high, these
sensors get activated, promoting an increase in the folding capacity by inducing
transcriptional changes'3®. If the UPR fails to reach proteostasis under these
circumstances, unfolded proteins are retrotranslocated to the cytosol and degraded by the
proteasome system following the ERAD!*, In recent years, it has been described that
whole regions of the ER can be degraded by a novel form of autophagy known as ER-
phagy, which is mediated by the protein FAM134B'4!,

During aging, a chronic ER stress is often developed, accompanied by an altered
response to unfolded proteins'¥’. In neurodegenerative diseases, a dysfunction in the
activity of the UPR system has been detected. Accordingly, some studies have observed
an overexpression of stress markers in the ER of neural tissues in Alzheimer’s disease,
and IREI deficiency has been suggested to protect against Alzheimer development in a
mouse model of the disease!®. Likewise, the rapid proliferation of tumor cells entails
harsh conditions in their microenvironment, which lead to an increase in the load of
misfolded proteins in the ER. Therefore, ER stress sensors, such as IRE1 or PERK are
activated in tumor cells. Paradoxically, tolerable levels of ER stress promote
aggressiveness, metastatic potential and drug-resistance of tumors, which could point ER

as a target for cancer treatment'#4,

Systemic regulation of proteostasis

Besides cell-autonomous systems, multicellular organisms have developed
intercellular networks to control and coordinate the response of tissues and organs to

proteotoxicity!®. Typical intercellular communications, including gap junctions,
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exosomes or nanotubes could be used to organize the response and signals of this loss of
proteostasis'*®!47  Proteostasis components, such as proteasomes, lysosomes or
chaperones, and even misfolded proteins and aggregates could be transferred between
cells to resolve proteotoxic stress. Interestingly, reduced levels of the chaperone HSC70
have been observed in neural exosomes in preclinical Alzheimer’s disease'*®. On the
other hand, it has been proposed that transfer of aggregation-prone proteins across cells

can contribute to the propagation of neurodegenerative disease'*.

The proteostasis factor AIRAPL

Diverse studies carried out in the nematode Caenorhabditis elegans have allowed
the identification of novel regulatory factors of proteostasis involved in aging. An
example of this is AIP-1, a protein localized in the endoplasmic reticulum that interacts
with the proteasome under stress conditions, playing an important role in proteostasis
maintenance. AIP-1-deficient worms show a reduced lifespan and have more difficulties
to cope with misfolded proteins compared to wild-type animals®’. Accordingly, AIP-1
overexpression protects C. elegans against the proteotoxicity caused by B-amyloid

peptides, involved in Alzheimer’s disease!*.

Two orthologues of AIP-1 have been identified in mammals: AIRAP (arsenic-
inducible proteasomal 19S regulatory particle-associated protein) and AIRAPL (AIRAP-
like). Both of them promote substrate access to the 26S proteasome but it has been
suggested that some features shared between AIP-1 and AIRAPL, albeit missing in
AIRAP, might be key to preserving lifespan. These traits include their posttranslational

regulation, their CaaX farnesylation site and their ubiquitin-interacting motifs (UIMs)?’.

Interestingly, recent results from our laboratory have revealed that mice deficient
in AIRAPL develop cell-autonomous alterations in the hematopoietic stem cell (HSC)
compartment, finally driving to a myeloproliferative neoplastic process'>!. Likewise,
AIRAPL was shown to be downregulated in human myeloproliferative syndromes as a
result of microRNA miR-125a-3p overexpression. Proteomic analysis also determined
that AIRAPL interacts with newly synthesized IGF-1 receptor in the endoplasmic
reticulum, promoting its degradation through the ubiquitin-proteasome system. Genetic
and pharmacological inhibition of this receptor in AIRAPL-deficient mice prevented the
neoplastic transformation of hematopoietic cells, offering a new target for the treatment

of these myeloid disorders. Collectively, all these data support the role of proteostasis
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deregulation in both the aging process’’ and the oncogenic transformation of

hematopoietic cells'3?133,

Intervention strategies modulating proteostasis in aging and age-related

diseases

Aging has long been considered an irremediable phenomenon. Nevertheless,
strategies to delay it have started to arise, proving the plasticity of this process'.

Interestingly, most of these approaches are based on proteostasis modulation.

Diverse drugs, such as rapamycin, resveratrol, metformin and spermidine, have
gained importance due to their effects on extending lifespan and delaying the onset of
age-related diseases'>®. All these drugs exert their function by activating autophagy'?>,
but other mechanisms can be involved. Rapamycin is a small molecule produced by a soil
bacterium which inhibits the nutrient-sensing mTOR (mechanistic target of rapamycin),
resulting on a strong induction of autophagy. This molecule has been proven to extend

33,156

lifespan and healthspan in several species Although it is approved for

immunosuppressive use, long-term treatment may cause adverse effects in humans'>’.
Interestingly, treatment of a mouse model of Alzheimer’s disease with rapamycin delays
the cognitive and molecular manifestations of the disease by reducing proteotoxicity'>.
Likewise, spermidine —a polyamine produced by the body—activates autophagy in
multiple organs. Its administration to animal models also prolongs lifespan and delays
neurodegeneration'®. Another pro-longevity component is metformin, widely used as a
treatment against type 2 diabetes. This drug has been reported to extend lifespan through
different signaling pathways and to attenuate some of the hallmarks of aging such as
deregulated nutrient sensing and loss of proteostasis'®’. Furthermore, resveratrol is a
polyphenolic compound of grapes can that also stimulate autophagy through different
stress-related targets like SIRT1'6!. This drug promotes longevity and induce protection

in some models of age-related diseases!0>162,

Other non-pharmacological interventions can also have a positive impact in protein
homeostasis and longevity. Physical activity has also been reported to promote the
proteostasis network by increasing the activity of molecular chaperones, the proteasome
and autophagy'6*16%. Although it does not seem to extend lifespan, exercise plays a

critical role in reducing the risk of morbidity and mortality in both mice and humans.
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Besides exercise, some types of food such as coffee!%® and olive 0il'*’ have reported

positive effects in proteostasis maintenance and aging.

Moreover, the effects of calorie restriction on lifespan extension were already
reported in 1939'%8, This type of regimen consists in a reduction of approximately 30%
on the calories consumed, but always avoiding malnutrition. Restriction of caloric intake
seems to exert its effect by modulating nutrient signaling pathways, such as AMPK,
SIRT1 and MTORC]1, subsequently activating autophagy'®®. However, this type of diet
can be hard to maintain and has some side effects. Alternatively, different forms of fasting
have been proposed as having similar effects on aging and age-related pathologies'”’.
Interestingly, these fasting interventions also seem to play a role in the prevention and
treatment of some types of cancer. Tumor cells are highly dependent on nutrient
availability and specific metabolites. Therefore, fasting and related diets can contribute
to reduce their survival'’!. Moreover, it has also been reported that fasting-based diets
can help to protect against chemotherapy side effects by specifically increasing the
resistance of normal cells'’?. In general, most of this research has been centered in solid
malignancies!”3-17°, However, a remarkable study has also described that intermittent
fasting has an effect on blocking the initiation and progression of acute lymphoblastic
leukemia!’®. Although further studies are needed, particularly in the field of
hematopoietic neoplasms, preclinical data suggest that combined chemotherapeutic

treatments with fasting diets could be useful to fight some types of cancer.

In summary, in this section I have tried to outline part of the vast knowledge gained
in the last few years in the mechanisms involved in aging and age-related diseases, such
as HGPS or cancer. As a result of this growing information and the development of new
technologies, novel therapeutic strategies have arisen as possible treatments for these

pathologies. Still, many of them remain to be explored in vivo in the field of aging.
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Objectives

In recent years, the idea that not only cell-autonomous but also systemic alterations
contribute to the aging phenotype has gained importance. Both processes should be
considered for the development of new anti-aging approaches and the study of
mechanisms contributing to the hallmarks of aging. In order to unravel some of these
regulators of longevity and evaluate possible intervention strategies, we focused on the
mechanisms that protect the cell from damage through genome stability maintenance and
proteostasis enhancement. For this purpose, we explored both accelerated aging and loss
of proteostasis mouse models, as well as long-lived animal species. First, we evaluated
strategies based on gene-editing to extend lifespan in a premature aging disease.
Furthermore, we performed an analysis of DNA repair genes that could be associated
with lifespan extension in long-lived species. Finally, we explored regulatory
mechanisms of protein homeostasis through the proteostasis factor AIRAPL, and how it

can contribute to age-related pathologies.
The specific objectives of this Doctoral Thesis were:

¢ Identification and targeting of genes involved in genome protection in aging and

age-related diseases through comparative genomics and gene-edition.

=  Development of an LMNA gene-editing strategy for aging and progeria
based on the CRISPR/Cas9 system.

= Analysis of DNA repair-related genes in giant tortoises as a long-lived

model organism.

¢ Modulation of factors involved in proteostasis regulation in aging and cancer by

using cell-intrinsic and cell-extrinsic strategies.
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Experimental procedures

Molecular biology methods

DNA genotyping

DNA was extracted from mouse tail biopsies by alkaline lysis. In all cases, PCR
was performed using Platinum™ Tag DNA polymerase (Invitrogen) under the following
conditions: denaturalization at 95 °C for 30 seconds, annealing at 60 °C for 30 seconds
and extension at 72 °C for 45 seconds, with 35 cycles of amplification. Lmna®609G/G609G
mice genotyping was performed with the following oligonucleotides: 5’-
AAGGGGCTGGGAGGACAGAG-3’, 5>~ AGTAGAAGGTGGCGCGAAGG-3’ and 5°-
AGCATGCAATAGGGTGGAAGGA-3’. PCR products consisted in a band of 240 bp
for the mutant allele and a band of 100 bp for the wild-type allele.

DNA extraction and genomic qPCR analysis

DNA was extracted from liver, heart, muscle and lung for CRISPR delivery
experiments. Extraction was performed by following the phenol-chloroform protocol.
Then, samples were quantified using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies) and evaluated for purity (260/280 nm ratio). Quantitative PCR
analyses were performed using 4.5 ng of DNA by triplicate for each sample in the Applied
Biosystems 7300HT Real-Time PCR System. We used SYBR® green PCR Universal
Master Mix (Applied Biosystems) and the following oligonucleotides: AAV_fwd (5°-
GAAGCTGTTGTCGAAGGACAC-3’) and AAV _rev (5’-GACATGCAGGAAGGCA
AGTG-3’) for CRISPR delivery assessment, and Hxq rev (5’-GGGAACACAAAAGA
CCTCTTCTGG-3) for hexokinase-2 amplification, used as a reference in both cases.

RNA preparation and RT-qPCR

Collected cells or tissues were homogenized in TRIzol reagent (Life Technologies)
and RNA was extracted with the RNeasy Mini kit (QIAGEN) following the
manufacturer’s instructions. After extraction, samples were quantified using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies) and evaluated for purity
(260/280 nm ratio). cDNA was synthesized with the QuantiTect Reverse Transcription
kit (QIAGEN) using 1 ng of total RNA and following the manufacturer’s instructions.
Quantitative RT-PCR analysis was performed in triplicate for each sample with 20 ng of

cDNA using an Applied Biosystems 7300HT Real-Time PCR System. For progerin
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analysis, TagMan™ PCR Universal Master Mix (Applied Biosystems) was used. In the
case of progerin, we used the following oligonucleotides and probe: MmProgerin_fwd
(5’-TGAGTACAACCTGCGCTCAC-3"), MmProgerin_rev (5’-TGGCAGGTCCCAGA
TTACAT-3") and MmProgerin probe (5’-CGGGAGCCCAGAGCTCCCAGAA-3’).
For lamin C analysis, we used SYBR® green PCR Universal Master Mix (Applied
Biosystems) and the oligonucleotides Lmnc_fwd (5’-CGACGAGGATGGAGAAGAGC
-3’) and Lmnc_rev (5’-AGACTTTGGCATGGAGGTGG-3’) for lamin C; or Actb Fwd
(5’-CTGAGGAGCACCCTGTGCT-3’) and Actb_Rev (5’-GTTGAAGGTCTCAAACA
TGATCTG-3’) for B-actin as endogenous control. Relative expression was calculated by

RQ=2"2ACt

Protein isolation and Western blot analysis

For progerin analyses, fibroblasts or tissues were homogenized in RIPA lysis buffer
containing 100 mM Tris pH 7.4, 150 mM NaCl, 10 mM EDTA pH 8, 1% sodium
deoxycholate, 1% Triton X-100 and 0.1% SDS, supplemented with protease inhibitor
cocktail (Complete, EDTA-free, Roche) and phosphatase inhibitors (PhosSTOP, Roche).
For repair studies, HEK-293T cells were lysed in NP-40 lysis buffer containing 50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 10 mM EDTA pH 8 and 1% NP-40, and supplemented
with protease inhibitor cocktail (cOmplete, EDTA-free; Roche), as well as phosphatase
inhibitors (PhosSTOP; Roche/NaF; Merck). Protein concentration was determined with
the bicinchoninic acid technique (Pierce BCA Protein Assay Kit) and equal amounts of
proteins were loaded onto SDS-polyacrylamide gels for electrophoresis. Gels were then
electrotransferred onto nitrocellulose or polyvinylidene fluoride (PVDF) membranes (GE
Healthcare Life Sciences), blocked with 5% nonfat dry milk in TBS-T buffer (20 mM
Tris pH 7.4, 150 mM NaCl and 0.05% Tween 20) and incubated overnight at 4 °C with
primary antibodies: 1:500 mouse monoclonal anti-lamin A/C (Manlac-1; provided by
Prof. G.E. Morris; Wolfson Centre for Inherited Neuromuscular Disease, UK) for
experiments involving mouse cells, 1:1,000 rabbit polyclonal anti-lamin A/C (Santa Cruz
Biotechnology, sc-20681) for experiments involving human cells, anti-phospho-Histone
H2AX (Ser139) (EMD Millipore; 05-636, clone JBW301), anti-PARP (Cell Signaling
Technology; 95428, rabbit polyclonal), anti-FLAG (Cell Signaling Technology; 2368S,
rabbit polyclonal), anti-B-actin (Sigma—Aldrich, A5441, clone AC-15) and anti-o—tubulin
(Sigma—Aldrich, T6074, clone B-5-1-2). For progerin analyses, blots were incubated with
1:10,000 goat anti-mouse (Jackson ImmunoR) or 1:3,000 goat anti-rabbit horseradish
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peroxidase (HRP) (Cell Signaling) in 1.5% nonfat dry milk in TBS-T and washed with
TBS-T. The immunoreactive bands were developed with Immobilon Western
chemiluminescent HRP substrate (Millipore) in a LAS-3000 Imaging System (Fujifilm).
For repair studies, membranes were incubated with secondary antibodies conjugated with
IRDye 680RD (LI-COR Biosciences; 926-68071, polyclonal goat-anti-rabbit; and 926-
32220, polyclonal goat-anti-mouse) or IRDye 800CW (LI-COR Biosciences; 926-32211,
polyclonal goat-anti-rabbit; and 926-32210, polyclonal goat-anti-mouse) for 1 h at room
temperature. Protein bands were scanned on an Odyssey infrared scanner (LI-COR

Biosciences). Band intensities were quantified using Imagel.

Plasmids and sgRNA cloning

All sgRNA-LCS were designed to target exon 11 of the LMNA gene by using the
Benchling CRISPR Design tool. For the infections involving HGPS human and mouse
fibroblasts, we used the lentiviral vector lentiCRISPRv2 developed by Dr. F. Zhang
(MIT, Boston, USA)!'77 (Addgene, #52961), where we cloned the sgRNA-control (5°-
GGAGACGGGATACCGTCTCT-3’) or the sgRNA-LCS1 (5’-AGCGCAGGTTGTAC
TCAGCG-3’). For AAV injection, we cloned the sgRNA-control or the sgRNA-LCS2
(5’-GTGCAGCGGCTCGGGGGACCCCG-3") in the pX601-AAV-CMV:NLS-
SaCas9-NLS-3xHA-bGHpA;U6::Bsal-sgRNA vector from Dr. F. Zhang (MIT, Boston,
USA)'” (Addgene, #61591), containing the Cas9 nuclease from S. aureus. For DNA
repair experiments, NEIL or RMI2 cDNA was cloned in a pCDH vector.

Capillary electrophoresis-based fragment analysis

In the case of Cas9-transduced cells, we performed a PCR amplification of the
target region with the forward oligonucleotide labelled with 6FAM fluorophore in the 5’
position, allowing the fragment analysis of the resulting products by capillary
electrophoresis. For human cells, we used the oligonucleotides LMNA Fwd:
[6FAM]GCACAGAACCACACCTTCCT and LMNA Rev: TGACCAGATTGTCCCC
GAAG, while for mouse cells we used Lmna Fwd: [(FAM]GTCCCCATCACTTGGTT
GTC and Lmna Rev: TGACTAGGTTGTCCCCGAAG. Capillary electrophoresis-based
fragment analysis was performed at Servicios Cientifico-Técnicos of Universidad de

Oviedo.
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Sanger sequencing

We validated the relevant variants found in Chelonoidis abingdonii and
Aldabrachelys gigantea by Sanger sequencing using DNA samples from these species as
well as from other tortoises from Galapagos Islands, including the islands of Santa Cruz
(Chelonoidis porteri), Espanola (Chelonoidis hoodensis), Isabela (Chelonoidis becki and
Chelonoidis vicina) and Pinzon (Chelonoidis duncanensis). We also included in the
analysis two continental outgroups: Chelonoidis chilensis, Chelonoidis carbonaria and
Chelonoidis denticulata for Galapagos Islands tortoises, and Stigmochelys pardalis for
Aldabra tortoise. We first performed a PCR amplification of the region of interest by
using the following oligonucleotides: NEIL1 fwd: GGTCAGCTTGATCTCCTTGC,
NEIL1 rev: CTTCATTTGGGCAGGTGTCT; RMI2 copyA fwd: GCTCCATGTGCT
CCTGTGTA, RMI2 copyA rev: GATGCAGGGCACGGTACT; RMI2 copyB_ fwd:
TTTCTGGCATCTGCAAAAATAA,RMI2 copyB rev: CAAACCCACCTGGAGTCC
T; DCLRE1IB_fwd: AGAGCCCATCCTCTCTCCTG; DCLREI1B rev: TCTGCCTGCA
GACTGAGAAA; XRCC6_fwd: TAAACCCTGCATGCTTCCTT, XRCC6_rev: AAGT
TTTGCAGTGTTTTCCCTA; XRCC5 fwd: GGGAGGTTGGTTTGTTTTGA, XRCC5
_rev: AGTCCCCAAGGGAAGGTCTA. Sanger sequencing was performed at Servicios

Cientifico-Técnicos of Universidad de Oviedo.

Cell biology methods

Cell culture

We maintained HEK-293T cell cultures in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin-L-
glutamine and 1% antibiotic-antimycotic (Gibco) at 37 °C in 5% COa. In the case of
human and mouse fibroblasts, 1x non-essential amino acids, 10 mM HEPES buffer, 100
uM 2-mercaptoethanol and 1x sodium pyruvate (Gibco) were also added to the previous

medium and 15% FBS was used.

Viral packaging and cell transduction

For lentiviral infection, HEK-293T cells were transfected with the corresponding
lentiCRISPRvV2 or pCDH vector together with second-generation packaging plasmids

using Lipofectamine reagent (Life Technologies). Supernatants were filtered through
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0.45 um polyethersulfone filters to collect the viral particles and added in a 1:3 dilution
to previously seeded human and mouse fibroblasts, supplemented with 0.8 pg/ml
polybrene (Millipore). Puromycin selection (2 pg/ml) was done two days after infection
and the editing efficiency, nuclear morphology or repair studies were performed one week

later.

Immunofluorescence and nuclear morphology analysis

For immunofluorescence assays, cells were fixed in 4% paraformaldehyde solution,
rinsed in PBS and permeabilized with 0.5% Triton X-100. Afterwards, they were blocked
with 15% goat serum solution and incubated overnight at 4 °C with a rabbit polyclonal
anti-progerin antibody in PBS (1:200). Next, slides were washed with TBS-T and
incubated with 1:500 anti-rabbit secondary antibody Alexa Fluor 488 (Life
Technologies). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI,
Invitrogen). To determine the percentage of progerin-positive cells and nuclei with
aberrations, five random fields per culture or tissue sample were blindly analyzed. For
tissue samples, in each field a pre-established grid was used and five random areas were

quantified.

Stress induction studies

For repair studies, HEK-293T cells were transduced with pCDH, pCDH-NEILI1,
pCDH-RMI2 or pCDH-NEIL1 + pCDH-RMI2. Then, we isolated clones from these cells
with proper expression levels of NEIL1 and RMI2 and expanded them. Cells were
exposed either to ultraviolet light at 20 J/m? in the CL1000 UV Crosslinker UPV or to
H202 at 500 uM (Sigma aldrich) 24 and 48 h before being lysed for Western blot analysis.

Animal model methods

Animal experiments

All animal experiments were performed in accordance with institutional guidelines
and approved by the Committee of Animal Experimentation of University of Oviedo
(Oviedo, Spain). All animals were housed in a facility with a photoperiod of 12 hours

light/12 hours dark, at 22 + 2 °C, 50 + 10% of relative humidity and fed ad libitum with

45



Experimental procedures

standard diet. All gene-editing and phenotypic analyses involving Lmna®609G/G60%C mjce

were performed at 3.5 months of age.

AAY production and injection

pX601-sgRNA-control or pX601-sgRNA-LCS2 plasmids were packaged in AAV
serotype 9 by The Viral Vector Production Unit (UPV) of the Universitat Autonoma de
Barcelona (Barcelona, Spain), followed by PEG precipitation and iodixanol gradient
purification. Aliquots of 2x10!'! genome copies in 60 pL of PBS-MK were prepared for
the injections and stored at -80 'C. For AAV injection, postnatal day 3 (P3)
L mnaG609G/G609G

mice were injected intraperitoneally with either sgRNA-control- or

sgRNA-LCS2-containing vectors.

Histological analysis and TUNEL staining

Tissues were collected in 4% PFA in PBS and embedded in paraffin. H&E staining
was performed in transversal sections of stomach. The atrophy of the gastric mucosa was
blindly assessed in three different sections per mouse, establishing a pathological score

(0, normal; 1, mild; 2, moderate; 3, severe atrophy).

TUNEL staining in mouse kidneys was done according to the manufacturer’s
instructions (In-Situ Cell Death Detection Kit, TMR red, Roche). To determine the
number of TUNEL-positive nuclei, ten random fields per mouse were blindly analyzed
using Image]J. H&E with Gomori’s trichrome staining was performed in heart and
quadriceps muscle and five random fields per tissue were quantified with a FIJI plugin

provided by Dr. A.M. Nistal (Servicios Cientifico-Técnicos, Universidad de Oviedo).

Immunohistochemistry

Tissues were fixed in 4% PFA and incubated with Target Retrieval Solution at 95
°C for 20 minutes, a Peroxidase Blocking Solution for 5 minutes and a Protein Block
Serum Free (all from Dako) for 20 minutes before the incubation with primary antibody
for 1 hour. An HRP-conjugated polyclonal anti-rabbit was applied for 30 minutes and
then 3,3'-diaminobenzidine (DAB) for 10 minutes. Tissues were counterstained with
hematoxylin (Dako) and visualized by light microscopy. For progerin analysis, a rabbit
anti-progerin polyclonal antibody was used in a 1:300 dilution. This antibody was

generated using peptide immunogens and standard immunization procedures (S.
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Nourshargh et al., manuscript in preparation). The specificity of the antibody was
confirmed by nuclear staining of Lmna®809¢/G609C mjce-derived fibroblasts, which was

negative in the case of wild-type cells

Bioinformatics and statistical methods

Statistical analysis

Animals of the same age were used for the comparisons between mice groups and
no statistical method was used to predict sample size. For statistical analysis of
differences between mouse cohorts, normality was assessed using a Shapiro-Wilk test in
those cases were n>10. In the rest of the cases, normality was assumed based on previous
data and we performed two-tailed Student’s t-test to study the statistical significance. For
survival comparisons, we used the Log-rank test. In the case of gene-editing experiments,
differences in maximum lifespan were calculated using the one-tailed Fisher exact test
comparing the number of alive control- and LCS2-transduced mice at the age
corresponding to the 80th percentile of lifespan in the joint survival distribution. We used
Microsoft Excel or GraphPad Prism software for the analysis and significant differences

were considered when *P < 0.05, **P < 0.01, ***P <0.001.

Gene editing assessment

To assess the efficiency of our CRISPR/Cas9 strategy, we performed DNA
amplification and Illumina sequencing of the target region in the Lmna gene. First, DNA
was isolated from liver, heart, muscle and lung from mice transduced with sgRNA-control
or sgRNA-LCS2-encoding AAVs to prepare the library. Next, we amplified the target
region of the Cas9 nuclease with the Pfu DNA polymerase (Promega) adding the Illumina
adapters by two PCRs: NGS1_fwd: ACACTCTTTCCCTACACGACGCTCTTCCGAT
CTNNNNTGTGACACTGGAGGCAGAAG and NGS1_rev: GTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCTCAAGTCCCCATCACTTGGTT for the first PCR, and
NGS2 fwd: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA
CGCTCTTCCGATCT and NGS2 _rev: CAAGCAGAAGACGGCATACGAGATXXX
XXXGTGACTGGAGTTC for the second PCR. The N represents random bases and the
X the sequence used for the index. MiSeq DNA sequencing was performed by Macrogen,
Inc. using the Illumina 300bpPE. Genomic reads in FASTQ format were aligned to the
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GRCm38.p6 assembly of the mouse genome using BWA v. 0.7.5a-r405'7°. Then, reads
spanning the genomic region putatively affected by the CRISPR/Cas9 action (chr3:
88482555-88482615) were extracted with Samtools v. 1.3.1!8 and analyzed using in-
house Perl scripts. Briefly, these scripts isolate the part of each read spanning the chosen
region, highlight small insertions/deletions and output a count of each regional sequence.
Then, we analyzed the percentage of the sequences showing regional differences in

sgRNA-control and sgRNA-LCS2-transduced mouse samples.

Genome sequencing and assembly in giant tortoises

We obtained DNA from a blood sample from Lonesome George, the last member
of C. abingdonii. This DNA was sequenced, using the Illumina HiSeq 2000 platform,
from a 180-base pair-insert paired-endlibrary, a 5-kilobase (kb)-insert mate-pair library
and a 20-kb-insert mate-pair library. These libraries were assembled with the AllPaths
algorithm!'3! for a draft genome contigs with SSPACE version 3.0'3? using the long-insert
mate-pair libraries. Finally, we filled the gaps with PBJelly version 15.8.24!33 using the
reads obtained from 18 BioPac cells. This step yielded 10,623 scaffolds with an N50 of
1.27 megabases, for a final assembly 2.3 gigabases long. Then, we soft-masked repeated
regions using RepeatMasker (http://www.repeatmasker.org) with a database containing
chordate repeated elements (included in the software) as a reference. Additionally, we
assessed the completeness of assembly by their estimated gene content, using
Benchmarking Universal Single-Copy Orthologs (BUSCO version 3.0.0)!84, which tested
the status of a set of 2,586 vertebrata genes from the comprehensive catalogue of
orthologues!®. We also performed RNA-Seq from C. abingdonii blood and A. gigantea
granuloma, and aligned the resulting reads to the assembled genome using TopHat!8¢
(version 2.0.14). Finally, we obtained whole-genome data from A. gigantea with one
[llumina lane of a 180-base pair paired-end library. The resulting reads were aligned to
the C. abingdonii genome with BWA!7 (version 0.7.5a). Raw reads from C. abingdonii
were also aligned to the genome for manual curation of the results. All work on field
samples was conducted at Yale University under Institutional Animal Care and Use
Committee permit number 2016-10825, Galapagos Park Permit PC-75-16 and

Convention on International Trade in Endangered Species number 15US209142/9.
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Genome annotation

Using the genome assembly of C. abingdonii and the RNA-Seq reads from C.
abingdonii and A. gigantea, we performed de novo annotation with MAKER2. The
algorithm was also fed both human and P. sinensis reference sequences, and performed
two runs in a Microsoft Azure virtual machine. In parallel, we used selected genes from
the human protein database in Ensembl as a reference to manually predict the
corresponding homologues in the genome of C. abingdonii using the BATI algorithm
(Blast, Annotate, Tune, Iterate)!®’. Briefly, this algorithm allows a user to annotate the
position and intron/exon boundaries of genes in novel genomes from tblastn results. In
addition, tblastn results are integrated to search for novel homologues in the explored
genome. Sequencing data have been deposited at the Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra), with comments showing which regions were filled

with the BioPac reads and therefore may contain frequent errors
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Results

1. Development of an LMNA gene-editing strategy for aging and progeria
based on the CRISPR/Cas9 system

New therapies based on the CRISPR/Cas9 editing system hold a great promise for
the treatment of genetic diseases. Among these, Hutchinson-Gilford progeria syndrome
(HGPS) stands out as a potential candidate, due to its genetic cause lying in a point
mutation in the LMNA gene. This change in a splicing site leads to the accumulation of
the pathogenic protein known as progerin. Patients suffering from this condition develop
an accelerated aging phenotype, which normally leads to a premature death at childhood.
Besides this critical condition, treatments against this disease are not effective enough,
thus the finding of a more definitive cure is crucial'3. In this section, we explore the
efficacy of a CRISPR/Cas9-based approach reverting several alterations in both HGPS

cells and a progeroid mouse model by introducing frameshift mutations in LMNA.

The initial idea that prompted us to develop this approach was based on three
previous findings. First, mice lacking lamin A (Ilamin C-only mice or Lmnatc“c% mice)
apparently have a normal lifespan and phenotype, without evidence of muscle or bone
alterations’®3°, Consistent with this, lamin A also seems to be dispensable in human cells,
indicating that it could be possible to treat HGPS by avoiding the synthesis of prelamin
A. Second, Zmpste24- mice with reduced levels of prelamin A (Zmpste24”-Lmna*" mice)
presented a normal phenotype, not showing the premature death and growth retardation
characteristic of these progeroid mice”>#. Finally, the Zmpste24 mosaic mouse model, in
which prelamin A-accumulating cells and regular cells coexist in similar proportions,
shows a completely normal phenotype, without the altered levels of systemic parameters
characteristic of progeroid mice!®®. This suggests that a partial reduction of progerin
accumulation, even in a lower ratio than 50% of cells, could be sufficient for an important
phenotype relief. On these bases, we were prompted to develop a CRISPR/Cas9-based

strategy against HGPS aimed at avoiding accumulation of lamin A or progerin.

1.1. Design of a CRISPR/Cas9-based strategy against HGPS

The LMNA gene encodes two nuclear proteins, lamin C (from exon 1 to 10) and
lamin A (from exon 1 to 12), through alternative splicing and polyadenylation. Since

e70,80

lamin A seems to be dispensabl , our strategy is focused on disrupting the last part of

the LMNA gene, impeding lamin A/progerin production without affecting lamin C.
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Maintaining the integrity of lamin C is crucial, as it plays an important role in the nuclear
envelope architecture and the correct functioning of skeletal and cardiac muscles.
Elimination of both proteins triggers aberrations and weakening of the nuclear envelope
in cells and leads to a premature death by 5-6 weeks of age and a muscular dystrophy
phenotype in mice'®. To only disrupt lamin A/progerin-coding region of the gene, we
designed a sgRNA (sgRNA-LCS1), followed by the 5’-NGG-3" PAM sequence of the
Streptococcus pyogenes Cas9, to target LMNA exon 11. The target sequence is upstream

of the HGPS mutation, in a region conserved across human and mouse (Fig. 6).

PolyA Lamin A

[SDH PolyA Lamin C %)1@[.% @
Exon 8 Exon 9 Exon 1 Exon 11 .
Lamin C | C>T (G608G)

Lamin A |
| Progerin | |

Exon 12

Figure 6. Diagram showing the CRISPR/Cas9-based strategy. Our sgRNA-LCS]1 directs Cas9 nuclease
against exon 11 of LMNA gene upstream of the HGPS mutation, disrupting therefore lamin A and progerin
without altering lamin C (SA, splice acceptor; SD, splice donor).

1.2. CRISPR/Cas9 in vitro testing in HGPS cellular models

To test the efficacy of this approach, we first cloned the sgRNA-LCS1 or the
sgRNA-control in a lentiviral vector containing the S. pyogenes Cas9 (lentiCRISPRv2)
and transduced Lmna*’* and Lmna®609G/G609G myrine fibroblasts. As a result, indels of
variable lengths were produced in sgRNA-LCSI-transduced cells, as assessed by
capillary electrophoresis-based fragment analysis (Fig. 7a). As expected, Western blot
analysis showed a significant decrease in the accumulation of progerin and lamin A, while
lamin C levels were not affected (Fig. 7b). Likewise, immunofluorescence analysis
demonstrated that progerin-positive nuclei were reduced by 74% in sgRNA-LCSI-

transduced cells compared to control-transduced cells (Fig. 7¢).

A large number of HGPS cells present morphological anomalies in their nuclei,

including blebbings and invaginations, produced by the accumulation of progerin®. It has

54



Results

been previously demonstrated that a reduction in the progerin levels by antisense
oligonucleotides produces a decrease in the number of aberrations in HGPS cell nuclei’.
To explore the effect of progerin disruption by CRISPR/Cas9 in the nuclear shape, we
analyzed the number of nuclear aberrations, staining nuclei with DAPI and counting
anomalies on a blinded way. Accordingly, we found a 65% decrease in the number of
nuclear alterations in Lmna®6096/G60% cells transduced with sgRNA-LCS1 compared to

sgRNA-control-transduced cells (Fig. 7c¢).
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Figure 7. CRISPR/Cas9 testing in HGPS mouse embryonic fibroblasts (MEFs). (a) Representative
capillary electrophoresis-based fragment analysis of sgRNA-control and sgRNA-LCSI-transduced
LmnaC899¢/G809G mouse embryonic fibroblasts (n=3 independent infections and MEF lines). Red line and
orange peaks correspond to size standards. (b) Cropped Western blot of lamin A, progerin and lamin C in
MEFs transduced with sgRNA-control or sgRNA-LCS1 (n=3 independent infections and MEF lines; two-
tailed Student’s t-test). (¢) Immunofluorescence analysis of progerin-positive nuclei and quantification of
nuclear alterations by DAPI staining (n=3 independent infections and MEF lines; two-tailed Student’s t-
test). Arrowheads indicate nuclear aberrations. Bar plots represent mean + SD and individual values are
overlaid. Scale bars, 40 pm.
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At the same time, we tested this system in human cells, infecting LMNAG608G/+
fibroblasts from HGPS patients and LMNA*"* fibroblasts with these lentiviral vectors.
Similar to mouse fibroblasts, we observed different indels in the DNA by capillary
electrophoresis-based fragment analysis (Fig. 8a). Likewise, a decrease of progerin and
lamin A was also observed by Western blot (Fig. 8b) and by immunofluorescence (Fig.
8c¢), with an 83% decrease in progerin-positive nuclei. In HGPS human fibroblasts,
analysis of nuclear alterations revealed a 39% reduction in the number of aberrant nuclei

in sgRNA-LCS1 versus sgRNA-control-transduced cells (Fig. 8c).
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Figure 8. CRISPR/Cas9 testing in HGPS human fibroblasts. (a) Representative capillary
electrophoresis-based fragment analysis of sgRNA-control and sgRNA-LCS1-transduced LMNAGS08G/+
human fibroblasts (n=3 independent infections). Red line and orange peaks correspond to size standards.
(b) Cropped Western blot of lamin A, progerin and lamin C in human fibroblasts transduced with sgRNA -
control or sgRNA-LCS1 (n=3 independent infections; two-tailed Student’s t-test). (c¢) Progerin
immunofluorescence and analysis of nuclear aberrations by DAPI staining (n=3 independent infections;
two-tailed Student’s t-test). Arrowheads indicate blebbings and invaginations. Bar plots represent mean +
SD and individual values are overlaid. Scale bars, 40 um.
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1.3. Cas9 delivery to Lmna®699¢/G609G mice by adeno-associated viral infection

With the aim of further evaluating this genome editing approach as an eventual
treatment for HGPS patients, we decided to test this system in vivo. For this purpose, we
chose Lmna®b09G/Ge09G mjce as the animal model of progeria’®, since it is the one that best
imitates the mutation and general pathophysiology of HGPS patients. As a delivery
vector, we decided to use adeno-associated viruses (AAVs) of serotype 9 due to their
safety, broad tissue tropism and long-term expression in dividing and non-dividing
cells!?*1°1 Given the packaging limit of these viruses (approximately 4.8 kb), we turned
to the Staphylococcus aureus Cas9 nuclease!!'! (SaCas9; 3,16 kb) and designed a new
sgRNA directed against the same region in exon 11 with the 5’-NNGRRT-3" PAM
sequence (sgRNA-LCS2). After packaging the vectors, either with sgRNA-LCS2 or the
sgRNA-control, we injected intraperitoneally 2x10'! AAV9 genome copies in postnatal
day 3 (P3) LmnaG8t9G/Ce0%G mjce (Fig. 9a). The following qPCR analysis performed in
genomic DNA extracted from different tissues of these mice revealed the main presence

of AAVs in liver, followed by heart and muscle and a small amount in lungs (Fig. 9b).

Next, to assess the editing efficiency, we performed Illumina sequencing of the
target region in DNA extracted from four of the AAV9 main target organs —liver, heart,
muscle and lung— of injected mice. Analysis was performed using in-house Perl scripts,
highlighting small insertions and deletions in the Cas9 target region. Notably, Lmna
contained indels in 13.6% =+ 2.6 of the genome copies in liver, 5.3 = 1.0% in heart, 4.1 £+
0.6% in muscle, and 1.1 = 0.2% in lung (Fig. 9¢c,d; Tables 1-4). As a consequence of the
introduction of frameshift mutations we would expect an RNA decay in the levels of
progerin. However, given the modest fraction of cells edited in vivo, the global decrease
of progerin mRNA was too low to be reliably detected by RT-qPCR, although a tendency

was observed in liver tissue (Fig. 9e).

57



Results

a b c
20+ In-frame
2.0m
- ggggd P<0.0001 I Frameshift
3 15 transduced B 154
g ' £
E] <]
g 5
2 4 - o 104
8 " = P=0.0002
2 2 —— P<0.0001
Eikd 2 * 5 —
% i § 0.54 ¢ P=0.0031
ﬁi}i}t} 0.0- 0-Q~%e~wq~¢q~:
o 0 T £ Liver Heart Muscle Lung SFPEFEF S
AAVO Liver Heart Muscle Lung
d e
sgRNA-LCS2: Progerin . Lamin C
5 ]
3-GCCCCAGGGGGCTCGGCGACGT-5 2 4
Q
g g3
5-ACTCAGCGGGGTCCCCCGAGCCGCTGCA-3’ § e )
=
- k=)
@
5-ACTCAGC - - GGTCCCCCGAGCCGCTGCA-3 o T 1
) o0
5-ACTCAGG ~GGGTCCCCCGAGGCGCTGCA-3 LFLSLF &S SFEFSSF S
Liver Heart Muscle Lung Liver Hearl Muscle Lung

Figure 9. CRISPR/Cas9 delivery in LmnaCt%9¢/660% mjjce, (a) Diagram of the intraperitoneal injection of
AAV9 in P3 mice. (b) qPCR analysis of AAV copies in liver, heart, muscle and lung from control and
Cas9-transduced mice. Data are mean + SD (n=2 mice per group). (¢) Percentage of in-frame and frameshift
mutations in the Lmna target region at liver, heart, muscle and lung. Data are mean = SEM (n=10 tissues
per group, except n=9 LCS2-transduced liver; two-tailed Student’s t-test for total indels). (d) Alignment of
the most common indels found in LCS2-transduced mice. Blue, target sequence; red, PAM sequence. (e)
RT-qPCR analysis of progerin and lamin C in tissues from Lmna®6096/c60% oRNA-control-transduced and
Lmna®609G/Ge0sG goRNA-LCS2-transduced mice. Data are mean = SEM (n=4 tissues per group, except
sgRNA-control-transduced liver and heart where n=5; two-tailed Student’s t-test).

In addition, we also performed progerin immunohistochemistry in tissue sections
from various organs to determine the editing effect at a protein level. These analyses
revealed a significant reduction of progerin-positive nuclei in liver, heart and skeletal
muscle from sgRNA-LCS2-transduced mice compared to control-transduced animals

(Fig. 10). Remarkably, these results concurred with the DNA sequencing data.
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Figure 10. Progerin reduction in treated Lmna®6%°¢/C60% mjce, Progerin immunohistochemistry in liver,
heart and muscle from control and LCS2-transduced mice. Data are mean + SD (n=5 wild-type and sgRNA-
control-transduced mice; n=4 sgRNA-LCS2-transduced mice; two-tailed Student’s t-test). Insets, digital
magnification of a selected area. Scale bars, 100 pm.

However, in lung, kidney and aorta, no reduction in the number of progerin-positive
nuclei was observed, possibly due to the lower tropism of the AAV?9 in these tissues (Fig.
11). Given the importance of vascular alterations in HGPS, the lack of noticeable direct
effects on aorta is a setback of the approach tested. Nevertheless, vascular pathologies
characteristic of HGPS such as atherosclerosis are strongly influenced by systemic
factors. Therefore, a reliable assessment of potential vascular benefits will ideally require
the use of more susceptible mouse models carrying additional genetic alterations, such as

Apoe or LdIr inactivation!*?,
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Figure 11. Progerin immunohistochemistry in lung, kidney and aorta. Progerin immunohistochemistry
in tissues from WT, Lmna®609¢/G60% goRNA -control-transduced and Lmna®809¢/G60%C goRNA-LCS2-
transduced mice (lung and kidney, n=5 for WT and sgRNA-control-transduced mice and n=4 for sgRNA-
LCS2-transduced mice; aorta, n=2 for WT and n=3 for sgRNA-control- and sgRNA-LCS2-transduced

Lmna®609G/Ge09G myice). Scale bar, 100 um.

1.4. Phenotype characterization of Lmna®609/G609G mice after AAV9 CRISPR/Cas9

treatment

We next explored the effect of progerin reduction in lifespan and healthspan of
treated mice. Importantly, progerin reduction in AAV9-sgRNA-LCS2-transduced mice
was translated into an increase in their median survival of 33.5 days, from 127 to 160.5
days, compared to the control-transduced cohort, which represents a 26.4% lifespan
increase (Fig. 12a). Mean survival was extended from 128.1 days (SD 15.73; 95% CI
116.8-139.4) to 167.4 days (SD 30.41; 95% CI 145.6-189.2). Likewise, the maximum
survival was extended from 151 to 212 days (P < 0.05; one-tailed Fisher exact test).
Phenotypically, sgRNA-LCS2-transduced Lmna®6096/G60% mjce were more active and
presented a healthier appearance, with retarded loss of grooming, improved posture and
a slight increase in body weight (Fig. 12b,c¢). Progeroid mice progressively lose weight
as they age. To evaluate this trait, we monitored their weight from week 9 and observed

a reduced weight loss in sgRNA-LCS2-transduced mice. These animals also showed
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increased blood glucose levels in comparison with control mice, partially rescuing the

hypoglycemia characteristic of progeroid mice (Fig. 12d).

a b
100- & cTR week 12: P=0.0028
_ — G609G609G LCS?2 E 10 week 13: P=0.0063
2 75 §’
© P=0.0026 ot
£ B asavssanevaisevedmas co sisweaiies -
(% £ 7
d k)
; 2 1 - G609G CTR
i OC l — G609G LCS2
0 50 100 150 200 250 02 10 12 14 16 18 20 22 24 26 28 30
c Time (days) Age (weeks)
d Males Females

GB09G  G609G
LCS2

(mg/dL)

Blood glucose

WT CTR LCS2
L mnaCG6096/6609G

Figure 12. Phenotype amelioration of Lmna®t%9¢/c60% mice, (a) Kaplan-Meier survival plot of sgRNA-
control versus sgRNA-LCS2-transduced Lmna®809¢/C60%C mjce (n=10 mice per group; two-sided Log-rank
test). (b) Progression of body weight of mice transduced with sgRNA-control or sgRNA-LCS2, expressed
as percentage of weight at 9 weeks. Vertical arrow, time point (3.5 months) at which the cohort destined
for histological studies (4-5 mice per group) was sacrificed. Mean values = SEM are represented (initial
n=15 sgRNA-control-transduced mice; n=14 sgRNA-LCS2-transduced mice; two-tailed Student’s t-test).
(c) Representative photograph of Lmna®8096/c609 control-transduced, sgRNA-LCS2-transduced and
Lmna** female mice at 3.5 months of age. (d) Blood glucose levels in Lmna*"* (males, n=5; females, n=5),
sgRNA-control-transduced (males, n=6; females, n=4) and sgRNA-LCS2-transduced Lmna®609¢/C60% mjce
(males, n=5; females, n=5). Data are represented by box plots and whiskers are minimum to maximum
values (two-tailed Student’s t-test).

Furthermore, TUNEL analysis revealed that the sgRNA-LCS2-transduced group
presented significantly less apoptotic cells in the kidney (Fig. 13a). Since progerin
reduction was not detected in this organ, this result suggests an effect dependent on
systemic factors. Cardiac and skeletal muscles are also altered in HGPS mouse models,
showing a fibrosis phenotype. To assess it in these tissues, we performed Gomori’s
trichrome staining, which revealed a reduced focal and perivascular fibrosis in heart and
quadriceps muscle in sgRNA-LCS2-transduced mice, which was in accordance with their
higher mobility (Fig. 13b). Finally, we analyzed gastric tissue by histology, as it shows
degeneration in progeroid mice, and observed a decrease in gastric mucosa atrophy in

sgRNA-LCS2-transduced compared to sgRNA-control-transduced animals (Fig. 13c¢).
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Figure 13. Histological studies in Lmna®6%9¢/C60% mijce, (a) TUNEL assay in kidney of 3.5-month-old
mice. Data are mean + SD (n=5 wild-type and sgRNA-control-transduced mice; n=4 sgRNA-LCS2-
transduced mice; two-tailed Student’s t-test). (b) Gomori’s trichrome staining in 3.5-month-old mouse
tissues showing moderate perivascular and interstitial fibrosis in heart and quadriceps muscle of
LmnaC809/C80%C mice (blue areas). Data are mean + SD (n=5 wild-type and sgRNA-control-transduced
mice; n=4 sgRNA-LCS2-transduced mice; two-tailed Student’s t-test). Scale bars, 100 pm.

In summary, we have provided herein some data that support the efficacy of our
genome editing strategy both in HGPS cells and in the Lmna®60%/C609C moyse
experimental model of the disease. The CRISPR/Cas9 system can reduce the progerin
load in cells and relieve therefore the phenotype of progeroid mice, which is translated
into an extension of their lifespan. We have proposed the use of AAV9 as an effective
delivery method, due to their safety in clinical trials and their wide organ tropism,
especially in cardiac tissue, which is one of the most affected tissues in HGPS pathology.

On the whole, this supports the potential use of gene-editing approaches for the treatment

of HGPS patients. Furthermore, as the Cas9 endonuclease is not directed specifically
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against the p.Gly608Gly point mutation, which is the most common HGPS mutation, this
strategy would also permit the treatment of other less frequent LMNA mutations causing

HGPS or type A laminopathies.

63



89°0 yrysswrel 0T1- LIDOVVDDOHOHILOVOIDILODOIDVDIIII LOVIDLLIOOVOIDIOHVOLOODILOODD

8L°0 Suey-uf cl- LODOVVODOLOVODIODDDDOVODID=- LOVIOLLOOVIDIDVDOILOIDIODO
6L°0 Ylysowrer{ I LOIOVVODDILOVOIDLIDODDOVOIDIIILOODVOOHIDVILOVIOLLODOVIDIODVDOHIOIDIODD
80 yrysowed | 14N LIDDVVDDDIOVODIDD DIDOVOLOVIDLIODVODHIOHVHIOHODILODD
960 Sue-uy Sl- LODOVVODDHILOVOOILODOIDOVDIIIIOLDD-======-==- VODIDVDIONODIONDD
960 yrysowelf I LIIOVVOOHOHLOVOIDLIDOIDVDOHIIDIILODILODIOVILIOVLOLLODOVIDIDVDOIOIDILODD
€01 Prysouwrer | s LOOOVVOOHDHIODVIDLIDOIDVOHOIIII---DDIDVILIVIODLLODOVIODIDVOHIODIDIODD
40! yrysowelf [- LODOVVODHDLOVODIODDDDOVOIIII-1LODOOHIDVILOVIOLLODOVIDIDVOHIOIDILODD
oI'l R 145 LOODVVODDILOVOD JDVDHIOODIODD
Lyl yrgsowelf L1~ LOOOVVODOLOVOD LD VOLOVIDLLODVIDHIDHVOHIODIDIODD
081 Sure-uy 0¢- LIDOVVODHDHLOVODLIDOIOVD LOOOHLOODD
L8] yrysowelf ¢l- LIDOVVODDDOILOVODILODDIDVDOIDI - VIDLIODOVOOOOHVOHILDOODLODD
681 Prysouwrel V- LODOVVODHDILOVODLIDODDOVOOIIIIILOD---VIILOVILDLLOODVIOIOVOLODDLODD
S6'1 duey-uf 6- LIOOVVOHDDILOVODILODODOVOIIIDII L~ OVIDLLODVODHIDOVDHILOIDIODD
(444 oure-uj cl- LIDIOVVOHDDLOVODILODIODVOHIOIODDILO LIODOVOOOOHVOHLODOOLODD
89°C yrysoweld 0r1- LOOOVVODHDOHILOVODLOODODDDOVDO) DVOLOVIDLIDDOVOOIOHVOLODOLODD
wy Yrysowely vi- LIIOVVDODIOVODLIDIIDV-----=- JLOVIODLLODOVIDIDOVDHIONDIDIODD
8¢01 yrysowel{ I- LIDIVVOHDHDLOVODILODDDDHVDIIDIIIODD-DOVILOVIDLLODVIOIODVOHILOODILODD
Y9°Cl Prysouwrer{ G LOOOVVODOHDLOVOOILOODDDOVDHIODDIIILDD-IDVILOVIDLLODVOIDIOVDILOODILODD

“UMOUS ST [9PUL O8I JO 93.IU00I0] "AIQAIOP 6AVY £Qq 7SO T-VNRISS YIM paonpsues) 3snow & JO IOAI] Ay} Ul S[opUl Yiim spear Suroudnbas eurwuny[[ ‘[ d[qe],



LSO SteLy-uy 6- LIDDVVDHDHDHILOVODIODIOOVOHIOIDIDL OVIDLIODVIDIOVDHIDIDIODD

090 Prysouer{ G- LIOOVVODDHLOVODLIDOIDOVOIIIIILD----VOLOVLDLLODVIODDIOVOLODDLOOD
090 WSS IR LT~ LODIOVVODDLOVOD LD VOLOVIDLLODVIDHIDVOHIOIDIODD

19°0 Prysower{ I- LODIVVOHDHDHLOVOIDIODDDDHVOHIIDIDIIODD-DDOVILIOVIOLLODVIOHIDVHDHDHDODILODD
$9°0 Prysourery 01- LOOOVVODHDOHILOVOODILODODDOVDIDII LOVIDLLIDOVIDIOVOLODDLODD

89°0 yrysowel{ I- LIDIVVOHDHDLOVODILODDDDVOHIIDDIILODD-DDVILOVIOLLODVIOHIDVOHIOODODDDDD
89°0 Prysowrer | 148 LODOVVODHDILOVODIODIODOVOIDIDIILD

0L0 Suey-uf € LOOOVVOOHDLOVOIOLIDODOVDHIIDIILODD--VILIOVIOLLODOVIDIOVOLOIDLODD
0L°0 Yrysowel] I LIDOVVOHDOHDOHLOVIDLIDOIDVDHOIDIILODILODIOVILIVILOLLODOVIDIDVDIOIDILODD
80 HIrysouwer{ vi- LOOOVVOODHLOVODLIDIDOV---===-===-== ILOVIOLLOOVIDIDOVHIODIDIODD

980 Prysourery I LIOOVVODDHILOVOIDLIDODOVOOIIIIILOOVODOIDVILIOVIOLLODVIDIDVDOHIOIDIODD
SOl yrysowel] v LODOVVOHOHDHIOVIDLIDIDIDOVDHIIII--DDHIDVILIOVIOLLODOVIDIDVOHIOIDIODD
1T1 Sue-u] 9- LOOOVVODHOHILOVOOLIDOIDOVDIIIIO DVOLOVIDLIDDOVOODOVOLOODLDDD
€91 yrysowel{ 01- LIOOVVDDHDILOVOOLIDOIDOVD) DVOLOVIDLIODVOODOHVOLODOODLOD)

SI'e Yrysowel s LODIVVOHDHDLOVOIOLIDODDVOIIIIILOD--VILOVIDLLODVIDDIOVOLODDLOOD
1€7¢C urey-uy cl- LOOOVVODOLOVODIODIDOOHVOIODIDIDILO ===~ LIODOVOOOOHVOLDODLODD

LS€E I SORIET] I- LODOVVODHDHILOVODIODDDDOVDOOIII-1LODODHIDVILIOVIOLLODOVIDIDVOHIOIDIODD
L8LT yrysowel{ I- LIDIVVOHDHDLOVODILODDDDHVDIIDIIDIODD-DOVILOVIOLLODVIOIODVOHILODDILODD
L Yrysotery G LOOOVVODHDLOVOOILOOODDOVDOHIDDIIILDD-IDVILOVIDLLODVOIDIODVDILOODILODD

"“UMOUS ST [9PUL [ JO 38.IU00I0J "AIDAIDP AVY AQ ZSOT-VNYUSS YIm pasnpsuen asnow © JO 1By AU} Ul S[OPUI [}Im speal Surouanbas eurwun|] 'z djqe],



0
IS0
1224
650
19°0
19°0
$9°0
89°0
L0
€L’0
€L0
LO'T
140!
8C'1
v6'1
9T
L@
80¥¢
SL6¢

JIYSOWeRL|
PIysowel{
Yysowel
owrely-uf
PIysowel |
Ylysowel
JIYSOWel,|
Yysowel
Yrysowel
PJIysowel,|
PIysowel |
owrely-uf
JIYSOWeRI]
Yysowel
owrelj-uf
JIysowel,|
PIysowel |
Ylysowel

Prysower,

8¢~

LOODVVOHDOHLOVIDL DODIOOD
LODOVVODHDLOVODIODDDDOVOOIIDIIIODD-0OVILOVIDLLODVOIOHIDODILODODILODD
LODIVVODDILOVOIDLIDODDOVOOIDIIILODDHDOHIDVILOVIOLLODOVIDIDVOHIOIDIODD

LODIOVVOHDHDLOVOIDLIDOIDOVD LOOHIOODD
LODIOVVODHDLOVODIODDDDVOOIIDIDIIODD-DDVILIOVIDLLDDOVODHIDVDHDHOODIODD
LODOVVDHOHDILOVIODILODIDIVD- DOOOVILOVIOLLODOVIDIDVOILOIDLODD
LOOOVVOOHDHIDVIDLIDOIDVDHOIII---DDHIDVILIVIOLLOOVIDIDVOHIODIDIODD
LODOVVODHDLOVODIODDDDOVOIIDIIIODV-OOVILOVIDOLLODVOOHIOVDOHILODDLODD
LIDOVVDODIOVOODLOIDIIDOV------=- DLOVIOLLODVIDIDVDIOIDIODD
LOOOVVODHHILOVIODILODIODOVOIIDDIIILDDI === LIDDVODHOOHVHILOODLODD
LIIOVVODHDLOVOIOLIDOIDOVDOIIDIILODILODIOVILIVIOLLODOVIDIDVDILOIDILODD

LODIOVVOHDHDILOVODIOD LILODVODIOHVHILOODILODD
LIOOVVOODLD---======= DOOVOLOVIDLIODDOVODHIOHVOHLOODLODD
LODIOVVOHDHDLOVODILODDDDOVOIIDIDIILODD-DDOVILOVIODLLODVOOHIDVDHIOODDODD
LODOVVOHDHDHILOVOIDLIDOIDOVDOIIIILDD-— LOVIDLLODVIDHIDVOHIOIDIODD
LODOVVODDILOVODILOODDOVID - DVOLOVIDLIODVOOIDHVOLODODLODD
LOOOVVOOHDHILOVOOLIDDOIDVDIDIII-1ODDDHIDVILIOVIODLLODOVIDIDVDHIOIDIODD
LODIVVOHDDLOVIDILODDDDVOHIIDIIILODD-DOVILOVIDOLLODVIOIODVOHILODODILODD
LIOOVVODHOLOVODIODODOVDIODIIIOD-IDVILIOVIOLLODVIDIOVDOHIOIDIODDD

‘UMOUS ST [9pUI Y983 JO 93.Iud010J "AIDAIIP 6AVY AQ ZSDT-VNISS [IM paonpsues) 3snow & Jo d[osnu Y} Ul S[opul Yirm spear Suroudnbas eurwuny[y *¢ d[qeL,



o
vTo
vTo
9T0
e
LEO
70
850
09°0
LLO
LT¢E
v
L9V
ILY
6L°L
v6'L
SEEN
Y6'Sl1
VL3I

JIYSOWeRL|
Jwreyy-uf
Yysowel
JIySsowel,|
PIysowel |
Ylysowel
JIYSOWel,|
Yysowel
Yrysowel
owrely-uf
PIysowel |
Yrysowel
JIYSOWeRI]
Yysowel
Yrysowel
JIysowel,|
PIysowel |
Ylysowel

Prysower,

LODIVVOHDHDHILOVODILODDIDDHVDHOIDIIDIODDDIDVILI-IOLIODVOIHIDVHILODODIODD
LIOOVVODHDILOVODILODODOVOIODIDII L OVIDLLODVODHIDOVOLOLOLODD
LODIVVODDLOVODILODIODDVDIIOIODLOD--DDHVILOVIOIODDVOIDHIOVDHILOODLODD
LODIOVVOHDDILOVODIODIDDVOI - DVOLOVIDLIODVIDOOHVDHLOIDIDDD
LIOOVVODHDHLOVODLIDODOVDOIIIDIILODDHOIOVILOVIDLILODVOIDIOVDILOODILODD
LIDOVVODDILOVODILODODOVDI DVIOLOVIODLLOODVIDDOOHOHDLOIDDLOODD
LODOVVODHODOOVIDLIDIOOVDHIIIOOLOOD-DDOVILIOVIOLLOOVIDIDVOHIODIDIODDD
LIDOVVOD-1OVIDLIDIIOVDHIIIODLODDDIOOVIILOVIDLLODVIOIOVOLODDLOOD
LODOVVDOHDHILOVOOLIDOIDVDHODII-LODODIDVILIOVIOLLDDVOIDIDVDHIOODDDODD
LIOOVVODHDILOVODIODOOOVOIOIDII L~ OVIDLLODVIODHIDHVDHIODIDIODD
LODIOVVODHDLOVODIODDDDOVOOIDIIIODD-0DOVILOVIOLIODDVODHIDVDHILOODILODD
LIDOVVDODILOVOODLIDIIOV----=- DLOVIOLLODVIDIDVDIOIDIODD
LODOVVODHDILOVODIODIOOOVOIODIIILDD - VIOLIDDOVODIDOVDHILOODIODD

NG00 LOVIOLLDOVIDIOVOLOIDLODD
LODOVVOHDDILOVODILODODOVDD DVOILOVIDLLODVODOOVOLODDLOOD
LODOV LIOLIODDVODHIOHVOHLOODLODD

LIOLIOOVOOOOVOLOODLODD
LODOVVDHOHDHILOVOIOLIDDOIDVDHIIII-1ODDOIDOVILOVIOLLODOVIDIDVDOHIOIDIODD
LIOOVVODHOLOVODIODODOVDIODIIIOD-IDVILIOVIOLLODVIDIOVDOHIOIDIODDD

"UMOUS ST [9PUL 8D JO 38BIUDIOJ "AIAIIP GAVY Aq ZSOT-VNYUSS YIIm paonpsuen; osnow € Jo sgunj oy} Ul S[OpuUl yjim speas urouanbas eurwun|] ‘¢ djqe ],






Results

2. Analysis of DNA repair-related genes in giant tortoises as a long-lived

model organism

Genomic instability is related with a higher incidence of cancer in multicellular
organisms and constitutes one of the primary hallmarks of aging!, although the impact of
its reduction in lifespan extension is yet to be established. Comparative genomic analyses
of'some long-lived organisms point to a positive selection of numerous DNA repair genes.
In this sense, giant tortoises represent an interesting model for the study of genomic
stability maintenance in the context of longevity and cancer resistance, as they are among
the longest-lived animals. Unfortunately, genomic data on giant tortoises is still scarce,
with the exception of the Agassiz’s desert tortoise (Gopherus agassizii) whose draft

genome has been recently annotated'®?.

In this section, we provide a deep comparative analysis of DNA repair genes of the
last member of Chelonoidis abingdonii, a Galapagos giant tortoise commonly known as
Lonesome George, and an individual of Aldabrachelys gigantea, the Aldabra giant
tortoise. Accordingly, we performed manually supervised annotation and analysis of 178
genes involved in different mechanisms of DNA repair, including base excision repair
(BER), mismatch repair (MMR), nucleotide excision repair (NER), non-homologous end
joining (NHEJ) and homologous recombination (HR) (Fig. 14; Table 5). Manual
annotation takes a bigger effort than automatic analysis, which is more used nowadays.
However, it allows a better identification of genes and relevant variants. Novel variants
were identified when compared with mammal species (Homo sapiens, Loxodonta
africana, Mus musculus, Heterocephalus glaber, Microtus oeconomus), fishes (Danio
rerio, Barbus barbus) cephalopods (Loligo forbesi), birds (Gallus gallus) and reptiles,
including lizards (Anolis carolinensis), turtles (Pelodiscus sinensis, Chelonia mydas,
Chrysemys picta belli) and the tortoise G. agassizii. These variants were first validated
by RNA-Seq data, obtained from a blood sample in the case of C. abingdonii and a
granuloma in Aldabrachelys gigantea. The most interesting variants, involving gene
duplications or those affecting key motifs, were confirmed by PCR amplification and
Sanger sequencing and compared with DNA samples obtained from other 11 tortoise

species.
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Figure 14. DNA repair pathways depending on the type of damage. BER, base excision repair; NER,
nucleotide excision repair;, MMR, mismatch repair; NHEJ, non-homologous end joining; MME],
microhomology-mediated end joining; HR, homologous recombination.

2.1. Search of relevant variants in C. abingdonii and A. gigantea

A first overall analysis revealed that DNA repair genes appear highly conserved in
giant tortoises, with the exception of some rapidly evolving genes, such as the Werner
syndrome gene (WRN) (Table 5). This fact underlies the importance of DNA repair and
genome integrity in long-lived species. Still, point variants and duplications with a
potential relevance were found in some of these genes, which could suggest differences
in the expression, regulation or interactions of the DNA repair factors in C. abingdonii

and A. gigantea.

Specifically, we observed a variant in the DNA damage response gene TP53 in both
giant tortoises. p53 is a transcription factor with different functions in regulating cell
cycle, apoptosis and energy metabolism, and has a major role in tumor suppression'**,
This important transcription factor presents one functional copy in C. abingdonii, A.
gigantea and in the rest of Reptilia!®!%, essential for DNA stability and cancer
protection. However, C. abingdonii shares with the other Testudines (including the other
giant tortoises analyzed herein) a modification at codon 106 (p.S106E), which had been

previously identified in root vole (Microtus oeconomus)'®” (Fig. 15). This variant had
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been described as an adaptation to hypoxia in the Tibet plateau niche and it is also found
in four fish species (Barbus barbus, Tetraodon miurus, Platichthys flesus and
Xiphophorus hellerii) and a squid species (Loligo forbesi). It has been observed that
p-S106E variant avoids activation of the apoptotic genes IGFBP3, APAF1, BAX, NOXA,
PUMA and HDM by p53, without affecting cell-cycle genes. As a result, cell apoptosis

197 This variant in TP53 could suggest a

by p53 is suppressed under stress conditions
process of convergent evolution in the adaptation to hypoxia, likely driven by an ancestral
aquatic environment, which left this footprint in the genomes of terrestrial giant tortoises.
Interestingly, giant tortoises also show the p.R72P ancestral variant in TP53, which has

been associated with longevity and improved cancer prognosis in human populations!®3.

106

'
H.sapiens S S SVIPS QK T Q RLGEILHS -GTA
M.musculus S S FVPSQKT¥AQ HLGIBLQS -GTA
H.glaber S S S VIPS HK T Q HLGEILQS -GTA
M.oeconomus S SSVIPSQKT¥AQ RLGEEILHS -GTA
' D.rerio TS TVIBETSDMP RLREIPQS -GTA
B.barbus TASVIPVATDYP KLGEPQS -GTA
({ L.forbesi Q P S V SNIK P EMS AQPSKET
% G.gallus S P vVIBS TEDMG RVGIBIVEA - GTA
owe A.carolinensis TP | 1BSTEDMV ELAEQS -GTA
P.sinensis S STVIPS TEDXYA QLABQQS -GTA
e o Cmydas S STVIPSTEDMA ELTIHQQS -GTA
C.p.belli SSTVIESTEDMA ELVEIQQS -GTA
G.agassizii SATVIPSTEDNYA ELABQQS -GTA
d A.gigantea S AT VP S TEDNYA ELAFQQS -GTA
C.abingdonii SATVIPSTEDNYA ELABQQS -GTA

Figure 15. Partial amino acid alignment of the TP53 sequence in C. abingdonii, A. gigantea and other
vertebrate species. Codon 106 changes from serine (S) to glutamic acid (E) are highlighted with red boxes.

Then, we also identified and validated a duplication in C. abingdonii and A.
gigantea affecting NEIL1, a DNA glycosylase involved in the pre-replicative removal of
oxidized DNA bases by BER! (Fig. 16). Duplications in NEIL1 were also found in C.
p. bellii, and in the tortoise G. agassizii, as well as in the other Galapagos tortoises,
Aldabra Island tortoises, and their corresponding continental outgroups. According to
RNA-Seq data, both copies are expressed and no evidence of a positive selection process
was found in either of them, based on their dN/dS value. Previous studies have associated
a higher expression of NEIL1 in naked mole rats with their extended longevity compared

to mice??’. Moreover, downregulation of this gene has been reported in cancer?’!. These
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results suggest that NEIL1 could be a candidate gene for longevity and cancer protection

through maintenance of genomic stability.

Likewise, we found another duplication affecting RMI2, which has a major role in
processing homologous recombination intermediates to limit DNA crossover formation
in cells®?. Interestingly, loss of RMI2 leads to increased genome instability and cancer

predisposition®®

. In giant tortoises, both copies seem to be expressed, as confirmed by
RNA-Seq. Other Sauropsida, such as C. p. bellii, P. sinensis or A. carolinensis, present a
second pseudogenized copy although it does not seem to be functional. Duplication in
RMI2 might suggest an enhanced ability to resolve homologous recombination

intermediates, which can lead to a higher genome integrity.

NEIL1 (390 aa)

[ |

l:] Catalytic domain EIDNA-binding DNA-bindingH

3f 139 288
H. sapiens @ sMsrnrelMrBE F A« QGDFGPLAFKEG
‘ M. musculus |8l sV s wnpeMPEE K sk QGDFGPLAFKG
Copme G.gallus S rMcrcrelels s B A NGEPGRMAPRKE
A. carolinensis SENS kNP ANPEE F SBK EGDPGPMAFKG
P.sinensis SEMS Kk NPEMPEE K siB K QGEFGPMAFKG
’ C.mydas SENSkNPEMLEE R siB K QGEPGPMAFKEG
Cp.belli1 gecMsknre¥LBE F 5B K QGEFPGPMAFKG
C.p.bellii 2 BEMs KNP ENLIEE F siD K QGEPGPMAFKG
G. agassizii ceMskNnPEMLBE F sk B - - - - - - - - - -
G. agassizii_ EMSKNPENLIEE F 3B K QGEPGPMAFKGC
C.abingdonii 1 S EN s k EMLIEE R sib K acercrMalr ke
C.abingdonii 2 SENS Kk NJS|EM LIEE R siB K cGeErGPMIFKG
A.gigantea 1 SEN S Kk NJP[EM LIEE R sP K QGEFrGPrMAlFKE
A. gigantea_. EMskns|leEMLBE F s K aGceErPGPMIIFKE

Figure 16. Partial amino acid alignment of NEIL1 sequence in C. abingdonii, A. gigantea, and other
vertebrate species. Copy-specific variants present in C. abingdonii and A. gigantea are highlighted with a
red rectangle.

In addition, some alterations were identified in genes involved in non-homologous
end-joining (NHEJ), an essential pathway that repairs double-strand breaks in DNA. This
way, variants affecting sumoylation sites were found in XRCC6 (p.K556R) and XRCC5
(p.K568N), two ssDNA-dependent ATP-dependent helicases involved in NHEJ?04205,
The variant affecting XRCC6 is present in C. abingdonii, A. gigantea and other giant
tortoises used for Sanger sequencing validation (Fig. 17), and the mutation affecting
XRCC5 was also found in C. p. belli, and P. sinensis. Unexpectedly, the naked mole rat,
the longest-living rodent, also presented a similar variant in XRCC6 (p.K556N)!°.
Sumoylation is the post-translational covalent addition of a small ubiquitin-like modifier

(SUMO) to certain lysine residues and can play a role in genomic stability and
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transcription by regulating protein-protein interactions?®®. Consequently, alterations in

this process may have an effect in the DNA repair response.

On the other hand, protection against NHEJ is important in telomeres, as they can
be mistaken with DNA breaks. To avoid this, DCLRE1B, together with other proteins,
has an important role in the protection of telomeres by forming the telomeric loop (T-
loop) after being recruited by TERF2%%7. We found a modification in DCLREIB in the
heterodimer interface binding TERF2 (p.R498C) in C. abingdonii, A. gigantea and the
other giant tortoises used in the validation (Fig. 17). Interestingly, TERF2 also had several
modifications in the binding domain to DCLREIB (p.S161T, p.M164T, p.N176G and
p-M180L), which was also shared by other turtles. These variants in key binding residues
could affect the interactions between these two proteins and therefore vary the T-loop
formation. Moreover, the aforementioned variants in XRCC5 and XRCC6, could also
impinge on telomere dynamics in tortoises?%%20%,

XRCCé
Sumoylation site (556)

H. sapiens S

F M. musculus s
H. glaber s

D. rerio E

A. carolinensis £
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A. gigantea E
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Figure 17. Partial amino acid alignment of XRCC6 and DCLRE1B sequences in C. abingdonii, A.
gigantea, and other vertebrate species. Codon changes are highlighted with red boxes.
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2.2. Functional analysis of NEIL1 and RMI2 duplications

To complete this study, we aimed to explore if the duplications affecting NEIL1
and RMI2 could play a role in modulating the DNA repair response to induced stress. As
a proof of principle, we cloned the corresponding cDNAs on a pCDH vector and
transduced HEK-293T cells with them, individually and in combination —pCDH,
pCDH-NEIL1, pCDH-RMI2 and pCDH-NEIL1+pCDH-RMI2— to evaluate their
combined effect. Next, we isolated clones from each condition overexpressing reasonable
levels of these genes, and exposed cells to sub-lethal doses of either UV light (20 J/m?)
or H20O2 stress (500 uM). The activation of DNA damage response pathways was
analyzed by Western blot 24 or 48 hours after the exposition to damage. We observed a
reduction in histone H2AX phosphorylation and in the cleavage of poly (ADP-ribose)
polymerase (PARP) in all different conditions (Fig. 18), suggesting a decrease in the
levels of DNA damage in the cell. Hence, duplications in NEIL1 and RMI2 existing in
giant tortoises could provide them with a quicker and improved DNA-repair response,

consequently contributing to their extended longevity and cancer protection.

a
HEK-293T
pCDH NEIL1 RMI2  NEILL +RMI2
Ctrl 20J Ctrl  20] Ctrl 200 Ctrl 201

kDa 0 24 48 O 24 48 0 24 48 0 24 48 Time (h)

= —] Full-length PARP
100 gy = |4 Clcaved PARP
sof ——— —— < ——| Flag (NEIL1)
20] > S —— = — |Flag(RMI2)

15‘ — — — ijZAX
. I—=—|Actin

b

HEK-293T
pPCDH NEIL1 RMI2  NEILL +RMI2
Ctrl 500uM Ctrl 500 uM Ctrl 500 pM_ Ctrl 500 pM
kDa O 24 43 0 24 48 0 24 48 0 24 48 Time (h)

100l————— — — c— — — e s | FU||-length PARP

— . |Clcaved PARP
—

501 e e e ---IFlag(NEILl)

20 - o - — e |Flag(RMI2)

15L | <TEms e _ —]pHZAX

371--—- -.---.--'---.lActin

Figure 18. Effect of NEIL1 and RMI2 overexpression in the DNA damage response in HEK-293T
cells. (a) Western blot analysis of the phosphorylation of histone H2AX at serine 139, and cleaved PARP
in cells exposed to UV light (20 J/m?), after 24 and 48 hours. Note that Flag (RMI2) was detected on the
same samples used for the remaining Western-blots shown in this panel, run in parallel on an identical blot.
(b) Western blot analysis of H2AX phosphorylated at serine 139, and cleaved PARP in cells exposed to
H,O, treatment (500 uM), after 24 and 48 hours. The Western-blots shown were carried out with the same
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samples run in parallel in three identical blots (one for PARP and actin, a second blot for Flag (NEIL1 and
RMI2), and a third blot for pH2AX).

On the whole, the data shown herein suggest a high conservation and, in some cases,
even expansion of DNA repair genes in both C. abingdonii and A. gigantea. Minor
variants could also point to small differences in the interaction or regulation of DNA
repair proteins, in particular those involved in NHEJ. Interestingly, TP53 analysis showed
a specific variant shared with other Testudines which had been described as an adaptation
to hypoxia. As these giant tortoises did not live in an environment with low levels of
oxygen, this adaptation could be considered as a residual trace of evolution. Furthermore,
duplications in some DNA damage response genes could promote genome integrity,

contributing to the prolonged lifespan and cancer protection of giant tortoises and turtles.
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Table 5. DNA repair genes analyzed and variants found in C. abingdonii.

Gene name Activity C. abingdonii
Base excision repair (BER) | Major altered base released

UNG U No relevant variants
SMUGI 18} No relevant variants
MBD4 U or T opposite G at CpG sequences No relevant variants
TDG U, T or ethenoC opposite G No relevant variants
0GGl1 8-0x0G opposite C No relevant variants
MUTYH (MYH) A opposite 8-0x0G No relevant variants
NTHLI1 (NTH1) Ring-saturated or fragmented pyrimidines No relevant variants
MPG 3-meA, ethenoA, hypoxanthine No relevant variants
NEILI Removes thymine glycol Duplication

NEIL2 Removes oxidative products of pyrimidines KI154R

NEIL3 Removes oxidative products of pyrimidines No relevant variants

Other BER and strand break joining factors

APEXI1 (APEI)

AP endonuclease

No relevant variants

APEX2 AP endonuclease No relevant variants
LIG3 DNA Ligase III No relevant variants
XRCCl1 LIG3 accessory factor No relevant variants
PNKP Converts some DNA breaks to ligatable ends | No relevant variants

APLF (C20RF13)

Accessory factor for DNA end-joining

No relevant variants

Poly(ADP-ribose) polymerase (PARP) enzymes that bind to DNA

PARP1 (ADPRT)

Protects strand interruptions

No relevant variants

PARP2 (ADPRTL2)

PARP-like enzyme

No relevant variants

PARP3 (ADPRTL3)

PARP-like enzyme

No relevant variants

Direct reversal of damage

MGMT

06-meG alkyltransferase

No relevant variants

ALKBH2 (ABH2)

1-meA dioxygenase

No relevant variants

ALKBH3 (DEPC1)

1-meA dioxygenase

E248D

Repair of DNA-topoisomerase crosslinks

TDPI

Removes 3'-tyrosylphosphate and 3'-
phosphoglycolate from DNA

No relevant variants

TDP2 (TTRAP)

5'- and 3'-tyrosyl DNA phosphodiesterase

No relevant variants

Mismatch excision repair (MMR)

MSH?2 Mismatch and loop recognition No relevant variants
MSH3 Mismatch and loop recognition No relevant variants
MSH6 Mismatch recognition Missense variants

MLH1 MutL homologs, forming heterodimer No relevant variants
PMS2 MutL homologs, forming heterodimer No relevant variants
MSH4 MutS homologs specialized for meiosis No relevant variants
MSH5 MutS homologs specialized for meiosis No relevant variants
MLH3 MutL homologs of unknown function No relevant variants
PMS1 MutL homologs of unknown function No relevant variants
PMS2L3 MutL homologs of unknown function No relevant variants

Nucleotide excision repair (NER)

XPC Binds DNA distortions No relevant variants
RAD23B Binds DNA distortions No relevant variants
CETN2 Binds DNA distortions No relevant variants
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Table 5. DNA repair genes analyzed and variants found in C. abingdonii (Continuation).

Gene name Activity C. abingdonii

RAD23A Substitutes for RAD23B No relevant variants
XPA Binds damaged DNA in preincision complex | No relevant variants
DDBI1 Complex defective in XP group E No relevant variants
DDB2 (XPE) Complex defective in XP group E No relevant variants
RPA1 Binds DNA in preincision complex No relevant variants
RPA2 Binds DNA in preincision complex No relevant variants
RPA3 Binds DNA in preincision complex No relevant variants

ERCC3 (XPB)

3'to 5' DNA helicase

No relevant variants

ERCC2 (XPD)

5'to 3' DNA helicase

No relevant variants

GTF2H1 Core TFIIH subunit p62 No relevant variants
GTF2H2 Core TFIIH subunit p44 No relevant variants
GTF2H3 Core TFIIH subunit p34 No relevant variants
GTF2H4 Core TFIIH subunit p52 No relevant variants
GTF2HS (TTDA) Core TFIIH subunit p8 No relevant variants
CDK7 Kinase subunits of TFIIH No relevant variants
CCNH Kinase subunits of TFIIH No relevant variants
MNATI1 Kinase subunits of TFIIH No relevant variants
ERCCS5 (XPG) 3" incision No relevant variants
ERCC1 5" incision DNA binding subunit No relevant variants
ERCC4 (XPF) 5" incision catalytic subunit No relevant variants
LIG1 DNA ligase No relevant variants
ERCCS8 (CSA) Cockayne and UV-Sensitive Syndrome No relevant variants
ERCC6 (CSB) Cockayne and UV-Sensitive Syndrome No relevant variants
UVSSA (KIAA1530) UV-Sensitive Syndrome No relevant variants
XAB2 (HCNP) Cockayne syndrome No relevant variants
MMS19 Iron-sulfur cluster loading and transport No relevant variants

Homologous recombination

RADS1

Homologous pairing

No relevant variants

RADS1B Rad51 homolog S194T

RADSID Rad51 homolog S197L

DMC1 Rad51 homolog, meiosis No relevant variants

XRCC2 DNA break and crosslink repair No relevant variants

XRCC3 DNA break and crosslink repair No relevant variants

RADS52 Accessory factors for recombination No relevant variants

RADS4L Accessory factors for recombination No relevant variants

RADS54B Accessory factors for recombination No relevant variants
Accessory factor for transcription and

BRCALl recombination S308N

SHFM1 (DSS1) BRCA2 associated No relevant variants

RADS0 ATPase in complex with MRE11A, NBS1 No relevant variants
3' exonuclease, defective in ATLD (ataxia-

MREI11A telangiectasia-like disorder) No relevant variants

NBN (NBSI1) Mutated in Nijmegen breakage syndrome No relevant variants

RBBPS (CtIP) Promotes DNA end resection No relevant variants

MUSS81 Subunits of structure-specific DNA nuclease No relevant variants

EME1 (MMS4L)

Subunits of structure-specific DNA nuclease

Absent
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Table 5. DNA repair genes analyzed and variants found in C. abingdonii. (Continuation)

Gene name

Activity

C. abingdonii

EME2

Subunits of structure-specific DNA nuclease

No relevant variants

GIYDI (SLX1A)

Subunit of SLX1 structure-specific nuclease

No relevant variants

GIYD2 (SLX1B)

Subunit of SLX1 structure-specific nuclease

Absent

GENI1 Nuclease cleaving Holliday junctions No relevant variants
Fanconi anemia
FANCA Repair of DNA crosslinks and other adducts No relevant variants
FANCB Repair of DNA crosslinks and other adducts No relevant variants
FANCC Repair of DNA crosslinks and other adducts No relevant variants
S491V; S755V;
BRCA2 (FANCD1) Cooperation with RAD51 S2095Q; T3387P
FANCD2 Target for monoubiquitination No relevant variants
FANCE Repair of DNA crosslinks and other adducts No relevant variants
FANCF Repair of DNA crosslinks and other adducts No relevant variants
FANCI (KIAA1794) Target for monoubiquitination No relevant variants
BRIP1 (FANCJ) DNA helicase, BRCAl-interacting No relevant variants
FANCL Repair of DNA crosslinks and other adducts No relevant variants
FANCM Helicase/translocase No relevant variants
PALB2 (FANCN) Co-localizes with BRCA2 No relevant variants
RADS51C (FANCO) Rad51 homolog FANCO No relevant variants
BTBD12 (SLX4) (FANCP) | Nuclease subunit/scaffold BTBD12 (SLX4) No relevant variants
FAAP20 (Clorf86) FANCA - associated Absent
FAAP24 (C190rf40) Repair of DNA crosslinks and other adducts No relevant variants
Non-homologous end-joining
XRCC6 (Ku70) DNA end binding subunit K556R
XRCCS5 (Ku&0) DNA end binding subunit K568N
DNA-dependent protein kinase catalytic
PRKDC subunit S2612T
LIG4 Ligase No relevant variants
XRCC4 Ligase accessory factor No relevant variants
DCLREIC (Artemis) Nuclease No relevant variants

NHEJ1 (XLF, Cernunnos)

End-joining factor

No relevant variants

Modulation of nucleotide pools

NUDTI (MTH1)

8-0x0GTPase

No relevant variants

DUT dUTPase No relevant variants
p53-inducible ribonucleotide reductase small
RRM2B (p53R2) subunit 2 homolog No relevant variants

DNA polymerases (catalytic

subunits)

POLB BER in nuclear DNA No relevant variants
POLG BER in mitochondrial DNA No relevant variants
POLDI1 NER and MMR No relevant variants
POLE NER and MMR No relevant variants
PCNA Sliding clamp for pol delta and pol epsilon No relevant variants
REV3L (POLZ) DNA pol zeta catalytic subunit No relevant variants
MAD2L2 (REV7) DNA pol zeta subunit No relevant variants
REVIL (REV1) dCMP transferase No relevant variants
POLH Xeroderma pigmentosum (XP) variant No relevant variants
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Table 5. DNA repair genes analyzed and variants found in C. abingdonii. (Continuation)

Gene name Activity C. abingdonii

POLI (RAD30B) Lesion bypass No relevant variants
POLQ Sensitivity to ionizing radiation No relevant variants
POLK (DINB1) Lesion bypass and NER No relevant variants
POLL Gap-filling during NHEJ No relevant variants
POLM Gap filling during NHEJ No relevant variants
POLN (POL4P) DNA crosslink repair No relevant variants

Editing and processing nucleases

FENI (DNase 1V)

5' nuclease

Duplication

FANI (MTMRI15)

5' nuclease interacting with FANCD?2

No relevant variants

TREX1 (DNase III)

3' exonuclease

Absent

TREX2 3' exonuclease No relevant variants

EXO1 (HEX1) 3' exonuclease S610G

APTX (aprataxin) Processing of DNA single-strand interruptions | No relevant variants

SPO11 Endonuclease No relevant variants
Incision 3' of hypoxanthine and uracil in DNA

ENDOV and inosine in RNA No relevant variants

Ubiquitination and modification

UBE2B (RAD6B)

Ubiquitin-conjugating enzyme

No relevant variants

RAD18 E3 ubiquitin ligase No relevant variants
SHPRH E3 ubiquitin ligase, SWI/SNF related No relevant variants
HLTF (SMARCA3) E3 ubiquitin ligase, SWI/SNF related No relevant variants
RNF168 E3 ubiquitin ligase for DSB repair R57TW

SPRTN (clorfl124) Reads ubiquitylation No relevant variants
RNF8 E3 ubiquitin ligase for DSB repair No relevant variants
RNF4 E3 ubiquitin ligase No relevant variants
UBE2V2 (MMS2) Ubiquitin-conjugating complex No relevant variants
UBE2N (UBC13) Ubiquitin-conjugating complex No relevant variants

Chromatin Structure and Modification

H2AFX (H2AX) Histone, phosphorylated after DNA damage No relevant variants

CHAF1A (CAF1) Chromatin assembly factor No relevant variants
DNA damage-associated histone methylase

SETMAR (METNASE) and nuclease No relevant variants

Genes defective in diseases associated with sensitivity to DNA damaging agents

BLM Bloom syndrome helicase No relevant variants

Q536E; V586,
WRN Werner syndrome helicase / 3' - exonuclease K632R; L867F
RECQL4 Rothmund-Thompson syndrome No relevant variants
ATM Ataxia telangiectasia V28731

TTDNI (C7orfl 1) MPLKIP

Non-photosensitive form of
trichothiodystrophy

No relevant variants

Other identified genes with known or suspected DNA repair function

DCLREIA (SNM1) DNA crosslink repair No relevant variants
DCLREI1B (SNM1B) Related to SNM1 R498C
RPA4 Similar to RPA2 Absent

PRPF19 (PSO4)

DNA crosslink repair; binding to SETMAR

No relevant variants

RECQL (RECQI)

DNA helicase

No relevant variants
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Table 5. DNA repair genes analyzed and variants found in C. abingdonii. (Continuation)

Gene name Activity C. abingdonii

RECQL5 DNA helicase No relevant variants
HELQ (HEL308) DNA helicase No relevant variants
RDMI1 (RAD52B) Similar to RADS52 No relevant variants

OBFC2B (SSB1)

Single-stranded DNA binding protein

No relevant variants

RMI2

Processing of homologous recombination
intermediates

Duplication

Other conserved DNA damage response genes

ATR ATM- and PI-3K-like essential kinase No relevant variants

ATRIP ATR-interacting protein No relevant variants

MDC1 Mediator of DNA damage checkpoint No relevant variants
Subunits of PCNA-like sensor of damaged

RADI DNA Duplication
Subunits of PCNA-like sensor of damaged

RADYA DNA No relevant variants
Subunits of PCNA-like sensor of damaged

HUSI1 DNA No relevant variants

RADI7 (RAD24)

RFC-like DNA damage sensor

No relevant variants

CHEK1 Effector kinases No relevant variants
CHEK2 Effector kinases No relevant variants
TP53 Regulation of the cell cycle R72P; SI06E; R290C

TP53BP1 (53BP1)

Chromatin-binding checkpoint protein

T5431

RIF1

Suppressor of 5'-end-resection

No relevant variants

TOPBPI DNA damage checkpoint control No relevant variants
S-phase check point and biological clock

CLK2 protein No relevant variants
S-phase check point and biological clock

PERI protein No relevant variants
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Discussion

In the last decades, the improvement of diet, hygiene and health services has
enhanced human life expectancy. Concomitantly, aging-associated diseases, such as
cancer, neurodegenerative disorders and cardiovascular pathologies have substantially
increased. Hence, aging research has become a growing field, not with the main objective
of extending lifespan but to achieve healthy aging by minimizing the risk of disease.
Integrative approaches are being applied to elucidate the mechanisms of aging and to
propose novel therapeutic approaches against age-related diseases. In this Doctoral
Thesis, we have evaluated new intervention strategies against age-related diseases,
studied potentially anti-aging features of the DNA repair machinery in long-lived species,

and explored the regulatory mechanisms involved in loss of proteostasis.

Over the last years, different therapeutic approaches against Hutchinson-Gilford
progeria syndrome (HGPS) have been tested in cellular and animal models of the disease.
These potential therapies include strategies designed to avoid progerin farnesylation®®,
some anti-inflammatory compounds’, or antisense oligonucleotides that block the
aberrant splicing of LMNA’’, among several others. However, when some of these
therapies were moved to clinical trials, they provided limited benefits in patients®*%.
Besides, these drugs required continuous administration, which represented in some cases
an offset’’. Since HGPS is associated with a significant decrease in the quality of life and
premature death of patients —in most cases during childhood or adolescence— the
development of new therapeutic strategies with longer-term effects are still urgently
needed. Furthermore, due to their common mechanisms, physiological aging could also
benefit from the development of some of these therapeutic strategies, increasing the

importance of HGPS research.

In this work, we have presented a CRISPR/Cas9-based gene editing approach that
targets exon 11 of LMNA, interfering permanently and specifically with lamin A and
progerin expression (section 1). A single dose of one sgRNA together with the
Staphylococcus aureus Cas9 was administered to P3 Lmna®609¢/6609 mjce by using
adeno-associated viruses. As a result, a reduction in their progeroid phenotype and an
extension of in their lifespan was obtained. Remarkably, a concurrent study by Beyret
and colleagues described a very similar gene-editing strategy against HGPS?!?, In their

case, the CRISPR/Cas9 system was similarly tested in neonatal progeroid mice using the
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AAV9 delivery method. Though, they crossed our Lmna®t99¢/G609G mouse model with
Streptococcus pyogenes Cas9 transgenic mice, so these experimental animals already
expressed the nuclease constitutively, and consequently they only had to deliver their
sgRNAs by the AAV system. This way, a higher efficiency was achieved with their
approximation, but as a counterbalance, its direct translation to humans would not
possible. However, comparable encouraging results were obtained in both studies. A
lifespan extension of a 26%, and a reduction in body weight loss and in gastric mucosa
atrophy was reported in both cases. Besides, Beyret and colleagues found a higher grip
strength in treated progeroid mice, while we observed a decrease in muscular fibrosis.
These similar and complementing results obtained in two independent laboratories
strength the hypothesis of the use of CRISPR/Cas9-based strategies as a potential
treatment for HGPS.

Noteworthy, it was earlier published that the coexistence of progeroid and normal
cells at an approximately 50/50 ratio in a mosaic mouse model results in a completely
normal phenotype and lifespan expectancy'®®. In the current work, the editing efficiency
was lower and not achieved in all organs, observing a 13.6% of edition in genome copies
in liver, 5.3% in heart, 4.1% in muscle, and 1.1% in lung. Still, significant phenotype
amelioration and lifespan extension were obtained in progeroid mice (Fig. 28). This
indicates that edition of the total number of cells in the organism would not be necessary
for an important amelioration of HGPS symptoms in patients. Besides, the higher edition
rates obtained in the liver, together with the general phenotype amelioration —including
non-edited organs, such as the kidney— could point to a systemic effect of this approach.
This might be supported by the multifactorial condition of aging. Other groups have
shown that clearance of senescent cells in certain tissues of a progeroid mouse model can
delay premature aging phenotypes in other organs in a non-cell-autonomous manner’.
On the other hand, it is important to point out that we have proved that progerin clearance
is efficient when the CRISPR/Cas9 system is administered to neonatal mice, but we do
not know the effects in older animals. As HGPS is normally diagnosed between 3.5
months and 4 years®!, the establishment of a timeframe when elimination of progerin has

positive effects in the aging-associated phenotypes is also desirable.

It is important to point out that lamin A seems to be dispensable in cells and mice,
but it surely plays a role in the cell nucleus and the consequences of abolishing its

expression in humans remain still unexplored. Some studies have attributed important
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functions to lamin A related to targeting specific proteins to the nuclear envelope.
Notwithstanding these preliminary observations, cells lacking lamin A show very little
nuclear alterations and mice deficient in this protein show an apparent normal
phenotype’®°, However, these mice are not completely identical to their wild-type
littermates. They present extended lifespan (about 10% longer than normal mice),
decreased energy metabolism with weight gain, slight insulin resistance, fewer
mitochondria and higher incidence of some types of tumors?!! (Fig. 28). Thus, the
different LMNA isoforms may play antagonistic roles in energy metabolism. It is also
necessary to highlight that mice seem to be more resistant to alterations in lamins A and
C, proven by the milder phenotypes obtained with strong mutations, so extrapolation of
these results to humans has to be taken with precaution. Nevertheless, given the severe
phenotypes caused by progerin accumulation, at present it seems more preferable to

eliminate lamin A in patients than to allow progerin accumulation in the cell nucleus.

Lamin C-only mouse Mosaic mouse

____Cell accumulating
(s prelamin A
£

Wild-type cell

Lifespan: 110 weeks vs. 100 weeks in WT
Phenotype: normal appearance
metabolopathy,

Lifespan: 107 weeks vs. 107 weeks in WT
Phenotype: normal appearance,
lower tumor incidence

obesity,
higher tumor incidence

CRISPR-treated Lmna®0°6Ge096 mouse

Lamin C-only
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L mna®609G/Ge09G mo1se
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Figure 19. Comparison of mouse models accumulating different isoforms of lamin A. Lamin C-only
mouse do not express lamin A in their cells and they live longer than wild-type mice. However, they develop
obesity and show a higher incidence of some types of tumors. The prelamin A mosaic mouse model has a
50% of prelamin A-accumulating cells and a 50% of wild-type cells. They have a normal lifespan and show
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a higher resistance to some types of tumors induced by chemical carcinogenesis. Lmna®809¢/Ce0% mjce

accumulate progerin in all their cells and show a progeroid phenotype, with weight loss and muscular
fibrosis. Lamin A and progerin production was suppressed in a low percentage of cells in this mouse model
upon treatment with our CRISPR strategy. These mice show an extended lifespan and a reduced progeroid
phenotype compared to the non-treated Lmna®80%/G8096 mice. This figure was made with Servier Medical
Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License:
(https://smart.servier.com).

After publication of our results, Suzuki and colleagues developed a novel knock-in
CRISPR/Cas9-based system known as “intercellular linearized single homology arm

donor mediated intron-targeting integration (SATI)"?!2

. This tool requires a double-strand
break induction and a single homology arm donor and relies on both HDR and NHEJ
repair pathways in the cell. To prove its potential as a gene therapy, they also tested this
system in P1 Lmna®8096/Ge0%G progeroid mice by AAV9 delivery. The efficiency of gene
correction was a 2.07% in liver and 0.14% in heart, being more common the introduction
of small indels at exon 10. Despite this low correction rate, a noteworthy lifespan
extension of 44% and an amelioration of the progeroid phenotype in different organs was
observed. This could be again explained by a systemic effect of progerin elimination on
other non-edited cells or organs, and supports our previous data. Interestingly, Suzuki and
colleagues also tested the system in the skeletal muscle of 10-week-old progeroid mice
by local injection with positive results. This suggests that progerin clearance could have

therapeutic beneficial effects beyond the neonatal stage?!'?. Nevertheless, a more profound

exam of the consequences of LMNA edition in adult mice is still desired.

Over the last two years, a diverse new group of genome editing tools have evolved
from the original CRISPR/Cas9 systems, offering the possibility of introducing a wide
variety of genetic changes at multiple positions in the genome?!'?. This rapid development
has given rise to potential methods to treat genetic diseases by replacing the mutated base
with a relative high efficiency, which could likewise be relevant for HGPS treatment. One
of these novel techniques is the use of base editors, which can install specific point
mutations avoiding the introduction of double-strand breaks or the necessity of a donor
DNA template'!3. This can be achieved by their two main components, a catalytically
inactive Cas nuclease and a deaminase enzyme. Depending on their activity, these base
editors can be grouped into adenine base editors (ABEs), converting AeT into GeC base
pairs, and cytosine base editors (CBEs), converting CeG into TeA base pairs. The high
size of the base editors could represent a major setback for in vivo administration, but

split ABEs and CBEs have already been engineered for their delivery as dual AAVs and
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their later reconstitution by trans-splicing inteins in the cell?'*. In HGPS, the most
common mutation occurs by the conversion of a cytosine into a thymine at position
c.1824 of the LMNA gene. Due to the existence of different PAM sequences nearby, this
change could in principle be reverted by using the ABE system. An even more recent tool
is the prime editing system, which can introduce any point mutation as well as small
insertions and deletions''#. This tool is based on a chimeric protein with Cas9 nickase and
reverse transcriptase activities that is guided by a prime editing guide RNA (pegRNA),
containing both the target site and the template sequence for the desired modification.
Still, prime editing tool has yet to be adapted for in vivo delivery but it could also
constitute another promising pathway for HGPS treatment. Certainly, both alternative
systems need to be tested in HGPS mouse models and it is tempting to speculate that they
could reverse at least part of the progeroid phenotype by specifically correcting the
mutation. Besides, another interesting approximation would be to edit the cryptic splice
site of LMNA. By using this “geroediting” approach, progerin accumulation would also
be avoided under normal conditions, and could finally unravel the role of this protein in

physiological aging.

There seems to be no doubt that constant improvement of these editing tools will
lead to more efficient and safer ways to treat diseases by gene edition. Further research
on putative off-target events and adverse effects of these genome editing systems is
needed to ensure the safety of these interventions. Nevertheless, an encouraging clinical
trial has been initiated using SaCas9 for the treatment of Leber congenital amaurosis 10
(LCA10), a vision disorder affecting the retina (ClinicalTrials.gov: NCT03872479).
Altogether, our study and the works from Beyret, Suzuki and colleagues, show preclinical
efficacy of genome editing in a mouse model of progeria and pave the way for the use of

CRISPR/Cas9 in HGPS and other currently incurable systemic diseases.

Apart from accelerated aging syndromes, geroscience can also benefit from the
study of long-lived species. Multi-omic analyses of these species can shed some light on
the evolution of longevity, as it has been already exemplified in the genomic and
transcriptomic analysis of the bowhead whale!!?!13, the African elephant®® or the naked
mole rat'®. These mammals have a relatively long lifespan and lack an aging phenotype
most of their lives, with a comparative reduced risk of cancer. Improvements in different

hallmarks of aging, such as enhanced proteostasis or improved mitochondrial function
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were reported in some of them. Moreover, positive selection was also observed in genes
involved in genomic stability, especially in DNA repair genes. Impairments in DNA
repair mechanisms have been thoroughly described in both progeroid syndromes and
cancer®. To deepen into the mechanisms of extended longevity and cancer protection of
some animal species, the second objective of this Doctoral Thesis was focused on
manually analyzing repair-related genes in two giant tortoises, Chelonoidis abingdonii,
represented by the iconic Lonesome George, and Aldabrachelys gigantea (section 2).
Both tortoises are estimated to live more than 100 years, being among the longest-living

reptiles, and present a low risk of cancer.

The transcription factor p53 —encoded by TP53— is commonly known as the
guardian of the genome. It has a major role in tumor suppression and DNA damage
response by enhancing cell cycle arrest, senescence and apoptosis?!6. TP53 is mutated in
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most types of cancer inducing aggressive proliferation!’®*. Noteworthy, multiple

retrogenes of TP53 have been identified in the African and Asian elephants, which lead
to higher levels of p53 and enhanced apoptosis in cells as a response to DNA damage®*-2!7.
The blind mole rat Spalax shows two variants in TP53 (p.R174K and p.R209K compared
to humans). These p53 variants were described to upregulate cell cycle arrest genes and
downregulate apoptosis?!’®. Our analysis of p53 uncovered a specific variant in C.
abingdonii and A. gigantea (p.S106E), shared with other Testudines and some species of
fish. This variant has also been described in the root vole Microtus oeconomus as an

adaptation to hypoxia'®’

. This mammal lives in the Tibet plateau and shows altered
transcriptional regulation as a response to extreme conditions, suppressing the expression
of proapoptotic genes!?’. Since neither C. abingdonii nor A. gigantea lived in an anoxic
or cold environment, this variant could be explained as a conserved residual trace of
evolution. Still, it is interesting how different adaptations in p53 have a pro-apoptotic or
anti-apoptotic response to stress in long-lived organisms. Interestingly, another
adaptation to hypoxia has been found in giant tortoises, the presence of globin X (GbX),
which is present in red blood cells and can effectively reduce nitrite?!>-22°, It would be
noteworthy to consider how these adaptations to stress can contribute to longevity. In this
sense, functional analyses would be necessary to determine the relevance of these variants
in giant tortoise’s response to DNA damage. Nevertheless, the central role of p53 in

maintaining genome integrity remains highlighted by the fact that certain variants can

contribute to cancer resistance and environmental adaptations in wild animals.
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Besides TP53, changes in genes involved in NHEJ also stood out in giant tortoises.
These species presented variants in two in X-ray repair cross complementing genes,
XRCC5 (p.K568N) and XRCC6 (p.K556N), which affected sumoylation sites.
Interestingly, the long-lived naked mole rat Heterocephalus glaber also presented the
p.K556N variant in XRCC6, and this gene was described to be upregulated in this species
as well??’. Sumoylation occurs in over 1,600 proteins, including important DNA repair
factors such as PCNA, BRCA1 and 53BP 122!, This process plays a key role in DNA repair
response by modulating specific protein-protein interactions, localization or activity of
its substrates?%. Therefore, variants found on these sumoylation sites could have an effect

in the function of these repair proteins.

Copy number variations can easily affect the levels and function of specific proteins
in the cell and can lead to innovations in the frame of evolution??2. Duplications in DNA
repair genes have been identified in different long-lived species, being tempting to relate
them with their extended longevity. For instance, a duplication in the PCNA gene was
described in the bowhead whale'!. In our study, we identified a duplication affecting
NEIL1, a DNA glycosylase involved in base excision repair'®. Remarkably, previous
studies have identified an elevated expression of NEIL1 in naked mole rats and humans
compared to mice, which can contribute to their extended longevity??. Besides, naked
mole rat cells show higher excision repair than mouse cells??®>. Another duplication was
observed affecting RMI2, which is involved in processing double Holliday junctions
during DNA replication to prevent genome instability?’?, Our initial functional studies
indicated that human cells overexpressing RMI2 and NEIL1 could respond better to
induced stress. Although additional studies involving cells from turtles and tortoises are
required, these preliminary results add NEIL1 and RMI2 to the list of DNA repair
candidate genes in long-lived species involved in longevity extension and cancer

protection.

An early study has explored the link between longevity and DNA repair in cells

24 However,

from different vertebrate species without observing any association?
important technical issues could have hindered the interpretation of its results. To further
understand DNA repair mechanisms in long-lived reptiles, additional studies are needed.
Our first analysis points to a high preservation of DNA damage response genes in giant
tortoises compared to humans. However, specific variants found in TP53, XRCC5,

XRCC6 and DCLRE1B, together with the duplications in NEIL1 and RMI2 could suggest
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small differences in the regulation, function or interaction of certain repair factors. These
disparities in DNA repair mechanisms compared to other organisms could explain the
extended longevity observed in giant tortoises. Altogether, these results support the idea
that genomic analysis of wild animal species can contribute to identify biomarkers of
aging an aged and age-related diseases, but besides, they can also help to protect

endangered species.

In summary, in this Doctoral Thesis, we have explored different approximations to
further understand the mechanisms involved in aging and age-related diseases and
propose new therapies based on them. First, we evaluated a novel gene editing approach
as a therapy for HGPS with encouraging preclinical results. Elimination of progerin in a
modest percentage of mouse cells promoted lifespan and ameliorated the progeroid
phenotype in a possibly systemic way. Interestingly, this system could also be relevant to
elucidate the role of progerin in normal aging. Besides, our bioinformatic work has
provided new candidate genes for longevity extension involved in genome integrity
maintenance. Finally, we have further investigated the role of proteostasis in both aging
and cancer and explored its modulation through genetic and dietary interventions.
Hopefully, our work will contribute to unravel the multifaceted mechanisms involved in
aging and to progress in the development of new intervention approaches against its

associated diseases.

90



CONCLUSIONS






Conclusions

CRISPR/Cas9-editing of exon 11 of LMNA reduces lamin A and progerin

expression, and prevents nuclear abnormalities in HGPS cells.

In vivo delivery of a Lmna-specific CRISPR/Cas9 system in HGPS mice extends

lifespan and alleviates the progeroid phenotype.

. DNA repair genes show specific changes in long-lived tortoises, involving copy

number variations and missense variants.
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Conclusiones

1.

El sistema CRISPR/Cas9 dirigido contra el exén 11 de LMNA reduce los niveles

de lamina A y progerina, y previene las anormalidades nucleares en células HGPS.

La administracion in vivo de un sistema CRISPR/Cas9 especifico de Lmna en

ratones HGPS extiende su esperanza de vida y atentia su fenotipo progeroide.

Los genes de reparacion del DNA muestran cambios especificos en las tortugas
gigantes longevas, incluyendo variaciones en el nimero de copias y variantes de

cambio de sentido.
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