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SUMMARY

Hutchinson-Gilford progeria syndrome (HGPS) is a rare fatal genetic disorder characterized by
accelerated aging and premature death at an average age of 14.6 years. “Classical” HGPS is
caused by a heterozygous de novo c.1824 C>T dominant synonymous point mutation in the
LMNA gene, which encodes for lamin A and C. This mutation promotes the expression of a
mutant protein called progerin, an aberrant form of prelamin A that cannot undergo complete
maturation. Progerin remains permanently farnesylated and firmly anchored to the inner nuclear

membrane, affecting many cellular processes in a dominant-negative manner.

HGPS patients appear normal at birth but develop symptoms of the disease typically during the
first and second year of life. Taking into account that there is still no definitive cure for HGPS
and that patients are diagnosed when symptoms are already present, it is critically important to
ascertain whether the damage caused by progerin expression is reversible or if disease
progression can be slowed down or halted upon progerin suppression. It is also necessary to
investigate the relative contribution of systemic and tissue-specific factors to the development
of HGPS to assess the effectiveness of potential future therapies designed to suppress progerin
expression in specific tissues, which, if proven effective, would likely be less challenging than

whole-body progerin suppression.

In order to address these questions, in this Doctoral Thesis we use the CRISPR-Cas9 system to

HGPSrev

generate Lmna mice, the first “reversible” mouse model of progeria which expresses

progerin ubiquitously and allows a controlled spatio-temporal suppression of progerin
expression with concomitant restoration of lamin A expression upon activation of the Cre

recombinase. We demonstrate that LmngHePsrev/HePSrev

mice recapitulate the main features of
human HGPS, including failure to thrive, cardiovascular alterations and premature death.
Moreover, we show that Cre activation upon tamoxifen treatment starting at an advanced stage
of the disease in Lmna"c""HcFrer Jpc-CreERT®™ progeroid mice prolongs their life span. Finally,
we show that gene therapy with adeno-associated virus overexpressing Cre ameliorates

HGPSrev/HGPSrev

postnatal growth of adult Lmna mice with initial symptoms of HGPS at the initiation

of the therapy. These studies with the Lmna"P"

mouse model, and future studies beyond the
scope of the present Doctoral Thesis, will shed significant light on the cellular and molecular

mechanisms of HGPS and pave the way to developing more efficient therapies.
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RESUMEN

El Sindrome de Progeria de Hutchinson-Gilford (HGPS, por sus siglas en inglés) es un trastorno
genético fatal extremadamente raro caracterizado por envejecimiento acelerado y muerte
prematura a una edad promedio de 14,6 afos. El HGPS "clasico" esta causado por una mutacién
de novo c.1824 C>T en el exén 11 del gen LMNA, que codifica las laminas A y C. Se trata de una
mutacién que, a pesar de ser sindnima, promueve la expresion de progerina, una forma anémala
de prelamina A que no puede madurar correctamente, permaneciendo farnesilada y unida a la

membrana nuclear interna, afectando muchos procesos celulares de manera dominante-negativa.

Los pacientes con HGPS tienen un aspecto normal al nacer, pero desarrollan sintomas de la
enfermedad tipicamente durante el primer y segundo afio de vida. Teniendo en cuenta que no
existe una cura definitiva para HGPS y que los pacientes son diagnosticados cuando los sintomas
estan ya presentes, es critico determinar si el dafo causado por la progerina es reversible o si
la progresion de HGPS puede disminuir o detenerse mediante la supresion de la expresion de
esta proteina. También es necesario investigar la contribucion relativa de factores sistémicos y
especificos de tejido al desarrollo de HGPS, para evaluar la efectividad de posibles terapias
futuras disefiadas para suprimir la expresion de progerina en tejidos especificos, lo que seria mas

sencillo que la supresién de progerina en todo el cuerpo.

Para abordar estas preguntas, en esta Tesis Doctoral utilizamos el sistema CRISPR-Cas9 para

generar ratones Lmna"c*r

, el primer modelo de progeria “reversible” con expresion ubicua de
progerina que puede suprimirse de manera controlada espacio-temporalmente tras la activacién
de la recombinasa Cre, que ademas permite el restablecimiento de la expresién de la lamina A.

Hemos demostrado que los ratones LmngcPsreHePsrer

recapitulan las caracteristicas principales de
HGPS en humanos, incluyendo alteraciones en el desarrollo, problemas cardiovasculares y
muerte prematura. Ademas, mostramos que el tratamiento de estos ratones progeroides
mediante la activacion de la Cre con tamoxifeno en una etapa avanzada de la enfermedad
aumenta su supervivencia. Finalmente, la terapia génica con virus adeno-asociados que
sobreexpresan Cre mejora el crecimiento postnatal de ratones progéricos adultos con sintomas

HGPSrevHGPSrev 35 all4 del alcance de

iniciales de HGPS. Estos y futuros estudios con ratones Lmna
la presente Tesis Doctoral, arrojaran informacién importante sobre los mecanismos celulares y

moleculares de HGPS vy facilitaran el camino para desarrollar terapias mas eficientes.
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AAYV: Adeno-Associated virus
BAC: Bacterial artificial chromosome
CO: Cardiac output

CRISPR-Cas9: Clustered regularly interspaced short palindromic repeat/CRISPR-

associated 9 system

crRNA: CRISPR-RNA
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E/A: Early / late diastolic velocity peak wave
ECG: Electrocardiogram / Electrocardiography
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FTls: Farnesyltransferase inhibitors
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HGPS: Hutchinson-Gilford progeria syndrome
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ICMT: Isoprenylsysteine carboxyl methyltransferase
ID: Internal diameter

INM: Inner nuclear membrane

IVRT: Isovolumetric relaxation time



IVS: Intraventricular septum
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LDL: Low-density lipoprotein

LV: Left ventricle / ventricular

MEFs: Mouse embryonic fibroblasts
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NHE): Non-homologous end joining
NPCs: Nuclear pore complexes
ONM: Outer nuclear membrane
PAM: Protospacer adjacent motif
PAT: Pulmonary artery acceleration time
PCR: Polymerase chain reaction
PET: Pulmonary artery ejection time
PW: Posterior wall

sgRNA: Single-guide RNA

SMA: Smooth muscle actin

SV: Stroke volume

TAPSE: Tricuspid annular plane systolic excursion
tracrRNA: Trans-activating crRNA
VSMCs: Vascular smooth muscle cells

WT: Wild-type
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1. INTRODUCTION

1.1. Nuclear Envelope and Lamins

The nuclear envelope (NE) is the structure in eukaryotic cells that encloses the genetic material
and separates nuclear from cytoplasmic functions. The major structural components of the NE
are the inner nuclear membrane (INM), the outer nuclear membrane (ONM), the nuclear pore
complexes (NPCs) and the nuclear lamina (Dechat et al., 2008; Hetzer, 2010). The nuclear lamina
is a complex meshwork of proteins associated with the INM, the NPCs and chromatin. The
main components of the nuclear lamina are the lamins, type V intermediate filaments that can
be also found at lower concentrations within the nucleosplasm. Lamins are classified in A-type
and B-type lamins based on their sequence, features and properties. In most vertebrates there
are two major A-type lamins (lamin A and lamin C) coded by the LMNA gene by alternative
splicing, and two major B-type lamins called lamin B1 and lamin B2 that are coded by LMNB1
and LMNB2, respectively. B-type lamins are expressed in all types of cells, while A-type lamins
are mainly expressed in differentiated cells. Other minor isoforms of lamins expressed at much

lower levels include lamins AA10, lamin C2 and lamin B3 (Dechat et al., 2008, 2010).

Lamins play a fundamental role in the maintenance of nuclear shape and stability. In addition to
this structural role, it has become increasingly evident that lamins play a key role in the regulation
of other fundamental functions, such as cytoskeleton organization, cell proliferation,
differentiation and migration, DNA repair, gene expression and organization and epigenetic
regulation of chromatin (Broers et al., 2006; Andrés and Gonzalez-Granado, 2009; Dechat et al.,
2010; Dorado and Andrés, 2017). It is therefore not surprising that more than 400 mutations in
the LMNA gene have been associated to different human diseases (Broers et al, 2006)
(http://www.umd.be/LMNA/). The discovery of these diseases, collectively called laminopathies,
resulted in an increasing interest in the study of lamins. Laminopathies include familial partial
lipodystrophy, dilated cardiomyopathy, congenital muscular dystrophy and progeroid
syndromes, such as Atypical Werner Syndrome, Restrictive Dermopathy and Hutchinson-
Gilford Progeria Syndrome (HGPS) (Cohen, Hernandez and Stewart, 2008; Dechat et al., 2008;
Hamczyk, del Campo and Andrés, 2018).



1.2. Hutchinson- Gilford Progeria Syndrome

HGPS (OMIM 176670) is one of the most severe laminopathies. It is an autosomal dominant
ultrarare genetic disease with an overall estimated prevalence of 1 in 20 million people, therefore
it is estimated that around 350-400 children live with progeria worldwide
(https://www.progeriaresearch.org/prf-by-the-numbers/). This disorder was first described by
Hutchinson and Gilford (Hutchinson, 1886; Gilford and Hutchinson, 1897) but it was not until
2003 when the disease-causing mutation was identified by two different laboratories (De Sandre-
Giovannoli et al., 2003; Eriksson et al., 2003). “Classical” HGPS is caused by a heterozygous de
novo point mutation in exon 11 of the LMNA gene (c.1824C>T; p.G608G) that activates an
exonic cryptic splice site. The mutant pre-mRNA generated due to the use of this alternative
splicing has an in-frame deletion of 150 bp in exon 11 and, consequently, it synthetizes a mutant
form of lamin A with a 50 amino acids deletion called progerin (Cohen, Hernandez and Stewart,

2008; Ahmed et al., 2017; Gonzalo, Kreienkamp and Askjaer, 2017).

As a result of alternative splicing, wild-type LMNA codes for two major lamin isoforms, lamin A
(exons 1-12) and lamin C (exons 1-10). Lamin A is initially expressed as an immature form, called
prelamin A, that requires various consecutive post-translational modifications (Figure 1, Left).
First, the cysteine residue of the C-terminal —CaaX box (-CSIM in the case of prelamin A) is
farnesylated by a farnesyltransferase (FT) (Sinensky et al., 1994). Then, the last three amino acids
(-SIM) are removed usually by the zinc metalloproteinase Zmspte24, a CAAX prenyl protease.
Next, the exposed C-terminal cysteine is carboxymethylated by the enzyme -called
isoprenylcysteine carboxyl methyltransferase (ICMT) (Sinensky et al., 1994; Broers et al., 2006).
These modifications are thought to be necessary for the translocation of prelamin A to the INM
(Holtz et al., 1989), where Zmpste24 removes 15 amino acids upstream the C-terminal cysteine
residue to yield mature lamin A (Pendas et al, 2002; Broers et al, 2006). The 50 amino acids
deletion in HGPS includes the target site for Zmspte24, therefore the last post-translational
modification cannot take place, resulting in the accumulation of permanently farnesylated and
carboxymethylated progerin (Piekarowicz et al, 2019) (Figure 1, Right). Interestingly, the
activation of this cryptic splice site has been also identified in elderly individuals who are not
carriers of the HGPS mutation, suggesting that low levels of progerin expression may contribute
to physiological aging (Scaffidi and Misteli, 2006; Cao, Blair, et al., 2011; Dorado and Andrés,
2017; Hamczyk, del Campo and Andrés, 2018).
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Figure 1. Inadequate post-translational processing of prelamin A caused by aberrant splicing of the
LMNA mRNA leads to accumulation of permanently farnesylated progerin synthesis. Left: Normal
splicing between exon 11 and 12 in the LMNA gene generates an mRNA that is translated into prelamin A, a precursor
protein that undergoes several post-translational modifications. First, the cysteine residue of prelamin A C-terminus
is farnesylated by a farnesyltransferase (FT). Subsequently, the three C-terminal amino acids are removed by an
endonuclease (usually ZMPSTE24: zinc metallopeptidase STE24, also called FACE-1) and the newly exposed cysteine
is carboxymethylated by isoprenylcysteine carboxyl methyltransferasa (ICMT). Finally, the last 15 amino acids,
including the modified cysteine, are cleaved by ZMPSTE24 resulting in mature lamin A. Right: The HGPS-causing c.
1824C>T mutation in LMNA exon 11 activates a cryptic splice site that causes the in-frame deletion of 150 bp in exon
11, which provokes the deletion of 50 amino acids that contain the ZMSPTE24 cleavage site. As a result, the C-
terminal portion cannot be removed and the cell accumulates farnesylated progerin.

HGPS is defined as a segmental premature aging disease because some features in patients are
shared with physiological aging while others are unique to this rare disorder. Liver, kidneys, the
gastrointestinal tracks, and the immune system are usually normal in HGPS patients. In addition,
children with progeria do not manifest cancer or senility, common features in elderly people

(Ullrich and Gordon, 2015; Gonzalo, Kreienkamp and Askjaer, 2017).



HGPS is a progressive disease characterized by accelerated aging. Despite some variability in
signs and symptoms depending on the age and disease severity, HGPS patients strongly resemble
to each other (DeBusk, 1972; Ullrich and Gordon, 2015; Gonzalo, Kreienkamp and Askjaer,
2017). In most cases, patients have a normal appearance at birth and the initial symptoms begin
around the first year of life, including significant growth retardation and skin abnormalities. While
the disease is progressing, HGPS patients show other characteristic features of progeria, such
as bone and dental abnormalities, alopecia, progressive contractures of the joints, loss of
subcutaneous fat (lipodystrophy) and prominent scalp veins (Ullrich and Gordon, 2015;
Piekarowicz et al, 2019). However, the most important complications of the disease are
cardiovascular and cerebrovascular alterations that eventually lead to premature death
predominantly due to stroke or myocardial infarction, with an average lifespan of 14.6 years old

(Gordon, Massaro, et al., 2014).

1.3. Cardiovascular Pathology in HGPS

Cardiovascular disease (CVD) is the primary cause of death and morbidity worldwide, and aging
is the main cardiovascular risk factor (www.who.int/gho/en/) (North and Sinclair, 2012). Most
of the cardiovascular alterations in HGPS are also present in the geriatric population, but CVD
in progeria typically develops in the absence of common risk factors, such as
hypercholesterolemia, obesity or tobacco smoking (Melissa A. Merideth et al.,, 2008; Hamczyk,
del Campo and Andrés, 2018). In addition, progerin has been detected in atherosclerotic
coronary arteries from non-HGPS elderly people, more frequently at advanced ages (Olive et
al., 2010). HGPS therefore offers the opportunity for studying not only mechanisms of CVD in
progeroid patients, but perhaps also for understanding and discovering other determinant

elements in normal cardiovascular aging independently of conventional risk factors.

Endothelial dysfunction and vascular stiffness are two major age-related vascular alterations
(Hamczyk, del Campo and Andrés, 2018). While endothelial function seems to be preserved in
HGPS, vascular stiffness has been reported to be an early and pervasive feature in patients, which
is getting increasing attention because it is thought to be an important starting point for other
cardiovascular complications (Lakatta and Levy, 2003; Gerhard-Herman et al., 2012; Hamczyk,
del Campo and Andrés, 2018). Confirming the relevance of vessel stiffening in progeria, we
recently demonstrated stiffness in both the aorta and mesenteric vessels in a mouse model of

HGPS (del Campo et al, 2019). In addition to other typical signs of vascular aging, such as
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atherosclerosis or vascular calcification, large arteries in HGPS children exhibit an exacerbated
loss of vascular smooth muscle cells (VSMCs) with replacement by collagen and extracellular
matrix (ECM), as well as increased thickness and fibrosis of the adventitial layer (Varga et al.,

2006; Olive et al., 2010; Worman and Michaelis, 2018).

Regarding cardiac alterations, HGPS patients show left ventricle (LV) hypertrophy, mitral valves
(MV) calcification, interstitial fibrosis and age-related abnormalities in the electrocardiogram
(ECG), such as ST depression/elevation, T-wave flattening and QT interval prolongation

(Gerhard-Herman et al., 2012; Rivera-Torres et al., 2016; Prakash et al., 2018).

1.4. Animal Models of HGPS

In order to understand any disease and be able to identify candidate therapeutic targets, it is
crucial to know all the events and underlying mechanisms of the pathogenesis of the disorder.
In vitro approaches, using stablished cell lines or patient derived cells, not only are an essential
first step to develop working hypotheses, but also to provide invaluable information regarding
major cellular processes. Cells derived from HGPS patients have been instrumental to improve
our knowledge about the disorder and the role of lamin A or progerin in health and disease
respectively. HGPS cells exhibit numerous defects, most prominently alterations in nuclear
architecture and morphology as well as accumulation of DNA damage (De Sandre-Giovannoli

et al, 2003; Dahl et al., 2006; Scaffidi and Misteli, 2006; Dorado and Andrés, 2017).

Despite the convenience of in vitro studies, animal models are essential to investigate systemic
and cell-to-cell interactions, physiological functions, and to test candidate therapies in an in vivo
setting. In this regard, the development of genome-editing technologies resulted in a huge
opening of opportunities in biomedical research, including remarkable advances in animal model

generation and in gene therapy.

Since the discovery of the HGPS mutation in 2003, several animal models have been generated
that recapitulate different aspects of HGPS. Taking into account the low number of diagnosed
patients worldwide (www.progeriaresearch.org), the generation of HGPS animal models is
critical in order to overcome the difficulties in leading clinical trials and research on the
mechanisms driving the disease, and to find effective treatments and a potential cure for these

children. Moreover, since HGPS and normal aging share many common features, animal models



of HGPS could be useful to study mechanisms underlying physiological aging, including

cardiovascular alterations, the main cause of mortality and morbidity in the general population.

Various mouse models of progeria have been generated that resemble many, but not all, features
of human HGPS (Table 1). In addition, comparison of these mouse models reveal some
phenotypic differences. Interspecies differences between mice and humans might be one of the
reasons of these dissimilarities. Moreover, the diversity of strategies used for the generation of
the mouse models, the target gene or even the distinct toxicity of progerin in humans and mice

should be taken into account.

1.4.1. Classical HGPS Animal Models

Zmpste24-deficient mice represent the first mouse model showing a progeroid phenotype and
one of the most used (Pendas et al., 2002). Interestingly, this model was not developed with the
aim of studying progeria, however, the characterization of the phenotype led the authors to
think the afterwards demonstrated relationship between Zmpste24 protein and lamin
processing and hence, the usefulness of this model in HGPS research. Zmste24 knock-out mice
show most of the alterations present in HGPS, including lipodystrophy, growth retardation,
alopecia, skeletal and muscular atrophy, cardiac alterations and a premature death at an average
age of 5 months (Pendas et al.,, 2002; Varela et al., 2005; Rivera-Torres et al., 2016). However,

the vascular phenotype has not been reported yet in Zmste24-null mice.

Lack of Zmpste24 prevents the last maturation step of prelamin A, therefore Zmste24-null mice
accumulate immature farnesylated prelamin A, but not progerin (Figure 1). To generate the first
mouse model expressing progerin (Lmna" mice), Yang et al. removed intron 10 and joined

together a mutant form of exon 11 (without the last 150 bp) and wild-type exon 12, which

HG/+

results in the expression of progerin (Yang et al., 2005; Yang, 2006). Heterozygous Lmna™" mice

show several features of premature aging, such as growth retardation, body weight loss,

lipodystrophy, bone abnormalities and premature death at an average age of 27 weeks. The

HG/HG

phenotype is more severe in homozygous Lmna mice, which have an average lifespan of only

HG/+ HG/HG

3-4 weeks (Yang, 2006). However, Lmna™"* and Lmna mice fail to exhibit cardiovascular

alterations, the most relevant feature of HGPS patients.
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Table 1. HGPS mouse models

Vascular Cardiac
alterations alterations

Gene, Transgene or

Reference

HGPS Mouse Model A-type lamin expression

Premature aging

minigene

Zmspte24” Zmpste24 Prelamin A, lamin C No Yes Yes (Pendas et al., 2002)

Lmnate* Lmna Progerin, lamin A/C No NR Yes (Osorio et al., 2011)

LmngaHeHe Lmna Progerin NR NR Yes (Yang et al, 2005; Yang,
2006)

Lmnarte* Lmna non-farnesylated progerin, lamin A/C NR No Yes (Yang, Andres, et al,
2008)

LmngesmHer Lmna non-farnesylated progerin, lamin A/C NR No No (Yang et al., 2011)

(LA Lmna non-farnesylated prelamin A NR Yes No (Davies et al., 2010)

Lmnqa®809¢/* Lmna Progerin, lamin A/C Yes NR Yes (Osorio et al., 2011)

[Lirpa A Lmna Progerin, lamin C, residual lamin A Yes NR Yes (- M. Lee et al,, 2016)

Lmn@®609¢/66096 Lmna0 Progerin, lamin C, residual lamin A Yes Yes Yes (Osorio et al., 2011)

ApoE” LmnqG6076/Ge09G Lmna Progerin, lamin C, residual lamin A Yes Yes Yes (Hamczyk et al., 2018)

BAC G608G Tg (LMNA G608G) Lamin A/C, human progerin Yes No No (Varga et al., 2006)

co03e . - .
Tetop_LAS Minigene tetop_LAS®G | Lamin A/C, human progerin, human lamin A NR NR Tissue-specific  |(Sagelius, Rosengardten,

phenotype

Schmidt, et al., 2008)

NR: Not reported. Adapted from: Hamczyk et al. 2018
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Varga et al. developed a new HGPS mouse model by introducing a bacterial artificial
chromosome (BAC) containing the human LMNA gene carrying the HGPS-causing mutation in
exon 11 (Varga et al, 2006). The “G608G BAC mice” is the first model showing some of the
vascular alterations observed in patients, such as calcification, adventitial thickening, and
progressive loss of medial VSMCs and replacement with ECM (Varga et al., 2006). Unfortunately,
this transgenic mouse model does not show any other feature of premature aging. Of note in
this regard, the G608G BAC mice contained not only the endogenous Lmna gene, but also the
human LMNA gene, and three additional genes: UBQLN4, MAPBPIP, and RAB25 genes, whose

presence could be affecting somehow the phenotype (Varga et al., 2006).

Since none of these genetic modified animals neither fully recapitulates the HGPS phenotype
nor the genetic-molecular scenario of the disease, Osorio et al. generated the knock-in Lmna®%%©
mouse model, which carries a 1827 C>T (p.G609G) point-mutation in the LMNA locus
equivalent to the one present in the majority of HGPS patients (Osorio et al, 2011). Like in
HGPS patients, the mutant Lmna®®“allele provokes aberrant splicing in exon 11, leading to the
expression of lamin C, progerin and small amounts of lamin A as a result of a correct splicing in

spite of the cryptic donor site. Lmna®??%/c¢0%

mice display several premature aging features,
including growth retardation, body weight loss, bone alterations, VSMCs loss in aortic arch (but
not in the thoracic aorta) and premature death at an average age of 15 weeks (Osorio et al,
2011). These mice also present ECG abnormalities with normal blood pressure. Recently, we
reported in these mice vascular stiffness and inward remodeling in resistance and conductance
vessels and accumulation of collagen in the medial layer of thoracic aortas (del Campo et al,

0609G/G6096 mice do not exhibit atherosclerosis as a result of the

2019). Importantly, Lmna
extremely resistance of mice to develop this pathology (Fuster et al., 2012). However, our group
demonstrated exaggerated atherosclerosis in apolipoprotein E-null mice that ubiquitously
express progerin (Apoe”Lmna®%%c/%¢%%¢) (Hamczyk et al., 2018), due at least in part to induction
of endoplasmic reticulum stress in VSMCs (Hamczyk et al., 2019). Remarkably, VSMC-specific
progerin expression is sufficient to accelerate vessel stiffness and atherosclerosis, identifying this
cell type as a key element in vascular disease (Hamczyk et al., 2018; del Campo et al., 2019). The

G609G/+

progeroid phenotype is much milder in Lmna mice, which look normal until 8 months of

age, when they start to develop loss of body weight, bone alterations and die at an average age

of 35 weeks (Osorio et al., 2011).
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Recently, Lee et al has developed a new Lmng®%?%/¢¢0%¢

mouse model that exhibits a phenotype
similar to former HGPS mouse models (Lee et al., 2016; Osorio et al., 2011; Varela et al.,, 2005;

Yang et al.,, 2006).

1.4.2. Other Relevant HGPS Animal Models
It was hypothesized that the farnesyl group present in progerin or prelamin A is responsible, at
least in part, of the toxic effect of these unprocessed proteins (Pendas et al., 2002; Navarro et
al, 2004, 2005). To test this possibility, several mouse models expressing a non-farnesylated

mutant form of lamin A were developed (Yang, Andres, et al., 2008; Davies et al., 2010; Yang et

al,, 2011).

nHG

Yang et al. first generated Lmna™"® mice, which express non-farnesylated progerin (Yang, Andres,

et al., 2008). This mouse model was identical to the original Lmna" but with an additional
replacement of the C-terminal cysteine of the CaaX motif by a serine (-CSIM - -SSIM). Lmna™*
mice exhibit the same phenotype as Lmna" mice, but much less severe, suggesting the possibility
that permanent farnesylation is not the only cause of the toxic effect of progerin (Yang, Andres,

nHG

et al., 2008). However, it cannot be ruled out that the mild phenotype of Lmna™ mice could be

due to the cytosine>serine modification itself. Hence, the same laboratory generated Lmna“m™*

csmHG mice,

mice, in which the Isoleucine amino acid from de -CSIM motif was removed. Lmna
which express a non-farnesylated progerin, were undistinguishable from wild-type littermates,
pointing back again to the farnesylation toxicity hypothesis (Yang et al, 2011). Additionally,
Davies et al. developed a non-farnesylated prelamin A mouse model (Lmna™*°) by just changing
C-terminal cysteine by a serine (-CSIM - -SSIM). These mice did not exhibit any progeroid

phenotype except for the development of cardiomyopathy that could be due to the

cytosine—>serine maodification itself (Davies et al., 2010).

1.4.3. Inducible and Conditional HGPS Mouse Models
The generation of conditional and inducible models emerged because of the requirement of
more sophisticated methods to control gene expression in a flexible spatio-temporal manner
and, therefore, to obtain more information about the role of a specific gene at different stages

of development or in different cells and tissues (Ryding, Sharp and Mullins, 2001; Bockamp et al.,

2008).
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The Cre-lox system is one of the most common strategies used in the generation of conditional
models. In this system, loxP sites are recognized by the Cre recombinase, which mediates a
recombination event that removes the floxed (flanked) DNA in the tissues where Cre is
expressed. Hence, tissue specificity is defined by the promoter driving Cre expression
(Sternberg and Hamilton, 1981; McLellan, Rosenthal and Pinto, 2017). With the purpose of
controlling not only tissue specificity but also the time of expression, Cre recombinase was
fused to a ligand-binding domain of a mutated estrogen receptor. This domain allows the
sequestration of the fused Cre in the cytosol, which can be activated via nuclear translocation

only in presence of tamoxifen (Ryding, Sharp and Mullins, 2001).

Since HGPS is a disease that involves several organs and tissues (Gonzalo, Kreienkamp and
Askjaer, 2017), there was a great interest in using conditional models in order to explore the
specific contribution of progerin in different tissues and organs on the pathogenesis of the

disease.

Osorio et al. designed the first conditional mutant allele in the mouse Lmna locus (Lmna‘©, Lamin
C-Stop). This allele exhibit the C > T point mutation in exon 11, however, a neomycin resistance
gene flanked by two loxP sites was integrated in Lmna intron 10 blocking the transcription of
the exons 11 and 12, and, consequently, preventing the transcription of lamin A and progerin.

LCS/LCS

As a result of these manipulations, Lmna mice express only lamin C (Osorio et al,, 2011).

Interestingly, Lmng*“*<s

mice did not exhibit any abnormal phenotype, consistent with other
studies in mice showing that lamin A is dispensable in the nuclear lamina (Fong, 2006), while a
complete knock-out of lamin A and lamin C (A-type lamins) causes premature death (Sullivan et

al, 1999; Lammerding et al., 2004). Whether lamin A is also dispensable in humans remains

unknown.

609 mice was accomplished by crossing Lmna‘® mice with transgenic

The generation of Lmna
mice expressing ubiquitously the Cre recombinase (Osorio et al., 2011). Using this strategy, we
have recently generated and characterized mice with endothelial cell-, VSMC- and macrophage-

specific progerin expression to assess the particular contribution of progerin in these cell types

(Hamczyk et al., 2018; del Campo et al., 2019).

Other interesting mouse models were developed by Eriksson and collaborators to assess the
relative importance of progerin specifically in skin, bone and teeth, tissues severely affected in

HGPS patients. In a background of normal expression of the endogenous mouse Lmna locus,
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Sagelius et al. designed two transgenic mouse lines, tetop-LA®*®¢ and tetop-LA™, using an
inducible system that allows the expression of minigenes carrying human progerin or human
lamin A protein, respectively, under the control of a tet-operon (Gossen and Bujard, 1992;
Bockamp et al,, 2008; Sagelius, Rosengardten, Hanif, et al, 2008). The system allowed the
expression of human progerin or lamin A specifically in skin and osteoblasts/odontoblasts by
crossbreeding tetop-LA®¢%¢ and tetop-LA™ mice with transgenic mice expressing K5 or Sp7
transactivators, respectively (K5tTA or Sp7tTA) (Sagelius, Rosengardten, Schmidt, et al., 2008;
Strandgren et al., 2015). Remarkably, the skin or bone/tooth defects in these mutant mice were
normalized by turning off progerin expression upon doxycycline treatment starting after the
appearance of the phenotype. These studies show that the damage caused by ectopic progerin
expression in skin and bone is reversible in these tissues in a context of mice with normal
endogenous lamin A expression in the rest of the body (Sagelius, Rosengardten, Schmidt, et al.,
2008; Strandgren et al., 2015). Nonetheless, in order to postulate definite conclusions, it is
important to note that HGPS is a systemic disease in which progerin is expressed in many
tissues, and patients express below normal levels of lamin A. Besides, the random integration of
the minigenes into the mouse genome as well as the overexpression of lamin A in controls

should be take into account.

All these mouse models allow to study the effect of tissue-specific expression of progerin, and
some of them, the effect of removing progerin in particular tissues in a background of normal
lamin A expression. However, it remains unknown whether it is possible to revert HGPS or
slow down the progression of the disease at different stages by suppressing progerin

ubiquitously or only in specific cell types in a context of whole-body progerin expression.

1.4.4. Large Animal Models for Progeria
HGPS mouse models allowed important advances in the understanding of the underlying
mechanisms and molecular basis of progeria. Moreover, these models have also been useful for
the testing of different therapeutic approaches. However, since the major complication in HGPS
patients are cardiovascular alterations (Gordon, Rothman, et al., 2014; Hamczyk, del Campo and
Andrés, 2018), a more translational preclinical model in terms of cardiovascular pathology would
be very helpful. Recently, our laboratory has reported the generation and characterization of
the first minipig model for ‘classical’ HGPS, which was developed by somatic cell nuclear transfer

using minipig skin fibroblasts that were modified to carry the heterozygous LMNA ¢.1824C>T
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mutation (Dorado et al., 2019). HGPS minipigs express lamin A, C and progerin and recapitulate
the main features of HGPS patients, including diastolic dysfunction, MV degeneration, ECG
abnormalities, growth retardation, facial and bone alterations, abnormal collagen deposition and
premature death at an average age of 6 months (Dorado et al., 2019). This new pig model will

be very helpful in the analysis and testing of new therapeutic applications for HGPS patients.

1.5. Therapeutic Approaches In HGPS

HGPS is a fatal disease. Patients are born apparently normal and the symptoms appear gradually
with time. The disease is typically diagnosed through genetic testing at 1-2 years of age, when
symptoms have already manifested (Ahmed et al, 2017; Gonzalo, Kreienkamp and Askjaer,
2017). In addition, HGPS is a very complex disease causing multiple alterations in many different
functions that ultimately lead to premature death. For all these reasons, the development of
treatments is urgently needed. Significant progress has been made since the discovery of LMNA
mutations as the genetic mechanism causing HGPS (De Sandre-Giovannoli et al., 2003; Eriksson
et al., 2003; Gordon, Rothman, et al., 2014), which has prompted an exponential increase in
research on the mechanisms underlying HGPS. All this knowledge has permitted major advances
in the understanding of this disorder and in the development of advanced therapeutic

approaches (Gordon, Rothman, et al., 2014; Strandgren et al., 2017).

Since HGPS is a genetic disorder caused by a mutant protein generated through aberrant
splicing, several approaches have been therefore developed to treat HGPS at different levels:
protein level (targeting protein function, turnover and post-translational modifications), RNA

level (inhibition of aberrant exon 11 splicing) and DNA level (correction of the mutation).

1.5.1. Small Molecule-Based Therapies
As discussed above, cellular and animal studies strongly suggest that the toxicity of progerin and
prelamin A is caused in large part by the retention of the farnesylated carboxyterminal region,
which is removed in mature lamin A (Figure 1) (Pendas et al., 2002; Navarro et al., 2004, 2005;
Young, Fong and Michaelis, 2005; Davies et al., 2010; Yang et al., 2011). The first therapeutic
approaches have therefore focused on inhibiting prelamin A and progerin farnesylation using
farnesyltransferase inhibitors (FTIs), which were originally developed for the treatment of some
pediatric cancers. FTls showed promising results in both progerin-expressing cells, reverting

nuclear defects (Capell et al., 2005; Mallampalli et al., 2005; Toth et al., 2005; Yang et al., 2005),
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and in animal models of HGPS, preventing cardiovascular alterations and prolonging life span

(Fong, 2006; Yang, 2006; Capell et al., 2008; Yang, Qiao, Fong, et al., 2008).

Based on these positive results in cultured cells and animal models, the first clinical trial with
HGPS patients targeted farnesylation using lonafarnib (Kieran, Gordon and Kleinman, 2007).
Monotherapy with this FTl improved the rate of weight gain, vascular stiffness, bone rigidity, and
sensorineural hearing, but was estimated to prolong survival only by 1.6 years (Gordon et al.,
2012; Gordon, Massaro, et al., 2014). This limited benefit of lonafarnib may be due to an
alternative geranylgeranylation of progerin occurring instead of farnesylation (Varela et al., 2008).
Since inhibition of prenylation (farnesylation and geranylgeranylation) using a combination of
statins and aminobisphosphonates ameliorated the progeroid phenotype and extended lifespan
in Zmpste” mice (Varela et al., 2008), a ‘triple-drug’ clinical trial with lonafarnib, zoledronic acid
and pravastatin was conducted in HGPS patients. The results of this trial revealed additional
bone mineral density benefit compared with lonafarnib monotherapy, but the percentages of
participants with carotid and femoral atherosclerotic plaques and extraskeletal calcifications
increased (Gordon et al., 2016). Because of these adverse effects, the addition of pravastatin and

zoledronic acid was discontinued in HGPS clinical trials.

FTl-independent therapies have been developed in cellular and animal models. Larrieu et al.
discovered a small-molecule compound called ‘Remodelin’ that inhibits the N-acetyltransferase
NAT10. Treatment of HGPS cells with Remodelin restored nuclear morphology, improved
chromatin organization, reduced DNA damage and senescence, and increased cell proliferation
(Larrieu et al, 2014). Remarkably, chemical targeting with Remodeling or genetic targeting of

NAT10 improved the aging phenotype in progeric mice (Balmus et al., 2018).

Other interesting strategies were based on vitamin D supplementation, blockade of ICMT-
mediated methylation of progerin, and treatment with rapamacyn or retinoids to activate
autophagy (Cao, Graziotto, et al., 2011; Graziotto et al., 2012; Ibrahim et al., 2013; Kreienkamp
et al., 2016). Indeed, an ongoing clinical trial is testing in HGPS patients the combination of
lonafarnib and everolimus, a derivative of rapamycin (Clinical trial reference number:

NCT02579044).

The limited positive results in clinical trials could be due, at least in part, to differences between
humans and mice. It is also important to keep in mind that all the previously described

treatments were initiated in very young mice (4-5 weeks old) when disease symptoms are not
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evident yet. Therefore, it is possible that the poor results in clinical trials are due to initiation of
therapies in patients who already display severe symptoms, which might have caused irreversible
damage. This possibility has never been tested in any mouse model with ubiquitous progerin

expression.

1.5.2. RNA-Based Therapies
HGPS has a wide spectrum of symptoms and severity, from neonatal to adult-onset premature
aging, which depends on the ratio of progerin-to-mature lamin A (Moulson et al., 2007; Hisama
et al., 2011; Reunert et al., 2012). Differences in the amount of progerin depend on the LMNA
mutation, which determine the extent of the alternative splicing event that generates progerin
instead of lamin A. Therefore, RNA-based therapies based on blocking this aberrant alternative
splicing or modulating it towards lamin A production are promising strategies for progeria

treatment (Scaffidi and Misteli, 2005; Osorio et al., 2011; J. M. Lee et al., 2016).

The first positive results were achieved treating HGPS patient derived-fibroblasts with
morpholino antisense oligonucleotides to block the aberrant splicing in LMNA exon 11, which
improved both nuclear morphology and mislocalization of nuclear envelope proteins (Scaffidi
and Misteli, 2005; Piekarowicz et al, 2019). An alternative RNA-based therapy was developed
by Huang et al. using lentiviruses coding for a short hairpin RNA that targeted the progerin
transcript variant in HGPS fibroblasts; however, the restoration of the phenotype was not

complete, probably because an incomplete suppression of progerin mRNA (Huang et al., 2005).

Since morpholino strategy showed promising results in in vitro studies, Osorio et el. treated

knock-in Lmnag®%%¢

mice with a combination of two different morpholinos. Injections started at
6 weeks of age and were repeated twice per week. This strategy improved most phenotypic and

molecular alterations in progeroid mice, and significantly extended lifespan (Osorio et al., 2011).

LmnaG¢SO9G

mice have been also treated with antisense oligonucleotides designed to shift
alternative splicing to favor lamin C production (. M. Lee et al, 2016; Harhouri et al., 2018).
Treatment starting at 4 weeks of age (two injections per week) led to reduction of progerin

levels and improvement in the aortic pathology, but effects on lifespan were not reported (J. M.

Lee et al,, 2016).
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1.5.3. Gene Therapy
HGPS is a very complex disease that affects multiple tissues, organs and functions. Because of
this complexity, it is not surprising that drug-based strategies, either as monotherapy or in
combination, are only yielding modest benefits (Gordon, Rothman, et al., 2014; Gonzalo,
Kreienkamp and Askjaer, 2017; Piekarowicz et al., 2019). Therapies based in splicing corrections
seem very promising for the treatment of muscular dystrophies, such as Duchenne Muscular
Dystrophy, which has been treated effectively in preclinical models, although no successful
clinical trial in humans has been reported yet (Alter et al.,, 2006; Aoki et al., 2010; Piekarowicz
et al, 2019). Additionally, RNA-based therapies imply the repeated administration of the
therapeutic molecules throughout life. Several authors have recently started to develop and test
permanent gene therapy strategies for HGPS (Strandgren et al., 2017; Harhouri et al., 2018). As
progerin has a dominant negative effect, gene therapy should focus on blocking or removing the
mutation, the primary cause of the disease (Goldman et al, 2004; Scaffidi and Misteli, 2005;

Gordon, Rothman, et al., 2014).

The development of gene-editing technologies, together with improvements in delivery systems,
have made possible in vivo gene therapy (Harhouri et al.,, 2018). One of the most important and
broadly used genome-editing technology nowadays is the clustered regularly interspaced short
palindromic repeat/CRISPR- associated 9 (CRISPR-Cas9) system. CRISPR-Cas9 system involves
a Cas9 endonuclease, and a single-guide RNA (sgRNA) consisting of a fusion on a CRISPR-RNA
(crRNA) and a tran-activating crRNA (tracrRNA) (Ran et al, 2013; Zarei et al, 2019). The
sgRNA directs the Cas9 endonuclease to the target sequence based on the specificity given by
the crRNA via Watson-Crick base-pairing and the recognition of a protospacer-adjacent-motif
(PAM). The cleavage generates a double strand break (DSB) that can be repaired by homologous
directed repair (HDR) in the presence of a template producing a precise and defined
modification in the genome (Ran et al., 2013; Sander and Joung, 2014; Ahmad and Amiji, 2018;
Zarei et al., 2019). This technology offers significant advantages compared with other traditional
methods of animal transgenesis such as higher efficiency, shorter time production or the lack of

chimera formation (Zarei et al.,, 2019).

Regarding delivery systems, the use of adeno-associated viruses (AAVs) has been gaining
popularity during the last years because of their non-pathogenicity and ability to transduce a
wide variety of cells, including both non-dividing and dividing cells. AAVs are also advantageous

because of their capacity of inducing long-term transgene expression without transgene

19



integration in the host genome (Daya and Berns, 2008; Bass-Stringer et al., 2018). Moreover,
several AAVs serotypes (AAV 1-12) have been identified that differ in their capsid protein
structures, conferring different tissue tropisms and, therefore, the possibility of implementing
tissue-specific therapies. The AAV9 serotype has the broadest tissue tropism and the most
robust expression compared with other serotypes (Zincarelli et al.,, 2008; Finer and Glorioso,

2017; Bass-Stringer et al., 2018).

Two recently published articles have provided proof-of-principle for in vivo gene therapy in
HGPS mice using CRISPR-Cas9 technology (Beyret et al., 2019; Santiago-Fernandez et al., 2019).

Beyret et al. bred Lmna®®

mice with mice expressing ubiquitously S. pyogenes Cas9. They also
designed two sgRNA capable of downregulating laminA/progerin but not lamin C expression.
Since HGPS is a systemic disease, AAV9s carrying these two sgRNA were systemically delivered
thought intravenous facial injections into neonatal progeric mice expressing Cas9. Treated mice
exhibited improved body appearance, less body weight loss, reduced VSMC degeneration, and
a 25% increase in lifespan compared with untreated mice (Beyret et al.,, 2019). Although these
are promising results, caution must be taken regarding possible artefacts due to the mixed
background among the mice that were used in this study (129, C57BL/6N, C57BL/6) and FVB/N)
(Beyret et al.,, 2019). Santiago-Fernandez et al. developed another gene-editing strategy using
AAV9s carrying the Staphylococcus aureus Cas9 nuclease and a sgRNA capable of reducing
progerin/lamin A accumulation without affecting lamin C levels. Despite the modest editing
efficiency achieved, progeroid mice treated in postnatal day 3 showed a healthier appearance
and other improvements, including a 26% increase in lifespan (Santiago-Fernandez et al., 2019).
Both studies have raised hopes in the potential use of CRISPR-Cas9 as a gene therapy strategy
for the treatment of HGPS patients. Nonetheless, more research is still needed regarding the
possible negative effects of potential off-targets and the consequences of the elimination of lamin

A in humans (Beyret et al.,, 2019; Santiago-Fernandez et al., 2019).

Moreover, it is important to note that the above-mentioned gene therapy studies started the
treatment in neonates, which were apparently normal. As mentioned above, this limitation also
applies to other therapies based in drugs or RNA correction/elimination. Indeed, since HGPS is
a progressive disease and children are diagnosed when they have prominent symptoms, all
treatments in preclinical models should be tested once disease symptoms are evident in
progeroid mice. In addition, taking into account that there are children affected with HGPS of

all ages, defining the time-window when a therapy is more effective is extremely important.
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2. OBJECTIVES

HGPS is a fatal genetic disease characterized by accelerated aging and premature death. Patients
appear normal at birth and symptoms develop gradually over time, therefore the diagnostic is
typically established at 1.5-2 years of age, when patients already manifest an obvious phenotype
(Ahmed et al, 2017; Gonzalo, Kreienkamp and Askjaer, 2017). During the last decade, much
progress has been made in understanding the mechanisms underlying progerin-induced
premature aging and in the development of therapeutic approaches (Gordon, Rothman, et al,
2014; Dorado and Andrés, 2017; Hamczyk, del Campo and Andrés, 2018). Indeed, several
treatments have been developed that yielded positive results in cells and in animal models of
HGPS (Harhouri et al, 2018). Although some of these strategies have been tested in clinical
trials, none is curative and the therapeutic benefits achieved have been very limited (Gordon et

al, 2012, 2016).

Besides, all anti-HGPS therapies tested so far in preclinical studies have used very young
animals, which have not shown any obvious phenotype. Therefore, further research is needed
to ascertain if the damage caused by progerin can be reverted once symptoms are already
present, or if disease progression can be stopped or delayed when treatment is started late in
life. It is also essential to assess whether therapies need to be ubiquitous, or whether tissue or
organ specific approaches might be adequate to yield significant benefit. To address these

questions, the main objectives of this Doctoral Thesis are the following:

1. To generate Lmng"®™r

, the first progeroid mouse model engineered to allow a
controlled spatio-temporal suppression of progerin expression and restoration of wild-
type lamin A expression.

HGPSrev mice.

2. To characterize the phenotype of Lmna

3. To study the progression of HGPS upon progerin elimination and lamin A restoration
early and late in life in progeroid mice by:

a. Generating a HGPS mouse model that allows tamoxifen-dependent ubiquitous

progerin suppression and lamin A restoration.

b. Using a systemic AAV-based gene therapy strategy.
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3. MATERIAL & METHODS

3.1. Animal Care and Models

All mice used in this study had C57BL/6] genetic background. Both males and females were
proportionally included in the experiments, except otherwise stated. Lmna®®¢ (Osorio et dl.,
2011) and Ubc-CreERT2 (Ruzankina et al.,, 2007) mice were kindly provided by the lab of Carlos

HGPSrev

Lopez-Otin and Mariano Barbacid, respectively. Lmna mice were generated as part of this

Doctoral Thesis (see below). We crossed Lmna"c"

mice with Ubc-CreERT2 mice to generate
time-conditional Cre expressing mice with the Cre transgene in heterozygosis. With the
exception of longevity studies, experiments were performed at 13-15, 15-18, 30-34, 40-43, or

50-53 weeks of age (see details in figure legends).

Mice were maintained in the animal facility of the Centro Nacional de Investigaciones
Cardiovasculares Carlos Ill (CNIC). All animal procedures were performed conformed to EU
Directive 2010/63U and Recommendation 2007/526/EC regarding the protection of animals
used for experimental and other scientific purposes, enforced in Spanish law under Real Decreto
1201/2005, and were approved by the local ethics committees and the Animal Protection Area

of the Comunidad Auténoma de Madrid (PROEX 051/18).

3.2. Generation of Lmna"¢* Mice

We aim to generate a conditional mouse model that expresses progerin ubiquitously and that
allows a controlled spatio-temporal suppression of progerin with simultaneous restoration of
lamin A expression. To this end, we used the CRISPR-Cas9 system and an adequate sgRNA and

a dsDNA donor template to repair by HDR the DSB generated by Cas9.

3.2.1. sgRNA Design and Validation
Using the information provided by http://crispr.mit.edu/, we designed two sgRNAs targeting the
murine Lmna intron 10 (sgRNA_1 and sgRNA_2, See Table 2 and Figure 2A), which were
purchased from ID Technologies. The pCRISPR U6 Cas92AeGFP (coding for both Cas9 and
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green fluorescent protein, GFP) plasmid was kindly provided by the CNIC’s Viral Vectors Unit

(Figure 2B).

Table 2: crRNA sequences and data from http://crispr.mit.edu/

crRNA Sequence 5' — 3' + f
sgRN A q — Score of faithfulness Off-Targets
(PAM) (over 100%)
sgRNA 1 CCCATAAGTGTCTAAGATTC + (AGG) 82% 119, di(‘)"’;f;)score
sgRNA 2 GCCACAGCTCTTTATTTCGA + (AGG) 81% 141, a‘ig"’g; score
B B (1)

Digestion and ligation

The pCRISPR U6 Cas92AeGFP plasmid and sgRNA_1 and sgRNA_2 were digested at 37°C for
4 hours with BrsGl and Spel restriction enzymes (R0575S, R0133S, New England Biolabs) using
NEBbuffer 2.1 (B7202S, New England Biolabs). The DNA plasmid fragments were separated
with 2% agarose gel electrophoresis and the biggest fragment was purified using Zymoclean™
Gel DNA Recovery Kit (D4007, Zymo Research). The purified plasmid fragment was incubated
with Antarctic Phosphatase (M0289, New England Biolabs) for 1 hour at 37°C and then for 5

minutes at 70°C to inactivate the phosphatase.

pCRISPR U6 Cas92AeGFP plasmid was ligated to sgRNA_1 or sgRNA_2 using T4 DNA Ligase
(M0202S, New England Biolabs) (16°C for 2 hours). The same preparation lacking the sgRNA

was used as a negative control.

Transformation of cells and ligation validation

Each ligation product carrying sgRNA_1 or sgRNA_2 was mixed with 50 pL of ice-cold E. coli
DH5a competent cells. The mixture was incubated for 30 min in an ice bath, then for 90 seconds
at 42°C, followed by 2 minutes in an ice bath. Then, 300 pL of sterile Luria-Bertani (LB) medium
was added and cell suspensions were incubated at 37°C for 60 min to induce bacterial cell
growth. Cell were then spread on agar plates for overnight incubation at 37°C. Next day, single
colonies were inoculated and cultured at 37°C overnight in 4 mL of LB medium supplemented
with 50 mg/mL ampicillin. Part of this culture was used to isolate the plasmids and check the

ligation using Wizard® Plus SV Minipreps DNA Purification System (A1330, Promega) and
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digesting for 4 hours at 37°C with Mlul restriction enzyme in NEBbuffer 3 (R0198S, New England
Biolabs).

A
sgRNA_1

BsrGl
5’ ccata CTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAA

AGGACGAGGTACCGCCCATAAGTGTCTAAGATTCGTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTIT

ACGCGT cgeta 3°
Mlul Spel
sgRNA_2
BsrGl
5% ccata CTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAA

AGGACGAGGTACCGGCCACAGCTCTTTATTTCGAGTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTIT
ACGCGT cgeta 3°

Mlul Spel

1.
Sv40 pol

— Y(A) o,
ity 'n;s“gt\ov- promoter / Signg,

BsrGI (2377)

M13 rev

\—Spel (2552

plosess 3

CMV ephancer

pPCRISPR U6 CMV Cas92AeGFP

11.903 bp CMV promoter

(8150) Mlul

[Sv40 NLS|

Figure 2: sgRNA sequences and pCRISPR U6 CMV Cas92AeGFP plasmid. A) Sequence of sgRNA_1 and
sgRNA_2 crRNA in red/green. Nucleotides complementary to DNA target are underlined, and tracrRNA is in black.
Other sequences correspond to restriction enzymes and part of the U6 promoter that is not transcribed. B) pCRISPR
U6 CMV Cas92AeGFP plasmid showing the restriction enzyme sites used to clone sgRNA sequences. The plasmid
carries a Cas9 nuclease cDNA with expression controlled by a CMV promoter, followed by a 2A self-cleaving peptide
(P2A) and the DNA coding enhanced green fluorescent protein (eGFP).
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The remaining culture from colonies with the correct cloned vector were transferred to 300
mL of LB medium containing 50 mg/mL ampicillin and incubated at 37°C overnight to isolate
plasmidic DNA with the NucleoBond® Xtra Maxi kit (740414, Macherey-Nagel). Maxiprep
products were quantified using a NanoDrop ND-1000 spectrophotometer (ThermoScientific)

and were used for transfection of mouse embryonic fibroblasts (MEFs).

Transfection of MEFs

Wild-type C57BL/6) MEFs were prepared as described in Material and Methods (section 3.4 and
3.5). MEFs were seeded in 24-well plates at a density of 1 x 10° cells/well in 500 uL of Dulbecco's
Modified Eagle Medium (DMEM, 41968-039, Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS, F7524, Sigma-Aldrich) without antibiotics. When cultures reached 90-95%
confluence, cells were transfected following the manufacturer’s instructions using 3 pL
Lipofectamine™ 2000 (11668-027, Invitrogen) and 650 ng of each of the purified plasmids

carrying either sgRNA_1 or sgRNA_2. Non-transfected MEFs were used as negative control.

Cell Sorting

Transfected and non-transfected MEFs were collected and resuspended in FACS buffer (1%
FBS/PBS). Cells were sorted to >99% purity using a BD FACS Ariall cell sorter. To avoid cellular
debris, cells were gated based in their relative size and complexity. Doublets were avoided using
FSC and SSC width and height signals. Negative, non-transfected cells were used to determinate
the gate position for GFP positive cells. GFP positive and GFP negative cells from non-

transfected cultures were collected in 10% FBS/PBS and used for genomic DNA isolation.

Isolation of genomic DNA, target amplification and purification

Genomic DNA from GFP positive and negative cells was isolated using DNeasy Blood & Tissue
Kit (69504 Qiagen). Cas9 DNA target (sequence of Lmna gene) was amplified by using the
Polymerase Chain Reaction (PCR) (Mullis and Faloona, 1987). Table 3 shows the conditions and
oligonucleotides used for the reaction mixture. PCR purification was performed using QlIAquick
PCR Purification Kit (28104 Qiagen) according to the manufacturer’s instructions. PCR

purification products were quantified using a NanoDrop ND-1000 spectrophotometer.
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Table 3. PCR conditions and sequence of forward and reverse primers used to amplify

Cas9 target.

Temperature Time
95 °C 4 min

95 °C 35 sec

60 °C 30 sec

72 °C 60 sec
72 °C 5 min

4 °C O/N

30 cycles

Forward (5' — 3"
Reverse (5' — 3")
Amplicon size: 573 bp

Heteroduplex formation and T7 nuclease assay

CCCATTGCATGCACACTTCT
AGCTTCGAGTGACTGTGACA

Heteroduplex formation of purified PCR products (from GFP positive cells transfected with

sgRNA_1 or sgRNA_2 and from non-transfected cells) was performed using the following cycles

of incubation: 95°C, 10 min; 95°C-85°C, decrease 2°C/s; 85°C, 1 min 85°C-75°C, decrease

0.3°Cl/s; 75°C, 1 min; 75°C—65°C, decrease 0.3°C/s; 65°C, 1 min; 65°C-55°C, decrease 0.3°C/s;

55°C, 1 min; 55°C—45°C, decrease 0.3°C/s; 45°C, 1 min; 45°C-35°C, decrease 0.3°C/s; 35°C,

1 min; 35°C-25°C, decrease 0.3°C/s; 25°C, 1 min; 25°C—4°C, decrease 0.3°C/s; 4°C hold.

T7 nuclease assay with T7 endonuclease | and T7 buffer (M0302S New England Biolabs) was

performed according to manufacturer’s instructions using 350 ng of each sample. Purified PCR

products from both GFP positive cells carrying the different sgRNAs and non-transfected cells

were treated or not with T7 endonuclease. The digested products were visualized in a 1.5%

agarose gel electrophoresis.
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Intron 10
(part 2)

BGH-
polyA

Intron 10
(part 2)

Intron
11

EcoRI
57 ggcGAATTC

GAAGTGGCCAT
GCGCAAGCTGGTGCGCTCACTGACCATGGTTGAGGACAATGAGGATGACGACGAGGAT
GGAGAAGAGCTCCTCCATCACCACCGT

ATAACTTCGTATAATGTATGCTATACGAAGTTATag
agagttaaagccacagcotcectttatttegaaggettectggetatttecocecatecatge
cctteoctecccagecacaggteteccaagtececcatecacttggttgtetgggtacagac
agaggtecacctteootgoccaatggeccaggaageteoccaagageccacagoctaggtgece
ggtcctaagaagtecagteccaaactegetgtecctectgagecttgtetecettecea
gGGTTCCCACTGCAGCGGCTCGGGGGACCCCGCTGAGTACAACCTGCGCTCACGCACC
GTGCTGTGCGGGACGTGTGGGCAGCCTGCTGACAAGGCTGCCGEGTGGAGCGGGAGCCC
AG ICTGTGCCTTCTAGTTGCCAGCCATCTGTT
GTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTT
CCTAATAAAATGAGGARATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGG
GGGTGGGETGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCT
GGGGATGCGGTGGGCTCTATGGATAACTTCGTATAATGTATGCTATACGAAGTTAT

GGTTCCCACTGCAGCGGCTCGGGGGACCCCGCTGAGTACAACCTGCGCTCA
CGCACCGTGCTGTGCGGGACGTGTGGGCAGCCTGCTGACAAGGCTGCCGGTGGAGCGG
GAGCCCAGGTGGGCGGATCCATCTCCTCTGGCTCTTCTGCCTCCAGTGTCACAGTCAC
TCGAAGCTTCCGCAGTGTGGGGGGCAGTGGGGETGGCAGCTTCGGGGACAACCTAGTC
ACCCGCTCCTACCTCCTGGGCAACTCCAGTCCCCGGAGCCAG

AGC
TCCCAGAACTGCAGCATCATGTAA

GCGGECCGCtc 3’
Notl

EXON 10

LoxP

Exon 11A150
+

LoxP

EXON 11

EXON 12

Figure 3: Sequence of the dsDNA donor template used to generate the Lmna"®**" mouse model by
CRISPR-Cas9 gene editing and HDR. The Lmna gene sequence used as a reference is the one available on the
NCBI gene database (Gene ID: 16905, Chromosome 3, NC_000069.6, 88481148.88509932, complement). The 672-
bp insert contains two loxP sites (highlighted in yellow), part of intron 10 (typed in black boldface), the first 117 bp
of exon 11 (typed in red boldface), the coding sequence of exon 12 (typed in orange boldface), and a transcriptional
stop signal (typed in purple boldface). The left (938 bp) and right (877 bp) homology arms are in light gray. Underlined
red nucleotides show the restriction enzyme sites EcoRl (5°) and Notl (3°) used for cloning the dsDNA donor template
in a pcDNA3.1 expression vector (GenScript). Highlighted in green is a single base change coding for a different stop
codon to avoid the generation of an alternative splice site.

32



3.2.3. dsDNA Donor Template
As a reference, we used the murine Lmna genomic DNA sequence available in the NCBI gene
database (Gene ID: 16905, Chromosome 3, NC_000069.6, 88481148.88509932, complement).
For progerin we used the predicced mRNA sequence (LmnaA150) after aberrant splicing
between exons 11 and 12 when the mouse Lmna c.1827C>T mutation is present. For HDR, we
used a dsDNA donor template of 2494-bp that was synthetized and cloned with EcoRl and Not/
restriction enzymes in a pcDNA3.1 vector (Figure 3). The dsDNA donor template contains a
938-bp left homology arm (Lmna intron 9, exon 10, part of intron 10), a 672-bp insert harboring
a loxP-flanked cDNA of exons 11 and 12 from the LmnaA 150 (exon11A150 and coding sequence
of exon 12), followed by a bovine growth hormone polyadenylation (BGH-polyA) transcriptional
stop signal, and an 877-bp right homology arm (part of Lmna intron 10, exon 11, intron 11 and
part of exon 12). Additionally, the 2494-bp dsDNA donor template contained seven residual
nucleotides from digested restriction enzyme sites (see section 2.4). Because the insert harbors
the sequence of exon 11 and exon 12 that encodes for progerin, exon 11 lacks the last 150
nucleotides and exon 12 does not have the 3’'UTR region. The endogenous wild-type sequence

of the Lmna gene should remain intact downstream the 672-bp insertion.

3.2.4. Isolation and Purification of dsDNA Donor Template

Transformation of cells:

E. coli DH5a competent cells were transformed with 30 ng of plasmid containing donor template
as previously described in section 3.2.1.

Isolation, digestion and sequencing of plasmid and dsDNA donor template:

Plasmid DNA from transformed cells was purified with NucleoBond® Xtra Maxi kit (740414,
Macherey-Nagel). Plasmid DNA sequencing was done at Centro Nacional de Investigaciones

Oncoldgicas (CNIO) using the primers shown in Table 4.
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Table 4: Primers used for sequencing the dsDNA donor template cloned into pcDNA3.1

vector

Oligonucleotide (5' — 3")

GCGAATTCACAAGGCTCCC

GTGAGGGTTGGGGAGACAA

GCATCAGAGGTTGGACAAGG

CCTTGTCCAACCTCTGATGC

CTGGTAAGGAAGGGAGTGGG

CATCCTCGTCGTCATCCTCA

TCTTCCTCTTGATTGCCCCA

GAGTGAGGAAGAGAGGCAGG

GAACTGCAGCATCATGTAGCT

GAGGGGCAAACAACAGATGG

TGGGAAGACAATAGCAGGCA

GCAGAAGAGCCAGAGGAGAT

CCATCTCCTCTGGCTCTTCT

TTCAGGCCTGCTCTCCTAAG

After sequencing, the plasmid was digested with EcoRl and/or Notl restriction enzymes (R0101S,
R0O189S, New England Biolabs) in NEBbuffer 3 at 37°C for 4 hours followed by 20 minutes at
65°C. Linear DNA fragments were separated in 1% agarose gel electrophoresis. The fragment
containing the dsDNA donor template was isolated using Zymoclean™ Gel DNA Recovery Kit.
Donor template quality, purity and concentration were assessed by separation in 0.7% agarose
gel electrophoresis and by using a NanoDrop ND-1000 spectrophotometer. Purified dsDNA

donor template was sequenced using the primers shown in Table 5 and was prepared for

microinjection.

Table 5: Primers used for sequencing the purified dsDNA donor template

Oligonucleotide (5" — 3')
CCATCTCCTCTGGCTCTTCT | GAGTGAGGAAGAGAGGCAGG
GTGAGGGTTGGGGAGACAA | GAGGGGCAAACAACAGATGG
CCTTGTCCAACCTCTGATGC | GCAGAAGAGCCAGAGGAGAT
CATCCTCGTCGTCATCCTCA | TTCAGGCCTGCTCTCCTAAG

3.2.5 Harvesting Donor Zygotes for Microinjection
Mice on a C57BL/6) genetic background obtained from Charles River Laboratories were used
for the microinjection session. Hormonal superovulation was induced to a batch of ten immature
female mice (3-5 weeks of age) by intraperitoneal injection of hormones. First, female mice
received at 10:00 am an intraperitoneal injection of 0.1 mL (5 IU) of pregnant mare serum
gonadotropin. Forty eight hours later, they received an intraperitoneal injection of 0.1 mL (5 IU)

of human chorionic gonadotropin. Immediately after last injection, animals were mated with
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appropriate stud males. Next day at 8:00 am, female mice were checked for vaginal plugs, and
those positive for the plug were sacrificed. To obtain the zygotes for the microinjection session,
the oviducts from sacrificed females were extracted and transferred to 2-mL Eppendorf tubes
containing 1 mL of M2 culture medium (M7167, Sigma-Aldrich). The oviducts were then
transferred to a 35-mm dish containing 2 mL of M2 medium and 350 pg/mL of Hyaluronidase
(H3884, Sigma-Aldrich). Each ampulla was localized and torn open to release the "cumulus mass",
consisting of oocytes and cumulus complexes. Oocytes were separated from surrounding
cumulus cells after incubation at 37°C for 1-2 minutes, and then were transferred to fresh M2
medium for washing. Fertilized oocytes (zygotes) were incubated in culture medium Evolve-
KSOM (modified embryonic culture medium KSOMaa; ZEKS-050, Zenith Biotech) at 37 °C in
a 5% CO, / 5% O, atmosphere, until they were ready for pronuclear microinjection (Behringer

et al, 2014).

3.2.6. Microinjection of the Transgene DNA Construct into Mouse
Zygotes

Microinjection Solution

Microinjection solution contained the following components at the indicated final
concentrations:
e 061 pM sgRNA [0.61 pM crRNA and 0.61 pM tracrRNA (Integrated DNA
Technologies, IDT)] (Table 6).
e Streptococcus pyogenes Cas9 endonuclease, with nuclear localization signal (NLS) (PNA
Bio, Cat. CP01-50), 30 ng/pL.
e dsDNA donor template (2.494-pb): 4.5 ng/pL (Figure 3).
e 10x microinjection buffer: 100 mM Tris-HCI| pH 7.5, 1.0 mM EDTA. Dissolved in

nuclease free H,O to a final 1x concentration.

Table 6: crRNA and tracrRNA sequences used for microinjection

Sequence 5' — 3'

crRNA CCCAUAAGUGUCUAAGAUUCGUUUUAGAGCUAUGCUGUUUUG

tracrRN A AGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUU
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First, sgRNA was generated by mixing and incubating crRNA and tracrRNA at room
temperature for 15 minutes. Cas9-NLS was then added to the mixture and the solution was
incubated at 37°C for 15 minutes to form the Cas9-sgRNA complex. Next, the dsDNA template
was added to complete de microinjection solution. Finally, the solution was centrifuged at 15000
g at room temperature for 10 minutes and maintained on ice during all the microinjection

protocol (Aida et al., 2015).

Microinjection of Zygotes

Zygotes were microinjected with 1-2 pL of microinjection solution. Microinjection platform
consisted on a 35-mm glash bottom dish containing one central drop of M2 medium with the
zygotes and sterile paraffin oil (ZPOL-500, Zenith Biotech) covering the M2 medium to avoid
evaporation. The microinjection chamber is under a ZEISS AxioObserver D-1 inverted optical
microscope. Zygotes were manipulated and held by suction using glass holding pipettes (MPHL-
30, LG uPipets Holding, LifeGlobal). Injection pressure was given and controlled by an electronic
automatic microinjector (Femtojet, Eppendorf) and was adjusted to 100-150 hPA depending on
the needle opening. The micro-handling was done using an electronic system (TransferMan NK2,
Eppendorf) (Behringer et al., 2014) .

The microinjected zygotes were transferred to 60-mm plastic dishes containing pre-incubated
Evolve-KSOM culture medium to wash them twice. Zygotes were incubated overnight at 37°C

- 5% CO; - 5% O, in Evolve-KSOM medium to reach the two-cell stage (Behringer et al., 2014).

3.2.7. Implantation of Microinjected Zygotes into Pseudo-Pregnant
Recipient Mice

One day before the two-cell stage embryo transfer, female mice were mated with vasectomized
mice, and those with a vaginal plug were used as pseudo-pregnant mice for the transfer. The
two-cell stage embryo transfer was performed using a sterile glass needle through the
infundibulum of female mice. Most recipient mice were pregnant and delivered a total of 34 pups
after 20 days from 2 different microinjection sessions (21 pups from session #1 and 13 from
session #2). Three weeks later, pups were weaned from their mothers and genotyped (see
section 3.2.8). Mice positive for the transgene were called founders’ and the transgenic mouse

lines with the desired genetic modification were established from them (Behringer et al., 2014).
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3.2.8. Identification of Founders

PCR analysis

To identify mice carrying the Lmna™ allele, we performed PCR analysis of genomic DNA

from the 34 mouse pups using the primers shown in blue in Table 7.

Genomic DNA from the 8 pups carrying the mutant allele (the insert) was analyzed by PCR to
verify the presence of only one copy and the proper localization of the insert in the Lmna locus

using the primers shown in green in Table 7.

DNA extraction and Sequencing

Genomic DNA was extracted from Lmna"" founder mice following standard Proteinase K
(19131, Qiagen) protocols. DNA sequencing was performing by the CNIO using the primers

listed in Table 8 (see also Figure 8).

Table 7: PCR conditions and sequence of primers used for identifying founder Lmna"csrev

mice
Temperature Time
95 °C 4 min Forward (5' — 3') CCTTCCACCCTATTGCATGC
95°C | 35sec Reverse (5' — 3') TTCAGGCCTGCTCTCCTAAG
62°C | 30sec Amplicon size:  WT: 1000 bp
72 °C 60 sec Insert: 1670 bp
72°C 5 min
4°C O/N
36 cycles
Reaction 1
Temperature Time Forward (5 — 3') CATCTGTTGTTTGCCCCTCC
95 °C 4 min Reverse (5' — 3') CTTTCCCTGGGCTCCTAGAG
95°C | 35sec Amplicon size:  WT:-
61°C | 30sec Insert: 1337 bp
72 °C 60 sec
72°C 5 min Reaction 2
4°C OIN Forward (5' — 3') AGAGTCGGTTGAACTCCCTG
36 cycles Reverse (5 — 3') CATGATGCTGCAGTTCTGGG

Amplicon size: WT: 2137 bp
Insert: 1776 bp
WT: Wild-type
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Table 8: Primers used for sequencing part of Lmna gene from founder Lmna"¢"" mice

Oligonucleotide (5" — 3)

CATCTGTTGTTTGCCCCTCC AGAGTCGGTTGAACTCCCTG
GCAGAAGAGCCAGAGGAGAT CGCTCTCATCAACTCCACTG
TTCAGGCCTGCTCTCCTAAG GCATCAGAGGTTGGACAAGG
CTTTCCCTGGGCTCCTAGAG TCTTCCTCTTGATTGCCCCA
TGGGAAGACAATAGCAGGCA GAACTGCAGCATCATGTAGCT
CCATCTCCTCTGGCTCTTCT TTGTCTTCCCAATCCTCCCC
GTGAGGGTTGGGGAGACAA CCTTGTCCAACCTCTGATGC
GAGTGAGGAAGAGAGGCAGG

3.3. DNA Genotyping

Genomic DNA was extracted from mouse tails following standard Proteinase K procedures.

HGPSrev

Lmna mice genotyping was performed with the oligonucleotides and PCR conditions shown

in Table 9.

Table 9: PCR conditions and sequence of oligonucleotides used for genotyping

Amplicon size
Locus Forward (5' — 3") Reverse (5' — 3") p(bp)
WT: 84
Lmna*cpsrev TCTTCCTCTTGATTGCCCCA TAGCCAGGAAGCCTTCGAAA  HT: 84,107, 750
HM: 107, 750
. WT: -
Ubc-CreERT2% CGGTCGATGCAACGAGTGATGAGG  CCAGAGACGGAAATCCATCGCTCG L 700

WT: Wild-type; HT: Heterozygous; HM: Homozygous

Temperature Time Anniling temperature:
95 °C 4 min LmngH+GPsrev 62 °C
95 °C 35 sec Ubc-CreERT2' 55 °C
72 °C 60 sec
72 °C 5 min
4°C O/N
30 cycles
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3.4. Isolation of MEFs

Embryos isolated at embryonic day 13.5 (E13.5) were placed on ice-cold PBS. After removing
the head (used for genotyping) and liver, embryo bodies were minced and then incubated for 20
minutes with 2x Trypsin-EDTA (0.5% Trypsin 0.53 mM EDTA+4Na) (15400-054, Invitrogen).
MEFs from each embryo were plated separately into 10 cm dishes and incubated at 37°C in 5%
CO,; with DMEM supplemented with 10% heat-inactivated FBS, 5% penicillin/streptomycin
(15140-122, Gibco), and 5% L-glutamine (SH30034.1 Hyclone) (complete growth medium).
MEFs were then frozen at Passage 2 in 90% FBS/10% DMSO (Dimethyl sulfoxide, A3672,
AppliChem).

3.5. Immortalization of MEFs

HEK293T cells were seeded at 5 x 10° cells per well in 100 mm dishes. Cells were transfected
with pCL-Puro-SV40 LT retroviral vector for immortalization (13970, Addgene) and pCL-ECO
retroviral packaging plasmid (kindly provided by Dr. Manuel Serrano) using Fugene 6 (E2692,
Promega) following the manufacturer’s instructions. Transfected HEK293T cells were incubated
for 48 hours at 37°C / 5% CO, in complete growth medium. Next, supernatants containing

retroviral particles were harvested each 12 hours for two days and used to infect MEFs.

For immortalization, primary MEFs were plated at 2.5 - 5 x 10° cells in a 100 mm dish in complete
growth medium. Four rounds of infection were done sequentially during the following 48 hours.
Briefly, supernatants containing retroviruses were filtered through a 0.45 pm filter, mixed with
polybrene at a final concentration of 8 pg/mL (9268-5G, Sigma Aldrich), and added to each dish.
Infected MEFs were serially passaged to select immortalized cells by adding 2 ug/mL puromycin
(P8833, Sigma-Aldrich). All experiments using MEFs were done with immortalized cells coming

from the same embryo (one of each genotype).

3.6. Transfection of MEFs

We used a piggyBac transposon-based expression system (Zhao et al., 2016) for the generation
of MEFs expressing tamoxifen-inducible Cre recombinase. Immortalized MEFs were seeded at
80% of confluence and were transfected using 18 pL of TransIT-LT1 Transfection Reagent
(MIR2300, GeneFlow) mixed with 1.5 pg of pPB CAG ER-Cre-ER IRES Zeocin (transposon)
(Cheetham et al, 2018), and 4.5 pg of pCMV-hyPBase (transposase) (Yusa et al, 2011) and
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DMEM medium without any supplement. Medium was changed 6 hours post-transfection and
zeocin-resistant cells were selected by incubation for at least 10 days in the presence of 400

pg/mL zeocin (R25005, Thermo Fisher).

3.7. Proliferation Assay

HGPSrewHGPSre and L mna™* immortalized MEFs were seeded at the same number in 24-well

Lmna
plates. Next day, the drugs shown in Table 10 were added to different wells, and plates were
transferred into an IncuCyte microscope (Essen BioScience). Phase contrast pictures were
acquired every 4 hours during 6 days in each well (9 pictures per well). Percentage of cell
confluence was calculated by the Cell Player integrated software (Essen BioScience) and
represented with GraphPad Prism® software. Proliferation assays were performed twice with

cells treated with Camptothecin (CPT) and once with cells treated with Olaparib, Aphidicolin

and 4-nitroquinoline 1-oxide (4NQO).

Table 10: Drugs and concentrations used for proliferation assays

Drugs Concentration
Aphidicolin 0.2uM - 0.5uM
Camptothecin 35nM-75nM
4-nitroquinoline 1-oxide 250 nM - 400 nM
Olaparib 7 UM - 15 uM

3.8. Protein Extraction and Western Blot

Cells were directly lysed in the cell-culture plates by scraping in SDS lysis buffer (4% SDS, 20%
glycerol, and 120 mM Tris-HCI, pH 6.8). Extracts were boiled for 5 min at 95°C, and then
subjected to 10 strokes through a 25-gauge needle. Absorbance at 280 nm was measured in a
NanoDrop ND-1000 spectrophotometer to determine protein concentration. Protein extracts

were frozen at -80°C until further use.

Mice were euthanized by CO, inhalation and tissues were collected, frozen in liquid nitrogen
and preserved at -80°C until further use. In order to obtain a representative sample, frozen
tissues were crushed and subsequently homogenized in a TissuelLyser (Qiagen) using lysis buffer
(50 mM Tris HCK pH 8.8, 2% SDS, 8 M Urea, 2 M Thiourea) suplemented with protease
inhibitors (11836145001, Roche) and PhosSTOP phosphatase inhibitors (04906837001, Sigma-
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Aldrich). Lysates were sonicated with a Bioruptor Sonication System (Diagenode) coupled to a
Neslab RTE 7 Circulating Chiller (Thermo Fisher Scientific) and centrifuged at 4°C for 30

minutes. Protein concentration was determined by the Bradford method (Bradford, 1976).

Equal amounts of protein were separated by SDS-PAGE gels and transferred to an Immobilon-
FL polyvinylidene fluoride membranes (IPVHO00010, Millipore) using a transfer apparatus
according to the manufacturer’s protocols (Bio-Rad). Membranes were incubated for 60 minutes
in 5% BSA in Tris-buffered saline supplemented with Tween 20 (TBS-T; 20 mM Tris-HCL at pH
7.4, 150 mM NaCl, 0.05% Tween 20). This was followed by an overnight incubation at 4°C with
the following antibodies diluted in TBS-T with 2.5% BSA: anti-lamin A/C (1:200, SC-6215 and
1:1000, SC-376248, Santa Cruz Biotechnology) and anti-GAPDH (1:12000, MAB374, Millipore).
Membranes were washed three times for 10 minutes each with TBS-T and then were incubated
with appropriate horseradish peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) diluted in TBS-T with 2.5% BSA. Finally, blots were washed three times with
TBS-T, incubated with Luminata Forte chemiluminescent HRP substrate (Millipore) and imaged
using an ImagenQuant LAS 4000 mini (GE Healthcare). Band intensity was quantified using Fiji

software (Image] 1.51a x64).

3.9. Immunofluorescence Staining

HGPSrevHGPSrey and Lmna*”* immortalized MEFs were seeded at the same number in 24-well

Lmna
plates. All incubations for immunofluorescence staining were performed at room temperature.
Next day, cells were washed with 1x PBS and fixed with 4% paraformaldehyde for 10 minutes.
Paraformaldehyde was removed and cells were washed with 1x PBS three times, followed by 5
minutes of permeabilization with PBS-0.2% Triton X-100 (9002-93-1, Sigma-Aldrich).
Permeabilized cells were incubated for 30 minutes with blocking buffer (10% BSA 0.1% Tween
20 in PBS) and subsequently for 30 minutes with primary anti-yH2AX antibody (05-636,
Millipore) diluted 1:500 in blocking buffer. MEFs were washed three times with 0.2% Tween 20
in PBS and then incubated for 30 minutes with Alexa Fluor-594 anti-mouse secondary antibody
(1:500, A-21203, ThermoFisher). Cells were mounted with Antifade Mounting Medium with
DAPI (H-1200, Vectashiel) and examined using a Leica SP5 DMI 6000B confocal microscope.
The procedure for image processing and quantification of DNA damage was developed as a
macro in Fiji (Image] 1.51a x64). Nuclei were segmented from DAPI channel by using automated

thresholding with Triangle method (Zack, Rogers and Latt, 1977) after noise reduction with a
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median filter (radius=3 pixels). Final cell segmentations were achieved splitting touching cells by
using morphological opening (disk of radius=5 pixels as structuring element), and watershed
irregular features (Brocher, 2015) (erosion=1, convexity threshold=0.5, separator size=0-50
pixels). Mean intensity of the YH2AX channel was measured in each individual cell. To allow
direct comparison of different experiments, intensity values were normalized by computing Z-
score in each individual batch/experiment using wild-type cells as negative control. This batch
normalization procedure and aggregation of values to compute mean normalized YH2AX values
in each image was performed in Matlab R2018b.

Thoracic aorta and aortic arch segments were fixed in 4% paraformaldehyde for 24 hours,
embedded in paraffin, cut into 5 um sections, deparaffinized and rehydrated. Antigen retrieval
was performed using 10 mM sodium citrate buffer (pH 6). Sections were then blocked and
permeabilized for 1 hour at room temperature in PBS containing 0.3% Triton X-100, 5% BSA,
and 5% normal goat serum (005-000-001, Jackson ImmunoResearch). Next, samples were
incubated overnight at 4°C with the following antibodies: anti-smooth muscle a-actin (SMA-Cy3,
1:200, C6198, Sigma-Aldrich) and anti-CD31 (1:100, ab28364, Abcam) diluted in PBS containing
0.3% Triton X-100, 2.5% BSA and 2.5% normal goat serum. Sections were incubated with anti-
rabbit Alexa Fluor-647 secondary antibody (111-607-008, |ackson ImmunoResearch) and
Hoechst 33342 for 2 hours at room temperature, and mounted in Fluoromount-G imaging
medium (4958-02, Affymetrix eBioscience). Samples were examined in a Leica SP5 DMI 6000B
confocal microscope and quantification was performed with Image | software. SMA positive area

and number of nuclei were normalized to area of the medial layer.

3.10. Histology

Mouse organs (including thoracic aorta and aortic arch segments) were fixed in 4%
paraformaldehyde. Following dehydration in an ascending ethanol series, samples were
embedded in paraffin, cut into 5-um sections, and stained with Hematoxylin & Eosin (H&E)
and/or Masson's trichrome. Stained samples were imaged with OPT Scanner 3001 (OPT,
Bioptonics Microscopy). H&E staining was performed to check primary tissue appearance. Five
observers who were blinded to genotype examined the subcutaneous fat layer to score from 1
to 5, being 1 the lowest and 5 the highest thickness of subcutaneous fat layer. Masson’s

Trichrome was used to analyze collagen content, which was measured in the medial and
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adventitial layer as the green area (Fiji software; Image] 1.50e x64) and expressed as a percentage

of the medial area layer.

3.11. RNA Extraction and cDNA Preparation

Mice were euthanized by CO,; inhalation and tissues were collected, frozen in liquid nitrogen
and preserved at -80 °C until further use. Tissue samples were homogenized by crushing and
subsequently using a TissuelLyser. Total RNA was extracted with TriReagent Solution (AM9738,
ThermoScientific) and processed through alcohol precipitation according to the manufacturer’s
instructions. RNA pellets were washed in cold 75% ethanol, resuspended in nuclease-free water,
and then quantified in a NanoDrop ND-1000 spectrophotometer. Total RNA (1-2 pg) was
transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (4368814,

Applied Biosystems) following the manufacturer’s instructions.

3.12. PCR Detection of Lamin A and Progerin

Lamin A and progerin mRNAs were detected as described (Yang, Qiao, Farber, et al., 2008). The
cDNA from different tissues (100 ng) was amplified by PCR and products were separated on a
1.5% agarose gel electrophoresis. Images were taken with a Molecular Imager® Gel Doc™ XR+

System (BioRad). Band intensity was quantified using Fiji software (Image] 1.51a x64).

3.13. Longitudinal Phenotypic Characterization of Mice

Animals were weighed and inspected for health and survival at least once every two or three
weeks. Checks became more frequent when health status began to deteriorate. Animals that
met humane end-point criteria (Table 11) were euthanized and the deaths recorded. Data from
animals that were euthanized because of reasons unconnected to progeroid phenotype were

censored.

3.14. Biochemical Analysis

Blood was extracted directly from mandibular sinus in live mice or from heart or renal artery in
euthanized animals. For biochemical analysis, blood samples were collected in Microvette EDTA
tubes (Sarstedt) and centrifuged at 1400 rpm for 15 min at 4°C. The plasma supernatant was
stored at -80°C until samples from all experiments were collected. Biochemical variables were

analyzed Unit using a Dimension RxL Max Integrated Chemistry System (Siemens Healthineers).
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All protocols were performed according to manufacturer’s instructions. Mice were fasted
overnight for the quantification of plasma glucose level. Because of volume limitations, plasma
samples for glucose measurement were pooled from 2-4 animals of the same experimental

group.

Table 11: Humane End-Point Criteria for HGPS mice

Body weigh Value
Loss of weight >40% 5
Loss of body weight due to progeric syndrome 1
No loss of body weight 0

Deterioration of body condition Value
Condition 1 (C1): Mouse is emaciated 5
Condition 2 (C2): Mouse is underconditioned 1
Condition 3 (C3): Mouse is well-conditioned 0

C1: Skeletal structure extremely prominent; little or not flesh cover
Vertebrae distinctly segmented

C2: Segmentation of vertebral column evident
Dorsal pelvic bones are readily palpable

C3: Vertebrae and dorsal pelvis not prominent. Palpable with slight pressure

Interaction with the environment Value
No interaction with the environment or littermates 5
Some lethargy, little interest for the environment 1
Normal behavior 0

Tail suspension test

No movements or spasmodic movements Value
Weak movements or slow reflexes 5
Normal behavior 1

0

If sum of all criteria > 7 --> Euthanasia

If sum of all criteria =5 - 6 --> Daily supervision

If sum of all criteria = 4 --> Supervision on alternate days
If sum of all criteria < 4 --> Weekly supervision
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3.15. Wire Myography

Wire myography was performed as previously described (del Campo and Ferrer, 2015). Male
mice were euthanized at 31-33 or 50-53 weeks of age by CO, inhalation. Immediately after
sacrifice, the thoracic and abdominal cavities were opened. Thoracic aortas were excised and
immediately placed in ice-cold Krebs Henseleit solution (KHS: 115 mM NaCl, 2.5 mM CaCl,, 4.6
mM KCI, 1.2 mM KH,PO,, 1.2 mM MgSO,, 25 mM NaHCO;, 11.1 mM glucose, and 0.01 mM
EDTA). The vessels were gently cleaned of fat and connective tissue and cut into 2-mm long
segments, which were mounted on two tungsten wires in a wire myograph system (620M, DMT)
(Figure 4A) and immersed in 37°C KHS with constant gassing (95% O, and 5% CO,). First, a
normalization procedure was performed in order to determine the optimal distension of the
vessels. Diameter-tension relationships were determined by artificially and stepwise stretching
of the tissue, increasing its passive diameter by augmenting the distance between the wires
passing through the lumen. At each step, both the force and the internal circumference (IC) of
the vessel were recorded. The IC was transformed into vessel diameter in um (del Campo and
Ferrer, 2015) which is expressed in the x-axis (Figure 4B). The tension (force) experienced by
the vessel wall in resisting this stretching was recorded by a force transducer connected to one

of the wires, and plotted on the y-axis (Figure 4B).
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Figure 4. Wire myography to assess vascular structure and tone. A) Representation of a thoracic aortic
ring mounted on two tungsten wires in a wire myograph system. One of the wires is connected to a micrometer
screw and the other to a force transducer. B) Example of a diameter-force graph obtained after the normalization
procedure. See details in Material & Methods section 3.15.

For each vessel segment, a linear regression was calculated from the diameter-tension
relationship. Diameter-tension measurements were excluded when discalibration of the force
transducer in a specific channel was detected (difference between the myograph unit and the

software >5 mN). Diameter-tension relationships can be defined and compared by means of
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two different parameters as previously described (del Campo et al,, 2019). Briefly, the slope of
the regression line is calculated and compared, indicating accounting for the stiffness, while the
vessel diameter at O pressure (Y, diameter) can indicate inward or outward remodeling.

The position estimated at which the tension is equivalent to an intraluminal pressure of 100
mmHg (L100) was calculated using the Laplace Equation (Tension=[pressure*radius]/thickness).
After normalization, aortic segments were set up to their optimal position (physiological
distension, 0.9 of L100) and let to equilibrate for 30 minutes (del Campo and Ferrer, 2015).
Then, vasoconstriction was evaluated by adding 120 mM KCI. Response curves to increasing
doses of phenylephrine (Phe, from 1nm to 10 pM) were also performed to assess
vasoconstriction. Endothelial function was examined by recording vasodilation induced by
increasing doses of acetylcholine (Ach, from 0.1 nM to 10 uM) in aortic segments previously
contracted with 1 pM Phe. Finally, endothelium-independent vasodilation was assessed by a
dose-dependent vasodilation induced by the nitric oxide donor DEA-NO (doses from 0.1 nM
to 10 pM) in segments previously contracted with 1 uM Phe. Several washes with KHS and a
stabilization period of at least 15 minutes were performed between different drug exposures.

KCl, Phe, Ach and DEA-NO were obtained from Sigma-Aldrich Spain.

3.16. Pressure Myography

Animals were euthanized at 31-33 or 50-53 weeks of age by CO, inhalation. Immediately after
sacrifice, the thoracic and abdominal cavities were opened, the mesentery and the intestines
were excised and placed in ice-cold KHS, and small mesenteric resistance vessels were gently
excised. Structural and mechanical properties of mesenteric resistance arteries were studied
using a pressure myograph (Danish Myo Tech, Model P100, |.P. Trading I/S, Aarhus, Denmark).
Vessels were placed on 2 glass micro cannulae, secured with surgical nylon suture thread and
pressurized. After any small branches were tied off, vessel length was adjusted so that the vessel
walls were parallel without stretching. Intraluminal pressure was then raised to 120 mm Hg and
the artery was unbuckled by adjusting the cannulae. The segment was then set to 45 mm Hg
and allowed to equilibrate for 30 min at 37°C in calcium-free KHS (0Ca;"; omitting calcium and
adding 1 mM EGTA), applied both intravascularly and extravascularly, and gassed with a mixture
of 95% O, and 5% CO.,. A pressure-diameter plot was obtained by performing the following
procedure. Intraluminal pressure was initially reduced to 3 mm Hg. Then, the intraluminal

pressure was increased in 20 mm Hg steps from 3 to 120 mm Hg. Internal and external diameters
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were continuously monitored under passive conditions (DioCa, DecCa, respectively) for 3
minutes at each intraluminal pressure. The final value used was the mean of the measurements

taken during the last 30 seconds, when measurements had reached a steady state.

From internal and external diameter measurements in passive conditions, the following
structural and mechanical parameters were calculated:

Wall thickness (WT) = (DeoCa — DipCa)/2

Wall:lumen = (DeoCa — DioCa )/2Di,Ca

Incremental distensibility is the percentage of change in the arterial internal diameter for each
mm Hg change in intraluminal pressure and was calculated according to this formula:
Incremental distensibility = ADiyCa/(Di,Ca % AP) x 100

Circumferential wall strain (€) = (DioCa - DgCa)/DooCa, where DgoCa is the internal diameter at
3 mm Hg and Di,Ca is the observed internal diameter for a given intravascular pressure, both
measured in 0Ca** medium.

Circumferential wall stress (o) = (P x DioCa)/(2WT), where P is the intraluminal pressure (1
mm Hg = 133.4 N/m?) and WT is wall thickness at each intraluminal pressure in 0Ca,*-KHS.
Arterial stiffness independent of geometry is determined by Young’s elastic modulus
(E=stress/strain) (Briones et al., 2009; Schjerring, Carlsson and Simonsen, 2015). The stress-
strain relationship is non-linear; therefore, it is more appropriate to obtain a tangential or
incremental elastic modulus (Einc) by determining the slope of the stress-strain curve (Einc
=80/8¢). Einc was obtained by fitting the stress-strain data from each animal to an exponential
curve using the equation o =oorigefe, where corig is the stress at the original diameter
(diameter at 3 mm Hg).

Taking derivatives from the equation, we determine that Einc=Bo. For a given o-value, Einc is
directly proportional to B. An increase in B implies an increase in Einc, which signifies an increase

in stiffness.

3.17. Echocardiography

Transthoracic echocardiography was blinded performed by an expert operator using a high-
frequency ultrasound system (Vevo 2100, Visualsonics Inc., Canada) with a 40-MHz linear probe.
Two-dimensional (2D) and M-mode (MM) echography were performed at a frame rate above
230 frames/sec, and pulse wave Doppler (PW) was acquired with a pulse repetition frequency

of 40 kHz. Mice were lightly anesthetized with 0.5-2% isoflurane in oxygen, adjusting the
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isoflurane delivery trying to maintain a heart rate of 450 * 50 bpm. Mice were placed in supine
position using a heating platform and warmed ultrasound gel was used to maintain
normothermia. A base apex ECG was continuously monitored. Images were transferred to a

computer and were analysed off-line using the Vevo 2100 Workstation software.

Systolic function analysis

For LV systolic function assessment, parasternal standard 2D and MM, long and short axis views
(LAX and SAX view, respectively) were acquired. LV ejection fraction, fractional shortening,
stroke volume, cardiac output and chamber dimensions were calculated from these views. Right
ventricle systolic function was indirectly estimated using the tricuspid annular plane systolic
excursion (TAPSE), obtained from a MM 4-chamber apical view, measuring maximum lateral

tricuspidal annulus movement.
Diastolic function analysis

The MV inflow pattern was acquired using PW Doppler echography in the 4-chamber apical
view to assess diastolic function. Early and late diastolic velocity peak wave (E and A,
respectively), the E/A ratio and isovolumetric relaxation time (IVRT) were measured. Pulmonary
vein flow was acquired from a LAX view, orientating the transducer to optimize the visualization
of flow. Diastolic and systolic wave velocities were measured as well as atrial reversed flow

wave.
Pulmonary artery flow analysis

To assess pulmonary pressures, the pulmonary artery (PA) flow was measured from a 2D SAX
at the level of the aorta, optimized to visualize the PA crossing the aorta and parallel to the
ultrasound beams. PW Doppler was displayed just at the beginning of the PA. The PA

acceleration time and ejection time were measured, and the ratio was calculated.

3.18. Electrocardiography

Mice were anesthetized with 1.5-2% isoflurane, and four ECG electrodes were inserted
subcutaneously into the limbs. ECG was recorded in the morning for 2 minutes using a MP36R
data acquisition workstation (Biopac Systems). ECG data were exported with AcqKnowledge
software (Biopac Systems) and automatically analyzed using previously described custom R

scripts developed to: “T) Remove noise and baseline fluctuations; 2) detect heart beats, peaks and
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waves; 3) exclude artifacts; and 4) calculate HR, ECG intervals (QRS, QT, QT90,), JT gap and T-wave

steepness” (Fanjul, 2019). See Section 3.23 for Statistical Analysis.

3.19. Tamoxifen Treatment

4-hydroxy-tamoxifen (4-OH TAM, H6278, Sigma Aldrich) was dissolved in ethanol (for cells) or
corn oil (for mice) (C8267, Sigma Aldrich), incubated at 55°C until complete dissolution and
passed through a 0.22 pm filter. For cell culture experiments, zeocin resistant MEFs were treated
with 25 nM 4-OH TAM for 24h, 48h and 72h. Negative controls were treated with vehicle
(ethanol) for 72h. For in vivo experiments, mice were randomized into treatment or control
groups. Nine-week-old mice received for 10 days intraperitoneal injections of 4-OH TAM or
vehicle (2 mg/day/mouse) and were sacrificed one week after finishing treatment. We also
treated 53-56-week-old Lmng"c"sreHePsrer Jpe-CreERT2%* and control mice with 4-OH TAM or
vehicle (daily intraperitoneal injections, 5 days, 1mg/day/mouse) which were sacrificed when

humane end-point criteria were reached (Table 11).

3.20. AAYV Vector Production, Purification and Titration

Recombinant AAV of serotype 9 expressing either Cre recombinase-Tomato (pAAV9-CRE-I-
TOMATO) or luciferase (PAAV9-Luciferase) were produced at CNIC’s Viral Vectors Unit by
double transfection in HEK293T cells (Figure 5). Briefly, HEK293T cells (~70% confluence)
growing in 2 hyperflasks (corresponding to a surface area of 3440 cm?) were co-transfected with
the shuttle vector and the pDG9 helper vector encoding the AAV2 rep gene and the AAV9
capsid gene using branched poliethylenimine (average MW 25000, Sigma-Aldrich). Cells were
maintained in DMEM media supplemented with 2% FBS and 1% of penicillin/streptomycin in a

humidified incubator with 5% CO..
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Figure 5: Map of the AAV plasmid vectors encoding Luciferase and Cre Recombinase-Tomato.

Recombinant vectors encoding either Cre recombinase-Tomato (pAAV-CRE-I-TOMATO) or luciferase (pAAV-
Luciferase) were produced at CNIC’s Viral Vectors Unit by double transfection in HEK293T cells.
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After 72 hours, transfected cells were detached by vigorous shaking, washed with PBS and
subjected to 3 freeze/thaw cycles in 10 mL of lysis buffer (150 mM NaCl, 50 mM Tris pH 8.5).
Once the cells were lysed, cellular and plasmidic DNA were digested with benzonase nuclease

(Millipore) for 30 minutes and cell debris was eliminated by centrifugation.

For purification of AAVs, samples were subjected to isopycnic iodixanol gradient centrifugation
(Optiprep, Stem-cell Technologies) and subsequent buffer exchange in Amicon Ultra-15
columns (100 kDa cutoff, Millipore). Samples were resuspended in 1 mL of 0.001% pluronic F-

68 non-ionic surfactant (Thermofisher scientific) in PBS.

Titration was performed by quantitative PCR on viral genomes with primers specific for Cre
(Forward: 5-TGACGGTGGGAGAATGTTAAT-3’; Reverse: 5-
GCCGTAAATCAATCGATGAGT-3) and luciferase (Forward: 5-
CCAGGGATTTCAGTCGATGT-3’; Reverse 5’-AATCTCACGCAGGCAGTTCT-3’) genes.

3.21. AAV Injection

Fifteen-to 18-week-old Lmna™* and LmngHcPsrev/HGPsrer

mice received a single intravenous tail
injection with 5x10" viral genomes encoding luciferase or Cre recombinase-Tomato with

expression driven by ubiquitous promoters.

3.22. Bioluminiscence Assay

Bioluminiscence assays were performed with an IVIS Spectrum In Vivo Imaging System (Perkin-
Elmer). For luciferase signal detection, mice received a single intravenous injection of luciferase
assay reagent (E3040, Promega, 10puL in 90pL of PBS) and were euthanized 1 minute later.
Organs were extracted and bioluminescence images were taken (5 seconds exposure). Finally,
samples were collected and frozen for RNA and protein extraction. The visual output represents

the number of photons emitted/second/cm?

3.23. Statistical Analysis

Unless stated otherwise, data are shown as mean * SEM. In all statistical analyses, differences
were considered significant when P<0.05. Experimental conditions were randomized and
comparisons in mouse studies were made between age-matched groups that included males and

females. Statistical analyses were performed with Prism Graphpad Prism 7. Statistical significance
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was calculated by two-tailed Student’s t-test if the distribution was normal. If the compared
population did not have equal standard deviations, we performed an unpaired t-test with
Welch's correction. When specified, two-way ANOVA with Tukey’s or Sidak’s post-hoc
multiple comparison test or one-way ANOVA with Sidak’s post-hoc test was used. When
detailed, chi-square t-test was used. A long-rank (Mantel-Cox) test was used for Kaplan-Meier

survival curves.

Statistical analysis of the results from ECG was performed by custom R scripts developed to:
“1) assess the factors to be considered in each test, including both fixed and random effects; 2)
evaluate normality and apply natural-logarithm transformations if convenient; 3) estimate statistical
differences between each group applying a linear model with fixed or mixed effects; 4) extract and p-
values” (Fanjul, 2019). The following factors were considered as fixed effects: genotype, age
group or treatment and sex. The following factors were considered as fixed effects: Subject or

sample follow-up and date.
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RESULTS







4. RESULTS

4.1. Generation of a New HGPS Mouse Model that Allows a Controlled

Spatio-temporal Elimination of Progerin and Lamin A Restoration

4.1.1. Strategy for Lmna"<" Allele Generation
It remains to be determined whether cell, tissue and organismal damage caused by progerin is
reversible upon suppression of this mutant form of lamin A, and if so, what is the time window
for effective therapeutic intervention. This is in part due to the fact that none of the available
HGPS-mouse models allows ubiquitous or tissue-specific suppression of progerin expression
and restoration of lamin A expression in a context of whole body progerin expression, which is
the situation in HGPS patients. To bypass this limitation, we sought to generate a new HGPS
mouse model that allows a controlled spatio-temporal progerin elimination and lamin A

restoration.

We designed a strategy to introduce in Lmna intron 10 a mutant cassette carrying the cDNA
sequence of exons 11 and 12 coding for progerin (exon 11 lacking the last 150 nucleotides and
coding sequence of wild-type exon 12), followed by a transcription stop signal (Figure 6A). To
allow a controlled suppression of progerin and restoration of the wild-type lamin A protein, we
flanked this insert with two loxP sites (Figure 6A). The transcriptional stop signal at the end of
the insert prevents the transcription of the endogenous exons 11 and 12, therefore this mutant

allele (Lmnae%r")

allows the expression of progerin and lamin C. In addition, due to the presence
of loxP sites, the exogenous DNA insert with the stop transcription signal can be removed upon
expression of the Cre recombinase to eliminate progerin expression and restore lamin A

expression (Figure 6B).
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Figure 6: Strategy to generate the Lmna"°*' mouse model. A) Schematic representation of the Lmna gene
and the dsDNA donor template used to introduce the 672-bp insert into intron 10 by the CRISPR-Cas9 system and
HDR. This insert is flanked by two loxP sequences and two homology arms, and contains a cDNA harboring
LmnaA150 exons 11-12, followed by a bovine growth hormone polyadenylation stop transcription signal.
Downstream from this insert, a right homology arm contains the endogenous wild-type exon 11/intron/exon 12 of
the Lmna gene, which are not transcribed into mRNA due to the stop transcription signal included at the 3’ end of
the 672-bp insert. B) Cre recombinase activity removes the floxed insert to generate a modified Lmna allele with a
residual loxP site and the endogenous exon 11/intron/exon 12 sequence. The presence of this modified allele allows

expression of wild-type Lamin A and Lamin C. I: intron; E: exon.
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4.1.2. Single-guide RNA Design and Validation
We decided to generate the new mouse model using CRISPR-Cas9 technology and zygote
microinjections, which allows higher efficiency and shorter production time compared with
traditional embryonic stem cell technology (Ran et al,, 2013; Zarei et al., 2019). We designed
two different sgRNAs with the 5’-NGG PAM sequence of Streptococcus pyogenes Cas9 to target
Lmna intron 10 efficiently and with low off-target score (Table 2 and Figure 2A). The targeting
efficiency of these sgRNAs was evaluated based on the generation of insertions and/or deletions
(indels) by non-homologous end joining (NHE]) repair pathway after Cas9 cleavage. Figure 7
schematizes the protocol we used to validate both sgRNAs. Briefly, each sgRNA was cloned
into the pCRISPR U6 CMV Cas92AeGFP plasmid (Figure 2B). Immortalized wild-type MEFs (see
Materials & Methods, section 3.5) were transfected with the amplified and purified cloned
vector, then the genomic DNA from GFP positive clones was isolated. Next, the target DNA
sequence was amplified and, after heteroduplex formation, a T7 endonuclease assay was
performed. The digested products were visualized in an agarose gel. These experiments revealed
more efficient cleavage with sgRNA_1 compared with sgRNA_2, as revealed by higher
percentage of PCR product cleaved (%PCR..). We therefore used sgRNA_1 for the

microinjection sessions.

4.1.3. dsDNA Donor Template Design and Purification
We next designed a dsDNA donor template, which is needed to repair by HDR pathway the

DSB generated by the nuclease activity of Cas9 (Ran et al., 2013; Karimian et al., 2019).

The dsDNA donor template was composed by two homology arms flanking the genetic
alteration that we wanted to introduce (see section 4.1.1 and Figure 3, 6). Before zygote
microinjections, the dsDNA donor template was purified and sequenced in order to ensure the
insertion of a high quality and well-defined cassette into the Lmna locus (see Materials &

Methods, section 3.2.4).
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Figure 7: In vitro validation of sgRNAs. Two different sgRNAs to target Lmna intron 10 were designed and
cloned into the pCRISPR U6 CMV Cas92AcGFP plasmid (see Figure 2B), which contains the cDNA to drive Cas9
and eGFP expression. Vectors were transfected into wild-type MEFs and transfected cells were selected by sorting
green fluorescent cells to extract genomic DNA. The target DNA sequence of each sgRNA was amplified by PCR
and a T7 nuclease assay was performed after heteroduplex formation. The resulting DNA products were separated
by agarose gel electrophoresis, which revealed that sgRNA_1 is more efficient than sgRNA_2 in vitro.

4.1.4. Identification of Founder Lmnqg"cPrevHePsrey Mijce
After two microinjection sessions (see Material and Methods, section 3.2.6 — 3.2.8), 34 pups
were weaned and genotyped. To identify mice carrying the insertion in the genome, we designed
two oligonucleotides that would differentiate between wild-type and mutant mice by hybridizing
inside the homology arms (Figure 8A). PCR using these primers identified eight mice positive
for the insert, which were analyzed to assess if only one copy of the cassette was integrated in
the correct position in the Lmna locus. We therefore designed two pairs of primers inside and
outside the homology arms, which allowed us to identify 4 mice carrying only one copy of the
insert in the correct place (Figure 8B). The correct genotype of these 4 founder mice of the

new Lmna"“** HGPS mouse line was confirmed by sequencing of genomic DNA (Figure 8C).
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Figure 8: Design of primers for identification of founder Lmna"*' mice. A) Schematic representation of
the Lmna gene showing a pair of primers hybridizing inside the homology arms. PCR using these primers generate a
1,000-bp fragment for the wild-type (WT) allele and a 1,670-bp fragment for the mutant Lmna"® allele. The agarose
gels show the PCR reaction using these primers to analyze the first 21 pups that were born after the first
microinjection session. Yellow arrowheads show 5 positive mice. B) Schematic representation of the Lmna gene and
two pairs of primers hybridizing outside the homology arms, which were used to analyze the 5 positive mice identified
in A. PCR product size using blue and red primers: insertion (INS) = 1,337 bp; WT = No hybridization. PCR
product size using grey and black primers: insertion = 1,776-bp and 2,821 bp; WT > 2,137 bp. The agarose gels
show the PCR reaction using these primers. Only mice 4 and 5 had the insert in the desired genomic locus. C)
Representative genomic sequencing of the Lmna gene showing the fusion between exon 11A150 and exon 12 without
intron 11 from one of the identified Lmna"®" founders.
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To ensure the correct translation of the mutant allele, we analyzed tail protein extracts from
two of the identified founders. We observed progerin and lamin C expression as well as lamin
A expression due to the mosaicism of founders (Figure 9A). We next analyzed tail protein
extracts from the first mice obtained by breeding the founders. As expected, mice from this
first generation expressed both progerin and lamin C and lamin A expression was undetectable

(Figure 9B).
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Figure 9: Founder Lmna"“"™" mice express progerin. A monoclonal antibody that recognizes a common region
in lamin A, lamin C and progerin was used for western blot analysis of protein lysates prepared from tails from the
two first identified Lmna"®™"® founders (F#1 and Fx2) and controls (A) and from the first mice obtained after colony
expansion (B), demonstrating establishment of the insertion in the germline of the founders.

4.1.5. In Vitro Verification of DNA Damage, Progerin Suppression and
Lamin A Restoration in MEFs from LmnaH¢Psre/HePsrer Mjce

Before the in vivo characterization of the new LmngHcPsrevHCPsrev

mouse line, we sought to perform
in vitro studies to verify the presence of cellular symptoms of HGPS. Among the multiple cellular
defects reported in HGPS fibroblasts, nuclear morphology abnormalities and accumulation of
DNA damage are the most remarkable alterations (Liu et al., 2005; Dahl et al., 2006; Scaffidi and

Misteli, 2006). Additionally, we aimed to examine if the removal of the exogenous DNA cassette

from the mutant allele lead to progerin suppression and the restoration of lamin A expression.

Upon DNA damage, histone H2AX is phosphorylated at sites of DNA lesions, therefore the
presence of y-H2AX foci is used as a marker of increased DNA damage (Liu et al, 2005;
Podhorecka, Skladanowski and Bozko, 2010). To examine in vitro the levels of DNA damage

HGPSrev/HGPSrev and Control Lmna+/+

induced by progerin, we generated immortalized MEFs from Lmna
mice. Western blot analysis confirmed the expression of progerin and lamin C in mutant MEFs,

whereas Lmna*™* cells expressed lamin A and C (Figure 10A). Immunofluorescence analysis
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revealed increased levels of YH2AX foci in nuclei in Lmng"¢"r/HePer MEFs compared with

controls, indicating greater DNA damage in HGPS cells (Figure 10B).
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Figure 10: Higher level of DNA damage in LmngH¢PSrevHGPSrer  MEFs. Western blot analysis (A) and
immunofluorescence microscopy (B) of MEFs obtained from Lmng"¢fre/HCPSrev and | mna** mice. Western blot was
performed with a monoclonal anti-lamin A/C antibody that also recognizes progerin. Cells for immunofluorescence
were stained with DAPI (blue signal) and with an antibody against YH2AX (red signal). Mean intensity of YH2AX
channel from five independent experiments was measured in each individual cell and was normalized by Z-score in
each experiment using WT cells as negative control. Scale bar: 25 pm. Statistical differences were analyzed by two-
tailed Welch’s t-test. *¥#*%, P<0.0001.
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We next analyzed how progerin-expressing cells respond to different types of DNA damage in
terms of cell sensitivity by studying cell proliferation upon stimulation with the following DNA
damage-inducing agents: 1) CPT, a topoisomerase | poison whose toxicity is a result of
conversion of single-strand breaks into DSBs in S-phase cells, hence, this damage can be repaired
only by the HDR pathway (Podhorecka, Skladanowski and Bozko, 2010); 2) Olaparib, an inhibitor
of poly ADP ribose polymerase that causes the accumulation of unrepaired single strand breaks
that eventually collide with replication forks, generating one-ended DSBs that must be repaired
specifically by HDR (Kotter et al, 2014); 3) Aphidicolin, a DNA replication inhibitor that
generates replication stress (Vesela et al, 2017); and 4NQO, an ultraviolet radiation-mimetic
chemical that induces DNA lesions usually corrected by nucleotide excision repair (VWang et al.,

2016).

CPT and Olaparib inhibited in a dose-dependent manner the proliferative capacity of
LmngtcPsrevticPSer MEFs compared with controls (Figure 11A). From 40 hours of treatment and
up to the end of the assay, Lmna"c""HcPev MEFs treated with both concentrations of CPT had
significantly less confluence than controls (p<0.05). Likewise, LmngH¢"re/HePSrer MEFs treated with
both concentrations of Olaparib had significantly less confluence (p<0.05) from 40 hours of
treatment up to the end of the experiment (Figure 11A). These results suggest a defective HDR
pathway in LmngHcPrevHePSrev MEFs compared with controls. Proliferation assays with Aphidicolin
and 4NQO showed differences in progeroid cells compared with controls in the middle times,

however LmnaHGPSrev/HGPSrev

MEFs finally recovered at the end of the experiment (Figure 11B).
These results suggest a possible delay in the resolution of replicative stress and nucleotide

excision repair in progerin-expressing MEFs.

To test whether Cre recombinase could suppress progerin expression and restore lamin A

HGPSrev/HGPSrev

expression in vitro, we used a piggyBac transposon-based system to generate Lmna and

+/+

Lmna** MEFs expressing Cre recombinase and a zeocin resistant gene under the control of a
tamoxifen-inducible and ubiquitous promoter (Figure 12A). Zeocin resistant cells of both
genotypes were selected, tamoxifen was added to the culture media and protein lysates were
prepared 24, 48 and 72 hours after tamoxifen induction. As expected, untreated Lmna** MEFs
expressed both lamin A and lamin C and Lmng"¢*H<Pre* MEFs expressed progerin and lamin C
(Figure 12B, In. 1 and 2, respectively). Tamoxifen treatment did not change the pattern of

expression in Lmna*™* cells (Figure 12B, In. 3, 5 and 7), but Lmng"®""HPe MEFs treated with

tamoxifen progressively suppressed progerin and restored lamin A expression, with progerin
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levels being undetectable at 3 days after tamoxifen induction (Figure 12B, compare In. 2 with 4,
6 and 8). These results confirm in vitro the efficacy of the strategy followed to generate this new

model to induce progerin suppression and lamin A restoration.
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Figure 11: MEFs from LmnaqHSPSreHGPSrer mijce are more sensitive to CPT and Olaparib than wild-type
controls. MEFs from wild-type and progeroid mice (Lmna** and LmngHcPSrevHerSrer regpectively) were seeded in 24-
mm plates and treated with the indicated concentrations of CPT, Olaparib (Olap), Aphidicolin (Aphi) and 4NQO.
Cells were then maintained at 37°C 5% COz in the IncuCyte imaging system for 6 days. Cell confluence was calculated
by dynamic imaging taking 9 pictures every 4-hours. Statistical differences were analyzed by two-way ANOVA with
Tukey’s post hoc test between wild-type and progeroid mice in each condition. 35 nM and 75 nM CPT: P<0.05 after
40h of incubation. 7 pM and 15 pM Olap: P<0.05 after 40h of incubation. 0.2 pM Aphi: P<0.05 from 40 — 60 hours.
250 nM 4NQO: P<0.05 from 36-60h; 400 nM 4NQO: P<0.05 from 48-84h.
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Figure 12: In vitro progerin elimination and lamin A restoration in Lmng"¢fSre"HGPSrev MEFs upon Cre
activation. A) Schematic representation of the piggyBac transposon-based system used for the generation of
LmngHCPsrevHCPSre and | mna*”* MEFs expressing a tamoxifen-inducible Cre recombinase with expression controlled by
a ubiquitous CAG promoter. MEFs were transfected with the pCMV-hyPBase plasmid encoding a transposase and
the transposon pPB-CAG-ER-Cre-ER-IRES-Zeocin that contains both the inducible Cre and a gene to confer
resistance to zeocin. Transfected MEFs will be resistant to zeocin and will express the tamoxifen-inducible Cre
recombinase protein. B) Western blot analysis to examine lamin A/C and progerin expression in transfected MEFS
of both genotypes. Cells were cultured with vehicle (ethanol) (Untreated) or with 25 nM 4-OH tamoxifen for the
indicated periods of time. A representative image of one of the three western blots is shown.
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4.2. Phenotype Characterization of the New HGPS Model

4.2.1. Lmng"cPsre/HGPsrer Mijce Express Lamin C and Progerin but Exhibit
Undetectable Lamin A

Having demonstrated in vitro the feasibility of our restoration strategy upon loxP sites

HGPSrev

recombination, we started the in vivo characterization of the Lmna mouse model. Reverse

transcription PCR (Figure 13) and western blot (Figure 14) demonstrated expression of both

progerin and lamin C in all liver, kidney, heart, aorta, skeletal muscle and spleen from

LmngHcPsrevhcPSer \We used in these experiments tissues from Lmna®%*“* and Lmna®*%%*¢%%¢ mice

as positive controls for progerin expression. Note that lamin A was detected in Lmna*”,

G609G/+

Lmna and Lmng®%“'“¢%%¢ mice but was undetectable or negligible in all organs of

HGPSrev/HGPSrev G609G/G609G

Lmna mice. Moreover, compared with Lmna mice, heart, skeletal muscle and

HGPSrev/HGPSrev

aorta of Lmna mice express significantly lower levels of progerin protein (Figure 14).

Lmna** [|mnaHGPSrevHGFSrev | mna' + [ mna

HEART

SPLEEN

Figure 13: Progerin expression in
different organs of progeroid mice.
Representative images of PCR products
showing lamin A and progerin mRNA
expression in heart, spleen, skeletal muscle (Sk.
muscle), kidney and liver of 9-week-old mice of
the indicated genotypes (n=6 for each
genotype). Progerin was expressed in all
organs from LmngHofSreHeRSrev mice, and in
Lmna®%%¢"* and Lmna®%7%¢6%%¢ mice (used as
positive controls). Lamin A was expressed in
Lmna**, Lmna®%%* and Lmna®®9?%¢/c0% mjce,
but was undetectable or negligible in all organs
of LmngHFsrevHeRSier mice. Arbp was used as an
endogenous control.

SK.
MUSCLE
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65



Lmna** LmnaHGPSrevHGPSrey | mnaGe09G/Ge0sG Lmna**  Lmna PSrev [ mna®é

-

— — )
k| ~“||—-: S| e e ——— =
<T 14
1] o
= | T | — ———— — (<]

e — - — e ee— -y
-~
7 —————— SN ETw T==
w a
- =
X
| o —— a— ||- —_—la N —— {<]
w — - =
B — g =3 =
g e - g - | e— -—-== =
= - — - — e — —
; <1
S| (| ——
-= Lamin A —=Progerin —=lLamin C - GAPDH
_ Heart - Spleen _ Sk. Muscle Aorta _ Kidney _ Liver
3 20 S 15 -] - 3 15 El
< < < 35 < <
° s ° o < ° ° )
1
: i : g i . :
I e I T T 3 I I
g 1o g g z . 8 | ;- m
3 3 os 3 3 8 os 8
c 08 c £ c £ g
5 H H 5! 5 5
> > =] =4 >
g ool g o $ g o g o g
a a a a a a

L mnaGe09G/Ge0sG

— [ mnatiGPSreviHGPSrev
Figure 14: Progerin protein expression in different organs of progeroid mice. Representative images of
western blot analysis showing lamin A/C and progerin expression in heart, spleen, skeletal muscle (Sk. muscle), aorta,
kidney and liver of 9-week-old mice of the indicated genotypes (n=6 for each genotype). Progerin was expressed in
all organs from LmngHcPSrevHerSrev and | mpna®07/c80%¢ mice (used as positive controls). Lamin A was expressed in Lmna**
mice but was undetectable or negligible in all organs of LmnatcPsrevHCPSer and | mna®é07¢/c80%¢ mice. Quantification of the

relative abundance of protein bands was performed using Fiji software. Progerin signal intensities were normalized to
GADPH. Statistical differences were analyzed by two-tailed t-test. ¥, P<0.05; **, P<0.01; **%, P<0.001.

We next examined the external phenotype of our new mouse model. At birth, homozygous

HGPSrev/HGPSrev

Lmna mice were indistinguishable from their Lmna** littermate controls, and

maintained a normal appearance until approximately 20 weeks of age. Then, both male and

female LmnaHGPSrev/HGPSrev

mice started showing a severe reduction in the rate of weight gain and
eventually began to lose weight at approximately 50 weeks of age (Figure 15A). Like in previous
progeroid mouse models, homozygous mice died prematurely, with a median survival of 59
weeks in this case (Figure 15B). In contrast, heterozygous Lmna"“"* mice displayed normal
body size and weight and their survival was undistinguishable from Lmna** littermate controls

(Figure 15A, 15B). This gross examination indicates that, like human HGPS patients, our new

mouse model develops disease symptoms progressively. We therefore decided to perform a
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more thorough phenotypic characterization of Lmna"®™Hee mice to measure different
disease parameters at =30 weeks and at =50 weeks of age too, when mice already display a

severe phenotype but before their maximum lifespan.
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Figure 15: Defective post-natal growth and reduced life span in progeroid homozygous
LmnqHcPsrev/HGPSrey mjce. A) Representative images of =30 and =~50-week-old mice of the indicated genotypes. The
graph show postnatal body weight curves (n=22 LmngH¢PSrevHePStev n=25 | mnaHcPre*, and n=14 Lmna** mice). Statistical
differences were analyzed by two-way ANOVA with Tukey’s post hoc test. Scale bar: 5 cm. B) Kaplan-Meier survival
plot. Median survival was 59.3 weeks for LmngHcfSrevHePSrer mice (n=22), 105.5 weeks for Lmna"Pr’* mice (n=22), and
105 weeks for Lmna”* mice (n=13) (P<0.001 for LmngHePSreHeRSrev versus Lmna** mice, log-rank test). C)
Representative images and quantification of the weight of liver, kidney, heart, spleen and thymus of =30 and =50-
week-old mice of the indicated genotype. Scale bar: 1 cm. Statistical differences were analyzed by two-tailed t-test
with Welch’s correction when necessary. *, P<0.05; *¥, P<0.01.
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The relative size of most organs in =30-week-old and =50-week-old Lmng"cPeHePser mice

remains proportional to their body weight, with the exception of the kidney, which had a
significantly higher relative weight in progeroid mice than in controls at both ages (Figure 15C).
In addition, the relative weight of the thymus was also smaller in progeroid mice than in control

Lmna** mice at =50-week-old (Figure 15C).

We also examined several biochemical parameters in the plasma of homozygous LmngHcFreHcPsrer

mice and controls. At =30 weeks of age, we found no significant differences in plasma parameters

except that plasmatic levels of low-density-lipoproteins (LDL) were lower in progeroid mice

HGPSrev/HGPSrev

(Figure 16A, top graphs). At =50 weeks of age, Lmna mice had lower levels of

plasmatic triglycerides, total cholesterol, and high-density-lipoproteins (HDL) (Figure 16A,

bottom graphs), similar to HGPS patients (Melissa A Merideth et al., 2008). Moreover, like in

G609G/G609G HGPSrev/HGPSrev

the Lmna mouse model, Lmna mice displayed lower levels of glucose in plasma

compared with Lmna*” controls (Figure 16B).
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Figure 16: Biochemical analysis of plasma from Lmna** and progeroid Lmng"cFsreHePSrev mijce, A) Plasma
lipid levels in =30- (top) =50-week-old mice (bottom) (n=12-16 per genotype). B) Plasma glucose levels in =40-week-
old mice (n=4 pools of 2-4 mice per genotype). HDL: high-density lipoprotein, LDL: low-density lipoprotein. Statistical
differences were analyzed by two-tailed t-test. *, P<0.05; *%, P<0.01; **%, P<0.001.
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We next performed histological studies in paraffin-embedded tissue sections. We found a
significant loss of subcutaneous fat in the skin of Lmng"¢re/HePSrer mice at both =30 weeks and
=50 weeks of age (Figure 17A). In contrast, no between-genotype differences were observed in
heart structure (Figure 17B) and spleen (Figure 17C, top images). In addition, we noted higher
number of Lmna** mice with hepatic steatosis compared with Lmng¢re/HePsrer mjce (Figure 17C,

bottom images).
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Figure 17: Histological examination of organs from progeroid LmnaHcPsev/HGPSrer mjce, Tissue cross-
sections from =30- and =50-week-old Lmna*”* (n=11-13) and Lmng"cSevHerSrer mice (n=11-12). A) Representative
images of skin stained with hematoxylin-eosin (H&E), with asterisks indicating the subcutaneous fat layer. Five
independent observers who were blinded to genotype scored the thickness of the subcutaneous fat layer, being 1
the lowest and 5 the highest thickness. Scale bar: 500 um. B) Representative images of heart sections staining with
H&E and Masson’s trichrome stain. Scale bar: 1 mm. C) Representative images of spleen and liver sections stained
with H&E, and quantification of the number of mice with liver steatosis. Scale bar: 100 um. Statistical differences were
analyzed by one-way ANOVA with Sidak’s post-hoc test (A) and chi-square t-test (C). **, P<0.01; ** P<0.0001.
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With the aim of evaluating if increased amount of progerin results in a more aggressive

HGPSrev/+ G609G/+ HGPSrev/G609G

phenotype, we crossbred Lmna with Lmna mice to generate Lmnd mice.

Based on our western blot and PCR analysis (Figure 14, 15) and in the existing alleles of the

different mouse strains, the amount of progerin produced by these strains is expected to be

higher in Lmng"cP/60%¢ mice, intermediate in Lmna®%“"* mice, and lower in Lmna"**™"* mice.

Accordingly, post-natal body weight (Figure 18A) and average survival (Figure 18B) were more

severely affected in Lmna"P/6%%¢ mice, Lmna®**“* mice had an intermediate phenotype, and
Lmna"®Pr* were the less affected.
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Figure 18: LmnaH¢Psrev/6809C mice exhibit more severe phenotype than Lmna®%%* and Lmna"¢Psr"* mice.
A) Postnatal body weight curves (n=24 Lmng"ce/c6096 n=5 [ mna"®"e’*, and n=13 Lmna®%“"* mice). B) Kaplan-Meier
survival plot. Median survival was 35.7 weeks for LmngH¢frevc60%¢ mice (n=24), 104.4 weeks for Lmna"“Pr"* mice (n=5),
and 47.6 weeks for Lmna®%%* mice (n=9). P<0.0001 for all comparisons, log-rank test.

4.2.2. Vascular Characterization of Lmng"cPsreHcPSrer Mijce
Structural and functional alterations in the vascular system are a hallmark of human HGPS
patients, but some available progeroid mouse models do not recapitulate the full spectrum of
vascular defects. We therefore sought to carefully assess vascular structure and function in
LmnaHcPsreHcPsey mice, We first examined collagen content in cross sections of aortic arch and
thoracic aorta stained with Masson’s trichrome. In aortic arch, collagen deposition was
significantly higher in the medial layer in both =30- and =50-week-old Lmng"cPsre/HePrer mice
compared with age-matched controls (Figure 19A). There were no differences in collagen
amount in the adventitial layer from aortic arch sections when comparing =30-week-old mice
of both genotypes, but was significantly higher in =50-week-old Lmnga"c"eHePe mice (Figure
19A). In thoracic aorta, the only significant change we observed was higher deposition of collagen

in the media in =50-week-old Lmng"“"e"HPe mice (Figure 19B). These findings are consistent

with the reported accumulation of collagen in vessels of HGPS patients (Stehbens et al., 2001;
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Olive et al, 2010) and other progeroid mouse models (Varga et al., 2006; del Campo et dl,

2019).
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Figure 19: Higher collagen deposition in vessels from Lmna'¢PSreHGPSrer mjce, Aortic cross-sections from
mice of the indicated ages and genotypes were stained with Masson’s trichrome to visualize and quantify collagen
deposition in the medial and adventitial layers. A) Representative images and quantification of collagen content in
aortic arch (n=11-13 LmngH¢PsrevHePSter mice; n=12-13 Lmna** mice). B) Representative images and quantification of
collagen content in thoracic aorta (n=13-14 LmngH¢fSreHePSrer mice; n=13-17 Lmna** mice). Statistical differences were
analyzed by two-tailed t-test with Welch’s correction. *, P<0.05; ***, P<0.001; **¥%*, P<0.0001.
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Figure 20: Lmng"cPsre/HGPsrev mjce exhibit VSMC loss in thoracic aorta. Representative immunofluorescence
images of thoracic aortas from =30-week-old mice (n=5-8) (A) and =50-week-old mice (n=5-7) (B) stained with anti-
smooth muscle actin (SMA) antibody (red signal), anti-CD31 antibody (green signal) and Hoechst3442 (blue signal)
to visualize VSMCs, endothelial cells and nuclei, respectively. Graphs show quantification of VSMC content in the
media as either % of SMA-positive area or nuclear density. Scale bar: white 150 pm, yellow 50 pum. Statistical
differences were analyzed by two-tailed t-test. **¥%, P<0.001; *#¥** P<0.0001.

VSMC depletion is another feature of HGPS patients (Stehbens et al., 2001) and mouse HGPS
models (Varga et al.,, 2006; Osorio et al., 2011; |. M. Lee et al, 2016; Hamczyk et al., 2018). To
examine whether collagen deposition is accompanied by loss of VSMC content in our model,
we performed immunofluorescence studies to quantify smooth muscle actin (SMA) expression

and nuclear density (Hoechst3442 staining) in the media in aortic arch and thoracic aorta

72



sections from Lmna** and Lmna"¢Pre™HePer mice of different ages. Analysis in =30 week-old mice

revealed no between-genotype differences in thoracic aorta (Figure 20A) and aortic arch (Figure

HGPSrev/HGPSrev

21A), but VSMC loss was very severe in both regions in =50-week-old Lmna mice
(Figure 20B, 21B).
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Figure 21: Lmng"cFsrevHePSrev mjce exhibit VSMC loss in aortic arch. Representative immunofluorescence
images of aortic arch from =30-week-old mice (n=7-8) (A) and =50-week-old mice (n=4-7) (B) stained with anti-
smooth muscle actin (SMA) antibody (red signal), anti-CD31 antibody (green signal) and Hoechst3442 (blue signal)
to visualize VSMCs, endothelial cells and nuclei, respectively. Graphs show quantification of VSMC content in the
media as either % of SMA-positive area or nuclear density. Scale bar: white 150 pm, yellow 50 pum. Statistical
differences were analyzed by two-tailed t-test. *%¥, P<0.01; *%*, P<0.001.
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Vessel stiffness is a very early and pervasive feature in HGPS patients (Lakatta and Levy, 2003;
Gerhard-Herman et al.,, 2012; Hamczyk, del Campo and Andrés, 2018), and our recent studies

G609G/G609G

suggest that collagen is involved in vascular stiffness in progeroid Lmna mice (del Campo

et al., 2019). We therefore performed wire and pressure myography studies to evaluate the

HGPSrev/HGPSrev mice and age_

mechanical properties of vessels from =30- and =50-week-old Lmna
matched controls. Diameter-force relations in wire myography experiments can be related by
comparing the parameters that describe the regression lines calculated for each of the diameter-
force measurements, i.e, the slope, which accounts for the stiffness, and the x-axis intercept
(the diameter at O force). We observed significant differences in the diameter-force relations,

with aortic segments from Lmna"c"eHePer mice exhibiting higher slopes at both ages, indicating

increased aortic stiffness compared to their littermate controls (Figure 22).
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Figure 22: Aortas from progeroid LmngHcFsrevHePSrev mjce exhibit stiffness and inward remodeling.
Aortic rings from =30- and =50-week-old male mice of the indicated genotypes (n=7-12) were mounted on a wire
myograph to analyze diameter-tension relationships, linear regression slope, and diameter at 0 mmHg and estimated
at 100 mHg. A.U.: Arbitrary Units. Statistical differences were analyzed by two-tailed t-test. *, P<0.05; **, P<0.01.

These results reinforce the conception of aortic stiffness as one of the earliest features in HGPS,
both in humans and mice. In addition, the diameter at O force and the estimated physiological
diameter at 100 mmHg (diameter when the force is equivalent to an intraluminal pressure of

HGPSrev/HGPSrev

100 mmHg) were decreased in Lmna aortas at both ages, indicating inwardy

remodeled aortas (Figure 22).
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We also assessed mechanical and structural properties of small mesenteric arteries by analyzing

pressure-diameter properties using a pressure myograph. Outer (vessel) and inner (lumen)

HGPSrev/HGPSrev

diameters were smaller in Lmna vessels at both ages, thus confirming inward

remodeling in resistance vessels. Moreover, mesenteric arteries from =50 week-old

HGPSrev/HGPSrev

Lmna mice showed a tendency to vascular stiffness, as suggested by a higher slope

(BETA) in the stress-strain curve (Figure 23).
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Figure 23: Small mesenteric arteries from LmnaHcPsre/HGPSrer mjce exhibit inward remodeling. Mesenteric
arteries from =30- and =50-week-old male Lmna** mice (n=7-8) and Lmng"csre"HCSrer mjce (n=7-9) were mounted on
a pressure myograph to analyze pressure-diameter curves for the vessel (outer) and lumen (inner) diameters, and the
corresponding stress-strain curves. Statistical differences were analyzed by two-tailed t-test and two-way ANOVA.
Data are shown as mean * SEM (vessel diameter, lumen diameter, and stress-strain curve) and as median with
interquartile range and minima and maxima (BETA).

VSMC:s are essential for proper regulation of vascular tone, which can be altered by the presence
of a stiffer ECM (Lacolley et al,, 2017) and for the lack of VSMCs. Taking into account these
concerns, we performed wire miography studies to analyze vascular tone in aortic segments
from =30- and =50-week-old Lmng"®eHcPev mice and controls. Whereas comparing the
younger wild-type and progeroid mice revealed no differences in endothelial-dependent
vasodilation (induced by acetylcholine) in =30-week-old mice, both endothelium-independent
(induced by DEA-NO) and -dependent vasodilation were significantly reduced in =50-week-old

Lmna"ePsreHersey mice (Figure 24A).
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Figure 24: Defective contraction and endothelium-dependent and -independent dilation in thoracic
aorta from LmngHcPsrevHGPSrey mijce, Thoracic aortas from =30- (n=6) and ~50-week-old (n=8-13) progeroid mice
and aged-matched Lmna** mice were mounted on a wire myograph to analyze vessel dilation and contraction. A)
Endothelium-dependent vasodilation induced by acetylcholine (Ach) and endothelium-independent vasodilation
induced by DEA-NO. B) Contraction induced by phenylephrine (Phe) and KCI. Statistical differences were analyzed
by two-way ANOVA with Sidak’s post-hoc test in Ach, DEA-NO and Phe graphs, and by two-tailed t-test in KCL
graphs. ¥*¥, P<0.01; **%* P<0.0001. KCL: potassium chloride.

76



Likewise, we found no between-genotype differences in phenylephrine-induced and KCl-induced

contraction in #30-week-old mice, but aortic segments from =50 week-old Lmng"cre/HePsrer mice

exhibited a clear impairment of the contractile responses to both vasoconstrictors (Figure 24B).
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Figure 25: Repolarization abnormalities in LmnaHSPsreHGPSrey mijce. Results of ECG assessment of =15-, =30-
, ®40-, and =50-week-old LmngHePSrevHePStev mice (n=13-28) and aged-matched Lmna*™* mice (n=14-30). Data is show as
dot blots and median with interquartile range and minima and maxima. Statistical analysis was performed by custom
R scripts. ¥, P<0.05; *%¥, P<0.01; *¥* P<0.001. HR: Heart rate.
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4.2.3. Characterization of Cardiac Function in Lmng"cPsrev/HGPSrev Mjce

HGPSrev

To analyze the cardiac phenotype in the Lmna strain, we first performed ECG experiments

at ages ranging from 15 to 50 weeks. We did not observe any significant change in QRS complex
duration at any ages (Figure 25). Importantly, we did not observe bradycardia in LmngHcPsrevHcPsrer
mice (Figure 25), consistent with previous observations in humans (Rivera-Torres et al., 2016;
Prakash et al., 2018). Also consistent with previous findings in HGPS patients and in progeroid

Zmpste24” mice (Rivera-Torres et al., 2016), LmngHcFsrevHcPsrer

mice exhibited age-dependent QT
and QTy interval prolongation as well as T-wave flattening and retardation (expressed as a gap
between | and T waves), which were normal at early stages but became severe with disease

progression (Figure 25).

We next performed echocardiographic studies in =50 week-old Lmna™* and LmngtcrsreHcPsrer

mice. Analysis of systolic function in the LV revealed no between-genotype differences as
indicated by ejection fraction (EF) values (Figure 26A). TAPSE, an indirect measurement of
systolic function in the right ventricle, was also similar in both genotypes (Figure 26A). Likewise,
pulmonary acceleration time (PAT) and pulmonary ejection time (PET) ratio were similar when

HGPSrev/HGPSrev

comparing mice of both genotypes (Figure 26B), indicating that Lmna mice do not

develop pulmonary hypertension.

Regarding diastolic function, we observed no between-genotype differences in the IVRT and E/A
wave ratio (Figure 26C). However, the percentage of mice with ratios under 1.35 value, which
is considered an abnormal LV relaxation pattern (Villalba-Orero et al., 2017), was 30.77% in

Lmna** mice and 53.35% in LmngHcPsrevHcPsrev

mice (Figure 26C). Furthermore, flow velocity from
one of the pulmonary veins that drain into the left atrium (pulmonary vein d1 velocity) was
significantly lower in progeroid mice (Figure 26C), a typical feature found in diastolic dysfunction
(Figure 27C). Interestingly, impaired diastolic function is one of the human pathological

alterations that is present both in human aging and HGPS (North and Sinclair, 2012; Prakash et

al, 2018).
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Figure 26: Echocardiographic assessment of Lmnat¢PsrevHGPSrey mjce, Echocardiographic assessment of =50-
week-old mice of the indicated genotypes (n=12-13) to quantify parameters related to left ventricle (LV) contractility
(EF: ejection fraction), systolic function in the right ventricle (TAPSE) (A), pulmonary hypertension (B), and diastolic
function (C). The pulmonary vein velocity, the isovolumetric relaxation time (IVRT), and the number of animals with
mitral valve (MV) early and late diastolic velocity peak wave (E and A respectively) ratio below or above 1.35 was
quantified in C. PAT: Pulmonary artery acceleration time. PET: pulmonary artery ejection time. Statistical differences
were analyzed by two-tailed t-test or chi-square t-test. *%¥, P<0.01.

Progeroid mice also exhibited significantly lower cardiac output (CO) (Figure 27A), which is
unlikely to result from a reduced heart rate (Figure 25 and 27A), and was associated with lower
LV stroke volume (LVSV) (Figure 27A). Nevertheless, it is important to consider that the smaller
size of Lmng"® e mice compared with Lmna*™* controls (Figure 15A) could affect the
results. Indeed, LV mass and LV internal diameter (ID) were significantly lower in Lmng"crevHcPsrer
mice (Figure 27B), although no between-genotype differences were observed in either the

intraventricular septum (IVS) measurement or LV posterior wall thickness (PW), indicating that

LmngHePsreHeSe mice do not develop cardiac hypertrophy (Figure 27C).
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Figure 27: Cardiac function characterization in Lmng"¢Psre/HGPSrev myjce, Echocardiography study of =50-
week-old mice of the indicated genotypes (n = 12-13) to measure LV cardiac output (CO), heart rate and LV stroke
volume (SV) (A), left ventricle (LV) mass and internal diameter (ID) (B), and intraventricular septum (IVS) and LV
posterior (PW) wall dimension (C). Statistical differences were analyzed by two-tailed t-test with Welch’s correction
when necessary. ¥, P<0.05; #*, P<0.01; **¥, P<0.001.
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4.3. Study of the Effect of Progerin Suppression and Lamin A Restoration

Early and Late in Time in the Development of HGPS

4.3.1. In Vivo Validation of Progerin Expression Suppression and
Lamin A Restoration

We have generated a new mouse model of HGPS that reproduces the main phenotypic features
of human progeria. Remarkably, our progeroid mouse model is the first one allowing a
controlled suppression of progerin and, at the same time, restoration of lamin A expression.
We sought to use these mice to assess whether progerin elimination and lamin A restoration
can slow down the progression of HGPS or even revert some symptoms. To this end, we
crossbred our model with transgenic mice carrying a tamoxifen-inducible Cre recombinase with
expression driven by a ubiquitous promoter (Ubq-CreERT2). This mouse line ubiquitously
expresses the CreERT2 recombinase, which is activated upon treatment with tamoxifen, thus
allowing a temporal control of progerin suppression and lamin A restoration by removing the

inserted cassette (Figure 28).

Tamoxifen

[ mnatGrsrevwHGPSrev qu—CreER T2t

LMNA 2150 |-
cDNA E1112 |2

E1 E2 E3 E4 E5 E6 E7 E& E9 E10 E11 E12

E1 E2 E3 E4 E5 E6 E7 E& E9 E10 E11 E12

Figure 28: Progerin suppression and lamin A restoration in LmnaH¢cPSrevHGPSrer Jbq-CreERT2%* mice
treated with tamoxifen. Schematic representation illustrating tamoxifen-induced activation of the Cre
recombinase protein in LmngHcfSrevHePSrer hq.CreERT2%* mice, which removes the floxed DNA sequence in the mutant
Lmna allele to suppress progerin expression and restore lamin A expression. E: exon.
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Figure 29: Progerin suppression and lamin A restoration in organs of progeroid Lmna"cPsre/HcPSrev ypq-
CreERT2%* mice treated with tamoxifen. Nine-week-old Lmng"eSe/HePSrer (Jhgq-CreERT2%* mice treated with
tamoxifen or vehicle (n=4 each condition) were sacrificed to prepare protein extracts from the indicated organs for
western blot analysis using a monoclonal antibody that recognizes lamin A, lamin C and progerin. A) Representative
western blots. B-D) The relative abundance of protein bands was quantified using Fiji software. Progerin and lamin
A signal intensities were normalized to GADPH. In some blots, there is a non-specific band above the lamin A band.
Data are shown as median with interquartile range and minima and maxima. Statistical differences were analyzed by
two-tailed t-test. *, P<0.05; ** P<0.01.
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Western blot demonstrated tamoxifen-induced reduction in progerin levels in all tested organs,
which reached statistically significant differences in spleen, kidney, aorta, skeletal muscle and
liver, and a tendency in the heart (Figure 29A and B). Progerin suppression in tamoxifen-treated
mice was accompanied by increased lamin A protein level in most of the tested organs (Figure
29A and C). Importantly, the progerin/lamin A ratio in tamoxifen-treated mice was significantly
reduced in heart, spleen, kidney, aorta and liver, except for skeletal muscle, where it almost

reached statistical significance (Figure 29D).

It has been reported that the Ubc-CreERT2 recombinase shows some spontaneous activity that
induces recombination in vivo in the absence of tamoxifen (Kristianto et al., 2017). Although our
western blot did not show detectable levels of lamin A in vehicle-treated mice (Figure 29A), we
wanted to analyze the effect of the possible spontaneous Cre activity in a longitudinal
experiment where we measured weight, ECG parameters and survival in untreated
LmngHcPsrevtcPSrer | mpqgHePsrevhcPSrey (Jhe-CreERT2%* and Lmna** mice. Importantly, Kaplan-Meier
survival curves were identical in untreated Lmna"PeHePrer Jhe-CreERT2®* and LmngHcPsrevHcPsrer
mice (Figure 30A). In addition, although Lmna"cPreHePsrer Jpe-CreERT2%* mice showed slightly but
not significant increment in body weight compared with Lmna"ePre™HePsrer it was still significantly

lower than in Lmna** controls (Figure 30B).
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Figure 30: Lmng"cFsrevHePSrev Ybc-CreERT 2% mice and LmnaHCPSreHGPSrer mijce have identical survival. A)
Kaplan-Meier survival plot. Median survival is 58.1 weeks for LmngHcPrevHerSier mice (n=13), and 57 weeks for
LmngHcPsrevHeRSrer Jhe-CreERT2%* mice (n=14). B) Body weight curves for LmnaHcPre/HePSev mice (n=13), LmngHcPrevHGPSrey
Ubc-CreERT2%" mice (n=28), and Lmna*"* mice (n=14). Statistical analysis was performed using log-rank test (A) and
two-way ANOVA with Tukey’s post-hoc test (B).
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Regarding ECG parameters, we did not observe significant differences between LmngHere7Hcsrer

Ubc-CreERT2%"* and Lmna*™* mice at =30 weeks (Figure 31A), and T-wave steepness was the only

affected ECG parameter in =50-week-old Lmng"®*eHcPsrer Jpe-CreERT2%* mice (Figure 31B).

HGPSrev/HGPSrev

Lmna

alterations that were consistent with our previous results (Figure 25).

mice were used as controls in these experiments, which showed ECG
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Figure 31: Mild electrocardiographic abnormalities in Lmng"cPSre/HGPSrev Ybe-CreERT2%* mice. ECG
assessment of =30- (A) and =50-week-old (B) LmngaHcPreHePSrer - CreERT2%™* mice (n=13-28) and aged matched
Lmna** and LmngHoPSrevHGPSrer mice used as controls (n=13-15). Statistical analysis was performed by custom R scripts.
*, P<0.05; *%¥, P<0.01; *¥*, P<0.001.
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Although LmngHe*reHerser Jpc.CreERT2¥* mice showed milder cardiac phenotype than

LmnaHGPSrev/HGPSrev

mice, we decided to use this inducible Cre-loxP system to check the effect of
progerin suppression and lamin A restoration on the progression of the disease because lifespan
in LmngHcrsrevHersrer Jhe-CreERT2'* mice is shortened in the same extent than in LmngHcPsrevHePsrer

mice, both mouse lines have reduced body weight compared with Lmna”* controls, and

LmnatePsreHersrer Jbe-CreERT2'* mice exhibit some ECG alterations at advanced ages.

4.3.2. Lifespan Extension in Progeroid Mice after Progerin
Suppression and Lamin A Restoration

With the aim of assessing whether the suppression of progerin and restoration of lamin A in
late stages of HGPS disease could have a therapeutic effect, we treated with tamoxifen a group
of 53-56-week-old Lmng"®*reHePsrer (Jpc-CreERT2'™* mice, an age close to their maximum life span.
Remarkably, although tamoxifen treatment did not improve body weight in these mice (Figure

32A), it significantly increased survival compared with vehicle-treated controls (Figure 32B).

To check the efficiency of tamoxifen at inducing progerin suppression and lamin A restoration,
we analyzed by western blot the liver and heart of 6 untreated and 6 treated mice. Five treated
animals which exhibited a prolongation in life span compared with untreated controls showed
progerin suppression and restoration of lamin A expression (Figure 32C). Moreover, one mouse
which died 2 days after tamoxifen treatment did not show progerin suppression and lamin A
restoration (marked with arrowhead in Figure 32C). Quantification of protein bands in the
western blots showed reduced progerin expression, increased lamin A expression and lower
progerin-to-lamin A ratio in liver and heart of tamoxifen- versus vehicle-treated mice (Figure

32D).
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Figure 32: Tamoxifen-dependent reduction of progerin expression and induction of lamin A
expression late in life of Lmng"cPSreHGPSrev Ypc-CreERT 28" mice extends their lifespan. Mice were treated
with tamoxifen (n=9) or vehicle (corn oil) (n=8) starting at 53-56 weeks of age. A) Body weight curves. (B) Kaplan-
Meier survival plot. C) Representative western blot analysis showing lamin A and progerin expression in heart and
liver of mice treated with vehicle or tamoxifen that were sacrificed because of human-end point criteria. The yellow
arrow points to an animal that died two days after the end of tamoxifen treatment. D) The relative amount of protein
bands was quantified using Fiji software. Progerin and lamin A signal intensities were normalized with GADPH. Data

are shown as median with interquartile range and minima and maxima. Statistical differences were analyzed by two-
tailed t-test ¥, P<0.05; **, P<0.01; **%*, P<0.001; ****, P<0.0001.
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4.3.3. In Vivo Gene Therapy Delays HGPS Progression in Progeroid
LmnaHGPSrev/HGPSrev Mice

Due to the encouraging results obtained in old progeroid Lmna" et Jhc.CreERT2%* mice
treated with tamoxifen, we sougth to develop a more translational strategy to treat

LmnaHGPSrev/HGPSrev

mice based on ectopic expression of Cre recombinase. We decided to try in
vivo gene therapy with serotype 9 AAVs delivery vector because of its safety and its success in

other studies (Beyret et al., 2019; Santiago-Fernandez et al., 2019).

We generated AAVs expressing either Cre (AAV9-Cre) or luciferase (AAV9-luciferase), which
were injected intraperitoneally into 15-18-week-old Lmng P HePer mice.  Ex  vivo
bioluminescence assays showed high level of luciferase in the liver of mice injected with AAV9-
luciferase compared with non-injected mice (Figure 33A), consistent with previous studies
showing that the liver is one of the most preferred targets of AAVs (Kattenhorn et al,, 2016).
As expected, semi-quantitative reverse transcription PCR analysis confirmed luciferase and Cre
recombinase mRNA expression in the liver of mice infected with AAV9-luciferase and AAV9-
Cre, respectively (Figure 33B). In addition, although the decrease in progerin expression was
too low for detection by semi-quantitative reverse transcription PCR, we detected a significant
induction of lamin A expression in the liver of Lmng"®*eHere mice injected with AAV9-Cre

compared with controls injected with AAV9-luciferase (Figure 33B).

HGPSrev/HGPSrev

Body weight before AAV-injection in 15-18-week-old Lmna mice, was significantly
reduced compared with Lmna*”* controls (Figure 33C). Follow-up during 24 weeks after injection
revealed normal body weight gain in Lmna”* mice infected with AAV9-Cre compared with

HGPSrev/HGPSrev mice

controls injected with AAV9-Luciferase (Figure 33D). As expected, Lmna
infected with AAVs-luciferase exhibited a reduction in body weight gain, which was remarkably
less pronounced in Lmng"®reHePser mice infected with AAVs-Cre Luciferase (Figure 33D).
Follow up of these mice is ongoing to assess the long-term effect of AAV9-Cre on body weight

and other progeroid alterations that develop at older ages, and also to ascertain the impact of

these gene therapy strategy on survival.
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Figure 33: Gene therapy with AAV9-Cre ameliorates post-natal growth of progeroid Lmnga*cPsrev/HGPSrev
mice. 15-18-week-old LmngHeSre/HeRSiey and L mna*”* mice received intravenously (tail vein) 1 injection of AAV9 vectors
driving the expression of luciferase (AAV9-Luciferase) or Cre recombinase (AAV9-Cre) (dose: 5 x 10" viral genomes).
A) Representative ex vivo bioluminescence images of luciferase expression in liver from mice injected with AAV9-
luciferase, and from non-infected mice (control). B) Semi-quantitative PCR analysis of lamin A, progerin, luciferase,
and Cre recombinase mRNA expression in liver of 30-week-old mice infected with AAV9-Luciferase or AAV9-Cre.
Relative quantification of PCR products was performed using Fiji software. Progerin and lamin A signal intensities
were normalized relative to Arbp (A.U.: arbitrary units). C) Body weight of Lmng"cfSre?HeRSier and | mna** mice one
week before infection. D) Body weight gain after injection of AAVs. Statistical differences were analyzed by unpaired
t-test in B, by two-way ANOVA (P<0.01) in C and by two-way ANOVA (P<0.0001) with Tukey’s post hoc test in D.
*, P<0.05; **, P<0.01; ***, P<0.001.
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DISCUSSION







5. DISCUSSION

CVD is the main cause of death and morbidity worldwide, and aging is the primary cardiovascular
risk factor (Lakatta and Levy, 2003; North and Sinclair, 2012). Strikingly, aging is not only
restricted to old people since it is estimated that there are hundreds of children worldwide

suffering from a premature aging disease called HGPS (https://www.progeriaresearch.org/prf-by-

the-numbers/). “Classical” HGPS is an autosomal dominant ultrarare genetic disease caused by
a heterozygous de novo point mutation in the LMNA gene (c.1824C>T; p.G608G) that activates
a cryptic splice site leading to the synthesis of progerin, a mutant form of lamin A (Ahmed et al.,
2017; Dorado and Andrés, 2017; Gonzalo, Kreienkamp and Askjaer, 2017; Hamczyk, del Campo
and Andrés, 2018). HGPS patients display several premature aging features, such as alopecia,
contractures of the joints, lipodystrophy and bone and dental problems. They also exhibit
accelerated atherosclerosis and associated cerebro- and cardiovascular abnormalities, which
eventually lead to premature death by stroke or myocardial infarction at an average age of 14.6

years (Gordon, Massaro, et al., 2014).

Currently, there is no cure for HGPS patients (Kieran, Gordon and Kleinman, 2007; Beyret et
al., 2019). Taking into account the extremely low number of patients worldwide and the severity
of the disease, it is critical to generate animal models to understand the underlying mechanisms
to establish the basis for future therapeutic strategies. Several HGPS mouse models have been
generated that resemble many features of this disease. Some of these models express
ubiquitously progerin or its immature form prelamin A (Pendas et al., 2002; Varga et al., 2006;
Yang, 2006; Osorio et al, 2011; J. M. Lee et al, 2016; Hamczyk et al., 2018). Moreover, some
models allow to explore the role of tissue-specific progerin expression (Sagelius, Rosengardten,
Schmidt, et al., 2008; Osorio et al., 2011; Strandgren et al., 2015) and the reversibility of progerin-
induced phenotypes when expressed specifically in epidermal keratinocytes or bone (Sagelius et
al., 2008; Strandgren et al, 2015). However, there are no available mouse models exhibiting
ubiquitous progerin expression to study the effects of suppressing its expression either globally

or in a cell type-specific manner in early or advanced states of the disease.
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Based on results in cellular and animal models of the disease, different therapeutic approaches
have been proposed to treat HGPS. However, their efficacy in preclinical models has been very
limited. Currently, the only strategy that has been tested in clinical trials is treatment with
lonafarnib, alone or in combination with pravastatin and zolenodrate, to inhibit progerin
farnesylation, but the benefit for HGPS patients has been very modest (Gordon et al, 2012,
2016). As the cause of HGPS is a LMNA gene mutation, a definitive gene therapy targeting the
mutation is the most promising strategy to cure the disease. Indeed, two recent studies using

newborn Lmng®¢0?¢/c609¢

mice have reported ameliorated symptoms of HGPS and increased
lifespan after an in vivo gene therapy strategy designed to correct the disease-causing mutation
(Beyret et al, 2019; Santiago-Fernandez et al, 2019). However, these studies started gene
therapy in neonates, which do not exhibit any apparent symptom of disease. Importantly, in
order to develop an effective therapy for HGPS, it should be taken into account that HGPS
patients appear normal at birth, and symptoms begin to appear during the first 2 years of life
and become increasingly noticeable over time (Ullrich and Gordon, 2015). Hence, HGPS patients
are diagnosed once they have a clear symptomatology, when part of the biological damage
caused by progerin has already occurred. Therefore, therapies should be tested in animals with
disease symptoms already present. To date, no therapy based on progerin suppression and lamin
A restoration has been tested in preclinical models with noticeable signs of HGPS. Thus, it

remains unknown whether disease progression can be halted or delayed once the symptoms

are clearly established.

HEPSrev mice, the first animal model

This Doctoral Thesis aims to generate and characterize Lmna
that allows a controlled spatio-temporal suppression of ubiquitously-expressed progerin while
simultaneously restoring lamin A expression (Figure 6). The Tetop LA%”¢ mouse model allows
a controlled expression and suppression of progerin in a tissue-specific manner (Sagelius,
Rosengardten, Schmidt, et al.,, 2008; Strandgren et al., 2015); however our new model shows
clear advantages compared with this and other previous models. Indeed, the unique features of

L mn aHGPSrev

mice allow to address very relevant questions in progeria research: 1) Can we prevent
or slow down HGPS progression by ubiquitously suppressing progerin and restoring lamin A
expression at early stages of the disease when symptoms begin to develop?; 2) How late can we
stop progerin expression and restore lamin A to achieve beneficial effects?; and 3) Can we revert

or slow down HGPS progression by suppressing progerin expression in a given specific cell type,

or do systemic factors resulting from progerin expression in other tissues contribute significantly
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to HGPS? If proven effective, cell type-specific therapies would likely be less challenging than

whole-body progerin suppression. Furthermore, the ability to restore the expression of lamin

HGPSrev

A upon progerin suppression is also a key feature of Lmna mice, because although lamin A

appears to be dispensable in mice (Fong, 2006; Lopez-Mejia et al., 2014), the consequences of

its elimination in humans remain unknown.

One of the most remarkable cellular alterations in HGPS is the accumulation of DNA damage

(De Sandre-Giovannoli et al., 2003; Dahl et al, 2006; Scaffidi and Misteli, 2006; Dorado and

HGPSrev

Andrés, 2017). Therefore, we investigated whether cells derived from progeroid Lmna mice

exhibit DNA damage. Our results showed increased DNA damage in Lmng"cPre"HcPser MEFs
compared to controls, and suggested more sensitivity to DNA damage-inducing drugs that
require specifically HDR for repair (Figure 10, 11). Future studies are warranted to investigate
the NHE] repair pathway and DNA damage response to other types of DNA lesions in

LmnaHGPrev/HGPSrev M E FS

We have also performed a thorough in vivo characterization of the new model. Firstly, we verified

HGPrev/HGPSrev

that Lmna mice express progerin mRNA and protein in all organs tested (Figure 13,

HGPrev/HGPSrev

14). Moreover, our longitudinal study revealed that Lmna mice display important

features of HGPS patients, such us body weight reduction (Figure 15A), loss of subcutaneous
fat (Figure 17A), and premature death (Figure 15B). Regarding biochemical blood parameters,
we observed reduced plasma HDL levels (Figure 16A), a common feature in HGPS patients. Of

note, in contrast to HGPS patients, plasma triglyceride and cholesterol levels are reduced in

HGPrev/HGPSrev

Lmna mice compared to Lmna** controls (Figure 16A), suggesting some metabolic

problems. These differences between progeroid mice and HGPS patients could be attributed to
interspecies differences. Indeed, these abnormalities, together with low glucose levels in plasma
(Figure 16B), have been also observed in other mouse models of progeria (Pendas et al., 2002;

Barcena et al., 2018).

HGPrev/HGPSrev G609G/G609G

Lmna mice exhibit a delayed phenotype compared to Lmna mice (Osorio et

al., 2011). Since HGPS severity seems to be dependent on the amount of progerin or the ratio

of progerin-to-mature lamin A (Moulson et al., 2007; Hisama et al., 2011; Reunert et al., 2012),

we hypothesized that this delayed phenotype could be due to the fact that Lmna"c*e/HePsrev mice

G609G/G609G

express lower levels of progerin than Lmna mice (Figure 14). This hypothesis is

HGPSrev/G609G

consistent with our experiments showing that Lmna mice (Figure 18) exhibit a more
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G609G/+ HGPSrev/HGPSrev G609G/G609G

severe phenotype than Lmna and Lmna mice, but less acute than Lmna

mice (Osorio et al., 2011).

HGPSrev/HGPSrev G609G/G609G

It is unclear why Lmna mice express lower progerin level than Lmna mice.
Since we already observed differences in progerin mRNA levels (Figure 13), defects in progerin
translation are not likely the cause. Thus, defective DNA transcription, increased mRNA

HGPSrev/HGPSrev mice

degradation or enhanced alternative splicing towards lamin C production in Lmna
seem to be more plausible causes. On the other hand, it has been suggested that specific
interaction between lamin A and progerin has a detrimental effect and in vivo blockade of this
interaction ameliorates the HGPS phenotype (S.-J. Lee et al, 2016). Since lamin A levels are

HGPSrev/HGPSrev

undetectable or negligible in Lmna mice, we cannot rule out that the delayed

phenotype in this model could be due to the lack of interaction between progerin and lamin A.

Phenotype differences have been reported among previous HGPS mouse models. For example,
G608G BAC mice do not resemble any HGPS physical alteration but they display many of the
vascular alterations observed in patients (Varga et al, 2006). In contrast, Lmna™® mice do not
show vascular abnormalities but exhibit other premature aging features, such as growth
retardation, lipodystrophy and premature death (Yang, 2006). One reason for these differences
among HGPS mouse models could be the diversity of strategies used for their generation.

LmnaHGPrev/HGPSrev

mice resemble not only some of the premature aging features, such as failure to
thrive, loss of subcutaneous fat (Figure 15A, 17A) or lifespan shortening (Figure 15B), but also
cardiac abnormalities (Figure 25) and vascular alterations (Figure 19-24). Importantly,

cardiovascular dysfunction is the main complication of human HGPS that leads to premature

death.

Although autopsy data on HGPS patients are very limited, loss of VSMCs in the medial layer of
vessels and its replacement by collagen have been reported in the arterial system in HGPS
patients (Stehbens et al.,, 2001; Olive et al, 2010; Worman and Michaelis, 2018). In our work,
we have observed loss of VSMCs both in the thoracic aorta and in the aortic arch in =50-week-
old Lmng"cPreHePser mice (Figure 20B, 21B). This loss of VSMCs is associated with increased
collagen deposition (Figure 19) as was also observed in HGPS patients and mouse models (Varga
et al, 2006; Hamczyk et al., 2018, 2019; del Campo et al.,, 2019). Importantly, the presence of

excessive collagen in the aortic arch before VSMC depletion at early stages in LmngHcPsrevHcPsrer
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mice (Figure 19A, 21A) suggests for the first time that collagen deposition precedes loss of

VSMCs.

HGPSrev/HGPSrev

Lmna mice offer some advantages compared to other HGPS mouse models. The

C6096/G6096 mjce, one of the most

thoracic aorta does not show significant VSMCs loss in Lmna
used progeroid models (Osorio et al.,, 2011; del Campo et al,, 2019), probably because they die
before vascular pathology has been completely developed, since a tendency for this loss has
been reported (Osorio et al., 2011). Although BAC G608G mice exhibit vascular pathology, they
do not display any other HGPS features (Varga et al., 2006). Thus, the Lmna""™" mouse model

offers the possibility of studying the role of progerin suppression specifically in VSMCs, and

testing whether this suppression prevents the loss of medial VSMC loss and collagen deposition.

Vascular stiffness is an early and pervasive feature in HGPS patients, as well as one major age-
related vascular alteration that promotes many cardiovascular complications (Lakatta and Levy,

2003; Gerhard-Herman et al.,, 2012; Hamczyk, del Campo and Andrés, 2018). We therefore

performed wire and pressure myography experiments to determine whether LmngH¢Psre/HcSrer

G609G/G609G

mice develop vessel stiffening. Consistent with previous observations in Lmna mice (del

Campo et al., 2019), LmngHePsreHePSrer mice exhibit vascular stiffness and inward remodeling in the
thoracic aorta, both at medium and late stages of disease progression (Figure 22), strengthening

the concept that aortic stiffness is main feature of HGPS. Analysis of small mesenteric vessels in

HGPSrev/HGPSrev

Lmna mice also revealed statistically significant inward remodeling at both medium and

HGPSrev/HGPSrev

late stages, and a tendency to vascular stiffness in old Lmna mice (Figure 23).

Since VSMCs are the major contributors to vascular contraction, that, indeed, can be impaired

by the presence of a stiff ECM (Lacolley et al., 2017), we analyzed the mechanisms regulating

HGPSrev/HGPSrev

vascular tone in thoracic aortas from Lmnd mice. We observed both endothelial

dysfunction (Figure 24A) and decreased contractility (Figure 24B) in the aorta of =~50-week-old

LmnaHGPSrev/HGPSrev

mice. Interestingly, whereas endothelial function is compromised during aging,
normal flow mediated dilation measurements have suggested a preserved endothelial function
in HGPS patients (Melissa A Merideth et al, 2008). However, since HGPS patients develop
atherosclerosis (Olive et al, 2010), the endothelium -a key player in atherosclerosis
development- (Choudhury, Fuster and Fayad, 2004), should be altered at some point.
Remarkably, vascular contractility and endothelial function are preserved in =30-week-old

HGPSrev/HGPSrev

Lmna mice, which exhibit vascular stiffness at the same age (Figure 22, 24). We
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therefore suggest that vascular tone alterations (i.e, impaired contractility and impaired
endothelial dependent and independent vasodilation) might be a consequence, but it is not the

cause of vascular stiffness.

Regarding electrographic alterations, Lmng"cPrevHePsrer

mice exhibit significant T-wave flattening
and QT, QT and JT interval prolongation, which were exacerbated as disease progressed
compared with age-matched controls (Figure 25). These findings are consistent with
repolarization abnormalities previously described in Zmste24-deficient mice and HGPS patients
(Melissa A. Merideth et al., 2008; Rivera-Torres et al., 2016; Fanjul, 2019). Importantly, while

G609G/G609G

Zmste24-deficient and Lmna mice develop bradycardia (Rivera-Torres et al., 2016; Fanjul,

HGPSrev/HGPSrev

2019), we did not observe this alteration in Lmna mice (Figure 25), in agreement with

the results of two studies in HGPS patients (Rivera-Torres et al., 2016; Prakash et al., 2018).

HGPSrev/HGPSrev mice and their

We wanted to explore in detail the cardiac alterations in Lmna
similarities with those found in HGPS patients. Diastolic dysfunction seems to be a common
abnormality in HGPS patients, with increasing prevalence at older ages (Prakash et al., 2018),
mirroring findings seen during normal aging (Hamczyk, del Campo and Andrés, 2018). One of
the proposed mechanisms leading to diastolic dysfunction is reduced compliance, resulting from
diffuse myocardial fibrosis and concomitant increased stiffness of the LV (Villalba-Orero et al.,
2017; Hamczyk, del Campo and Andrés, 2018; Prakash et al, 2018). Although our
echocardiographic analysis did not reveal statistically significant differences in the E/A ratio when

HePSredHGRSrev mice and Lmna™™* controls (Figure 26C), our progeroid mice showed

comparing Lmna
reduced flow velocity from one of the pulmonary veins that drain into the left atrium (Figure
26C), indicating possible diastolic dysfunction. Hence, future analysis of diffuse myocardial
fibrosis are warranted to conclusively asses if the diastolic dysfunction observed in HGPS

HGPSrev/HGPSrev

patients also occur in Lmna mice. Additionally, consistent with HGPS patients, neither

HGPSrev/HGPSrev

systolic function nor pulmonary tension were altered in Lmna mice compared with

age-matched controls (Figure 26A, 26B).

After characterizing our new mouse model and confirming its progeroid phenotype, we sought
to determine the potential therapeutic benefit of suppressing progerin expression and restoring
lamin A levels once the HGPS phenotype has developed. To this end, we generated
LmngHersreHersre b e.CreERT2%* mice by crossing Lmna™“* mice with transgenic Ubg-CreERT2%¢*

mice, which carry a tamoxifen-inducible Cre recombinase controlled by a ubiquitous promoter
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(Figure 28). Of note, although survival was undistinguishable between Lmng"c*e™HPrer Jpe-
CreERT2%* and Lmng"cPreHehrer mice (Figure 30A), cardiac symptoms were milder in
Lmna"ePsreHePSre Jbe-CreERT2'®* mice (Figure 31). Although we did not observe detectable levels
of lamin A in Lmng"ereHePsrer (Jpc-CreERT2'®* mice treated with vehicle (Figure 29, 32C), we
cannot rule out a residual spontaneuous Cre activity (Kristianto et al., 2017) as a cause of the
observed milder phenotype in these animals. Moreover, it has been previously described that
Zmspte24-deficient mosaic mice did not display progeroid phenotype (de la Rosa et al., 2013).
Therefore, a milder phenotype in Lmnga"P/HePer Jbc-CreERT2'¥* mice with spontaneous

recombination would not be surprising.

Tamoxifen treatment of Lmna"®ecPe Jhc-CreERT2®* mice removed the progerin cassette
inserted in the Lmna locus and restored lamin A protein expression (Figure 29). These results
verified the feasibility of our strategy at the genetic and protein level. Notably, we have
demonstrated that it is possible to enhance significantly the survival of progeroid mice even
when treatment starts at very advanced stages of disease progression (Figure 32A). Although
we have shown that tamoxifen-treated animals exhibit progerin suppression or reduction and
restoration of lamin A expression (Figure 32C), more organs need to be analyzed. Interestingly,
one of the animals that died 2 days after tamoxifen administration did not show changes in
progerin and lamin A protein expression (Figure 32C, yellow arrowhead). These results are very
encouraging because they give great hope for patients with advanced symptomatology, so we
can claim that ‘it’s never too late’ to start anti-HGPS treatments. However, it seems there is a
point where the damage generated by progerin is irreversible, since prolongation of life span in
tamoxifen-treated Lmna"e"reHePrev (Jhc.CreERT2®™" mice die prematurely compared to the life
span of Lmna™* animals (Figure 32A). Furthermore, these mice did not improve body weight
after tamoxifen administration (Figure 32B), suggesting irreversible processes at the very last
stages of disease progression. However, we cannot rule out that the lack of a complete reversion

of the HGPS phenotype may be due to incomplete progerin removal and lamin A restoration.

Two recently published studies provided proof-of-concept for CRISPR-Cas9 system-based in
vivo gene therapy in newborn HGPS mice (Beyret et al., 2019; Santiago-Fernandez et al., 2019).
However, none of these therapies has tested its efficiency in adult mice with an established
progeroid phenotype. In our work, we have observed a significant improvement of the body

HGPSrev/HGPSrev

weight in 15-18-week-old Lmna mice infected with AAV9 expressing Cre recombinase

(Figure 33D). Thus, we have demonstrated for the first time that in vivo gene therapy slows
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down the progression of the disease. Ongoing follow up of these mice will ascertain the impact

of our gene therapy on survival.

Our mouse model also allows progerin suppression and lamin A restoration in specific cell types
using transgenic mice with cell type-specific Cre expression. Our laboratory has recently
demonstrated that expressing progerin specifically in VSMCs induces inward remodeling and
vascular stiffness (del Campo et al., 2019). In addition progerin expression in VSMCs is sufficient
to provoke vascular pathology and to shorten significantly the life span of Apolipoprotein E
deficient mice, suggesting that these cells are a major contributors to HGPS vascular pathology
(Hamczyk et al, 2018, 2019; Hamczyk and Andrés, 2019). We have therefore generated
LmngHerreicse SM22aCre* mice, in which progerin is suppressed and lamin A restored in
VSMCs. Characterization of these mice will allow us to ascertain if we can prevent or slow down
vascular alterations and augment survival by suppressing progerin expression in VSMCs. Future
studies will include other cell types to identify the key organs that determine life- and health-

span in progeria, which should be targeted for therapeutic purposes.

Collectively, this Doctoral Thesis aimed at generating, characterizing and validating

LmnaHGPSrev/HGPSrev

mice, a new mouse model of HGPS to study the effect of progerin elimination
and lamin A restoration either ubiquitously or from specific tissues in a background of whole-
body progerin expression. Using these mice, we have addressed a fundamental question
concerning the real possibilities of stopping or slowing down the progression of HGPS by
removing progerin once the disease phenotype is established, something that had remained
unknown so far. Our results constitute an important advance for the progeria field and give
hope for the development of new therapies to treat or cure HGPS. Ongoing studies are
examining the benefit of suppressing progerin and restoring lamin A starting at earlier stages of
HGPS using both the tamoxifen-inducible Cre mouse model and AAV-Cre strategy. Our model
will also address whether cardiovascular alterations and HGPS progression can be prevented or

delayed by suppressing progerin expression only in specific cell types that are relevant to CVD

such as VSMCs, endothelial cells and cardiomyocytes.
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6. CONCLUSIONS

In this Doctoral Thesis, we have used the CRISPR-Cas9 system to generate a new conditional
mouse model of HGPS to assess disease progression upon progerin suppression and lamin A
restoration. This model also allows to evaluate the relative contribution of systemic and tissue-
specific factors to the development of HGPS to assess the effectiveness of potential future
therapies designed to eliminate progerin ubiquitously or in a tissue-specific manner. The main

conclusions derived from this Doctoral Thesis are the following:

1 LmnaHGPSrev/HGPSrev

mice express progerin ubiquitously and recapitulate the features of
human HGPS such as failure to thrive, loss of subcutaneous fat, premature death and
cardiovascular alterations, including collagen deposition, VSMC depletion, impaired

vessel contraction, arterial endothelial dysfunction, vessel stiffness and inward

remodeling and cardiac repolarization abnormalities.

2. The Lmna""™ conditional allele allows the suppression of progerin expression with
simultaneous restoration of lamin A expression upon activation of the Cre recombinase

both in vitro and in vivo.

3. Suppression of progerin expression and lamin A restoration upon tamoxifen activation

of the Cre recombinase at late stages of HGPS prolongs the survival of LmngH¢fsre/HcPsrer

Ubc-CreERT®* mice.

4. Gene therapy with a single injection of adeno-associated virus overexpressing the Cre

HGPSrev/HGPSrev

recombinase starting in Lmna mice exhibiting initial symptoms of HPGS

improves body weight gain.
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6. CONCLUSIONES

En esta Tesis Doctoral hemos generado mediante el sistema CRISPR-Cas9 un nuevo modelo de

ratéon condicional de HGPS para analizar el efecto de la eliminaciéon de la progerina y la

restauracion de la lamina A en el desarrollo de la progeria. Este modelo también permite

investigar la contribucioén relativa de factores sistémicos y especificos de tejido al desarrollo de

la progeria para evaluar la eficacia de posibles terapias futuras dirigidas a la eliminacién ubicua o

tejido-especifica de la progerina. Las principales conclusiones derivadas de este trabajo son:

1.

LOS ratones LmnaHGPSrev/HGPSrev

expresan progerina y recapitulan gran parte de las
caracteristicas de HGPS en humanos como muerte prematura, peso corporal reducido,
perdida de grasa subcutanea y alteraciones cardiovasculares incluyendo acumulacién de
colageno, pérdida de células del musculo liso vascular, contraccion vascular defectuosa,

disfunciéon endotelial, rigidez y remodelado vascular hacia dentro, y alteraciones

electrocardiogrificas.

HePsrev permite la eliminacién de la expresién de la progerina y

El alelo condicional Lmna
la restauracién simultanea de la lamina A inducida por la activacién de la recombinasa

Cre tanto in vitro como in vivo.

La eliminacién de la progerina y la restauraciéon de la lamina A en estadios avanzados de
la enfermedad provocada por la activacién de la recombinasa Cre inducida por
HGPSrev/HGPSrev

tratamiento con tamoxifeno aumenta la supervivencia de los ratones Lmna

Ubc-CreERT'".

La terapia génica basada en una Unica inyeccion sistémica de virus adeno-asociados que
sobreexpresan la recombinasa Cre mejora la ganancia de peso de ratones

HGPSrev/HGPSrev

Lmna adultos en los que el tratamiento se inicia cuando ya presentan sintomas

de HGPS.
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Abstract

Vascular stiffness is a major cause of cardiovascular disease during normal aging and
in Hutchinson-Gilford progeria syndrome (HGPS), a rare genetic disorder caused by
ubiquitous progerin expression. This mutant form of lamin A causes premature aging
associated with cardiovascular alterations that lead to death at an average age of
14.6 years. We investigated the mechanisms underlying vessel stiffness in
Lmna®¢?7¢/68099C mice with ubiquitous progerin expression, and tested the effect of
treatment with nitrites. We also bred Lmna-“‘“Tie2Cre™* and Lmna-“’
LCSSM22aCre™’t mice, which express progerin specifically in endothelial cells (ECs)
and in vascular smooth muscle cells (VSMCs), respectively, to determine the specific
contribution of each cell type to vascular pathology. We found vessel stiffness and
inward remodeling in arteries of Lmng®%0?¢/6%%%G and Lmna->/*“>SM22aCre*’ts, but
not in those from Lmna-“>*“>Tie2Cre*’*¢ mice. Structural alterations in aortas of pro-
geroid mice were associated with decreased smooth muscle tissue content,
increased collagen deposition, and decreased transverse waving of elastin layers in
the media. Functional studies identified collagen (unlike elastin and the cytoskeleton)
as an underlying cause of aortic stiffness in progeroid mice. Consistent with this, we
found increased deposition of collagens Ill, 1V, V, and Xl in the media of progeroid
aortas. Vessel stiffness and inward remodeling in progeroid mice were prevented by

GE09G/GE09G grtaries exhi-

adding sodium nitrite in drinking water. In conclusion, Lmna
bit stiffness and inward remodeling, mainly due to progerin-induced damage to
VSMCs, which causes increased deposition of medial collagen and a secondary alter-
ation in elastin structure. Treatment with nitrites prevents vascular stiffness in

progeria.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death and mor-
bidity worldwide (World Health Organization, 2017). Most of the
classical risk factors associated with CVD development are modifi-
able, for example, dyslipidemia, high blood pressure, smoking, and
diabetes (D'Agostino et al., 2008). However, the most important
CVD risk factor is aging, an ostensibly unmodifiable risk factor that
is a defining demographic phenomenon of our times, with a high
sanitary and socio-economic impact (Population Division, 2002). It is
therefore of utmost importance to gain a thorough knowledge of
the mechanisms through which aging alone, independently of other
modifiable cardiovascular risk factors, induces changes in the cardio-
vascular structure and function, in order to provide sustainable and
accessible therapies to a rapidly aging population.

In addition to the characterization of risk factors epidemiologi-
cally associated and contributing to CVD development (D'Agostino
et al., 2008), great advances have been made in the definition of tis-
sue and cellular properties underlying age-induced cardiovascular
decline (Lakatta, 2003; Lakatta & Levy, 2003a, 2003b). Among them,
vascular stiffness is attracting increasing attention due to evidence
that this alteration is a key starting point for other cardiovascular
complications, especially during aging (Hamczyk, del Campo, &
Andrés, 2018; Lakatta & Levy, 2003a). Age-related arterial stiffness
triggers and promotes endothelial dysfunction and permeability
(Huveneers, Daemen, & Hordijk, 2015), increased blood pressure,
cardiac and vascular fibrosis and inflammation, inducing both vessel
and cardiac overload, finally leading to atherosclerosis and heart fail-
ure (Kohn, Lampi, & Reinhart-King, 2015; Mitchell, 2008; Wang,
Monticone, & Lakatta, 2014). Furthermore, epidemiological studies
indicate that vessel stiffness is a strong independent predictor of
clinical cardiovascular events, especially during aging (Vlachopoulos,
Aznaouridis, & Stefanadis, 2010). Therefore, targeting vessel stiffen-
ing has great potential to prevent age-related cardiovascular disor-
ders (Adji, O'Rourke, & Namasivayam, 2011; Boutouyrie, Laurent, &
Briet, 2008; Safar, 2018).

Hutchinson-Gilford progeria syndrome (HGPS, OMIM 176670) is
an ultra-rare human genetic disease (estimated prevalence, 1 in 20
million) characterized by several signs of premature aging, including

accelerated CVD (Hennekam, 2006). The disease is caused by a

aging, dietary nitrite, progeria, smooth muscle cells, vascular stiffness

heterozygous de novo point mutation in the LMNA gene, most fre-
quently ¢.1824C>T (p.G608G) (Eriksson et al., 2003; De Sandre-Gio-
vannoli et al., 2003). This synonymous mutation activates a cryptic
splice donor site that removes 150 nucleotides from exon 11, gener-
ating a truncated form of lamin A, known as progerin, a protein that
cannot undergo complete maturation and remains permanently car-
boxymethylated and farnesylated. As a result, progerin accumulates
within the nuclear lamina and disrupts normal nuclear architecture,
leading to DNA damage and many other nuclear and cell defects
(Dorado & Andres, 2017; Goldman et al., 2004). The most important
clinical manifestations of HGPS patients are cardiovascular complica-
tions, with patients typically dying at an average age of 14.6 years
(Gordon et al., 2014). The pattern of cardiovascular deterioration is
broadly similar in progeria and normal aging, although HGPS patients
typically lack or are mildly affected by traditional cardiovascular risk
factors (Hamczyk, del Campo & Andrés, 2018). HGPS therefore
offers a unique opportunity to study mechanisms that cause age-as-
sociated vascular dysfunction independently of other risk factors
(Gerhard-Herman et al., 2012; Hamczyk, Campo et al., 2018). Vessel
stiffness is also a key player in CVD associated with HGPS, which
appears very early and pervasively (Gerhard-Herman et al., 2012;
Gordon et al, 2012), and is an important cardiovascular outcome
measure in HGPS clinical trials (Gordon et al., 2012, 2016). Despite
the importance of vessel stiffness in the cardiovascular pathophysiol-
ogy of both HGPS and normal aging, the underlying mechanisms and
specific contribution of different cell types have yet to be defined.
The present study aims to investigate the mechanisms underlying
vessel stiffness in HGPS by analyzing vascular structure and mechanics

in mutant Lmna®¢°?¢/6¢07¢

mice, which express progerin ubiquitously
and recapitulate the main clinical manifestations of human HGPS (re-
duced lifespan, lipodystrophy, and bone and cardiovascular abnormali-
ties; Hamczyk, Villa-Bellosta et al., 2018; Osorio et al., 2011; Villa-
Bellosta et al., 2013). In order to analyze the specific contribution of dif-
ferent cell types to the vascular pathology of progeria, we bred Lmna“’
LSTie2Cre”® and Lmna'“*“>sM22aCre*”*® mice, which respectively
express progerin specifically in endothelial cells (ECs) and vascular
smooth muscle cells (VSMCs).

Many different therapeutic approaches for HGPS have been pro-

posed in the last years, but clinical trials have demonstrated only very
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limited benefit for patients (Harhouri et al., 2018). New therapies for
HGPS should be safe to permit long-term use and should preferably
target CVD, the main cause of death in HGPS (Harhouri et al., 2018).
Vessel stiffness is an important determinant of CVD and is measured
in HGPS clinical trials (Gordon et al., 2016, 2012; Ullrich et al., 2013).
We therefore tested the effects of dietary supplementation with

sodium nitrite on vascular stiffness in Lmng©07¢/¢60%¢

mice, a treat-
ment that has been shown to prevent large elastic artery stiffness dur-
ing normal aging in both mouse and humans, without reported side

effects (Rammos et al., 2014; Sindler et al., 2011).

2 | RESULTS

2.1 | Lmna®%%?6/G¢0%G mice ubiquitously expressing
progerin show aortic stiffness and inward remodeling
that are reproduced in mice with VSMC-specific
progerin expression

The mean survival of Lmnag®¢096/G609G

is 21.71 + 0.82 weeks. All studies were carried out with 13- to
15-week-old male mice, which showed evident symptoms of disease

mice in our animal facility
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but were not yet in the last stages of their lifespan. Mechanical
properties of aortas were analyzed by ex vivo analysis with wire

myography. These assays showed that diameter—tension relation-

G609G/G609G

ships in aortas from Lmna are left-shifted compared to

+

Lmna*’* controls (Figure 1a, left). Regression lines were calculated

for these relations and compared. The slopes of regression lines

G609G/G609G

were significantly steeper in Lmna aortas, indicating

increased aortic stiffness (Figure 1a, middle). Moreover, the esti-
mated physiological diameter (diameter at 100 mmHg, Figure 1a,
right) and the diameter at O force (Supporting Information Figure S1,

G609G/G609G

left) were both decreased in aortas of Lmna , indicating

inward remodeling.

Since systolic and diastolic pressures are unaltered in Lmna®°?%’

G609G mice (Osorio et al., 2011), magnetic resonance imaging (MRI)
was used to measure the stroke change in lumen area of the tho-
racic aorta as an in vivo measure of distensibility and stiffness (Lau-
rent et al, 2006). We found smaller systolic and diastolic aortic

diameters in Lmna®0?¢/6609G

mice (Figure 1b, left). Moreover, the
distensibility of the vessel was significantly lower in progeroid mice,
as evidenced by the decreased slope of the ascending part of the

cross-sectional area-time curve (Figure 1b, right).
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FIGURE 1 The aortas of progeroid mice exhibit arterial stiffness and inward remodeling. (a) Wire myography analysis of diameter—tension

relationships, linear regression slope, and diameter estimated at 100 mmHg for aortic rings (n = 11 Lmna
littermate controls). (b) Magnetic resonance imaging (MRI) of the thoracic aorta in Lmna

and quantification of aortic size in area units (mm?)

of the aortic size-time curve

+/+

mice (n = 19) and Lmna
over a complete cardiac cycle. Distensibility is expressed as the slope of the ascending part

G609G/G609G

mice and n = 13 Lmna*’*

G609G/G609G mice (n - 17)
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To determine the relative contribution of VSMCs and ECs to the
alterations observed in progeroid mouse aortas, we analyzed mice
expressing progerin only in VSMCs (Lmna-®*“>SM22aCre*"*) or only
in ECs (Lmna*“>*“Tie2aCre™'s). Littermate Lmna*“>*“> mice were
used as controls. Cell-type-specific progerin expression was con-
firmed by immunofluorescence on aortic sections (Supporting Infor-
mation Figure S2). Wire myography revealed a steeper slope of the
diameter—tension relationships and a decreased physiological diame-
ter in the aortas of Lmna-“*>SM22aCre*’*® mice (Figure 2a),
whereas values were unaltered in aortas from Lmna-“:Tie2Cre*/'s
mice (Figure 2b). These data indicate that VSMC-specific progerin
expression, but not EC-specific expression, is sufficient to induce
aortic stiffness and inward remodeling.

Pulse wave velocity (PWV) is the gold standard method for non-
invasive measurement of arterial stiffness in humans (Laurent et al.,
2006). Attempts to measure PWV in progeroid Lmna®%096/6¢0%G mjce
were impeded by the presence of aortic regurgitation (data not
shown), which interfered with PWV measurement. Nevertheless, we
were able to measure PWV in Lmna-“t“*SM22aCre*/*8 mice, since
they do not develop aortic regurgitation. This analysis confirmed

increased arterial stiffness in these mice relative to Lmng-¢>t

con-
trols (Supporting Information Figure S3), validating the MRI and wire

myography results.

(a) - LmnaLCS/LCS

22 | LmnaG609G/G609G LCS/

mice and Lmna
LESSM22aCre*’*s mice show stiffness and inward
remodeling in small mesenteric vessels

The structural and mechanical properties of small mesenteric arteries
were studied by pressure myography, which reveals pressure-diame-

G609G/G609G mice had smaller inner

ter properties. Vessels from Lmna
and outer diameters than controls, indicating inward remodeling, as
well as left-shifted stress—strain curves, indicating vessel stiffness
(Figure 3a). These alterations were also observed in small mesenteric
arteries from the VSMC-specific Lmna-c>"**SM22aCre*’* mice (Fig-
ure 3b), reinforcing the important role of VSMCs in the remodeling

and stiffness of progeroid mouse arteries.

2.3 | Collagen is an important mediator of aortic
stiffness in Lmna®%°?¢/¢%%9¢ mjce

We explored the involvement of structural components of the vessel
wall that could play a role in aortic stiffness in progeroid mice, that
is, collagen, elastin, and the cytoskeleton. Thus, we analyzed aortic
diameter—tension relationships by wire myography in the absence
and presence of specific disrupting agents: collagenase type Il to
degrade collagen, elastase to degrade elastin fibers, and mycalolide B
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FIGURE 2 Mice with VSMC-specific progerin expression display arterial stiffness and inward remodeling, whereas mice with EC-specific
progerin expression do not. (a, b) Wire myography analysis of diameter—tension relationships, linear regression slope, and diameter estimated at
100 mmHg for each vessel segment in aortic rings from Lmnat“>**>sM22aCre'¥’* mice (n = 11) (a) and Lmna-“>"'*Tie2Cre'¥’* mice (n = 8) (b).
Mice of both genotypes are compared with Lmna>** littermate controls (n = 13 and 8, respectively)
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FIGURE 3 Small mesenteric vessels from ubiquitous and VSMC-specific progeroid mice exhibit arterial stiffness and inward remodeling.
Pressure—diameter curves for the vessel (outer) and lumen (inner) diameters, corresponding stress—strain curves, and representative images of

the pressurized arteries at 60 mmHg. (a) Arteries from Lmng®¢°?¢/c6096

mice (n = 10), compared with Lmna™’* littermate controls (n = 9). (b)

Arterioles from Lmna-**“>SM22aCre'®’* mice (n = 6), compared with Lmna-“>tS littermate controls (n = 6)

to depolymerize cytoskeletal F-actin to G-actin. These agents can
induce substantial changes in the diameter-tension relationships in
control aortas, but we were particularly interested in possible differ-

ences between Lmna*’* and Lmna®0?¢/¢609¢

, which could indicate a
different contribution of the corresponding structure to vessel wall
mechanical properties. Collagenase significantly reduced the slope of

the diameter—tension relationships in Lmna®é0?¢/6¢096

aortas, but
had no effect on aortas from control Lmna** mice (Figure 4a). These
results suggest that collagen is involved in the increased slope in
progeroid mice and therefore in aortic stiffness. Collagenase revealed
no between-genotype differences in the estimated diameter at
100 mmHg (Supporting Information Figure S4A).

Elastase and mycalolide B had similar effects in Lmna** and

G609G/G609G

Lmna mouse aortas (Figure 4b,c), indicating that alter-

ations in elastin and the cytoskeleton are not involved in the devel-

opment of stiffness or inward in the aortas of

G609G/G609G

remodeling

Lmna mice.

2.4 | Aortas from Lmna®4°?¢/6%9C mice show

increased collagen deposition and smooth muscle
degeneration in the medial layer

Histological analysis of aortic sections stained with hematoxylin—
eosin (H&E) and Masson's trichrome revealed decreased smooth
muscle area and increased collagen area in the medial layer of

LmnaGéO9G/GéO9G

aortas (Figure 5a). Fluorescent imaging of DAPI-
stained nuclei revealed no significant between-genotype differences
in cell number in the medial layer (Figure 5b), suggesting that the
decrease in muscle tissue in progeroid mice is due to loss of smooth
muscle mass, and not to increased cell death.

Collagen density and cross-linking were evaluated in Lmna®™* and

LmnaGéO?G/GéO9G

aortas by visualizing picrosirius-red-stained aortic
sections under polarized light. This technique detected collagen bun-
dles only in the adventitial layer, showing no between-genotype dif-

ferences in the total amount of adventitial collagen nor in the
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mice. Diameter—tension relationships and corresponding
G609G/GE09G mice (n = 5-10) after incubation with drugs affecting

vessel structure: collagenase (collagen degradation), elastase (elastin—fiber degradation), and mycalolide B (depolymerization of F-actin to G-

actin). Vehicle was used as control

relative amount of orange (thick) or green (thin) collagen fibers (Sup-
porting Information Figure S5). Second-harmonic generation micro-
scopy was also performed to evaluate the structure of fibrous
collagen. We detected collagen fibrils in the adventitial layer, but not
in the media; quantification showed no differences in the structure,
distribution, or amount of collagen fibers in the adventitial layer
(Supporting Information Figure S6).

Morphological analysis of elastin layers, visualized as green aut-
ofluorescence, showed significant loss of elastin fiber ondulations in

LmnaGéO?G/GéOS’G

aortas, quantified as an increase in elastin lineariza-
tion (Figure 5b). We also measured the lumen perimeter and calcu-
lated media thickness in aortic histological sections. Media thickness
is unaltered, while lumen perimeter is decreased in aortas from

LmnaGéO?G/GéO?G

mice (Figure 5c). These data agree with those
obtained by wire myography, showing a decreased lumen diameter
even in unloaded conditions (arteries not subjected to intraluminal
force; Supporting Information Figure S1A). These results thus rein-
force the idea that progeroid arteries are not only stiffer but also

exhibit inward remodeling.

2.5 | Aortas from Lmna®4°?¢/%9C mice show

increased expression of collagens lll, 1V, V, and Xll in
the medial layer

We performed immunofluorescence experiments to examine the
amount and localization of collagens in aortas from Lmna™* and

LmnaGéO9G/GéO9G

mice (Figure 6). We focused on collagens typically
present in the vessel wall that are expressed in HGPS (Stehbens,
Delahunt, Shozawa, & Gilbert-Barness, 2001), that is, collagens |, Ill,
1V, and V. We also analyzed collagen XlI since it cross-links and orga-
nizes other collagen fibers (Chiquet, Birk, Bonnemann, & Koch,
2014). Moreover, mutations in the collagen XIl gene cause Ehlers—
Danlos myopathy, a very rare disease with connective tissue and
vascular phenotype opposite to that seen in HGPS patients, includ-
ing joint hypermobility, soft highly elastic skin, and vascular fragility
(Malfait, 2018). We found that collagen | is mainly present in the
adventitial layer, and no significant differences in its expression were
detected in the adventitial and medial layers (Figure 6). In contrast,

collagens Ill, IV, V, and XII were mainly expressed in the media, with
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FIGURE 5 Aortic media of Lmna®°?¢/¢%%?C mice shows increased collagen deposition, a decreased amount of smooth muscle tissue, and

altered elastin waving. (a) Histological analysis of aortic sections from

G609G/G609G

Lmna mice (n = 13) and Lmna®’* mice (n = 11) stained with

H&E and Masson's trichrome, showing increased collagen deposition and decreased smooth muscle area in the aortic medial layer of progeroid

mice. (b) Confocal microscopy images of elastin autofluorescence and
linearity in aortic sections from Lmng®¢°?¢/¢¢076

DAPI nuclear staining (n = 13-14), showing increased elastin wave

mice unaccompanied by significant changes in nuclear number. (c) Morphological analysis of

whole aortic sections (n = 9-12), showing no change in medial layer thickness and a decreased lumen perimeter relative to controls, indicating

G609G/G609G

inward remodeling in the Lmna aorta

significantly more deposition in the medial layer of Lmna©®é°?¢/c609¢

aortas (Figure 6).

2.6 | Dietary nitrite supplementation protects
against inward remodeling and stiffness in small
mesenteric arteries of progeroid mice

/+ G609G/G609G

We treated control Lmna*’* and progeroid Lmna mice

with nitrites to explore the effect of this treatment on the

observed alterations in Lmna®%0?¢/¢609¢

aortas (Figure 7a). Dietary
nitrite supplementation at 50 mg/L prevented inward remodeling
and vessel stiffness in small mesenteric arteries (Figure 7b).
This dose was ineffective in aorta, but increasing the dose to
500 mg/L improved aortic vessel stiffness and inward remodeling

(Figure 7c).

3 | DISCUSSION

The present study provides insight into the mechanisms underlying
vessel stiffness and vascular dysfunction in aging by studying the
Lmna®%096/C609C  knock-in  mouse model of HGPS. Like HGPS
patients, these mice express progerin ubiquitously and age prema-
turely, and they display the main clinical manifestations of the
human disease, including lipodystrophy, bone and cardiovascular
abnormalities, and reduced lifespan (Hamczyk, Villa-Bellosta et al.,
2018; Osorio et al., 2011; Villa-Bellosta et al., 2013).

We observed arterial stiffness and inward remodeling (smaller
inner and outer diameters) in both the aorta and small mesenteric

G609G/G609G

vessels of Lmna mice. Future studies are warranted to

assess whether prelamin A accumulation in progeroid Zmpste24™/~

mice also causes vessel stiffening. The observed alterations in ves-

G609G/G609G LCS/

sels of Lmna mice are reproduced in arteries of Lmna
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LESSM22aCre™™8 mice, with VSMC-specific progerin expression, indi-
cating that VSMCs contribute significantly to vessel stiffness in
progeria. The presence of remodeling and stiffness we observed in
small resistance vessels of progeroid mice should be noted as an
important newly described feature in progeria, since evidence exists
suggesting that associations between aortic stiffness and cardiovas-
cular events are mediated by pathways that include microvascular
damage and remodeling (Cooper et al., 2016). Vessel stiffness might
therefore be a key target to threat progeria, since reversing it could
improve or restore vascular and cardiac function, but also improve
the function of other organs that are compromised by impaired per-
fusion associated with microvascular dysfunction (Chirinos, 2016;
Mitchell, 2008).

Aortas from mice expressing progerin specifically in ECs
(Lmnat“>"*Tie2Cre*’t8 mice) showed none of these structural alter-
ations, suggesting that ECs play no role in vascular stiffness in
progeria. However, ECs appear to be critical effector cells of other
progerin-induced cardiovascular alterations, since transgenic mice
overexpressing progerin only in ECs develop perivascular fibrosis in
coronary arteries and interstitial myocardial fibrosis, advance to left

ventricular hypertrophy associated with diastolic dysfunction, and

die prematurely (Osmanagic-Myers et al., 2018). Further studies with
ubiquitous and cell-type-specific progerin expression mouse models
are warranted to identify systemic and cell-intrinsic mechanisms
underlying primary and secondary cardiovascular anomalies in proge-
ria. We hypothesize that early VSMC dysfunction precedes and pos-
sibly can trigger endothelial dysfunction associated with the
development of atherosclerosis in HGPS consistent with our recent
studies showing that VSMC-specific progerin expression is sufficient
to aggravate atherosclerosis and to cause atherosclerosis-related pre-
mature death in apolipoprotein E-null mice (Hamczyk, Villa-Bellosta
2018).

atherosclerosis-resistant mice with an intact apolipoprotein E gene

et al., However, VSMC-specific progerin expression in
does not affect lifespan (Hamczyk, Villa-Bellosta et al., 2018), despite
the development of vessel stiffening in aorta and small resistance
vessels (Figures 2b and 3b). Further efforts are warranted to assess
whether EC-specific progerin expression is sufficient to aggravate
atheroma formation in atherosclerosis-prone mouse models (e.g.,
apolipoprotein E-null mice and low-density lipoprotein receptor-null
mice).

The here described new parameters to measure vessel stiffness

using the wire myograph allowed us to identify the tissue and
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FIGURE 7 Dietary nitrite supplementation protects Lmna

images of the pressurized arteries at 60 mmHg in nitrite-treated Lmna

G609G/G609G+/+

mice against vascular stiffness and inward remodeling. (a) Study
design. (b) Pressure—diameter curves for vessel (outer) and lumen (inner) diameters, corresponding stress—strain curves, and representative

+/+

(n = 7) and Lmna™™" (n = 6) mice. (c) Effect of dietary

nitrite supplementation on diameter—tension relationships, slope, and physiological diameter in aortic rings from Lmna** mice (n = 10-14) and

LmnaGéO?G/G609G

physiological diameter in aortic rings of treated Lmnag®0?¢/G¢09G

mice

cellular mechanisms underlying structural alterations in the aortas of
progeroid mice. These functional studies in which we disrupted indi-
vidual vessel wall components identified collagen as an underlying

cause of stiffness in the aorta of Lmna®%0?¢/6¢0%¢

mice, with no evi-
dence for a significant contribution from elastin or the cytoskeleton.
Further imaging of vessel wall components showed that arteries
from progeroid animals have increased collagen deposition and
decreased area of smooth muscle tissue, unaccompanied by signifi-
cant decreases in cell number. VSMCs thus degenerate in the vessels
of progeroid mice, and their space within the vessel wall is progres-
sively replaced by collagen, which accounts for the increased stiff-
ness. The change in elastin-fiber conformation to a more linear layer

arrangement in Lmnq®%0?6/6609G

mice might be an indirect conse-
quence of the alterations in collagen, and not a cause of the stiff-
ness, since the elastase experiments showed that differences in
diameter—tension relationships between control and progeroid aortas
were maintained after elastin disruption. This fibrotic process caused

by progerin expression in VSMCs mimics the well-known medial

mice (n = 9-13). Nitrites attenuate arterial stiffness, as evidenced by increases in the force-diameter slope and the

degeneration and sclerosis process associated with physiological
aging which promotes atherosclerosis in the long term (Sawabe,
2010). Of note, vascular stiffness in normal aging has been attribu-
ted not only to collagen accumulation, but also to elastin degradation
and increased collagen cross-linking (Kohn et al., 2015). Although our
mechanistic experiment suggests collagen and not elastin as a caus-
ing agent of stiffness, we cannot rule out the involvement of
increased medial collagen cross-linking in vascular stiffness in proge-
ria. Hence, the analysis of collagen organization and packaging by
picrosirius red staining or by second-harmonic generation imaging
did not have enough resolution to detect collagen in the medial
layer, but showed no between-genotype differences in the organiza-
tion and amount of collagen in the adventitia. The analysis of indi-
vidual collagen types by immunofluorescence confirmed no changes
in the amount of collagen in the adventitia (collagen 1), and increased
expression of collagens lll, IV, V, and XlIl in the medial layer of the
aorta. Further studies are required to identify the specific mecha-
nisms by which progerin induces increased expression of different
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collagens, and well as to assess the relative contribution of each col-

lagen to the stiffening of progeroid vessels.

G609G/G609G LCS/

Our findings also establish Lmna and Lmna
LESSM22aCre™t8 mice as animal models for the study of age-related
vascular stiffness without the interference from other cardiovascular
risk factors. The Lmna-“**>sM22aCre*’*3 mice will be especially use-
ful, since they are free of other specific progeroid disease symptoms.

Nitrite supplementation of drinking water prevents vessel stiff-
ness associated with normal aging (Rammos et al., 2014; Sindler
et al., 2011), and our analysis in progeroid mice establishes that diet-
ary nitrite protects against inward remodeling and stiffness in small
mesenteric arteries and aortas in progeria. Nitrites are inorganic ions
(NO;) usually obtained through the diet from green leafy vegetables.
They have become attractive candidates for restoring physiological
nitric oxide (NO) signaling in states of NO insufficiency such as
aging, since they have the ability to generate NO in hypoxia or low
pH conditions (in highly energy demanding tissues) through the
nitrite reductase activity of a wide variety of enzymes (e.g., myo-
globin or hemoglobin) (Sindler, Devan, Fleenor, & Seals, 2014). The
observed protective effects of nitrites can be explained by their abil-
ity to increase NO bioavailability (Lundberg & Weitzberg, 2008; Tot-
zeck et al, 2012), resulting in NO-mediated protection against
fibrosis (Chen et al, 2017; Kaikita et al, 2001, 2002), oxidative
stress, inflammation, and mitochondrial dysfunction (Liu & Huang,
2008; Wink et al., 2001), which may protect VSMCs from progerin-
induced degeneration. Since HGPS patients die mainly of atheroscle-
rosis and associated ischemic events, and no cure has been found
yet, any therapeutic approach aiming to retard the key pathophysio-
logical alterations that trigger their cardiovascular decline such as
vessel stiffness may have a beneficial impact on the patients. Consis-
tent with this view, clinical trials have demonstrated reduced vessel
stiffness in HGPS patients treated with the farnesyltransferase inhi-
bitor lonafarnib, which has been estimated to prolong lifespan by
1.6 years (Gordon et al., 2012, 2018; Ullrich et al., 2013). Therefore,
both HGPS patients and the general aging population may benefit

from the vasoprotective effects of nitrites.

4 | EXPERIMENTAL PROCEDURES

41 | Mice

Lmna®7¢/640%G \nock-in mice ubiquitously express progerin (Osorio
et al., 2011). Controls for these mice were Lmna™* littermates. We
crossed Lmnat©’t“S mice (Osorio et al., 2011) with SM22aCre mice
(The Jackson Laboratory) or with Tie2-Cre mice (Kisanuki et al.,
2001) to target progerin expression to VSMCs (Lmna-“/*“*SM22a-
Cre®) or to ECs (Lmna““>‘“Tie2Cre'¥’*). Controls used were
Lmna*“"*%Tie2Cre™* or Lmna*“>*“>SM22aCre*’* littermates, respec-
tively. All studies were carried out with 13- to 15-week-old male
mice on the C57BL/6 background, and analyses were performed by
researchers blinded to genotype and treatment.

Mice were maintained in the animal facility of the Centro Nacio-

nal de Investigaciones Cardiovasculares Carlos Il (CNIC) under

specific-pathogen-free conditions. All animal procedures conformed
to EU Directive 2010/63EU and Recommendation 2007/526/EC
regarding the protection of animals used for experimental and other
scientific purposes, enforced in Spanish law under Real Decreto
1201/2005, and were approved by the local ethics committees and
the Animal Protection Area of the Comunidad Auténoma de Madrid
(PROEX 135/14).

4.2 | Sample preparation

Animals were euthanized by CO, inhalation. Immediately after sacri-
fice, the thoracic and abdominal cavities were opened. Blood sam-
ples were collected from the inferior vena cava, placed in 500 pl
EDTA collecting tubes (Microvette), and maintained at 4°C for no
more than 1 hr before processing to obtain plasma. Thoracic and

mesenteric arteries were excised and used for different protocols.

4.3 | Nitrite treatment

G609G/G609G +

Lmna and Lmna®* mice received treatment with sodium
nitrite (NaNO,, 50 mg/L or 500 mg/L in drinking water) over the
8 weeks before sacrifice (from 6 to 14 weeks of age) (Figure 7a) The
doses used have been reported to be safe in mice, showing no evi-
dence of toxicological or carcinogenic effects and no changes in
water consumption (National Toxicology Program, 2001). Consistent
with this, we observed no adverse effects or changes in water con-

sumption in treated animals.

44 | Wire myography

Thoracic aortas were placed in ice-cold Krebs—-Henseleit solution
(KHS: 115 mM NacCl, 2.5 mM CaCl,, 4.6 mM KCl, 1.2 mM KH,POy,,
1.2 mM MgS0Oy4, 25 mM NaHCO3;, 11.1 mM glucose, and 0.01 mM
EDTA) immediately after sacrifice. The vessels were gently cleaned
of fat and connective tissue and cut into 2-mm-long segments. Wire
myography was performed as previously described (del Campo &
Ferrer, 2015). Aortic segments were mounted on two tungsten wires
in a wire myograph system (620M, DMT) and immersed in KHS at
37°C with constant gassing (95% O, and 5% CO,). Diameter-tension
relationships were determined by artificial, stepwise stretching of the
tissue, increasing its passive diameter by augmenting the distance
between the wires passing through the lumen. At each step, we
recorded both the force and the internal circumference of the vessel,
which was transformed into vessel diameter in um (del Campo &
Ferrer, 2015). The tension experienced by the vessel wall in resisting
this stretching was recorded by a force transducer connected to one
of the wires, and plotted on the y-axis. The estimated diameter at
100 mmHg was calculated from the diameter-tension relationship
and the Laplace equation (Tension = [pressure * radius]/thickness)
using the DMT normalization module (LabChart software, ADInstru-
ments; del Campo & Ferrer, 2015). For each vessel segment, a linear
regression was calculated from the diameter-tension relationship.

Diameter—tension measurements were excluded when discalibration
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of the force transducer in a specific channel was detected (differ-
ence between the myograph unit and the software >5 mM). Diame-
ter-tension relationships can be defined and compared with two
parameters. First, the slope of the linear regression quantifies the
change in tension per unit change in vessel diameter, so that a stee-
per slope indicates greater stiffness. Second, the extrapolated value
of diameter when the force is equal to O represents the vessel diam-
eter at O pressure (Y, diameter), which, together with the estimated
diameter at 100 mmHg (third), can indicate inward or outward
remodeling.

The contribution of different vessel wall components to vessel
stiffness was assessed by analyzing the diameter—tension relation-
ships upon degradation of collagen with collagenase type Il (0.2% w/
v; Thermo Fisher Scientific), elastin with elastase (28 ug/ul; Sigma),
or the cytoskeleton with the selective F-actin depolymerizer mycalo-
lide B (4 uM; Enzo Life Sciences). Aortic rings incubated with colla-
genase for 15 min in KHS were compared with vessels directly
mounted on the wire myograph in KHS (vehicle). Incubations with
elastase or mycalolide B were maintained for 3 hr at 37°C in HEPES
buffer (119 mM NaCl, 20 mM HEPES, 46 mM KCl, 1 mM
MgSQO,4-7H,0, 0.15 mM NayHPO4-12 H,0, 0.4 mM KH,PO4, 5 mM
NaHCO3;, 1.2 mM CaCl,-2H,0, 5.5 mM glucose, pH 7.4). Diameter—
tension relationships from these incubations were compared with
data from control aortic rings incubated for 3 hr in HEPES at 37°C
(vehicle). Note that diameter—tension relationships and corresponding
slopes for aortic rings incubated with elastase or mycalolide B share
the same control data, although they are plotted separately for clar-
ity (Figure 4).

4.5 | Pressure myography

Structural and mechanical properties of mesenteric resistance arter-
ies were studied with a pressure myograph (Danish Myo Tech,
Model P100, J.P. Trading /S, Aarhus, Denmark). Vessels were placed
on two glass microcannulae and secured with surgical nylon suture
thread. After any small branches were tied off, vessel length was
adjusted so that the vessel walls were parallel without stretching.
Intraluminal pressure was then raised to 120 mmHg, and the artery
was unbuckled by adjusting the cannulae. The segment was then set
to 45 mmHg and allowed to equilibrate for 30 min at 37°C in cal-
cium-free KHS (0Ca®*; omitting calcium and adding 1 mM EGTA),
perfused intravascularly and extravascularly, and gassed with a mix-
ture of 95% O, and 5% CO,. Intraluminal pressure was reduced to
3 mmHg. A pressure-diameter plot was obtained by increasing intra-
luminal pressure in 20 mmHg steps from 3 to 120 mmHg. Internal
and external diameters were continuously measured under passive
conditions (Djoca, Deoca, respectively) for 3 min at each intraluminal
pressure. The final value used was the mean of the measurements
taken during the last 30s, when measurements had reached a
steady state.

From internal and external diameter measurements in passive
conditions, the following structural and mechanical parameters were

calculated:

Aging

Wall thickness (WT) = (Deoca — Dioca)/2

Wall:lumen = (Deoca — Dioca)/2Dioca

Incremental distensibility is the percentage of change in the arte-
rial internal diameter for each mmHg change in intraluminal pressure

and was calculated according to this formula:
Incremental distensibility = ADioca/(Dioca x AP) x 100

Circumferential wall strain (¢) = (Dioca — Dooca)/Dooca, Where
Dooca is the internal diameter at 3 mmHg, and Digc, is the observed
internal diameter for a given intravascular pressure, both measured
in 0Ca?* medium.

Circumferential wall stress (6) = (P X Dioca)/(2WT), where P is the
intraluminal pressure (1 mmHg = 133.4 x 10° dynes.cm™), and WT
is wall thickness at each intraluminal pressure in 0Ca®*-KHS.

Arterial stiffness independent of geometry is determined by
Young's elastic modulus (E = stress/strain) (Briones et al., 2009;
Schjorring, Carlsson, & Simonsen, 2015). The stress—strain relation-
ship is nonlinear; therefore, it is more appropriate to obtain a tan-
gential or incremental elastic modulus (E;..) by determining the slope
of the stress—strain curve (Ej,c = do/5¢). Ej, was obtained by fitting
the stress-strain data from each animal to an exponential curve
using the equation ¢ = aorigeﬁ‘", where oig is the stress at the origi-
nal diameter (diameter at 3 mmHg).

Taking derivatives from the equation, we determine that E;.,. = fo.
For a given o-value, E;. is directly proportional to $. An increase in

implies an increase in Ej,., which signifies an increase in stiffness.

4.6 | Histological analysis

Thoracic aorta segments were fixed in 4% paraformaldehyde. Fol-
lowing dehydration in an ascending ethanol series, samples were
embedded in paraffin, cut into 5-um sections, and stained with H&E,
Masson's trichrome, or picrosirius red. H&E staining was performed
to check primary tissue appearance. Samples stained with H&E and
Masson's trichrome were imaged with OPT Scanner 3001 (OPT,
Bioptonics Microscopy). Medial thickness and lumen perimeter
length were measured in Masson's trichrome-stained specimens. Col-
lagen and VSMC content were measured in the medial layer as the
green or red area, respectively, in Masson's trichrome-stained speci-
mens (Fiji software; Image) 1.50e x64) and expressed as a percent-
age of the medial area.

Picrosirius-red-stained slices were imaged under a Nikon Eclipse
90i microscope both in bright field and under polarized light in order
to visualize collagen bundles with different thickness and packaging
(Rittie, 2017). Under polarized light, denser collagen bundles are seen
as yellow-orange, whereas the less dense or thinner collagen bundles
appear green (Lattouf et al, 2014). Under polarized light, we
observed green or yellow-orange collagen bundles only in the adven-
titial layer, and quantified them with ImageJ software.

To analyze elastin lamellae and nuclei, 5-um aortic sections
were stained with DAPI (1:500; Invitrogen), mounted in Eukitt®
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mounting medium (Sigma-Aldrich), and imaged with a confocal
microscope (Leica SP5 DMI 6000B) taking advantage of the intrinsic
autofluorescence of elastin fibers. The semiautomatic image pro-
cessing and quantification of elastin “rectilinearity” were developed
as a toolbox in Fiji (ImageJ 1.50e 64-bit for Windows). Rectilinearity
measures the length and waviness of each elastin fiber. Thus, a
region of interest with elastin fibers and a threshold to segment
them are selected. A skeletonization of the segmented objects (Lee,
Kashyap, & Chu, 1994), after removing small connected compo-
nents, extracts the center lines of each lamellae independently of
their intensity or thickness; these are later analyzed to measure the
length (“fiber length”) of each resulting branch and the correspond-
ing Euclidean distance between starting and final points (“fiber dis-
tance”; Arganda-Carreras, Fernandez-Gonzalez, Munoz-Barrutia, &
Ortiz-De-Solorzano, 2010). The final output is the ratio between
the accumulative sum of fiber distance and fiber length for all
branches. A first preprocessing step was applied to remove noise
from the original image by applying a median filtering followed by
background subtraction using the “rolling ball” algorithm (Sternberg,
1983).

4.7 | In vivo magnetic resonance imaging

For the MRI acquisition, mice were anesthetized with 2% isoflurane
and a 1.8 L/min oxygen flow. Ophthalmic gel was placed on the eyes
to prevent drying. Thoracic aorta cine MR studies were acquired
using a 7-T Agilent/Varian scanner (Agilent, Santa Clara, CA, USA)
equipped with a DD2 console, an actively shielded 115/60 gradient
set, and a microstrip helmet coil used for both RF transmission and
reception. MRI sequences were based on an ECG-triggered fast gra-
dient echo cine sequence with the following imaging parameters:
181.82/2.07 ms (minimum repetition time TR, minimum echo time
TE); field of view, 3.0 cm?; acquisition matrix, 256 x 256; flip angle,
40°; 8 averages; 20 cardiac phases; 2 slices; slice thickness, 0.2-
0.4 mm; and slice gap, 0.6 mm.

To determine the descending aorta cross section, we acquired
two transverse images perpendicular to the long axis of the aorta
and spinal cord, located slightly above the heart apex level, set on
three orthogonal planes (transverse, coronal, and sagittal) used to
localize the thoracic aorta, spinal cord, lungs, and heart.

For image quantification, aortic lumen area was measured on the
cine MR images by manual segmentation by a trained operator, using
the freely available Segment software v1.9 R3819 (http://segment.
heiberg.se) (Heiberg et al., 2010). In some images, the area could not
be determined, and therefore, we used the upper section data, with
data from the lower section used to fill in missing values when nec-
essary. Since the time sampling was different for each animal (de-
pending on heart rate), a time linear interpolation was applied to all
curves in order to obtain equivalent points throughout the cardiac
cycle. For curve plotting purposes, the mean and standard deviation
at each time point was determined for both animal groups. All time
curves were cut at 150 ms, as the different cycle duration for each
animal prevented a proper time alignment beyond that point. From

the original area raw data in mm?, the following derived parameters
were calculated: distensibility or initial ascending slope (estimated by
linear fitting over the first 20 ms at systole); incremental area (mea-
sured as area difference from the first point); strain (measured as the
aortic radius increase divided by initial radius). Total strain was

defined as the integral of the strain curve.

4.8 | Immunofluorescence staining

Thoracic aorta segments were fixed for 24 hr in 4% paraformalde-
hyde, embedded in paraffin, cut into 5-um sections, deparaffinized,
and rehydrated. Sections were antigen-unmasked, permeabilized, and
incubated with blocking solution. Primary antibodies were incubated
overnight at 4°C in blocking buffer. Sections were washed and incu-
bated with appropriate secondary antibodies for 1-2 hr at room tem-
perature and with DAPI/Hoechst, mounted with Fluoromount™
(Sigma) or Thermo Fisher SlowFade Gold antifade reagent (536936),
and visualized in a confocal microscope (Leica SP5 DMI 6000B for
collagen Xll and Lamin A; Nikon Eclipse 80i for collagens |, llI, IV, V).

For lamin A staining, antigen retrieval was performed with
0.37 g/L EDTA buffer (pH 8) for 30 min, permeabilization with 0.5%
Triton X-100 for 10 min, and blocking with 5% BSA. For collagen XII
staining, antigen retrieval was performed with citrate buffer (pH 6)
for 20 min in the microwave, and blocking and permeabilization with
0.3% Triton X-100, 5% normal goat serum, and 5% BSA in PBS. For
the rest of collagens, permeabilization was not necessary and antigen
retrieval was performed with Antigen Unmasking Solution (H3300,
Vector Labs). Blocking was performed with 2% BSA solution in PBS
for 15 min.

Antibodies used were as follows: antilamin A H-102 antibody
(1:100; Santa Cruz Biotechnology); anticollagen XlI antibody (1:100,
courtesy of Manuel Koch, Germany); COL-I (Southern Biotech 1310-
01, 1:400); COL-II (Proteintech 22734-1-AP, 1:250 in PBS); COL-IV
(Abcam ab6586, 1:250); COL-V (Abcam ab7046, 1:250).

Collagen signal was quantified using Image). Mean fluorescence
intensity was obtained for the selected area of the medial layer (and
the adventitial layer, in the case of Collagen ). Intensity values were
then normalized to the median of the controls. For collagen Xll, due
to background, maximum entropy threshold was used to select colla-
gen Xll-positive pixels, and integrated density was obtained and nor-

malized to the median of the control mice.

4.9 | Second-harmonic generation microscopy

Second-harmonic generation microscopy was used to visualize the
three dimensional organization of collagen throughout the arotic wall
and to examine structural differences. H&E-stained thoracic aorta
sections were used for the quantification of backward second-har-
monic generation signal from collagen fibrils, which was obtained by
multiphoton excitation at 860 nm using a tunable femtosecond
pulsed laser (MaiTai DeepSee, Spectra-Physics) coupled to a Zeiss
LSM780 upright system and a water-dipping Plan-Apochromat 10x/
NA 0,45 objective (Carl Zeiss Jena GmbH). Quantification was
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performed by ImageJ to obtain the amount and density of the colla-
gen signal, as well as kurtosis and skewness parameters. Kurtosis
measures the degree to which a distribution is more or less peaked
than a normal distribution, and skewness measures the degree of
asymmetry of a distribution (Mostaco-Guidolin et al., 2013). Since
second-harmonic generation imaging detected collagen bundles only
in the adventitia, the results obtained from the quantification of

these images refer only to the adventitial layer.

410 | Pulse wave velocity

PWV is the velocity at which the arterial wave propagates through
the circulatory system. Aortic-femoral PWV was measured by Dop-
pler ultrasound using the transient time (TT) system (Laurent et al.,
2006). Animals were anesthetized (1.5% isoflurane in oxygen) and
maintained in supine position on a temperature-controlled surface to
maintain body temperature at 37°C with continuous electrocardio-
graphic (EKG) recording. The pulse wave was recorded using a
pulsed wave Doppler ultrasound in a VEVO 2100 system (VisualSo-
nic). The ascending aorta was located in 2D mode, and the wave
Doppler flow was then recorded simultaneously with EKG. The pro-
cess was repeated on the femoral artery at the level of the thigh.
The time from the QRS R wave to the foot of the pulse waveform
was measured in both the ascending aorta and femoral artery. The
TT is the difference between these times measured at the two mea-
surement points. PWV is calculated as the distance between the two
measurement points divided by the pulse wave TT.

411 | Statistical analysis

Results are represented as mean * standard error of the media (SEM).
The Student t test was used to compare univariable data between the
two groups. Single-variable comparisons between more than two
groups were performed with one-way ANOVA followed by the Sidak
multiple comparisons tests. Outliers identified using the maximum
normalized residual test (Grubbs' test) were excluded. Diameter—ten-
sion relationships were analyzed by calculating the linear regression
lines and their corresponding slopes and diameter at force O (Yp),
which were then compared among groups using the Student t test or
one-way ANOVA. Diameter—pressure curves were compared with
two-way ANOVA followed by the Sidak multiple comparisons tests.
Stress—strain curves were analyzed by extracting the f value for each
curve (see Section 2.6, Pressure myography), which we compared
among groups using the Student t test. Aortic cross-sectional area
curves obtained by MRI and collagen immunofluorescence measure-
ments were compared by the Mann-Whitney U test. Results were
considered statistically significant at p-values <0.05. Statistical analysis
was performed with GraphPad Prism 7 software.
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Supplementary Figure S1. Aortic diameter at unloaded conditions (no distension).
Yo diameter was obtained from diameter-force relations by wire myography in aortic rings

from

LmnaGGOgG/G609G mlce (A)’

LmnalCsSLCsSM22aCreta*

(n=11) (B) and

LmnalCSLCSTie2Cret9’* (n=8) (C) mice, which are compared with corresponding littermate
controls Lmna** and LmnalCS/LCS respectively (n=13 and 8, respectively).
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Supplementary Figure S2. Cell-specific progerin expression in aorta from
LmnaltCSteSsM22aCre 9+ and Lmna-CStCSTie2Cre 9* mice. Immunofluorescence
imaging of thoracic aortic sections from LmnalCSLCS | mnalCSLCSSM22aCre 9+ and
LmnalCSLCSTie2Cre 9* mice stained with DAPI for nuclei and an anti-Lamin A antibody
that recognizes progerin but not Lamin C. Elastin is also visualized due to its green
autofluorescence. Negative control without primary antibody (No primary Ab) was
performed in an aortic section of LmnattSLCSSM22aCre9* mice incubated with vehicle
instead of primary Anti-Lamin A antibody.
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Supplementary Figure S3. Aortic-femoral aorta stiffness measured by pulse wave
velocity (PWV) in Lmnalt®StCS and Lmna'CStCcS SM22aCre'9* mice. PWV was
measured in control LmnalCSL.CS mice and in LmnalcSL.cs SM22aCre'9’* mice with VSMC-
specific progerin expression (PWV could not be measured in LmnaG609G/Ge09G mijce
because they presented aortic regurgitation).Stiffness of the artery is directly proportional
to the velocity of the pulse wave. The velocity of the pulse wave is calculated by
measuring the time from the R wave of QRS to the foot of the pulse waveform in both the
aorta and the femoral arteries. The distance from the aortic arch to the femoral artery is
divided by the transit time (TT) to get the velocity of the pulse wave.
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Supplementary figure S4. Effect of collagenase, elastase, and mycalolide B on
physiological diameter. Diameter was estimated at 100 mmHg obtained from diameter-
force relations by wire myography in aortic rings from Lmna*’* and LmnaG809G/G609G mjce,
Collagenase (A) and elastase (B) degrade collagen and elastin respectively, and

mycalolide B (C) depolymerizes F actin to G actin, thus disrupting the cytosqueleton.
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Supplementary Figure S5. Adventitial collagen is not altered in progeroid mice.
Histologic analysis of aorta from LmnaG609G/G609G mijce (n=9) and Lmna** (n=10) mice
stained with Haematoxylin/Eosin (H&E), and Picrosirius Red. Picrosirius red-stained
specimens were visualized both under bright field or polarized light, the latter of which
allows visualizing collagen bundles, being the green ones the less compacted and the
orange ones the more dense, compacted or crosslinked collagen fibers. Under
polarized light, collagen bundles were only detected in the adventitia. Quantification of
this adventitial collagen bundles shows no changes in the total amount of detected
collagen nor in the relative amount of the thicker (Orange) of the thinner (Green) fibers
between LmnaG809G/G609G gnd Lmna*/* aortic sections. Scale bar 100um.
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Supplementary Figure S6. Second Harmonic Generation (SHG) imaging in the
adventitia layer in thoracic aortas from Lmna** and Lmna®t09¢/G609C mijce. SHG
imaging of thoracic aortas from LmnaG609G/Ge03G (n=7) and Lmna*’* mice (n=6) detected
collagen bundles only in the adventitial layer. Quantification showed no differences in the
collagen amount, organization or distribution in the adventitia layer. Scale bar 100um.
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Supplementary Figure S7. Comparison of different parameters obtained from
pressure-diameter curves with the pressure myograph in small mesenteric arteries
from Lmna** and Lmna®609¢/C609G mice. Wall thickness and Media/Lumen ratio are
maintained, while cross sectional area of the vessel wall is decreased in small mesenteric
arteries from LmnaG609G/G609G mice (n=9) compared with control Lmna** mice (n=9).






