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RESUMEN (en espanol)

En esta Tesis Doctoral nos hemos centrado en el desarrollo de nuevos modelos animales
para el estudio del envejecimiento y el cancer. Paralelamente, hemos identificado
nuevas alteraciones moleculares implicadas en el desarrollo de estos complejos procesos
biologicos. Asi, hemos generado una linea de ratones genéticamente modificados que
portan la mutacién p.G609G en el gen LMNA, causante del sindrome de Hutchinson-
Gilford (HGPS). Estos ratones recapitulan fielmente las alteraciones genéticas y
fenotipicas presentes en este sindrome, lo cual nos ha permitido desarrollar una
estrategia terapéutica basada en la administracion de oligonucledtidos antisentido y
dirigida a bloquear el splicing aberrante en el gen LMNA, que es la alteracion
caracteristica de HGPS. Ademas, hemos identificado alteraciones en los mecanismos de
regulacion epigenética y de comunicacion intercelular en modelos animales de
envejecimiento acelerado. El descubrimiento del papel central de NF-«kB en el proceso
de envejecimiento nos llevd a desarrollar distintas metodologias encaminadas a la
deteccién y a la inhibicién de esta via en el envejecimiento. Por ultimo, hemos
caracterizado la funcion bioldgica del regulador de la proteostasis AIRAPL mediante la
generacion de ratones deficientes en el gen Zfand2b, que codifica esta proteina. Este
estudio nos ha permitido descubrir una potente actividad supresora tumoral de AIRAPL
en la transformacion mieloide, a través de la regulacion de los niveles del receptor del
factor de crecimiento asociado a insulina (IGF1R).

RESUMEN (en Inglés)

Along this Doctoral Thesis work, we have developed new experimental animal models
for the study of aging and cancer. We have also identified novel mechanistic alterations
involved in these complex biological processes. Thus, we have generated a mutant mice
strain carrying the characteristic mutation (p.G609G) in the LMNA gene, which causes
Hutchinson-Gilford progeria syndrome (HGPS). These mice recapitulate both genetic
and phenotypic alterations of this disease, which has allowed us to develop a therapy for
HGPS based on the administration of antisense oligonucleotides to block the LMNA
abnormal splicing. Moreover, we have identified new alterations in epigenetic
regulation as well as in intercellular communication mechanisms in accelerated aging.
The identification of the prominent role of NF-kB hyperactivation in the establishment




of the aged state has allowed us to develop diverse methodologies to monitor the
activity of this pathway as well as to successfully inhibit its function during aging.
Finally, we have characterized the biological role of the proteostasis regulator AIRAPL
through the generation of mice deficient in the gene Zfand2h, which codifies this
protein. This study has uncovered an important tumor suppressor activity of AIRAPL in
myeloid transformation, through its ability to regulate the levels of insulin-related
growth factor 1 receptor (IGF1R).
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Introduction

Aging is a biological phenomenon characterized by the progressive loss of
physiological integrity, leading to impaired function and increased vulnerability to death [1,
2]. During decades, aging has been regarded as the consequence of a stochastic process
caused by the accumulative effect of accidental events that deteriorate biological molecules
[3, 4]. However, recent experimental evidences have demonstrated that aging is also driven by
genetic programs, whose purpose is facilitating the evolutionary adaptation of the species [5,
6], therefore assuming that aging requires active signaling for its maintenance [7]. Genetic
control of longevity became evident after the discovery of genetic pathways influencing
lifespan in model organisms, from nematodes to mammals [8, 9]. Based on the complexity of
the aging process, several questions have arisen regarding the physiological sources of aging-
causing damage, the compensatory responses that try to re-establish homeostasis, the
interconnection between cell autonomous and systemic alterations, and the intervention
strategies to delay aging. In an attempt to identify and categorize the cellular and molecular
foundations of aging, nine candidate aging hallmarks have been recently proposed [1]. Each
of these hallmarks fulfills three criteria: (1) it should manifest during normal aging; (2) its
experimental aggravation accelerates aging; and (3) its experimental amelioration retards the

normal aging process, increasing healthspan.

Hallmarks of aging

The proposed nine hallmarks of aging are grouped in three categories: primary
hallmarks, antagonistic hallmarks, and integrative hallmarks (Figure 1). The common
characteristic of the primary hallmarks is that they show detrimental effects; this is the case of
DNA damage, telomere loss, epigenetic drift, and defective proteostasis. In contrast to the
primary hallmarks, antagonistic hallmarks, such as senescence, mitochondrial dysfunction or
nutrient-sensing deregulation have opposite effects depending on their intensity. At low
levels, they mediate beneficial effects, but at high levels, they become deleterious. These
hallmarks can be viewed as being selected for protecting organism from damage or nutrient
scarcity, but when they are exacerbated or chronic, they subvert their purpose and generate
further damage. The last category is comprised of integrative hallmarks that compromise

tissue homeostasis and function.
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Figure 1. Hallmarks of aging. Adapted from Lépez-Otin et al., Cell 153, 1194-1217 (2013)

Genomic instability

A common denominator of aging is the accumulation of genetic damage throughout
lifetime. Moreover, numerous premature aging syndromes, such as Werner syndrome or
Bloom syndrome, are caused by increased DNA damage accumulation. Genetic lesions
arising from extrinsic and intrinsic sources are diverse and include point mutations,
translocations, chromosomal gains and losses, or gene disruption by the integration of viruses
or transposons [10]. In addition, defects in the nuclear architecture can cause genomic
instability and result in premature aging syndromes [11]. Importantly, there is recent genetic
evidence supporting that the enhancement in DNA repair machinery can extend longevity [12,
13].

Telomere attrition

Telomeres are particularly susceptible to age-related deterioration [14]. Most
mammalian cells do not express the polymerase in charge of telomere replication, the enzyme
telomerase; this leads to the progressive and cumulative loss of telomere sequences from
chromosome ends. Telomere exhaustion explains the limited proliferative capacity of some in

vitro cultured cells. Importantly, telomere shortening is observed during normal aging and
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telomerase deficiency is associated with impaired tissue homeostasis [15, 16]. Moreover,
recent evidences also indicate that experimental stimulation of telomerase expression can

delay aging [17].

Epigenetic alterations

A large variety of epigenetic alterations affect cells and tissues throughout life [18].
Epigenetic alterations during aging include changes in DNA methylation patterns,
posttranslational modifications of histones, and chromatin remodeling. The importance of the
mechanisms involved in the generation and maintenance of epigenetic patterns is evidenced in
the case of SIRT6, a NAD-dependent protein deacetylase, whose deficiency in mouse causes
accelerated aging [19], whereas transgenic mice overexpressing SIRT6 have a longer lifespan.
Other evidences of intervention strategies based on epigenetic alterations include the
administration of pharmacological inhibitors of some epigenetic remodeling complexes
extending lifespan of animal models of premature aging [20, 21], or activators of SIRT

proteins to prevent some age-associated alterations [22].

Loss of proteostasis

Aging and some related disorders are linked to impaired protein homeostasis or
proteostasis [23]. All cells take advantage of an array of quality control mechanisms to
preserve the stability or functionality of their proteomes. Proteostasis involves mechanisms
for the stabilization of correctly folded proteins as well as mechanisms for the degradation of
proteins by the proteasome or the lysosome [24]. Many studies have demonstrated that
proteostasis is altered with aging [25]. Deficiency in some chaperones or in other regulators
of the ubiquitin-proteasome system causes accelerated aging in animal models [26], whereas
overexpression of some chaperones or pharmacological stimulation of proteolytic systems

reverses age-associated alterations and increases lifespan [27-30].

Deregulated nutrient sensing

Insulin and IGF-1 signaling (I1S) pathway is the most conserved aging-controlling

pathway in evolution, and among its multiple targets are the FOXO family of transcription
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factors and the mTOR complexes, which are also involved in aging [9, 31]. Collectively,
current evidence supports that anabolic signaling accelerates aging and decreased nutrient
signaling extends longevity [32]. Accordingly, genetic alterations that reduce the function of
this pathway have been linked to longevity, demonstrating the impact of bioenergetics
pathways in longevity. Consistent with this, dietary restriction (DR) increases lifespan or
healthspan in all investigated eukaryote species. In mice, treatment with the mTOR inhibitor

rapamycin also increases longevity [33].

Mitochondrial dysfunction

The efficacy of the respiratory chain tends to diminish with aging, therefore increasing
electron leakage and reducing ATP generation [34]. The production of reactive oxygen
species (ROS) is currently regarded as a stress-elicited survival signal, since its primary effect
is the activation of a compensatory homeostatic response. As chronological age advances,
ROS levels increase in an attempt to maintain survival. Beyond a certain threshold, ROS
levels would eventually aggravate age-associated damage [35]. Moreover, dysfunctional

mitochondria also contribute to aging as shown in mice deficient in DNA polymerase y [36].

Cellular senescence

Cellular senescence can be defined as a stable arrest of the cell cycle coupled to
defined phenotypic changes [37-39]. The accumulation of senescent cells in aged tissues has
been described using direct and indirect markers such as senescence-associated f-
galactosidase staining or DNA damage. Although the primary consequence of cellular
senescence could be to prevent the propagation of damaged cells and to induce regeneration
[40], the excessive accumulation of senescent cells may aggravate the damage and contribute
to aging. In this sense, it has been reported that clearance of senescent cells in animal models

of accelerated aging delays age-associated pathologies [41].

Stem cell exhaustion

The decline in the regenerative potential of tissues is an important feature of aging.

Functional attrition of stem cells has been found in most of adult stem cell compartments [42,
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43]. Stem cell exhaustion is the integrative consequence of multiple types of aging-associated
damages and constitutes one of the culprits of tissue and organismal aging [44, 45]. In this
regard, recent studies have suggested that stem cell rejuvenation has the potential to reverse

aging phenotypes at the organism level [7].

Altered intercellular communication

Aging also involves changes at the level of intercellular communication, be it
endocrine, neuroendocrine, or neuronal [46, 47]. Thus, neurohormonal signaling is
deregulated in aging as inflammatory reactions increase [48], and the composition of
pericellular and extracellular environment changes [49, 50]. In addition to these alterations,
there are also examples of “contagious aging” in which senescent cells induce senescence in
neighboring cells via cell contacts or through senescence-associated secretory phenotype [51].
Genetic, nutritional, or pharmacological approaches aimed at reverting altered intercellular
communication have demonstrated their efficacy in several experimental models of
chronological and accelerated aging [52]. Moreover, proof of principle exists for rejuvenation

through blood systemic factors [53-55].

Cell-autonomous and systemic alterations in aging

Beyond cell-autonomous alterations, accumulating evidence indicates that aging-
related changes in one tissue can lead to aging-specific deterioration of other tissues,
explaining the interorgan coordination of the aging phenotype. Nevertheless, important
questions remain to be answered, especially those related to the regulatory mechanisms that
control and integrate the altered pathways, the specific contribution of cellular and systemic
alterations to aging, and the intervention possibilities derived from them. In this regard, recent
work has provided further support to the importance of cell-extrinsic pathways. Thus,
parabiosis experiments have demonstrated that the decline in tissue homeostasis can be
reverted by systemic factors from young animals [53, 55]. These findings also illustrate the
difficulty of unraveling the mechanistic basis of some anti-aging interventions and underscore

the interconnectedness between the different hallmarks of aging.
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Rejuvenation strategies

The assumption that the aged state requires active maintenance has attracted special
attention towards the identification of signals and regulatory mechanisms that sustain aging,
as they may represent prominent targets of rejuvenation strategies. Despite aging appears to
be inexorable, lifespan can be experimentally manipulated. Thus, both genetic and
environmental interventions have been shown to extend lifespan in model organisms.
However, extending lifespan is not equivalent to delaying aging. Interventions may prevent
common causes of death, without changing the fundamental rate of organismal aging.
Nevertheless, some of the discussed interventions appear to extend not only lifespan, but also
healthspan. In this regard, it does appear that is possible to experimentally slow the rate of
aging. Moreover, there are also clear examples in nature of aging arrest and even some
species do not age at all [6], uncoupling the process of biological aging from chronological
aging measured by the passage of time.

The reversal of the aging process occurs naturally with fertilization, erasing all age-
associated marks. This reprogramming process that is central to reproduction has also been
exploited in somatic cell nuclear transfer experiments [56]. Recently, advances in stem cell
biology have begun to elucidate the events that follow cellular reprogramming. Specifically,
these advances came with the development of induced pluripotent stem cells (iPSCs) [57].
Thus, although the process of generating iPSCs from aged donors is highly inefficient and a
great percentage of the cells fail to attain the status of pluripotent stem cells, successful
generation of bona-fide iPSCs from centenarian donors has been successfully achieved [58],
further demonstrating the reversibility of the aged state. In both of these cases rejuvenation of
adult cells is coupled to the reversal of the differentiated program. However, the ideal
restoration of youthful properties to aged tissues would involve the resetting of the aging
clock with no affectation of the differentiation program.

Actually, different experimental evidences have demonstrated the possibility of
rejuvenation in adult organisms [59, 60]. Thus, heterochronic parabiosis experiments have
shown that old tissues can be rejuvenated by exposure to young milieu [53]. Moreover, NF-
kB inhibition could rejuvenate skin to a youthful state, demonstrating for the first time the
existence of an active state of aging, in which signaling pathways positively maintains aging

[48]. Another example of rejuvenation derives from the administration of mTOR inhibitors to
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old mice, observing a notable extension of both healthspan and lifespan of the treated animals
[33, 61]. In each case, old cells are induced to adopt a more youthful phenotype without
losing differentiation. In this regard, epigenetic reprogramming of cells seems to be a
common feature of rejuvenation strategies. Thus, it seems that the different strategies
described above have an ultimate effect on the epigenome, and that pharmacological
approaches based on epigenetic targets could also have a remarkable impact in both

reprogramming and rejuvenation enhancement strategies [21].

Progeria as a paradigm of aging research

Over the last years, our knowledge of the molecular basis of aging has gained
mechanistic insight from studies on progeroid syndromes in which features of human aging
are manifested precociously or in an exacerbated form [62]. The vast majority of progeroid
syndromes are a consequence of inefficient DNA repair mechanisms or defective nuclear
envelope assembly, which ultimately lead to DNA damage accumulation and chromosome
instability [63, 64]. Thus, mutations in the genes encoding lamin A or BAF (two essential
components of the nuclear envelope) or in Zmpste24 (encoding a metalloproteinase involved
in the maturation of lamin A) are responsible for several human progeroid syndromes such as
Hutchinson-Gilford progeria syndrome (HGPS), Néstor-Guillermo progeria syndrome
(NGPS), atypical Werner syndrome, restrictive dermopathy, and mandibuloacral dysplasia,

collectively known as progeroid laminopathies [65-71].

HGPS is a sporadic, autosomal dominant disease caused by a point mutation in LMNA
gene [72, 73]. This gene encodes intermediate filament proteins lamin A and C, two
prominent structural components of the nucleus of differentiated cells. HGPS patients present
age-associated symptoms, including lack of subcutaneous fat, hair loss, joint contractures,
progressive cardiovascular disease resembling atherosclerosis, and death due to heart attacks
and stroke in childhood [65, 66]. Most of HGPS patients carry a heterozygous point mutation
within exon 11 of the LMNA gene encoding lamin A (¢.1824C>T; p.Gly608Gly). Lamin A is
a core protein of the nuclear envelope that undergoes a complex maturation process, including
the addition of a farnesyl group and a proteolytic processing event carried out by the
metalloproteinase ZMPSTE24/FACE-1 [74]. The p.Gly608Gly mutation activates a cryptic

splicing donor site that leads to the accumulation of a truncated form of prelamin A, called
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LAAS5O or progerin, which has an internal deletion of 50 amino acids encompassing the target
sequence for cleavage by ZMPSTE24 (Figure 2). The accumulation of farnesylated progerin
at the nuclear envelope leads to the functional and structural defects observed in the nucleus
of affected patients. Progerin is not only detected in HGPS patients but also during normal
aging, thereby adding a new level of interest to the study of the mechanisms that underlie

progerin formation and accumulation in human cells and tissues [75].

Lamin A LMNA transcript

/\ G608G

Lamin A polyA
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~ - =
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2nd cleavage
FACE-1/ZMPSTE24 l,

Figure 2. Posttranslational modifications of lamin A and progerin.

Elucidating the cascade of damaging events is a critical step in the understanding of
any disease, and it is often crucial for identifying candidate drug targets. Cell from HGPS
patients have numerous defects, and their study has become a powerful tool for both basic
scientists and clinicians to ask questions about the role of major cellular processes in health
and disease. The most prominent alteration in HGPS cells is related with nuclear morphology;

progerin accumulation at nuclear envelope alters mechanical properties of the nucleus, and
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consequently, patients’ cells show profound structural alterations and increased stiffness
compared with cells from healthy individuals. These alterations compromise homeostasis in
tissues exposed to mechanical stress such as cardiovascular system, bones or joints, three

tissues that exhibit some of the most prominent symptoms of HGPS.

The study of progeroid syndromes requires proper experimental models to investigate
different alterations and test candidate drugs. In the case of HGPS, functional studies have
been greatly benefited from the development of animal and cellular experimental models that
have allowed the identification of regulatory and stress-response pathways involved in HGPS
pathogenesis. Although several animal models of progeroid laminopathies have been
generated over the past few years [74, 76-78], we focus next on Zmpste24-deficient mice,
which have been widely used in HGPS studies and phenocopy most of the alterations present
in HGPS.

Zmpste24-deficient mice

The use of genetically modified mice allowed identifying the zinc metalloproteinase
ZMPSTE24 as the enzyme responsible for the final proteolytic step during lamin A
maturation. Accordingly, Zmpste24-deficient mice accumulate farnesylated prelamin A at the
nuclear envelope and phenocopy human HGPS, providing a valuable animal model for the
study of this pathology [74]. The accumulation of immature prenylated forms of lamin A at
the nuclear envelope produces severe alterations in nuclear architecture, leading to frequent
nuclear blebbing and fragmentation. These alterations have been also linked to nuclear
instability caused by inefficient recruitment of DNA repair factors [79]. In agreement with
these findings, transcriptional profiling of Zmpste24-deficient mice revealed hyperactivation
of p53 signaling [80]. Thus, p53 deficiency in Zmpste24-deficient mice extended their

lifespan, demonstrating the causal effect of p53-mediated signaling in accelerated aging.

The fact that phenotype alterations in these progeroid mice are not completely rescued
in p53-null background demonstrates a complex situation with multiple pathways contributing
to their aged phenotype. Furthermore, alterations in lysosome-autophagy system and
metabolism [81], as well as a severe dysfunction in the adult stem cell compartment of the

skin [82], have also been reported in this animal model. More recently, Zmpste24-deficient
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mice have also provided novel insights into the mechanisms that integrate different altered
pathways, as well as about the specific contribution of cellular and systemic alterations to

their progeroid phenotype (Figure 3).

Transcriptional
alterations

Genomic instability Altered autophagy

—

NS '

Upregulate—
(1765)

Figure 3. Aging-related alterations in Zmpste24-deficient mice

Important perturbations in genetic regulation have been reported in Zmpste24-deficient
mice, unveiling a novel mechanism of stress-related cellular response upon genetic instability
conditions. Thus, it has been described the role of the microRNA-29 family in the regulation
of cell survival and proliferation in Zmpste24-deficient mice, through the modulation of the
DNA-damage response in a p53-dependent way [83]. These studies have shown that miR-29
regulates important components of the DNA-damage response, such as p53, Chk1, Chk2, and
ATM. Beyond cell autonomous alterations, important deregulation of nutrient sensing
pathways is critically involved in accelerated aging, as illustrated by the fact that Zmpste24-
deficient mice show a profound deregulation of the 1IS pathway, with a progressive reduction
in insulin-related growth factor 1 (IGF-1) levels [84]. Somatotroph alterations are responsible
for important features of the progeroid phenotype, such as reduced growth rate and body size
and, remarkably, the treatment with recombinant IGF-1 ameliorates some of the alterations of
these mice [84].

12
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Despite Zmspte24-deficient mice faithfully phenocopy HGPS alterations and have
been successfully used for in vivo testing of anti-progeroid therapies, it is also noteworthy
that neither Zmspte24-deficient mice nor other HGPS animal models initially generated
reproduce the molecular situation that occur at the LMNA locus of these patients. This fact
represents a serious limitation for both the study of splicing alterations in HGPS and the
development of in vivo treatments with drugs that specifically modify LMNA splicing.

Therapeutic strategies in progeria

The development of therapeutic strategies for HGPS benefited from the extensive
knowledge of lamin A function at the time of the discovery that LMNA mutations were the
genetic cause of this pathology. First therapeutic approaches against HGPS have been based
on the prevention of prelamin A farnesylation. Thus, several evidences supported that
progerin toxicity depends to a great extent on its prenylation status and pointed to the use of
farnesyltransferase inhibitors (FTIs) as a potential treatment for this condition [85]. However,
work from our lab subsequently demonstrated that, in the absence of farnesyltransferase
activity, prelamin A is alternatively geranylgeranylated, giving rise to an equally toxic form
of prelamin A. Alternatively, the combination of statins and aminobisphosphonates, two drugs
that block several steps of the farnesyl pyrophosphate and geranylgeranyl pyrophosphate
biosynthetic pathway, efficiently blocked prelamin A prenylation and ameliorated age-
associated alterations, extending lifespan of Zmpste24-deficient mice [86]. Currently, two
clinical trials are being carried out based on the combination of statins and
aminobisphosphonates, alone or in combination with a low dose of a farnesyltransferase
inhibitor (NCT00731016 and NCT00916747) (Figure 4).

One promising avenue in progeria treatment is based on the identification of small
molecules or antisense oligonucleotides aimed at blocking the aberrant splicing event
characteristic of HGPS. Although successful proof of principle has been provided in
fibroblasts from HGPS patients [87], the lack of a proper animal model has limited its
preclinical evaluation. Similarly, recent advances in genome-editing technologies offer the
possibility of repairing HGPS mutation in vitro or even in vivo using donor-templates and
CRISPR-Cas9 or similar technologies [88, 89]. Although the alterations present in HGPS are

consistent with stem cell dysfunction, cell replacement strategies face many challenges;
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however targeting adult stem cell would be a critical feature of such therapies, as rejuvenated
adult stem cell could show a major impact in most of the age-associated alterations.
Moreover, it should be noted that cellular models of progeroid syndromes derived from iPSCs
have demonstrated a great interest for studying progeria and for testing new therapeutic
approaches [21, 90, 91].

DNA RNA Protein
C>T 50 aa deletion
C1824T [
NI e
Gene correction Pre-mRNA splicing correction Progerin correction Reversal of cellular defects Cell replacement
Zn-fingers Antisense approaches FTls Epigenetic reprogramming therapies
TALENs Small molecules Statins, bisphosphonates Anti-inflammatories
CRISPR
RNA elimination Progerin function
shRNA Resveratrol
RNase H-mediated degradation
Progerin turnover
Rapamycin
TREATMENT SPECIFICITY

Figure 4. Spectrum of possible HGPS therapies. Adapted from Gordon et al., Cell 156:400-7 (2014)

Cancer and aging

Aging and cancer represent opposite manifestations of time persisting cellular damage
[10]; while aging involves organism functional decline [1], cancer is generally associated with
the uncontrolled increase of cellular fitness [92]. However, cancer and aging share common
origins and mechanisms [93-95]. The time dependent accumulation of cellular damage is an
important cause of aging. Concomitantly, cellular damage may occasionally provide aberrant
advantages to certain cells, which can eventually lead to cancer. Thus, it has been established
that DNA damage can trigger the development of cancer, accelerated aging, or both,
depending on the type, amount, and location of the damage, the type of the cell sustaining the
damage and its stage in the cell cycle, and the specific repair mechanisms. When the damage
IS not repaired, the outcome may be cancer or, if cell death or senescence occurs, protection
against cancer with acceleration of aging process as a trade-off. Accordingly, the development

of cancer and the process of aging can be delayed by reducing the load of DNA damage [96].
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Although progeroid syndromes caused by defects in DNA repair machinery often
present an increased susceptibility to cancer development, the paucity of reports on tumors in
HGPS patients implies low susceptibility of their cells to malignant transformation, in
contrast to the strong increase in tumor susceptibility during normal aging. This is even more
surprising given the persistence of high levels of DNA damage in these progeroid cells [79].
Interestingly, recent studies using ZMPSTE24 mosaic mice have revealed that prelamin A
accumulation prevents cancer invasion and results in a decrease in the incidence of infiltrating
carcinomas, further supporting the suppressor activity of prelamin A and illustrating

antagonistic properties of aging and cancer [97].

While the aged state implicates the activation of tumor suppressor pathways and the
loss of replicative capacity, aging also represents the main cancer risk factor, reflecting such
antagonistic pleiotropy. Aging in the hematopoietic system illustrates some of these effects, as
it is characterized by functional impairment of this system [98, 99], but it is also frequently
accompanied by the incidence of hematological malignancies [100, 101]. Myeloproliferative
neoplasms (MPN) are chronic myeloid cancers associated with the elderly and characterized
by the overproduction of mature blood cells arising from the transformation of hematopoietic
stem cells (HSC) [102-104]. It has been largely assumed that the incidence of hematological
malignancies with age is caused by alterations in the hematopoietic stem cell compartment
[105-107].

Protein homeostasis in aging and cancer

Protein homeostasis is essential for a proper response to dynamic environments [26,
108]. Thus, proteostasis regulatory networks are present in all living beings and they have
necessarily coevolved with the diversity of polypeptide sequences to enable the evolution of a
wide variety of organisms by expanding the capacity of proteins to function in complex
cellular environments, adding new levels of regulation and biological functions. Cellular
proteostasis is maintained by a complex network which comprises pathways that control
protein synthesis, folding, trafficking, aggregation, disaggregation, and degradation (Figure
5). The decreased ability of this proteostasis network to deal with cellular or environmental
stress can trigger or exacerbate proteostasis-related diseases, having important implications in

complex biological processes such as aging or cancer.
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Figure 5. The proteostasis network. Adapted from Hartl et al., Nature 475:324-32 (2011)

The macromolecular complex of the proteostasis network includes over 1000 general
and specialized chaperones, folding enzymes, and degradation and trafficking components,
which influence not only folding but also compartmental distribution. Regulation of this
network is accomplished by signaling pathways that directly regulate the concentration,
distribution, and activities of its components. Initially, the folding function is facilitated by
chaperones and related enzymes that promote folding and maintenance within the cell by
minimizing misfolding and aggregation of nascent polypeptides. Although some of the
chaperones are constitutively expressed in most cellular types, stress-inducible chaperones,
such as HSP70, HSP90 and HSP40, are also critical to proteostasis challenges and are tightly
regulated by stress-induced pathways [25].

Primary or secondary deficiencies in chaperones are associated with age-related
pathologies, as many evidences have demonstrated the reduction of heat shock proteins
during aging. Importantly, rejuvenation based approaches such as dietary restriction restore
normal chaperone function in many cell types. Besides, some chaperones, such as HSP70,
contribute to extend lifespan and healthspan in mammals and, conversely, deficiencies in

HSP70-related chaperones, such as CHIP, lead to reduced longevity, further supporting the
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causative role of chaperones as pivotal players in aging and age-intervention strategies [109,
110].

The endoplasmic reticulum (ER) is also a critical organelle in proteostasis regulation
[111, 112], coordinating cellular functions that range from restoration of the structure of
misfolded polypeptides to protein degradation, thus preventing the accumulation of damaged
components and regulating the turnover of many cellular proteins [113]. The existence of
regulatory mechanisms of protein quality control preserves the stability and functionality of
the cellular proteome, including ER-associated degradation (ERAD) and unfolded protein
response (UPR). Cells use stress sensors at ER and stress-inducible pathways to respond to a
loss of proteostasis control. According to this function, different components of protein
quality control machinery have been causally involved in cancer and aging, either affecting
global regulation of ERAD, UPR, UPS and lysosome degradation pathways, or specifically
controlling mediators of these processes [23, 25, 114-117].

Moreover, ubiquitin-proteasome (UPS) and autophagy-lysosome systems integrate the
coordinated cellular machinery in charge of timely removal of misfolded and aggregated
proteins. The ubiquitin-proteasome system (UPS) is the main proteolytic system involved in
protein quality control. The two main components of this pathway, the ubiquitination
machinery, responsible for substrate targeting, and the proteasome core, are not only involved
in degradation of misfolded proteins but also regulate half-life of most protein cellular
components. Structurally, the proteasome is a multicatalytic complex with a proteolytic core,
known as the 20S proteasome, and several regulatory subunits (19S or 11S). The 26S
proteasome, formed by the association of 20S proteasome to the 19S regulatory subunit has a
prominent role in quality control. The components of the regulatory subunits are primarily
chaperones, ATPases and enzymes that enhance or remove degradation tags. Degradation of
most substrates requires the active involvement of regulatory complexes, which mediate
substrate recognition, unfolding and often act as the driving force that opens the proteasome
barrel and pushes substrates into its catalytic core.

Regulation of proteasome function often requires that proteins targeted for degradation
are tagged by a covalent linkage of ubiquitin. Ubiquitination of the cargo protein is mediated
by a group of enzymes that sequentially activate ubiquitin, present it to the substrate and
catalyze the conjugation reaction. The activity of the proteasome is decreased with age in
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main tissues. This could be due to changes in the expression of some components of the
proteasome core complex, but also in accessory factors that regulate accession of some
substrates directly or indirectly. In this regard, deficiencies in some of the components of this
regulatory complex threaten the capacity of organisms to properly respond proteostasis
challenges, shortening lifespan [26]. It has also been demonstrated that maintained UPS

activity is required to attain maximal lifespan extension in long-lived mutants [114].

The autophagy-lysosome degradation pathway also plays an important role in protein
homeostasis control. Thus, lysosomes are intracellular organelles involved in the degradation
of intra- and extracellular components. In this regard, it has been demonstrated that autophagy
is a stress-induced pathway essential for the maintenance of cellular homeostasis and
energetic balance, and subtle alterations in this pathway render cells susceptible to numerous
stressors and often precipitate them to death [118, 119]. Moreover, decreased autophagy
activity with age has been described in different mammalian tissues. Incomplete degradation
of proteins in lysosomes gives rise to the autofluorescent pigment lipofuscin, a marker of
aging. Besides, lifespan extension mediated by genetic interventions often requires functional

autophagy machinery.

The importance of proteostasis maintenance is illustrated by the fact that age-
associated alterations have direct signaling connections to the proteostasis network. This is
the representative case of IGF1R signaling; thus reduction of IGF1R results in HSF1
activation and upregulation of protective features of the proteostasis network. In this regard,
reduction in IGF1R signaling during aging compensates aging-related collapse of proteostasis

and conversely, IGF1R up-regulation induces proteostasis-related alterations [120].

Finally, although cancer research has mainly focused on genetic and epigenetic
alterations in key oncogenes and tumor suppressors present in cancer cells, alterations in
proteostasis regulation could also have a remarkable impact in several aspects of cell
transformation and tumor progression. Thus, tumor cells trigger ER stress pathways as a
consequence of different microenvironmental alterations such as hypoxia, nutrient deprivation
and acidosis. These stress situations activate UPR, which acts as a selective factor to promote
adaptation to stress and cell survival in cancer cells, increasing aggressiveness and resistance
to chemotherapeutic agents. The importance of proteostasis mechanisms in cancer is also

illustrated by the efficacy of therapeutic strategies that target several steps of the proteostasis
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network. The unregulated cell division exhibited by cancer cells requires exceptionally high
rates of protein synthesis and maintenance that are out of normal physiological balance. Thus,
inhibition of some chaperones involved in stress conditions, such as HSP90, or proteasome
inhibitors such as bortezomib, are effective as anticancer drugs, resulting in most cases in cell

collapse and death.
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Objectives

During decades, aging research has mainly focused on the study of cell-autonomous
alterations as primary causes of aging process. However, recent evidences illustrate the
functional relevance of systemic alterations in the establishment and maintenance of the aged
state, involving new regulatory mechanisms and offering molecular targets for rejuvenation-
based approaches. The study of non-cell autonomous alterations in aging often requires
complex experimental systems that allow the manipulation of age-related primary and
secondary hallmarks. In this regard, murine models of accelerated aging have not only
provided a valuable model for studying human diseases and developing therapeutic strategies,

but have also demonstrated their utility for aging research.

Aimed to generate new experimental models for aging research, we have focused on
the generation of a genetically-engineered mouse model carrying the Hutchinson-Gilford
progeria syndrome mutation, a model necessary to develop molecularly directed therapeutic
strategies, as well as to identify novel cell and non-cell autonomous alterations involved in
aging. In addition, we have developed a mouse model for the functional characterization of
AIRAPL, a new proteostasis regulatory factor, with the purpose of studying the relative

relevance of this process in aging.

The specific objectives of this Doctoral Thesis were:

- Generation of a knock-in mouse strain carrying the Hutchinson-Gilford progeria

syndrome mutation to develop molecularly-driven therapeutic strategies.
- Characterization of epigenetic alterations in accelerated aging syndromes.

- Identification of the regulatory mechanisms that contribute to the establishment and

maintenance of the aged state.

- Generation of Zfand2b-deficient mice to analyze the role of this protein in proteostasis

control during aging.
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Molecular Biology methods

Antibodies, reagents and plasmids

Antibodies specific for acK5H2b (12799, Cell Signaling), total H3 (ab45173, Abcam),
lamin A/C (Manlac-1, generously provided by Prof. G. Morris; and sc-6215, Santa Cruz
Biotechnology), GAPDH (MAB374, Millipore), a-tubulin (T6074, Sigma), B-actin (AC-40,
Sigma), yYH2AX (JBW301, Millipore), IkBa (4812, Cell Signaling), RelA (8242, Cell
Signaling), NEMO (2685, Cell Signaling), ATM (2873, Cell Signaling), phospho-Ser1981-
ATM (mouse: 200-301-400, Rockland Laboratories; human: 5883S, Cell Signaling), p52 (sc-
7386, Santa Cruz Biotechnology), RelB (sc-48366, Santa Cruz Biotechnology), Ki-67 (DCS-
Innovative Diagnostik-System KI1681C01), AIRAPL (HPA035160, Atlas Antibodies),
phospho-IGF1R (NB100-92555, Novus), IGF1R (9750, Cell Signaling; sc-713, Santa Cruz
Biotechnology), HA (3F10, Roche), GFP (632592, Clontech), phospho-AKT (9275, Cell
Signaling), AKT (9272, Cell Signaling), phospho-S6K (9430, Cell Signaling), S6K (2708,
Cell Signaling), phospho-4EBP1 (9451, Cell Signaling), 4EBP1 (9452, Cell Signaling),
phospho-ERK (9101, Cell Signaling), ERK (9102, Cell Signaling), phospho-JAK2 (3771,
Cell Signaling), JAK2 (3229, Cell Signaling), phospho-STAT5 (9351, Cell Signaling),
STATS5 (9310, Cell Signaling), phospho-PERK (3179, Cell Signaling), PERK (5683, Cell
Signaling), IRE1a (3294, Cell Signaling), ATF6 (sc-22799, Santa Cruz Biotechnology), BiP
(3177, Cell Signaling), calreticulin (22683, Abcam), myeloperoxidase (A0398, DAKO), CD3
(5690, Abcam), and VCP (2648, Cell Signaling), were used for western-blot,
immunofluorescence and immunohistochemistry experiments. Mouse phospho receptor
tyrosine kinase (RTK) array was purchased from R&D systems and used following the

manufacturer’s indications.

ATM inhibitor KU55933 was obtained from Calbiochem. 5-azacytidine, sodium
salicylate, tunicamycin and MG-132 were obtained from Sigma. Endoporter and morpholinos
for in vitro and in vivo studies were obtained from Gene Tools LLC. NVP-AEW541 was
kindly provided by Novartis. ATM and NEMO siRNAs were purchased from Life
Technologies. Zfand2b cDNA was amplified by PCR and either cloned into pcDNA3.1-HA,
pPEGFP-C1, or pCDH expression vectors. pBABE-bleo IGF1R was obtained from Addgene,
and then, the IGF1R-encoding insert was subcloned into pEGFP-N1 or pCDH expression

vectors. miR-125a locus was amplified by PCR from human genomic DNA and cloned into
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pCDH. HA-ubiquitin plasmid was obtained from Addgene. The miR-125 sponge was kindly
provided by Dr. G. Wulczyn [121], and then subcloned into pCDH lentiviral vector. IGF1R
shRNAs were obtained from GE Dharmacon. Wild-type and V617F Jak2 plasmids were
previously described [122].

Antisense oligonucleotides

The morpholino oligonucleotides used in this study were: MmEx10: 5’-
GCTGCCACTCACACGGTGGTGATGG-3’, MmEx11: 5°-G GATCCACCCACCTGGGCT
CCCGCT-3’) and negative control: 5’-CCTCTTACCTCAGTTACAATTTATA-3’ for mouse
cells and in vivo experiments. HSEx10: 5>-GCTACCACTCACGTGGTGGTGATGG-3’ and
HsEx11: 5>-GGGTCCACCCACCTGGGCTCCTGAG-3* were used for human cells (Gene
Tools, LLC).

DNA genotyping

DNA was extracted from mouse tails following standard procedures. Lmna-G609G
mice genotyping was performed with the following oligonucleotides: 5’-AAGGGGCTGGGA
GGACAGAG-3’, 5’-AGTAGAAGGTGGCGCGAAGG-3’ and 5’-AGCATGCAATAGGGT
GGAAGGA-3’. The PCR products consisted in fragments of 240 base pairs (bp) (G609G-
allele), 340 bp (LCS allele) and 100 bp (wild-type allele). Zfand2b-deficient mice genotyping
was performed with the following oligonucleotides: 5'-GTGAGCACTGGAGCTGGAAA-3';
5-GTGGGAAAGGGTTCGAAGTT-3"'and 5'-CGCAAAGCTGCTACTCAGGT-3'. The PCR
products consisted in fragments of 254 bp (ko-allele) and 150 bp (wild-type allele). Direct
sequencing was performed using an ABI-Prism 3130XL automatic sequencer (Applied

Biosystems, Foster City, California, USA).

Exome sequencing

Genomic DNA from bone marrow polymorphonuclear cells (200 ng) was sheared and
used for the construction of a paired-end sequencing library as described in the protocol
provided by Illumina. Enrichment of exonic sequences was then performed for each library

using the SureSelectXT Mouse All Exon kit (Agilent) following the manufacturer’s
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instructions. Exon-enriched DNA was precipitated with magnetic beads coated with
streptavidin (Invitrogen) and was washed and eluted. 18 additional cycles of amplification
were then performed on the captured library. Enriched libraries were sequenced in two lanes
of an Illumina Gene Analyzer II1x sequencer, using the standard protocol. Data analysis and
identification of sequence variants was performed using the Sidrén pipeline in a HD Genome
One Research Edition station (DREAMgenics, Asturias, Spain) [123].

Analysis of DNA methylation

The methylation status of specific genomic DNA sequences was established by
bisulfite genomic sequencing [124]. Following the bisulfite conversion reaction, the DNA
sequence was amplified by PCR with primers specific for the bisulfite-converted DNA. The
PCR product was cloned and at least 10 colonies per sequence were sequenced automatically
to determine the methylation status of each sample. The percentage of methylation for each
sample was calculated based on the number of clones that showed methylated or
unmethylated cytosines. 5-methylcytosine (5mC) genomic content was determined by high-
performance capillary electrophoresis (HPCE), as described [125]. Briefly, genomic DNA
samples were boiled, treated with nuclease P1 (Sigma) for 16 h at 37 °C, and with alkaline
phosphatase (Sigma) for an additional 2 h at 37 °C. After hydrolysis, total cytosine and 5mC
content were measured by HPCE using a P/ACE MDQ system (Beckman-Coulter). Cytosine
and methylcytosine were separated and quantified using the sodium dodecylsulfate (SDS)
micelle system, based on size, charge, structure and hydrophobicity differences after
application of specific voltages using a narrow-bore fused silica capillary tube. Relative 5mC
content was expressed as a percentage of total cytosine content (methylated and non-

methylated).

RNA preparation and quantitative RT-PCR

Cells or tissues were homogenized in TRIzol reagent (Life Technologies), and
processed through alcohol precipitation. RNA pellets were then washed in cold 75% ethanol,
and resuspended in nuclease free water (Ambion). The samples were quantified and evaluated
for purity (260/280 nm ratio) with a NanoDrop ND-1000 spectrophotometer. cDNA was
synthesized with 0.1 to 1 pg of total RNA with the ThermoScript RT-PCR system
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(Invitrogen). Quantitative RT-PCR (gRT-PCR) was carried out in triplicate for each sample
with 20 ng of cDNA, Power SYBR green PCR Master Mix, and 0.5 pL of the specific
oligonucleotides for the gene of interest (Applied Biosystems). As an internal control for the
amount of template cDNA used, gene expression was normalized to amounts obtained for the
mouse Gapdh endogenous control. The following oligonucleotides were used for the
amplification: Atm_fwd: 5’-GGAGACAGCTTGTGAAGGGCCG-3’, Atm_rev: 5’-TGCAC
CACTCGAGAACACCGC-3’, Ikbkg fwd: 5-TGCCAACAGCAGATGGCTGAGG-3’,
Ikbkg_rev: 5>-GCTGTAGCACCTCCCGCTCAC-3’, Zfand2b fwd: 5’-AGGTCATCAGAC
CAGCAGGGCA-3’, Zfand2b rev: 5-GGTGTA GCTCTGCTTGGGGAGGAT-3’. Mouse
progerin, human ZFAND2B and miR-125a-3p RNA levels were quantified with Tagman
assays (Life Technologies), using p-actin, GAPDH or RNU6b as Tagman endogenous

controls.

For detection of the aberrant splicing of Lmna gene the following oligonucleotides
were used: Lmna-9F: 5’-GTGGAAGGCGCAGAACACCT-3’, Lmna-12R: 5’- GTGAGGGG
GGAGCAGGTG-3’), Lmna-7F: 5°-CCAGCCCTACCTCGCAGC-3’ and Lmna-10R: 5°-GC
GGCGGCTGCCACTCAC-3’. Gapdh was used as an endogenous control, Gapdh-F: 5°-
GTGCAGTGCCAGCCTCGTCC-3’ and Gapdh-R: 5’>-GCCACTGCAAATGGCAGCCC-3".
Xbp1 splicing was analyzed by RT-PCR with the following oligonucleotides: mXbp1.3S: 5°-
AAACAGAGTAGCAGCGCAGACTGC-3’, mXBP1.12AS: 5>-TCCTTCTGGGTAGACCT
CTGGGAG-3'. PCR products were then digested with Pstl and run in agarose gels.

Transcriptional profiling

Total RNA was isolated using an RNeasy kit (Qiagen). Double-stranded cDNA was
synthesized using the SuperScriptTM cDNA synthesis kit (Invitrogen). In vitro transcription
was carried out with the Bioarray high yield RNA transcript labeling kit (Enzo Diagnostics).
The biotin-labeled cRNA was purified, fragmented and hybridized to GeneChip Mouse Gene
1.0 ST Array (Affymetrix) or to Human Gene 2.0 ST (Affymetrix). Washing and scanning
were performed using Fluidics Station 400 and GeneChip Scanner (Affymetrix). After
scanning, raw data were processed with RMAEXxpress (http://RMAEXxpress.ombolstad.com),

using default settings or with Expression Console software (Affymetrix). Array data were
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clustered using Cluster 3.0 software and the heat maps were created using TreeView 1.1.5
software (http://rana.Ibl.gov/EisenSoftware. htm).

RNA sequencing

Transcriptional profiling of livers from Zmpste24-deficient and control mice was
performed by RNA sequencing using a Solexa Illlumina Platform. cDNA synthesis and
sequencing was performed by The Centre for Applied Genomics, The Hospital for Sick

Children, Toronto, Canada.

Western-blot analysis

Cultured cells were washed twice with 1x PBS and resuspended in RIPA buffer (10
mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, 140 mM NaCl) supplemented with protease and phosphatase inhibitors (Roche). Tissues
were snap-frozen in liquid nitrogen. Frozen tissues (~50 mg in each sample) were
homogenized in 300 uL of RIPA buffer with a Polytron homogenizer. Protein concentration
was evaluated with the bicinchoninic acid technique (Pierce BCA Protein Assay Kit). Equal
amounts of proteins were loaded onto SDS-polyacrylamide gels. After electrophoresis, gels
were electrotransferred onto nitrocellulose membranes or Immobilon-FL polyvinylidene
fluoride membranes (Millipore), blocked with 5% nonfat dry milk in TBS-T buffer [20 mM
Tris (pH 7.4), 150 mM NaCl, and 0.05% Tween 20], and incubated overnight at 4 °C with the
different primary antibodies. Finally, blots were incubated with 1:10,000 secondary antibody
conjugated with horseradish peroxidase (HRP) (Jackson ImmunoResearch Laboratories) in
1.5% nonfat milk in TBS-T. Then, we washed and developed the immunoreactive bands with

Immobilon Western chemiluminescent HRP substrate (Millipore).

Electrophoretic mobility shift assays

Nuclear extracts from cells were prepared as described previously [126]. For the
preparation of nuclear extracts from tissues, a slightly modified protocol was used. Briefly,
frozen tissues were homogenized in cold buffer A (10 mM Tris-HCI pH 8, 1.5 mM MgCl,, 10
mM KCI, 1 mM DTT, protease inhibitor cocktail 2x) with a Potter homogenizer. After ice
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incubation for 15 min, samples were pelleted by centrifugation and resuspended in cold buffer
A containing 0.1% Triton X-100. After ice incubation, cells were pelleted, and nuclear pellets
resuspended in cold buffer C (20 mM Tris-HCI pH 8, 25% glycerol (v/v), 0.4 M NaCl, 1.5
mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 2x protease inhibitor cocktail). Samples were
vigorously rocked at 4 °C for 15 min on a shaking platform. The nuclear extracts were finally
centrifuged for 5 min in a microfuge at 4 °C and the supernatants were frozen in aliquots at -
70 °C. NF-xB and Oct-1 consensus oligonucleotides (Promega) were radiolabeled by T4
polynucleotide kinase (New England Biolabs) in presence of y-32P-ATP. Labeled
oligonucleotides were incubated with 15-20 pg of nuclear extracts in 1x binding buffer (4x
glycerol, 20 mM Tris-HCI pH8, 60 mM NaCl, 5 mM MgCl,, 1 mM DTT, protease inhibitor
cocktail 1x) in the presence of poly-dl-dC. Complexes were run in nondenaturing, 6%

acrylamide gels, and exposed to X-ray detector Fuji phosphorimager (Fujifilm Global).

Immunoprecipitation

AIRAPL co-immunoprecipitation experiments were performed in the HEK-293T cell
line. To this end, cells were transfected with either pEGFP-Zfand2b plasmid or pEGFP empty
vector and incubated with MG-132, 8 h prior to lysis. Cells were lysed with co-IP buffer (150
mM NaCl, 20 mM TrisHCI pH 7.4, 1% NP-40, 1 mM MgCl,, 10% glycerol, and complete
protease inhibitors 1x). Protein extracts were precleared for 2 h at 4 °C with dynabeads (Life
Technologies), and then incubated with anti-GFP-conjugated dynabeads for 1 h at 4 °C. Beads
were washed three times with lysis buffer, and bound proteins were released from beads by
boiling in 2x Laemmli sample buffer. Immunoprecipitates and input samples were resolved
by SDS-PAGE or subjected to protein digestion followed by nano-liquid chromatography
coupled to mass spectrometry for protein identification and quantification by peptide counting
[127]. For ubiquitination experiments, HEK-293T cells were transfected with HA-ubiquitin,
pcDNA3.1-HA-Zfand2b and pEGFP-IGF1R plasmids, and total lysates were precipitated
with anti-GFP antibody and immunostained with anti-HA antibody. For cycloheximide chase,
assayed cells were incubated with 100 pg/mL cycloheximide (Sigma-Aldrich) during the

indicated times.
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Pulse-chase metabolic labeling

Forty-eight hours after transfection with pEGFP-IGF1R construct, HEK-293T cells
were incubated in cysteine- and methionine-free DMEM containing 10% dialyzed FBS for 12
h. Then, *S-label (0.1 mCi/mL; EasyTag™ express35S Protein Labeling Mix; Pelkin Elmer)
was added to the cells for 1 h. After labeling, cells were washed with chase medium (DMEM
with 15 mg/L cold-methionine) and incubated in chase medium for the times indicated. Cells
were then lysed in RIPA buffer, immunoprecipitated with anti-GFP antibody and resolved by
SDS-PAGE. Nitrocellulose filters were exposed overnight and scanned using a

Phosphorimager.

Quantification of histone acetylation

Histones were prepared in accordance with established protocols [128] and global
acetylation at histones H2B and H4 was quantified as previously described [124]. Individual
histone fractions were extracted from cell nuclei by acid treatment, and then purified by
reverse-phase HPLC on a Jupiter C18 column (Phenomenex Inc.) with an acetonitrile gradient
(20—60%) in 0.3% trifluoroacetic acid, using a high-performance liquid chromatography
(HPLC) gradient system (Beckman-Coulter). This method separates molecules based on their
hydrophobicity. Samples were lyophilized and then dissolved in 5 mM DTT in order to avoid
oxidation. Acetylated histone derivatives were resolved by HPCE as described [124]. In brief,
non-, mono-, di- and polyacetylated histone derivatives were resolved by HPCE. An uncoated
fused silica capillary (Beckman-Coulter; 60.2 cm x 75 um, effective length 50 cm) was used
in a CE system (P/ACE MDQ, Beckman-Coulter) connected to a data-processing station (32
Karat Software, Beckman-Coulter). The running buffer was 100 mM phosphate buffer, pH
2.0 containing 0.02% (w/v) HPM-cellulose, and running conditions were 25 °C with operating
voltages of 12 kV. On-column absorbance was monitored at 214 nm. Before each run, the
capillary system was conditioned by washing with 0.1 M NaOH (3 min), with 0.5 M H,SO,
(2 min) and equilibrated with running buffer (3 min). Samples were injected under pressure
(0.3 psi, 3 sec). All samples were analyzed in duplicate and three measurements were made

per replicate.
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Nano-liquid chromatography and tandem mass spectrometry

The resulting H2B-derived tryptic peptides from control and mutant samples were on
line injected onto a C18 reversed-phase micro-column (300 mm ID x 5 mm PepMapTM, LC
Packings, Amsterdam, The Netherlands) to remove salts, and then analyzed in a continuous
acetonitrile gradient consisting of 0-50% B in 45 min and 50-90% B in 1 min (B= 95%
acetonitrile, 0.5% acetic acid in water) on a C18 reversed-phase nano-column (100 mm ID x
15 cm, Discovery® BIO Wide pore, Supelco, Bellafonte, PA). A flow-rate of 300 nl/min was
used to elute peptides from the reversed-phase nano-column to a PicoTip™ emitter nano-
spray needle (New Objective, Woburn, MA) for real-time ionization and peptide
fragmentation on a 4000 Q-Trap LC/MS/MS system (Applied Biosystems /MDS Sciex,
Concord, ON, Canada) equipped with a nanospray ion source (Protana). Nano-liquid
chromatography was automatically performed on an advanced nano-gradient generator
(Ultimate nano-HPLC, LC Packings) coupled to an autosampler (Famos, LC Packings). The
needle voltage was set at 3000 V. Nitrogen was used as curtain (value of 15) and collision gas
(set to high). For the analysis in the multiple reaction monitoring mode (MRM), Q1 was set
on the multiply-charged parent ions at the indicated m/z values. Q3 was set on the marker
filtering signal selected for each parent ion. Collision energy was set to 20. All
chromatograms and MS/MS spectra were analyzed by the software packages Analyst 1.4.1
(Applied Biosystems).

ChlP-on-Chip assays

The chromatin immunoprecipitation assay was carried out as described [124] with
anti-ackK5H2b (Cell Signaling). DNA-protein interactions were fixed using formaldehyde as a
crosslinking agent. Crosslinked protein/chromatin was fragmented by sonication into
fragments of ~200-800 bp. Protein was then immunoprecipitated from the lysate using a
specific antibody. After reversal of crosslinking, proteins were removed, DNA purified and
used for ChIP-on-Chip assays. The ChIP on Chip assay was performed on the Agilent Mouse
Promoter ChIP-on-chip microarrays with Designs IDs 014716 and 014717 containing probes
covering 5.5 kb upstream and 2.5 kb downstream of the transcriptional start sites. Labelling
was performed using a BioPrime Total Genomic Labelling System (Invitrogen) following

manufacturer instructions. The hybridization was performed following Agilent manual
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G4481-90010. The arrays were scanned on a G2565BA DNA microarray scanner (Agilent)
and the images were quantified using Agilent Feature Extraction Software v9.5.3. Finally,
Agilent ChIP Analytics v1.3.1 was used as analysis software using Whitehead model v1.0 as

error model.

Cell Biology methods

Cell culture

We extracted mouse fibroblasts as previously described [80]. Human skin fibroblasts
from control subjects (AG10803), patients with the HGPS p.Gly608Gly mutation
(AG01972c) as well as dermal fibroblasts derived from young (GMO05565, 3-year-old and
GMO00038, 9-year-old) and advanced age donors (AG04059, 96-year-old) were obtained from
Coriell Cell repository. IM0097Y fibroblast cell line was obtained directly from a 97-year-old
donor. HEK-293T, SET2 and HEL cell lines were purchased from ATCC or DSMZ cell
repositories and maintained in culture following the provider’s specifications. Transient
transfections were performed using Lipofectamine reagent (Life Technologies). For lentiviral
transduction, HEK-293T cells were transfected with pCDH-based vectors along with second
generation lentiviral packaging plasmids. Viral particles were collected from supernatants,
filtered through 0.45 um PES filters and concentrated using Lenti-X concentrator reagent
(Clontech).

For transfection with morpholinos, cells were plated at high density (80%) and the
corresponding amount of each morpholino was added. After that, proper amount of
endoporter reagent (Gene Tools, LLC) was added. Cells were retransfected 48 h later and the
analyses were done 96 h after the first transfection. For transfection of small interference
RNAs, we followed the manufacturer’s instructions (Stealth siRNAs, Life Technologies).
Briefly, cells were plated at low density (30-50%) and up to 150 pg of siRNA were added
with 7.5 pL of lipofectamine RNAIMAX (Life Technologies). The same procedure was
repeated after 4 h and analyses were performed 48 h after the first transfection. For
pharmacological inhibition of ATM Kkinase activity, cells were incubated for 12 h in the
presence of 10 pM KU55933 ATM inhibitor. MG-132 was used at a 2 uM concentration for
the indicated times.
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In vitro inhibitor assays

To assess anti-proliferative effects of NVP-AEW541, SET2 and HEL cell lines were
cultured at 10,000 cells/200 pL with increasing inhibitor concentrations in triplicate.
Proliferation was assessed at 48 h using Cell Titer 96 Non-Radioactive proliferation kit
(Promega), and normalized to cell growth in media with an equivalent volume of DMSO. The
concentration inhibiting proliferation by 50% (IC50) was determined with Graph Pad Prism

5.0. Ruxaolitinib was obtained from Selleckchem.

Luciferase experiments

ZFAND2B 3’-UTR sequence was amplified by PCR and cloned into psiCHECK2
vector downstream the Renilla luciferase sequence. Luminescence determinations were
performed using the firefly luciferase values as an endogenous control. miR-125a-3p miRNA

precursor and inhibitor were purchased from Life Technologies.

CRISPR-Cas9 experiments

Genome editing experiments were performed as described previously [21]. In brief,
for the generation of ZFAND2B-deficient HEK-293T cells, two different plasmids encoding
CRISPR-Cas9 and ZFAND2B guide RNA (gRNA) were obtained from Sigma-Aldrich (5544:
5’-GACCTCGGCGCTCACTGTT CGG-3’; 5545: 5°- CTCCGAACACTGAGCGCCGAGQG).
gRNAs were selected to target ZFAND2B exon 1 in order to generate frameshift mutations
that would cause premature termination of the open reading frame in this gene. CRISPR-Cas9
plasmids were transiently transduced into HEK-293T cells and clones were isolated by serial
dilution. To analyze the resulting genomic DNA modifications induced by CRISPR-Cas9
activity, we amplified by PCR the targeted DNA region using external oligonucleotides. The
forward oligonucleotide was modified to include 6-FAM fluorophore in its 5’ position, which
allowed the fragment analysis of resulting PCR products by capillary electrophoresis. Indels
were also confirmed by DNA sequencing. Three HEK-293T cell clones carrying deleterious
modifications and three wild-type clones were selected for the experiments to rule out

potential off-target effects of Cas9.
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Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde solution, rinsed in PBS and permeabilized
with 0.5% Triton X-100. A different permeabilization step was needed for YH2AX staining
with 0.1% sodium citrate and 0.1% Triton X-100 solution. Cells were incubated with primary
antibodies diluted in PBS (added with 1% bovine serum albumin) 1-3 h at 25 °C. After
washes with PBS, slides were incubated with 1:500 Alexa 488-conjugated secondary antibody
(Life Technologies) for 1 h at 25 °C. After the final washes, nuclei were counterstained with
DAPI (Roche) and slides were mounted in Vectashield mounting medium (Vector).
Microphotographs were recorded using an Axioplan-2 Zeiss fluorescent microscope (Zeiss)
and images were captured with CCD camera (Fotometrics “SenSys”). 300 nuclei of progeroid

and normal fibroblasts were counted for each experiment.

FACS analysis

All the antibodies used in the study were from Biolegend unless noted. The following
monoclonal antibodies were used for HSC analysis: PE anti-mouse CD117 (105807),
PerCP/Cy5.5 anti-mouse CD45 (103132), PE/Cy7 anti-mouse CD150 (115914), APC anti-
mouse CD127 (135012), APC/Cy7 anti-mouse CD48 (103432), Brilliant Violet 421™ anti-
mouse Ly-6A/E (Sca-1) (108127), FITC anti-mouse CD16/32 (101306), PE/Cy7 anti-mouse
CD45.1 (110730), FITC anti-mouse CD45.2 (109806), Brilliant Violet 510™ anti-
mouse/human CD45R/B220 (103247), Brilliant Violet 421™ anti-mouse CD3 (100227), anti-
mouse CD34 (eBioscience, 11-0341-82), PE rat anti-mouse Ly-6G clone 1A8 (BD
Pharmingen, 551461), APC rat anti-mouse Ly-6G and Ly-6C clone RB6-8C5 (BD
Phamingen, 553129) and Lineage cocktail (BD PharMingen, 558074). FACS data were
acquired using a FACScanto Il flow cytometer (BD Biosciences) and analyzed using Infinicyt

software (Cytognos, Santa Marta, Spain).

Animal model methods

G609G

Generation of Lmna mice

DNA fragments for the arms of the gene-targeting vector were generated by PCR of

genomic DNA from 129 Ola ES cells. A 4.4-kb 5’-homology arm, spanning from exon 3 to
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the middle of exon 10 was amplified and cloned in the 5’-polylinker of a modified
PGKNeotpalox2 vector, where we had previously introduced the thymidine kinase selection
gene. Next, we cloned the 5.6-kb 3’-homology arm, which spanned from exon 10 to the end
of the gene, in the 3’-polylinker of PGKNeotpalox2. To this end, we amplified and cloned
two subfragments. The first one, which spanned to the end of exon 11 was amplified using a
reverse oligonucleotide containing the ¢.1827C>T mutation. The integrity of the vector was
verified by DNA sequencing and restriction mapping. The targeting vector was linearized and
electroporated into strain 129/0la ES cells. To identify clones carrying the targeted Lmna-“®
allele, we performed Southern-blot analysis of Hindlll and BspHI digested genomic DNA.
The probes detected 9.8 and 10.5 kb fragments, respectively, in the recombinant allele. Mouse
genotyping was performed by PCR of genomic DNA with the following oligonucleotides: 5’-
AAGGGGCTGGGAGGACAGAG-3’, 5-AGTAGAAGGTGGCGCGAAGG-3’ and 5’-
AGCATGCAATAGGGTGGAAGGA-3’. The PCR fragment was 340 bp in the Lmna-“®
allele and 100 bp in the wild-type allele. Targeted 129/Ola ES cells were microinjected into
C57BL/6 blastocysts to produce chimeric mice which were then crossed with C57BL/6 mice
to generate heterozygous Lmna-“® mice.

G609G S

To generate mice carrying Lmna allele, Lmna-“® mice were crossed with
transgenic mice expressing constitutive CMV-Cre recombinase (Jackson Laboratory) and
cassette excision was verified through PCR. The nomenclature for the description of sequence
variants follows the HGVS guidelines at http://www.hgvs.org/mutnomen/. The reference
sequences used for sequence variation description were: human LMNA NM_170707.2 and

mouse Lmna NM_001002011.2.

Generation of Zfand2b-deficient mice

The gene-targeting vector for generation of Zfand2b-knock-out first allele was created
through recombineering specific methodology as previously described [129, 130]. Briefly, a
12.7 Kb fragment of mouse genomic DNA including Zfand2b entire sequence was cloned into
pL253 vector, that contains the thymidine kinase gene for ESC negative selection. A loxP
sequence was inserted into the intron 1-2 of this gene along with a trapping element
consisting in a splice acceptor sequence followed by a neomycin resistance gene, used for

positive selection of ESCs. The trapping element was flanked by FRT sites. Then, a second
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loxP site was inserted into the intron 8-9 of Zfand2b gene. Vector integrity was assessed by
DNA sequencing and restriction mapping. The targeting vector was linearized and
electroporated into the ES cell line AB2.2 from 129S5/SvEvBrd mice strain. ESCs clones
were isolated after G418 and ganciclovir selection, and analyzed by Southern-blot for the
identification of those clones that carried the targeted Zfand2b-ko first allele, using for this
purpose Xhol-digested genomic DNA. The probes detected a 7.2 kb fragment in the
recombinant allele. Two different clones of targeted AB2.2 ESCs were microinjected into
C57BL/6 mouse blastocysts to produce chimeric mice that were then subsequently crossed

with C57BL/6 mice to generate Zfand2b-heterozygous mice.

Mutant mice strains

Zmpste24-deficient mice were generated and genotyped as described previously [74].
RelA*" mice were obtained from Jackson Laboratories. Zmpste24*"~ and RelA*" were crossed,
and Zmpste24™ RelA*"" progeny were interbred to obtain Zmspte24”RelA™" mice. Conditional
Jak2-V617F mice generation was previously described [131, 132]. Igflr-haploinsufficient
mice were kindly provided by Dr. M. Holzenberger [133].

Animal experiments

All the animal experiments were performed in accordance with the guidelines of the
Committee for Animal Experimentation of the Universidad de Oviedo. For in vivo inhibition
of DNA methylation, 5-azacitidine (2 mg/kg/day) in PBS was administrated intraperitoneally
to mice every day for one week to 4 month-old Zmpste24-deficient mice and littermate
controls. We administrated combined vivo-morpholinos (Gene Tools, LLC) MmEx10-
MmEx11 at a concentration of 6 mg/Kg each one in a saline solution through tail vein
injection twice a week. Control vivo-morpholino was administrated with the same routine at a
concentration of 12 mg/Kg. Mice were treated for 12 weeks, starting at the age of 6 weeks.
Neither vehicle alone nor control vivo-morpholinos treatments produced any apparent damage
or stress in control mice. We administrated sodium salicylate (Sigma-Aldrich) (200
mg/kg/day) in PBS intraperitoneally to mice every day. Neither vehicle alone nor sodium
salicylate treatment produced any apparent damage or stress responses in mice. For the

experiments with Igflr small molecule inhibitor, animals were administrated p.o. twice daily,
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7 days/week with 50 mg/kg/day of NVP-AEW541, 10 mL/kg dissolved in 25 mM L(+)-
tartaric acid. NVP-AEWb541 was generously provided by Novartis. Tunicamycin (Sigma-
Aldrich) was intraperitoneally injected into 8-week-old wild-type and Zfand2b-deficient mice

at a dose of 1 pg/g body weight. Mice were euthanized 3 days after injection.

Blood analysis

For hematological determinations, blood was extracted directly from the mandibular
sinus after anesthetizing mice with isoflurane. Blood samples were analyzed using Abacus
junior vet equipment (Diatron Labs). In glucose determinations, animals were starved for 6 h
to avoid any possible alteration in blood glucose levels due to food intake previous to
measurements. Blood glucose was measured with an Accu-Chek glucometer (Roche
Diagnostics) using blood from the tail vein. For other measured parameters, blood was
extracted directly from the mandibular sinus after anesthetizing mice with isoflurane. To
obtain plasma, blood was centrifuged immediately after collection at 3000 g and 4 °C and the
supernatant was collected and stored at -20 °C until analysis. Plasma IGF-1 and CXCL1
concentration was determined using the R&D Systems Quantikine ELISA kit, whereas
plasma GH concentration was measured using the Linco ELISA kit. For plasma insulin, leptin
and adiponectin measurements, we used Millipore ELISA Kits. IL-6 and TNF-a
concentrations were determined using eBioscience ELISA kits. All protocols were performed

according to the manufacturer’s instructions.

Heart analysis and blood pressure

Mice were anesthetized with 2.5% sevoflurane and a Vevo 2100 transthoracic
echocardiograph equipped with a 30-MHz mouse ultrasound probe was used to assess left
ventricular function and electrocardiographic parameters (PR and QRS intervals) using the
VevoStrain™ software (Visual Sonic). Blood pressure and heart rate were measured using a
noninvasive automated tail-cuff device (Visitech System BP2000, NC). Mice were trained on
a daily basis for one week and then, measurements were taken on a weekly basis at the same
time in the morning. For more accuracy the first 10 out of 20 measurements were discarded

and mean values of individual mice were used for analysis.
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Histological and immunohistochemistry analyses

Micro-CT analyses of bones were performed with a micro-CT Skyscan 1172 system

GBO9GIGEOIG | mna®%%"™* and Lmna™™* male mice was

(Skyscan). Forepaw strength of Lmna
measured using a strain gauge sensor (Bioseb, France). For histology analysis, we fixed
samples with 4% paraformaldehyde in PBS, processed the resulting preparations into serial
paraffin sections, and stained each with hematoxylin and eosin (H&E). Formalin-fixed
paraffin-embedded tissue sections were cut at 5 um for immunohistochemical detection on a
Discover automated immunostainer (Ventana Medical Systems). Deparaffinization and heat-
induced antigen retrieval were performed directly on the stainer. Antigen retrieval procedures
were as follows: retrieval performed with CC2 solution (Ventana) for 30 min at 95 °C.
Primary antibody incubation was performed for 1 h at 37 °C. Finally, HRP-conjugated
antibody (OmniMap anti-Rb HRP, Ventana) was applied for 16 min at 37 °C. Staining was
visualized by using ChromoMap DAB kit (Ventana). Cells were counterstained with
hematoxylin and visualized by light microscopy. Quantitative analyses were performed
according to the percentage of immunopositive cells per 0.5 mm. Blood smears were stained
using May-Grunwald-Giemsa staining procedure. Reticulin fibers were revealed by silver
staining according to the Gordon Sweet method. Histological analyses were performed in a
blinded fashion.

Bone marrow transplantation

Recipient mice were treated with 25 mg/kg/day of busulfan (Sigma-Aldrich) for 4
days, followed by injection of 200 mg/kg of cyclophosphamide (Sigma-Aldrich). Twenty-four
hours after last injection, bone marrow was collected from femurs and tibias of donor mice by
flushing the cavity of freshly dissected bones with Hank’s Balanced Salt Solution (HBSS).
Cell suspension was filtered through 100 pm filters and counted. 2x106 cells were
resuspended in HBSS and then injected in recipient animals via the jugular vein. Eight weeks
later, the engraftment was evaluated by gRT-PCR and immunofluorescence analyses of
peripheral blood from recipient mice. In competitive transplantation experiments, cell
populations were distinguished through the Ly-5.1 marker. 2x10° cells from mutant or wild-
type littermates were mixed with 2x10° cells from B6.SJL-PtprcaPepcb/BoyJ (Ly-5.1+) wild-

type competitors and injected into mice recipients. Jak2-V617F transduction of bone marrow
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cells and subsequent transplantation of progenitors was performed as described previously
[134]. Briefly, donor mice were treated for 5 days with 5-fluorouracil (150 mg/kg,
intraperitoneal injection). Bone marrow cells were harvested and cultured for 24 h in
transplant medium (RPMI 10% FBS, 6 ng/mL IL-3, 10 ng/mL IL-6, and 10 ng/mL stem cell
factor). Then, cells were treated by spin infection with Jak2-V617F viral supernatants
centrifuged at 1800xg for 30 min, 24 h before and on the day of transplantation. Whole BM
cells (1x10%) were resuspended in HBSS and injected into the jugular vein of

busulfan/cyclophosphamide-treated mice.

Hydrodynamic delivery of an NF-kB-luciferase gene reporter

A plasmid containing firefly luciferase gene under control of a minimal CMV
promoter and tandem repeats of the NF«kB transcriptional response element was injected by
using the hydrodynamic technique previously described [135]. In brief, 10 ug/mL solution of
the plasmid was prepared in sterile, Ringer’s buffer at room temperature. Mice were
anaesthetized and the lateral tail vein was accessed with a 21-gauge needle. Administration of

the solution (1 mL/10 g) was performed without extravasation.

Lung-delivery of PEI/DNA complexes

The specific ratio of PEI/DNA was experimentally determined following the
manufacturer’s instructions. The best transfection results were obtained with an N/P ratio of 8

™
I

and 50 pg of DNA per mice, using a total amount of 8 uL of jetPEI'™ reagent. Complexes

were injected through tail lateral vein.

Bioluminescent imaging and analysis

Mice were anaesthetized and injected intraperitoneally with 200 pL of D-luciferin
solution (15 g/L in PBS, Melford Laboratories). Imaging was completed between 2 and 5 min
after injection with a Xenogen IVIS system coupled to Living Image acquisition and analysis
software (Xenogen). Photon flux was calculated for each mouse by using a rectangular region

of interest. This value was scaled for each mouse to a comparable background value.
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Represented values were recorded 7 days after injection to avoid any potential interference

caused by experimental procedure-induced liver inflammation.

Caenorhabditis elegans experiments

Standard nematode growth medium and conditions were used for C. elegans growth
and maintenance. The CB1370 [daf-2(e1370)II]] and DH26 [fer-15(b26)] strains were
obtained from the Caenorhabditis Genetics Center. Temperature sensitive fer-15 (fertility)
mutation was used to prevent the production of offspring that would confound the evaluation
of adult worms. The GM6 [fer-15(b26) 11/ daf-2(e1370) 1] strain was a kind gift of Dr.
Manuel J. Mufioz Ruiz. All worm populations were synchronized with the alkaline
hypochlorite treatment [136]. To perform RNA-mediated interference (RNAI) by feeding,
nematode growth medium (NGM) plates were supplemented with 50 pg/mL ampicillin, 12.5
pg/mL tetracycline, and 1 mM IPTG. Plates were seeded with the corresponding RNA. clone,
validated by PCR and/or sequencing, and dsRNA synthesis induced o/n at 37 °C. aip-1 RNAI
clone was obtained from the ORFeome library [137], while daf-16 RNAI clone was from the
Ahringer library [138]. Worms were grown on regular NGM plates and transferred to RNAI
plates at L4 stage. For N2 and daf-2(e1370) strains, plates were supplemented with 0.1
mg/mL fluorodeoxyuridine (FUDR) to prevent progeny growth and lifespan assays were
conducted at 20 °C. For fer-15(b26) and fer-15(b26)/daf-2(e1370) strains, experiments were
performed at 25 °C to avoid self-fertilization. At least 100 worms were used in each of the
three experimental replicates. Animals were considered dead when no movement or

pharyngeal pumping was observed after gentle touch in the head.

Human samples

Human MPN samples were collected from Hospital Universitario Central de Asturias
(HUCA). The study was approved by the Ethical Committee of HUCA and all of the patients
provided written informed consent. For ZFAND2B transcriptional analysis, 70 peripheral
blood samples from MPN patients and 30 controls were analyzed. For AIRAPL
immunohistochemistry analysis, 30 samples from MPN bone marrow biopsies and 10 controls

were collected.
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Statistical methods

Reproducibility of the experiments, statistical and bioinformatics analyses

All the experiments were performed at least in independent triplicates (unless noted
otherwise) and statistical analyses were derived from these data. All comparisons between
wild-type and knock-out animals were performed in animals from the same age. Experimental
conditions were blinded randomized and no statistical method was used to predetermine
sample size. Differences between groups were assayed using Microsoft Excel, SPSS and
GraphPad Prism. In all cases, experimental data assumed t-test requirements (normal
distribution and similar variance); in those cases where the assumption of the t-test was not
valid, a non-parametric statistical method was used (for example, Wilcoxon signed-rank test).
Significant differences were considered when *P<0.05 and **P<0.01. Error bars indicate the
standard error of the mean, as indicated in figure legends. For computational prediction of
miRNAs targeting ZFAND2B, a combination of the following software was used: TargetScan

(http://www.targetscan.org) and miRanda (http://www.microrna.org).

Gene Set Enrichment Analysis (GSEA)

GSEA was performed as described in the original citation [139]. For data analysis, we
used GSEA releases 2.06, 2.5 and 5 (http://www.broadinstitute.org/gsea/index.jsp). Weighted
enrichment scores were calculated using gene expression lists ranked by signal-to-noise ratio.
The maximum gene set size was set to 500 genes; the minimum gene set size was set to 20
genes; the number of permutations was set to 1000. Analyses were performed with a
collection of gene sets from curated genes and canonical pathways (c2) and hallmark gene
sets. Selected enriched pathways have a relaxed false discovery rate (FDR) < 0.25 and P <
0.01.
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I. Cell autonomous and systemic alterations in accelerated aging

Aging research has been greatly benefited from the generation of animal models of
accelerated aging syndromes, which faithfully recapitulate most of the alterations involved in
this group of human diseases. In this regard, the characterization of Zmpste24-deficient mice
as well as some other progeroid mouse models has unveiled a complex relationship of the cell
autonomous and systemic alterations that underlie organismal aging. Furthermore, progeroid
animal models have also allowed the preclinical testing of several therapeutic strategies. In
order to provide an overview of these topics as a previous step to the experimental work
carried out in this Doctoral Thesis, we have reviewed the development of Zmpste24-deficient
mice as well as the main age-related alterations and therapeutic strategies described in this

animal model.

Avrticle 1: Fernando G. Osorio, Alvaro J. Obaya, Carlos Lopez-Otin, and José M.P.
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Abstract Ageing research benefits from the study of
accelerated ageing syndromes such as Hutchinson-
Gilford progeria syndrome (HGPS), characterized by
the early appearance of symptoms normally associated
with advanced age. Most HGPS cases are caused by a
mutation in the gene LMNA, which leads to the
synthesis of a truncated precursor of lamin A known
as progerin that lacks the target sequence for the
metallopotease FACE-1/ZMPSTE24 and remains con-
stitutively farnesylated. The use of Face-1/Zmpste24-
deficient mice allowed us to demonstrate that
accumulation of farnesylated prelamin A causes severe
abnormalities of the nuclear envelope, hyper-activa-
tion of p53 signalling, cellular senescence, stem cell
dysfunction and the development of a progeroid
phenotype. The reduction of prenylated prelamin
A levels in genetically modified mice leads to a
complete reversal of the progeroid phenotype,
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suggesting that inhibition of protein farnesylation
could represent a therapeutic option for the treatment
of progeria. However, we found that both prelamin A
and its truncated form progerin can undergo either
farnesylation or geranylgeranylation, revealing the
need of targeting both activities for an efficient
treatment of HGPS. Using Face-1/Zmpste24-deficient
mice as model, we found that a combination of statins
and aminobisphosphonates inhibits both types of
modifications of prelamin A and progerin, improves
the ageing-like symptoms of these mice and extends
substantially their longevity, opening a new therapeu-
tic possibility for human progeroid syndromes
associated with nuclear-envelope defects. We discuss
here the use of this and other animal models to
investigate the molecular mechanisms underlying
accelerated ageing and to test strategies for its
treatment.

Keywords Proteases - Tumor suppression -

Cancer - Isoprenylation - Alternative splicing -
Stem cell

Introduction
Ageing, the progressive and irreversible loss of
physiological integrity, is an extremely complex

process whose molecular basis remain incompletely
understood (Kirkwood 2005). Several human
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illnesses, known as segmental progeroid syndromes,
are characterized by the early development of multiple
biological alterations normally associated with
advanced age. Even though these rare and dramatic
conditions only partially recapitulate normal ageing,
their study has the potential of rendering valuable
information on the molecular mechanisms implicated
in the ageing process (Ramirez et al. 2007). Moreover,
the development of animal models that phenocopy
these syndromes can provide experimental sys-
tems useful to investigate the basis of particular
pathologies associated with ageing (atherosclerosis,
osteoporosis, osteoarthritis, cancer) and to perform
preclinical testing of therapeutic strategies against
these alterations.

Most human syndromes of accelerated ageing are
caused by one of two major mechanisms: defects in
DNA repair systems and alterations in the nuclear
lamina. The best understood progeroid syndrome
due to a DNA repair defect is Werner syndrome
(WS), also known as progeria of the adult.
WS patients show a wide array of symptoms of
premature ageing, which emerge at puberty and
include early growth stop, bilateral cataracts, grey
hair, scleroderma-like skin changes, subcutaneous
calcification, arteriosclerosis, diabetes mellitus, a
prematurely aged facies and a high incidence of
cancer. Most WS do not live past 50 years (Cox and
Faragher 2007). Typical cases of WS are caused by
null mutations in WRN, a gene coding for a protein
of the RecQ family with helicase and exonuclease
activities that plays important roles in homology-
dependent recombination repair and telomere main-
tenance (Yu et al. 1996). A Wrn-knockout mouse
model recapitulates the alterations observed in WS
patients at the molecular and cellular levels but,
strikingly, Wrn deficiency does not causes an
accelerated ageing phenotype in mice (Lombard
et al. 2000). In contrast, progeroid symptoms closely
recapitulating WS develop in double-mutant mice
lacking both Wrn and telomerase activity, revealing
the critical role of Wrn in telomere biology and its
relevance for the progeroid phenotypes caused by
WRN deficiency (Chang et al. 2004; Multani and
Chang 2007). These findings indicate that mice and
humans may show different sensitivity to progeroid-
causing alterations, and these differences have to be
carefully taken in consideration to interpret results
derived from the use of murine models.
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Hutchinson-Gilford progeria syndrome (HGPS),
also known as progeria of childhood, is the best
known accelerated ageing syndrome caused by
defects of the nuclear envelope. HGPS is character-
ized by shortened lifespan, growth impairment,
sclerotic skin, early hair loss, aged-facies, decreased
joint mobility and cardiovascular problems (Henne-
kam 2006; Merideth et al. 2008; Pereira et al. 2008).
Most HGPS cases are caused by a silent mutation in
the LMNA gene, which encodes two components of
the nuclear envelope, the lamins A and C. Lamin A is
synthesized as a precursor known as prelamin A,
which undergoes a series of post-translational mod-
ifications including farnesylation, proteolytic removal
of the C-terminal tripeptide, carboxyl methylation of
the prenylated cysteine residue and finally, the
excision of the 15-residue farnesylated peptide. The
mutation present in HGPS patients activates a cryptic
splicing site, and leads to the synthesis of a prelamin
A isoform known as progerin or LAAS50, which lacks
a 50-residue long fragment containing the tar-
get sequence for the final proteolytic step and
consequently remains constitutively farnesylated
(De Sandre-Giovannoli et al. 2003; Eriksson et al.
2003).

The use of genetically modified mice allowed us to
identify the zinc metalloprotease FACE-1 (also
known as ZMPSTE24) as the enzyme responsible
for the final proteolytic step during lamin A post-
translational maturation (Pendas et al. 2002). Accord-
ingly, Face-1/Zmpste24-deficient mice accumulate
farnesylated prelamin A at the nuclear envelope and
phenocopy human HGPS, providing a valuable
animal model for the study of this pathology (Pendas
et al. 2002; Bergo et al. 2002; Cadinanos et al. 2005;
de Carlos et al. 2008). Using transcriptional profiling
on tissues from this knockout model, we found that
hyperactivation of p53 signalling plays a key role in
the accelerated ageing phenotype, which is partially
reversed by p53 deficiency (Varela et al. 2005).
Moreover, the use of genetic approaches revealed that
lowering the prelamin A levels results in a total
rescue of this mouse model from the accelerated
ageing condition (Varela et al. 2005; Fong et al.
2004; 2006b). Based on this information, we have
performed preclinical studies to test anti-progeria
pharmacological approaches aimed to prevent the
accumulation of prenylated prelamin A isoforms
(Varela et al. 2008).
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Zmpste24-deficient mice as a model
of accelerated ageing

The zinc metalloprotease FACE-1/ZMPSTE24 is an
integral membrane protein highly conserved
throughout evolution that shows widespread expres-
sion in mammalian tissues (Freije et al. 1999; Tam
et al. 1998; Kumagai et al. 1999; Cadinanos et al.
2003). To investigate the biological roles of this
enzyme, we used gene targeting to generate Zmp-
ste24™'~ mice (Pendas et al. 2002). Zmpste24-
deficient mice are apparently normal at birth, but
they show a striking accumulation of prelamin A at
the nuclear envelope, which leads to frequent
nuclear abnormalities at the cellular level. In turn,
these molecular and cellular alterations lead to the
development of severe age-related abnormalities at
the organismal level, including loss of subcutaneous
fat, reduced mobility due to skeletal and muscular
defects, hair loss and metabolic alterations (Pendas
et al. 2002; Bergo et al. 2002).

The subsequent identification of progerin as the
molecular cause of HGPS (De Sandre-Giovannoli

et al. 2003; Eriksson et al. 2003) revealed that a
proteolytic defect explains the resemblance of the
phenotype shown by Zmpste24-deficient mice to the
clinical features characteristic of HGPS. Thus,
whereas in Zmpste24~'~ mice prenylated prelamin
A accumulates due to the absence of the protease
responsible for removing the C-terminal peptide that
contains the prenyl-cysteine residue, the accumula-
tion of progerin in HGPS is a consequence of the loss
of the Zmpste24 target site in this prelamin A
truncated isoform (Fig. 1). In addition, mutations in
ZMPSTE24 have also been found in several human
progeroid syndromes, such as mandibuloacral dys-
plasia (MAD) and restrictive dermopathy (RD)
(Agarwal et al. 2003; Navarro et al. 2005; Shackleton
et al. 2005; Sander et al. 2008), providing additional
support to the relevance of Zmpste24™'~ mice as a
model for studying accelerated ageing. Interestingly,
accumulation of prenylated progerin has also been
associated with normal ageing, a finding that expands
considerably the interest of Zmpste24-deficient mice
and other related animal models of progeria (Scaffidi
and Misteli 2006).
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Fig. 1 Lamin A and progerin processing. In Face-1/Zmp-
ste24-deficient mice, the absence of this metalloprotease causes
the accumulation of farnesylated prelamin A. In HGPS cells, a
C-T transition in the LMNA gene introduces a cryptic splicing
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site, leading to the synthesis of an alternatively spliced mRNA
that encodes progerin, a truncated prelamin A variant that lacks
the Face-1/Zmpste24 target sequence and remains constitu-
tively farnesylated
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Transcriptional and biochemical alterations
in Zmpste24~'~ progeroid mice

The accumulation of immature prenylated lamin forms
(prelamin A and progerin) at the nuclear envelope
produces severe alterations in its architecture, leading
to frequent nuclear blebbing and fragmentation (Pen-
das et al. 2002). These alterations in nuclear
architecture induced by prelamin A and progerin have
also been linked to a defective recruitment of DNA
repair factors and increased genomic instability (Liu
et al. 2005). In agreement with these findings,
transcriptional profiling of tissues from Zmpste24-
deficient mice revealed a clear up-regulation of p53
target genes, which becomes more pronounced as the
progeroid phenotype of these animals becomes more
dramatic (Varela et al. 2005). Upregulation of p53
pathway seems to underlie the reduced proliferative
capacity of adult Zmpste24-deficient fibroblasts and
play a causal role in the accelerated ageing phenotype
associated to prelamin A accumulation, as p53 defi-
ciency results in a delay of the accelerated ageing
process shown by Zmpste24™'~ mice (Varela et al.
2005). The results derived from the use of this animal
model are, at least partially, translatable to human as
p53 activation has been detected in cells from RD and
HGPS patients (Liu et al. 2006). Moreover, it has been
reported that targeting progerin accumulation reverts
overexpression of p53 targets in aged individuals
(Scaffidi and Misteli 2006).

The persistence of ageing-related alterations in
Zmpste24-deficient mice lacking p53 reveals that
additional molecular mechanisms are involved in the
phenotype developed by these mice. Some of these
additional alterations seem to be part of a metabolic
pro-survival strategy turned into a pro-ageing mech-
anism due to its chronic activation. This is the case of
autophagy, the major lysosomal pathway for the
turnover of cytoplasmic components. In contrast to
the known decline of autophagy that results in the
accumulation of damaged macromolecules during
physiological ageing, progeroid mouse models exhibit
a pronounced activation of autophagic proteolysis
(Marino et al. 2008; Marino and Lopez-Otin 2008).
Remarkably, we found that this alteration is also
shared by other progeroid models which show alter-
ations in DNA repair systems. Increased autophagy in
Zmpste24-deficient mice is caused by a reduced
activity of mTOR, which, in turn, is linked to
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activation of LKB1-AMPK signalling, transcriptional
changes in key genes for lipid and glucose metabolism
regulation, hypoglycemia and other alterations in
serum factors such as leptin, insulin and adiponectin
(Marino et al. 2008). These signalling alterations and
their associated metabolic changes have been related
to situations prolonging lifespan, such as calorie
restriction (Vijg and Campisi 2008), and could be
part of a response triggered by the nuclear abnormal-
ities present in Zmpste24-deficient animals. However,
the chronic activation of this pro-survival strategy can
result in a pro-ageing effect that contributes to the
progeroid phenotype of these mice (Marino et al.
2008). The apparently paradoxical activation of pro-
longevity mechanisms in Zmpste24-deficient proge-
roid mice confers this animal model a special interest
as a tool for investigating the potential undesirable
effects of nutritional and pharmacological anti-ageing
interventions and to develop complementary treat-
ments to mitigate them.

Altered stem-cell biology in Zmpste24-deficient
mice

The molecular alterations discussed in the previous
paragraphs could have a special relevance on the
accelerated ageing of Zmpste24-deficient organs and
tissues if these alterations affect the stem cells
responsible for their regenerative capacity. Physio-
logical ageing has been associated with changes in
the number and functionality of somatic stem cells
(Campisi 2005; Rando 2006). Thus, the availability
of Zmpste24-deficient mice allowed us to test the
hypothesis that stem cell dysfunction could be
similarly involved in accelerated ageing conditions.
Using in vivo labelling, we observed a significant
increase in the number of Zmpste24-deficient epider-
mal stem cells, accompanied by a reduction in their
proliferative potential and an increase in apoptosis in
their supporting cells (Espada et al. 2008). These
abnormalities are associated with defects in signal-
ling pathways such as Wnt-ff-catenin, implicated in
the functional regulation of epidermal stem cells, and
microphtalmia transcription factor (Mitf), a master
regulator of melanocyte stem cells (Espada et al.
2008). Remarkably, an independent but highly com-
plementary study demonstrated in vitro that progerin
interferes with the biology of human mesenchymal
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stem cells (hMSCs) (Scaffidi and Misteli 2008),
revealing that the stem cell dysfunction identified in
the Zmpste24-deficient animal model also plays a role
in human progeria. Taken together, these results
suggest that the progeroid model of Zmpste24
protease deficiency could be used for in vivo testing
of cell-based anti-progeroid therapies.

Zmpste24-deficient mice as a model for
developing therapies against accelerated ageing

To investigate the role of unprocessed prelamin A in
accelerated ageing, we designed a breeding program
aimed at developing Zmpste24-deficient mice with
reduced levels of prelamin A. This approach revealed
that Zmpste24~'~Lmna™~ mice show significantly
reduced prelamin A levels and do not develop
progeroid symptoms, demonstrating the role of prel-
amin A accumulation as the primary cause of the
progeroid phenotype associated to Zmpste24 defi-
ciency (Varela et al. 2005; Fong et al. 2004). Parallel
studies carried out using HGPS fibroblasts showed
that accumulation of progerin plays an equivalent
causal role in the cellular phenotype developed by
these cells (Scaffidi and Misteli 2005). Moreover,
these studies pointed to the reduction of progerin
levels as an appropriate target to develop therapeutic
approaches against HGPS. Surprisingly, genetic abla-
tion of farnesyltransferase after birth does not lead to

Fig. 2 Therapeutic options
to prevent the accumulation
of prenylated progerin. The
possibilities discussed Mevalonic acid
include compounds acting 1

on the mevalonate pathway
such as statins, and
aminobisphosphonates
(N-BPs), farnesyltransferase
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an accelerated ageing phenotype in mice, even though
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2005). This observation suggested that the toxicity of
lamin A precursors depends on their prenylation
status and pointed to the use of farnesyltransferase
inhibitors (FTIs) as a potential treatment for these
conditions (Cadinanos et al. 2005). Thus, several
studies revealed that FTI treatment was capable of
improving the nuclear abnormalities in several cellu-
lar models of progeria (Glynn and Glover 2005;
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Some in vivo benefit was also described in Zmp-
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further studies revealed that this treatment only
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processing (Young et al. 2006). This low effectiveness
at the molecular level could be explained by an
alternative prenylation of prelamin A by geranylger-
anyltransferase type I under FTI treatment (Fig. 2), as
reported for other prenylated proteins such as K-Ras
(Whyte et al. 1997). To address this question, we tested
the effect of FTIs, alone or in combination with
geranylgeranyltransferase inhibitors (GGTIs), on
prelamin A processing in human cells. This approach
revealed a synergistic action of FTIs and GGTIs,
suggesting that prelamin A can be geranylgeranylated
in the setting of farnesyltransferase inhibition
(Varela et al. 2008). Furthermore, the use of mass
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spectrometry analysis of prelamin A derived from
FTI-treated Zmpste24-deficient fibroblasts and prog-
erin derived from HGPS cells provided direct evidence
that these proteins are alternatively geranylgeranylated
when farnesylation is inhibited, which could explain
the low efficiency of FTIs in ameliorating the pheno-
types of progeroid mouse models. In agreement with
these findings, a combination of statins and amin-
obisphosphonates blocking several steps of the
farnesyl pyrophosphate and geranylgeranyl pyrophos-
phate biosynthetic pathway, efficiently inhibited both
farnesylation and geranylgeranylation of progerin and
prelamin A and improved the ageing-like phenotypes
of Zmpste24-deficient animals (Varela et al. 2008).
Based on these results, a clinical trial to test this
combination of drugs for the treatment of progeria has
been recently approved.

Additional animal models for studying
progeroid laminopathies

As discussed above, Zmpste24-deficient mice have
constituted a crucial tool to explore the mechanisms
underlying progeroid laminopathies and to design
therapeutic approaches for their treatment, whereas
other related animal models have confirmed or
extended these findings. Thus, the so-called “lamin C
only” mice, carrying a Lmna allele which fails to
undergo the lamin A-specific splicing, have revealed
that lamin A is dispensable in mice (Fong et al. 2006b).
These studies have also provided additional evidence
of the causative role of prelamin A accumulation in the
progeroid phenotype of Zmpste24-deficient animals,
thereby supporting the conclusions raised by using
= animals (Varela et al. 2005). Similarly,
knock-in mice carrying a “progerin-only” Lmna allele
phenocopy many of the abnormalities present in
Zmpste24-deficient animals, and show a modest ame-
lioration upon FTT treatment (Yang et al. 2005; 2006;
2008b). Even though a knock-in mouse expressing the
same mutant protein present in HGPS patients would
be expected to be the ideal model for this disease, the
reported “progerin-only” mice present some prob-
lems. First, the maintenance of the model has to rely on
chimeras due to the fertility problems of the mice
heterozygous for this mutation, making very difficult to
generate enough animals to reach statistical signifi-
cance in any study. Second, the expression levels of

Lmna
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progerin and the ratio progerin/normal lamins A/C are
different to those observed in HGPS patients. Third, the
genomic sequences involved in the alternative splicing
responsible for HGPS are absent in the “progerin-
only” allele, precluding the use of this model to test
therapeutic approaches such as specific oligonucleo-
tides or small drugs designed to target this pathogenic
splicing event (Fig. 2) (Scaffidi and Misteli 2005).

Remarkably, the recent information derived from
two new Lmna knock-in models has validated
important aspects of previous work with Zmpste24-
deficient mice. Thus, Yang et al. have reported that
mice with a Lmna allele encoding a non-prenylatable
progerin (nHG) show substantially milder abnormal-
ities and an extended longevity as compared to mice
with a prenylatable “progerin-only” allele (Yang
et al. 2008a). The amelioration observed in these
mice is comparable to that obtained in Zmpste24-
deficient animals treated with a combination of
statins and aminobisphosphonates capable of block-
ing efficiently prelamin A prenylation (Varela et al.
2008). Moreover, this study has revealed that accu-
mulation of non-prenylated progerin also causes
accelerated ageing symptoms, suggesting that thera-
peutic approaches based on blocking progerin
prenylation may require complementary interventions
to reach a complete efficacy (Yang et al. 2008a).
Finally, Davies et al., have described a Lmna knock-
in allele encoding a geranylgeranylated progerin that
also causes a progeroid phenotype, providing a
formal demonstration of the toxicity of this alterna-
tively modified protein (Davies et al. 2008), and
supporting the conclusions derived from mass spec-
trometry analysis of FTI-treated Zmpste24-deficient
and HGPS cells (Varela et al. 2008).

Besides the knock-in mice discussed above, several
transgenic models of progeria have also been devel-
oped. Thus, Varga et al. (2006) have developed a
transgenic mouse strain carrying a 164-kb bacterial
artificial chromosome containing an LMNA allele with
the HGPS point mutation. These transgenic mice suffer
important vascular alterations, which constitute the
most common cause of death for HGPS patients, but
they do not show any other progeroid phenotype,
limiting their utility as a model of accelerated ageing.
The epidermal alterations characteristic of progeroid
laminopathies have prompted other authors to develop
transgenic models expressing progerin in keratino-
cytes. Thus, mice expressing FLAG-tagged human
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progerin under the control of a keratin 14 promoter
have abnormal morphology of keratinocyte nuclei, but
they do not show any skin pathology (Wang et al.
2008). In contrast, doxycycline-regulated transgenic
mice (tet-off) expressing human progerin under a
keratin 5 promoter develop dental and skin alterations
which are reversed upon suppression of the transgene
expression (Sagelius et al. 2008a; b). The reasons for
the apparent discrepancies between these two works
are currently unclear, and can be related to subtle
differences in the spatio-temporal pattern of expression
of the transgene in both systems.

Future models and perspectives

As discussed above, several knock-out, knock-in and
transgenic animal models have been used to inves-
tigate the role of alterations in the prelamin A post-
translational maturation in accelerated ageing and to
develop therapeutic strategies against progeroid
symptoms. All these models have provided valuable
information on the biological relevance of prelamin
A maturation. However, important questions remain
to be answered, concerning aspects such as the
relative contribution to the progeroid phenotype of
cell-autonomous versus systemic alterations. The
investigation of this important aspect will be facili-
tated by the use of inducible systems, similar to the
tet-off system used to direct progerin expression to
keratinocytes, but designed to express prelamin A or
progerin in other organs and tissues with a decisive
role in the clinical manifestations of accelerated and
physiological ageing. New animal models are also
required to test in vivo anti-progeria therapies, since
none of the currently available mice are appropriate
to test approaches such as those targeting the
alternative splicing responsible for progerin produc-
tion. Lmna knock-in mice carrying an allele with the
complete genomic sequence involved in this splicing
event will probably be the ideal model to investigate
this type of interventions. Finally, animal models will
predictably play a key role as tools for investigating
not only the implications of the Zmpste24/lamin A
system in accelerated and physiological ageing, but
also in other important processes such as cancer. In
this regard, recent work illustrates the relevance of
this system in cancer and supports its interest as
target of anti-cancer therapies (Willis et al. 2008), an

aspect that will be the subject of future studies based
on the use of currently available and newly developed
animal models. In summary, the use of genetically
modified mice has allowed investigating the molec-
ular mechanisms underlying progeroid laminopathies
and has lead, in a very short period of time, to clinical
trials for testing rationally designed treatments
against these dramatic diseases. Nevertheless, impor-
tant aspects remain unsolved that will require further
investigations based on currently available and newly
developed animal models.
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Abstract

Progeroid laminopathies are accelerated aging syndromes caused by defects in nuclear envelope proteins.
Accordingly, mutations in the LMNA gene and functionally related genes have been described to cause HGPS
(Hutchinson-Gilford progeria syndrome), MAD (mandibuloacral dysplasia) or RD (restrictive dermopathy).
Functional studies with animal and cellular models of these syndromes have facilitated the identification
of the molecular alterations and regulatory pathways involved in progeria development. We have recently
described a novel regulatory pathway involving miR-29 and p53 tumour suppressor which has provided
valuable information on the molecular components orchestrating the response to nuclear damage stress.
Furthermore, by using progeroid mice deficient in ZMPSTE24 (zinc metalloprotease STE24 homologue)
involved in lamin A maturation, we have demonstrated that, besides these abnormal cellular responses
to stress, dysregulation of the somatotropic axis is responsible for some of the alterations associated with
progeria. Consistent with these observations, pharmacological restoration of the somatotroph axis in these
mice delays the onset of their progeroid features, significantly extending their lifespan and supporting
the importance of systemic alterations in progeria progression. Finally, we have very recently identified a
novel progeroid syndrome with distinctive features from HGPS and MAD, which we have designated NGPS
(Néstor-Guillermo progeria syndrome) (OMIM #614008). This disorder is caused by a mutation in BANF1, a
gene encoding a protein with essential functions in the assembly of the nuclear envelope, further illustrating
the importance of the nuclear lamina integrity for human health and providing additional support to the
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study of progeroid syndromes as a valuable source of information on human aging.

Introduction

The nuclear envelope is a complex structure that surrounds
and protects the genome, playing essential roles in its
regulation, organization and maintenance [1]. The nuclear
envelope is composed of two membrane bilayers with nuclear
pores that control traffic in and out the nucleus [2,3].
The nuclear face of the inner membrane is covered by
the nuclear lamina, a protein network that provides scaffold
for nuclear envelope proteins and chromatin [4]. In humans,
three genes named LMNA, LMNBI and LMNB2 encode
nuclear lamins. Whereas the two B-type lamins are encoded
by two independent genes, LMNBI and LMNB2, the
LMNA gene encodes lamin A and lamin C proteins by
alternative splicing. Mutations in A-type lamins, lamin B and
several lamin-binding proteins (emerin, MAN1 and lamin
B receptor) have been found mutated in different human
diseases which are collectively known as laminopathies [5].
The range, diversity and tissue-specificity of laminopathy
phenotypes are providing valuable clues about the cellular
functions of lamins and lamin-related proteins.

Key words: alternative splicing, laminopathy, microRNA (miRNA), progeria, senescence, tumour
SUPPressor.

Abbreviations used: BAF, barrier to autointegration factor 1; FACE1, farnesylated proteins-
converting enzyme 1; GH, growth hormone; HGPS, Hutchinson-Gilford progeria syndrome; IGF-1,
insulin-like growth factor 1; miRNA, microRNA; NGPS, Néstor-Guillermo progeria syndrome;
rIGF-1, recombinant IGF-1; ZMPSTE24, zinc metalloprotease STE24 homologue.
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Progeroid laminopathies are human syndromes of ac-
celerated aging caused by defects in the nuclear lamina
[6,7]. Among them, HGPS (Hutchinson-Gilford progeria
syndrome) is the best known. Affected patients show growth
impairment, lipodystrophy, dermal and bone abnormalities
and cardiovascular alterations, leading to a shortened
lifespan [8-10]. HGPS is caused in most cases by a de
novo point mutation within exon 11 of the LMNA gene
encoding lamin A (c.1824C>T; p.G608G) [11,12]. Lamin
A undergoes a complex maturation process, including the
addition of a farnesyl group and a proteolytic processing
event carried out by the metalloprotease ZMPSTE24 (zinc
metalloprotease STE24 homologue)/FACE1 (farnesylated
proteins-converting enzyme 1) [13]. The G608G mutation
activates a cryptic splicing donor site, leading to the
accumulation of a truncated form of prelamin A, called
LAAS5Q or progerin, which lacks a 50-residue-long fragment
containing the target sequence for the final proteolytic
step carried out by ZMPSTE24/FACE1. Consequently, this
aberrant lamin A isoform remains constitutively farnesylated
[14,15].

The use of cellular and murine models of progeroid
laminopathies [14-19] has provided valuable information
about the molecular alterations involved in progeria, such
as the involvement of the p53 tumour suppressor [20], the
altered biology of adult stem cells [21] or the presence of
metabolic alterations [22,23]. These studies have allowed the
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development of the first therapeutic approaches for patients
with HGPS [24-28]. Currently, two clinical trials are being
carried out based on a combination of statins and amino
bisphosphonates, alone or complemented with a low dose
of a farnesyltransferase inhibitor (http://clinicaltrials.gov;
NCT00731016 and NCT00916747).

Although murine models of progeroid laminopathies have
been essential for understanding the pathways and alterations
that drive progeria development, important questions remain
to be answered, especially those related to the regulatory
mechanisms that control and integrate the altered pathways,
the specific contribution of cellular and systemic alterations
to the progeroid phenotype, as well as the specific function of
each nuclear lamina component. In this regard, three recent
reports from our laboratory have shed light on these points,
highlighting the importance of nuclear envelope for human
health [28-30].

An miR-29/p53 regulatory circuit involved
in aging and chronic DNA damage response
A common feature of aging is the progressive accumulation
of cellular damage. Several stressors have been proposed
to contribute to this situation, such as oxidative reactions,
telomere attrition or the decline of DNA repair and protein
turnover systems [31,32]. Progeroid syndromes associated
with lamin A alterations show genomic instability as a
consequence of the nuclear envelope disruption [33]. This
stress triggers a series of cellular and systemic events
directed to the restoration of cellular and organismal
homoeostasis, which are ultimately responsible for many
of the alterations characteristic of these syndromes. In this
regard, important changes in chromatin organization and
transcriptional profiles have been described in murine models
of HGPS [20,34], but little is known about the molecular
components that orchestrate these changes.

Over the last decade, miRNAs (microRNAs) have
emerged as a new and fundamental level of gene regulation.
Each miRNA has the potential ability to repress the
translation of hundreds of transcripts and their impact on
a great number of cellular processes has been broadly proved.
To explore the possible involvement of miRNAs in progeria
development, we have performed a miRNA transcriptome
analysis in the liver of Zmpste24-deficient mice [29]. Among
the differentially expressed miRNAs, three of them (m:R-29a,
miR-29b and miR-29¢), belonging to the miR-29 family, are
significantly up-regulated in tissues of Zmpste24 progeroid-
knockout mice.

Through a series of functional analysis, we have found
that miR-29 plays a pivotal role in the regulation of
cell survival and proliferation through the modulation
of the DNA damage response in a p53-dependent way.
Thus the p53-mediated activation of the DNA damage
response in Zmpste24-deficient cells [35] would trigger
multiple effector pathways, including an increase in miR-
29 expression (Figure 1). Among the potential targets of
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Figure 1.| Cellular and systemic alterations involved in progeroid
laminopathies

The accumulation of farnesylated forms of prelamin A at the nuclear
envelope causes severe alterations in nuclear dynamics, triggering
an adaptive response aimed at preserving organism viability under
compromising circumstances. At a cellular level, the p53 signalling
pathway orchestrates a chronic DNA damage response that involves
miR-29 transcriptional activation. Thus miR-29-mediated repression of
Ppm1d phosphatase reinforces this stress response, favouring a decrease
in cellular proliferation rates accompanied by an increase in apoptosis
and senescence. These processes resultin the loss of tissue and organism
homoeostasis. In parallel, a chronic stress response cause changes in
the transcriptional profiles of several somatotroph axis key regulators,
such as Igfbp1 (IGF-binding protein 1), Socs2 (suppressor of cytokine
signalling 2), miR-1 or Igfals (IGF-binding protein, acid-labile subunit).
These alterations dramatically reduce the levels of circulating IGF-1,
which, together with the increased production of GH at the
pituitary gland, favours a systemic metabolic switch towards somatic
maintenance at the expense of somatic growth.
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miR-29, Ppm1d/Wip1 phosphatase has been proposed as
the key mediator for this effect. Ppmld is a phosphatase
that acts as a negative regulator of DNA damage response
by dephosphorylating important components of this process
such as p53, Chk1 (checkpoint kinase 1), Chk2 (checkpoint
kinase 2), p38, y-H2AX (phosphorylated histone H2AX) or
ATM (ataxia telangiectasia mutated) [36,37]. Thus a decrease
in Ppm1d levels mediated by miR-29 would contribute to
the activation of the DNA damage response. In agreement
with these results, 7:R-29 has been described as a tumour-
suppressor miRNA in several human cancers. This
tumour-suppressive function could be consistent with a pro-
aging role for this miRNA, since a growing number of
tumour-suppressor genes have been reported to be aging
promoters, which could be illustrative examples of the
antagonistic pleiotropy phenomenon [38].
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Somatotroph suppression in
Zmpste24-deficient mice

Although the dynamics of aging are far from being completely
understood, our knowledge of the systemic factors involved
in this process has considerably increased in recent years [39—
41]. Somatotroph signalling has been identified as a major
regulator of longevity from nematodes to humans [42]. Para-
doxically, studies in different organisms have shown that the
reduction of this signalling is a common feature of both long-
lived model organisms and different progeroid mice [43,44].

In this sense, Zmpste24-deficient mice show a profound
dysregulation of GH (growth hormone)/IGF-1 (insulin-like
growth factor 1) balance, with a progressive reduction of
blood IGF-1 levels, accompanied by a progressive increase
in GH levels and a marked transcriptional alterations in
key genes for somatotroph signalling [28] (Figure 1). Thus
somatotroph alterations would be responsible for important
features of progeroid phenotype such as reduced growth
rate and body size. In this case, the observed alterations
in somatotropic axis seem to constitute a detrimental
phenomenon, rather than a successful adaptive strategy, as
demonstrated by the fact that the treatment of Zmpste24-
deficient mice with rIGF-1 (recombinant IGF-1) is able
to ameliorate some of the progeroid features of these
mice. rIGF-1-treated mice showed improved body weight,
increased amounts of subcutaneous fat deposits, reduced
degree of lordokyphosis and alopecia, and significantly
extended longevity. Accordingly, rIGF-1 treatment could be
a therapeutic approach to slow down disease progression in
children with progeria [45].

Interestingly, many pathological features of GH resistance,
also known as Laron syndrome, are characteristic of
progeroid mice. Both Zmpste24~/~ mice and patients with
this syndrome show reduced muscle development, strength
and endurance, as well as decreased bone mineral density,
alopecia, skin atrophy and hypoglycaemia [14,22,46]. Some
of these alterations could be consequence of an adaptive
stress response aimed at preserving organism viability under
compromising circumstances by reallocating resources from
growth to somatic preservation. In Zmpste24-knockout
mice, this systemic response could represent an attempt to
reduce replication defects, chromosomal instability, nuclear
envelope abnormalities and, finally, the risk of developing
cancer by decreasing metabolic activity. This hypothesis is
supported by the fact that patients with Laron syndrome or
other somatotroph-related pathologies such as GH receptor
deficiency exhibit a notable reduction in the incidence of
malignancies [47,48].

NGPS, a new hereditary progeroid
syndrome caused by BANF1 mutation

The recent availability of high-throughput sequencing tech-
nologies has made it possible to address personal genome pro-
jects that could uncover the precise causes of human genetic
diseases [49,50]. Thus exome sequencing of two unrelated

©The Authors Journal compilation ©2011 Biochemical Society

patients that exhibita progeroid syndrome without mutations
in LMNA or ZMPSTE24 has allowed the identification of
a homozygous mutation in BANFI (c.34G>C; p.A12T),
encoding BAF (barrier to autointegration factor 1), as the
molecular abnormality responsible for this syndrome [30].

Affected patients of this disease, called NGPS (Néstor—
Guillermo progeria syndrome) (OMIM #614008), partially
phenocopy HGPS and MAD (mandibuloacral dysplasia),
but also exhibit distinctive features, including the absence
of cardiovascular alterations and metabolic anomalies, a very
severe osteolysis and a relatively long lifespan of affected
individuals [51]. NGPS can be considered as a chronic
progeria because of its early onset but slow clinical course,
which leads to a relatively long survival of patients.

BAF is a small protein (89 amino acids) highly
conserved among metazoans [52,53]. BAF binds directly to
double-stranded DNA, chromatin, nuclear lamina proteins
(including lamin A and emerin), histones and transcription
factors, these being required for higher-order organization of
chromatin, nuclear envelope assembly, retrovirus infectivity
and transcription of specific genes [54].

The A12T mutation in NGPS patients affects a highly
conserved residue located at the surface of the protein,
decreasing its stability. Skin fibroblasts from these patients
show very low protein levels of BAF compared with control
fibroblasts and exhibit profound nuclear abnormalities,
including blebs and other aberrations associated with
progeroid laminopathies. In fact, BAF reduction is correlated
with mislocalization of emerin, which shows a predominant
cytoplasmic localization in mutant cells. Taken together,
these findings demonstrate the relevance of BAF in nuclear
envelope dynamics, providing new insights about the
relationship of nuclear envelope to aging.

Conclusions and perspectives

Over the last few years, the generation of experimental
murine models of progeroid laminopathies has been crucial
for a deeper understanding of the molecular basis of these
diseases. This is the case for HGPS, where a fast progress
has been made in the last 8 years since the identification of
LMNA mutations to the first clinical trial in HGPS patients.
However, new murine models that fully recapitulate all the
disease phenotypes of HGPS [55] are necessary to boost the
development of i vivo approaches directed to the correction
of LMNA aberrant splicing [25]. Besides, several questions
remain to be answered concerning important aspects such
as the relative contribution to the progeroid phenotype of
cell-autonomous compared with systemic alterations or the
involvement of nuclear envelope dynamics during normal
aging [56-58].
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Results

II. Generation of a mutant mouse strain carrying the HGPS progeria

mutation

Hutchinson-Gilford progeria syndrome (HGPS) is a paradigmatical human progeroid
syndrome caused by alterations in the nuclear envelope structure. Most of HGPS patients
carry a point mutation in LMNA gene (c.1824C>T; p.G608G) that activates a silent splice
donor site, causing the accumulation of a truncated form of prelamin A called progerin. The
accumulation of progerin has also been reported during normal aging, adding a new layer of
interest to the study of this pathology, and therefore to the development of animal models that
fully recapitulate the molecular alterations observed in these patients. In this work, we have
generated a mutant mouse strain carrying the equivalent mutation in Lmna to that causing
human HGPS (c.1827C>T; p.G609G). Lmna®*®° mice fully recapitulate both molecular and
phenotypic alterations presented in HGPS patients and allowed us to develop a new
therapeutic approach based on the use of antisense oligonucleotides that specifically correct

the aberrant splicing of the lamin A gene.

Article 3. Fernando G. Osorio, Claire L. Navarro, Juan Cadifianos, Isabel C. Lopez-
Mejia, Pedro M. Quirds, Catherine Bartoli, José Rivera, Jamal Tazi, Gabriela Guzman,
Ignacio Varela, Danielle Depetris, Félix de Carlos, Juan Cobo, Vicente Andrés, Annachiara
De Sandre-Giovannoli, José M. P. Freije, Nicolas Lévy and Carlos Lopez-Otin. “Splicing-

directed therapy in a new mouse model of human accelerated aging”.

Science Translational Medicine. 2011 Oct 26; 3(106):106ral07.

Personal contribution to this work

I was responsible for most experiments shown in this work. 1 managed, genotyped and

characterized Lmna®®°°¢

mice. Moreover, | performed subsequent in vitro and in vivo studies,
including molecular, metabolic and histological analysis, as well as the experiments involving
antisense oligonucleotides. Finally, | analyzed the data, prepared the figures and wrote the

manuscript under the supervision of Dr. José M.P. Freije and Dr. Carlos Lopez-Otin.

65






Results

RESEARCH ARTICLE

HUTCHINSON-GILFORD PROGERIA

Splicing-Directed Therapy in a New Mouse Model of
Human Accelerated Aging

Fernando G. Osorio," Claire L. Navarro,” Juan Cadifanos,* Isabel C. Lopez-Mejia,>
Pedro M. Quirés,’ Catherine Bartoli,> José Rivera,* Jamal Tazi,® Gabriela Guzman,’
Ignacio Varela,' Danielle Depetris,? Félix de Carlos,® Juan Cobo,® Vicente Andrés,*
Annachiara De Sandre-Giovannoli,>” José M. P. Freije," Nicolas Lévy,>” Carlos Lépez-Otin'*

Hutchinson-Gilford progeria syndrome (HGPS) is caused by a point mutation in the LMNA gene that activates a
cryptic donor splice site and yields a truncated form of prelamin A called progerin. Small amounts of progerin
are also produced during normal aging. Studies with mouse models of HGPS have allowed the recent development
of the first therapeutic approaches for this disease. However, none of these earlier works have addressed the ab-
errant and pathogenic LMNA splicing observed in HGPS patients because of the lack of an appropriate mouse
model. Here, we report a genetically modified mouse strain that carries the HGPS mutation. These mice accumulate
progerin, present histological and transcriptional alterations characteristic of progeroid models, and phenocopy the
main clinical manifestations of human HGPS, including shortened life span and bone and cardiovascular aberrations.
Using this animal model, we have developed an antisense morpholino-based therapy that prevents the pathogenic
Lmna splicing, markedly reducing the accumulation of progerin and its associated nuclear defects. Treatment of
mutant mice with these morpholinos led to a marked amelioration of their progeroid phenotype and substantially
extended their life span, supporting the effectiveness of antisense oligonucleotide-based therapies for treating

human diseases of accelerated aging.

INTRODUCTION

Progeroid laminopathies, including Hutchinson-Gilford progeria syn-
drome (HGPS), are human disorders of accelerated aging caused by
defects in nuclear A-type lamins. The HGPS clinical phenotype is
characterized by growth impairment, lipodystrophy (fat redistribu-
tion), dermal and bone abnormalities, and cardiovascular alterations,
leading to shortened life span (1, 2). Most HGPS patients carry a het-
erozygous point mutation within exon 11 of the LMNA gene encoding
lamin A [a C-to-T transition in the LMNA coding region at nucleotide
1824 (c.1824C>T); no putative change in the protein sequence, be-
cause both encode a glycine at amino acid position 608 (p.Gly608Gly)]
(3, 4). Lamin A is a core component of the nuclear envelope that
undergoes a complex maturation process, including the addition of
a farnesyl group and a proteolytic processing event carried out by
the metalloprotease ZMPSTE24/FACEIL. The p.Gly608Gly mutation
activates a cryptic splicing donor site that leads to the accumulation
of a truncated form of prelamin A, called LAA50 or progerin, which
has an internal deletion of 50 amino acids encompassing the target
sequence for cleavage by ZMPSTE24. The accumulation of farnesylated
progerin at the nuclear envelope leads to the functional and structural
defects observed in the nucleus of affected patients (5, 6). Progerin is
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not only detected in HGPS patients but also during normal aging,
thereby adding a new level of interest to the study of the mechanisms
that underlie progerin formation and accumulation in human cells
and tissues (7, 8).

Over the past few years, several mouse models of progeroid lami-
nopathies have been generated (9-14), providing valuable information
about the molecular alterations functionally involved in these diseases
(15-18) and allowing the development of strategies to test anti-progeria
therapeutic approaches (19-22). Although some of these models, es-
pecially Zmpste24-deficient mice (9, 10), phenocopy most alterations
present in HGPS, none of them reproduce the molecular situation that
occurs at the LMNA locus of these patients. These differences have
represented a serious limitation for both the study of splicing altera-
tions in HGPS and the development of in vivo treatments with drugs
that specifically modify LMNA splicing (23). Here, we describe the
generation and characterization of a mouse model that carries the pre-
cise HGPS mutation. With this new model, we were able to test in
vivo therapies aimed at targeting the abnormal LMNA splicing that
occurs in both normal and pathological aging.

RESULTS

To generate a knock-in mouse strain carrying the HGPS mutation, we
designed a strategy for replacement of the wild-type mouse Lmna gene
with a mutant allele that carried the ¢.1827C>T;p.Gly609Gly muta-
tion, which is equivalent to the HGPS ¢.1824C>T;p.Gly608Gly muta-
tion in the human LMNA gene (Fig. 1A). In an attempt to avoid the
breeding problems present in other mouse models that express pro-
gerin (19), we designed a conditional mutant allele with a neomycin
resistance gene flanked by two loxP sites inserted in Lrmna intron 10. This
cassette was able to prevent the formation of prelamin A transcripts
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by blocking lamin A-specific splicing. Therefore, this allele, which
we refer to as Lmna"® (Lamin C-Stop), directs only the expression
of lamin C and allows study of the potential effects of lamin A defi-
ciency (Fig. 1A). We generated Lmna““* mice and crossed them with
a Cre-deleter mouse strain to obtain germline removal of the neomycin
resistance cassette (Fig. 1, A and B). As a result, we obtained offspring
that carried the Lmna®"“ knock-in allele, which expressed lamin C,
lamin A, and progerin (Fig. 1C).

To ensure the correct translation of the mutant allele, we analyzed
protein extracts from cultures of mouse fibroblasts of each genotype
by Western (immuno) blot with a specific antibody that recognizes
lamin A/C (Fig. 1C). Genomic analysis of Lmna exon 11 confirmed
the genotypes of Lmna™*, Lmna®”%*, and Lmna“®%%%%S mice
(fig. S1). Likewise, semiquantitative transcriptional analysis and direct
sequencing of RNA samples from several tissues confirmed that the
aberrant Lmna splicing in Lmna® mice was equivalent to the
LMNA splicing error that occurs in HGPS patients (3, 4) (fig. S1).
Finally, several tissue samples from Lmna**, Lmna®%*, and
Lmna®%/%%C mice were analyzed further by Western blotting,
which confirmed the expected lamin A/C and progerin expression
patterns (fig. S2).

Homozygous mice for the conditional Lmna™“S allele were in-

distinguishable from their wild-type littermates and did not show
any detectable differences in growth or longevity up to 50 weeks of
age (fig. S3), which is in agreement with previous reports on the dis-
pensability of the lamin A isoform (24). Conversely, mice that carried
the Lmna“% allele expressed lamin C, lamin A, and progerin, repro-
ducing the same molecular situation as is present in HGPS patients.
Homozygous mice with the ¢.1827C>T;p.Gly609Gly mutation were
infertile but seemed healthy until 3 weeks of age. Subsequently, they
showed a reduction in growth rates (Fig. 2A), with a progressive loss
of weight (Fig. 2B) and the acquisition of an abnormal posture and a
marked curvature of the spine (cervicothoracic lordokyphosis) (Fig.
2D). These multiple alterations finally resulted in premature death
of these mutant mice, which have an average life span of 103 days
(Fig. 2C) compared to more than 2 years for wild-type mice. Hetero-
zygous Lmna®“"* mice had normal weight, size, and fertility until
about 8 months of age. At that point, the mice started to lose weight,
exhibiting a process similar to that observed in homozygous mice and
causing their premature death at an average of 242 days. Both hetero-
zygous and homozygous mice that carried the ¢.1827C>T;p.Gly609Gly
mutation showed profound nuclear abnormalities as a consequence
of progerin accumulation (Fig. 2E).

As a starting point for phenotypic

A Wild-type Lmna LS L characterization of mice that carried the
Hind I Si-prcbe Bsp HI X A.md i 3kprobie BspHI ¢.1827C>T;p.Gly609Gly mutation, we
L | HH—H——— L focused on Lmna®%¥%%S mice, which
; i !345 c L 10!’ n SZ show a more pronounced and earlier
LaminA progeroid phenotype than heterozygous
Targeting vector / / i Lmna®%"* mice. T(l;16e0 glglatively milder
— . rox—P—lo phenotype of Lmna * mice, com-
oy 10 P pared with LMNA“*®*%* HGPS patients,
clGersastcarice is in agreement with previous observa-
= = tions that have evidenced a higher toler-
Lmna™allele  _ ~ seprobe i 2s % —_— yprobe ance of mice compared to humans when
oSO o 1 it comes to accumulation of prelamin A
2 345 67 89 10 o2 forms. Thus, the complete absence of
—_r prelamin A processing as a result of full
Lmna®®%%€ allele g ZMPSTE24 deficiency causes reduced fe-
- tal weight, premature delivery, and peri-
natal death in humans, whereas the same
molecular alteration produces no overtly
detectable phenotype in mice until 3 to
& 4 weeks after birth (9, ‘25).‘A‘ccoyding—
B S K &é"b ly, homozygous Lmna“*%°%5%°% mice
5"-probe (Hind lll)  3'-probe (Bsp HI) & s&q’ ‘50 Q&é (g’ g likely are a better model of HGPS than
T2 12 W & e ¢ are Lmna“**“* heterozygotes.

& Prelamin A » | Lmna®0%°%/6%% mice of advanced

9.8kb — —12kb LaminA —“ i i
85kb — I ‘!10_5 B LominCe 541,096“” age e.xhlblted a ggnera}lzed loss of the
‘ principal fat deposits. Microscopy analysis
o006 of the skin revealed loss of the sub-

Fig. 1. Generation of knock-in Lmna

targeted Lmna‘®

body against lamin A/C (Manlac-1).
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mice. (A) Schematic representation of the wild-type Lmna
locus, targeting vector, and targeted allele. Positions of restriction enzyme cleavage sites and probes
used for Southern blot analysis are shown. (B) Southern (DNA) blot analysis of genomic DNA from two
-ES cell clones and wild-type ES. Probing of Hind lll-digested DNA revealed frag-
ments of 9.8 and 8.5 kb for mutant and wild-type (wt) alleles, respectively. Probing of Bsp HI-digested
DNA revealed fragments of 12 and 10.5 kb for wt and mutant alleles, respectively. (C) Western
(immuno) blot analysis of mouse adult fibroblasts obtained from the mice with the various genotypes
used in the study. Lamin A, lamin C, prelamin A, and progerin were detected with a monoclonal anti-

cutaneous fat layer and a general attrition
of hair follicles (Fig. 2F). Senescence-
associated B-galactosidase staining was
increased in liver and kidney sections
from 3-month-old Lmna®*¥%% mice
when compared with age-matched wild-
type animals (Fig. 2F), reflecting a pre-
mature aging process in these animals.
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The size of most organs from homozygous mutant mice was propor-
tional to their reduced body weight (fig. S4), but the main lymphoid
organs, thymus and spleen, exhibited a marked involution relative to
wild-type animals (Fig. 2F). Similar alterations are shown by other
progeroid mouse models in association with defects in the immune
system (26, 27). Microcomputed tomography (LCT) analysis of tibias,
skull, and vertebral column revealed profound bone alterations in
Lmna®%%'%%C mice compared to wild-type mice. Thus, the tibias
of mutant mice showed a reduction in bone density and cortical thick-
ness as well as an increased porosity (Fig. 3A). Likewise, skulls showed
a clear size reduction and smaller lower incisors, whereas vertebral
column analysis confirmed a marked lordokyphosis in homozygous
mutant mice (fig. S5, A and B). LmnaS%°%%%%C mice also showed
reduced grip strength (fig. S5C).

Moreover, mutant mice exhibited important cardiovascular altera-
tions that could be related to their premature death and that also oc-
cur in HGPS patients as well as during normal aging (28). Because
vascular smooth muscle cell (VSMC) depletion has been reported in

another progeroid mouse model (12) and in some HGPS patients (29),
we focused on the study of these cells. The number of VSMCs in the
medial layer of the thoracic aorta was similar in wild-type and
Lmna®®%°"%%C mice (fig. S6A), but Lmna“*%5%S mice displayed
a significant loss of VSMCs in the aortic arch, a region that exhibits
extensive branching and is subjected to high hemodynamic stress (Fig.
3B). Notably, the severity of this phenotype in one HGPS patient
correlated with hemodynamic stress around the site of branching
(29). Blood pressure appeared normal in Lmna®?%“**°¢ mutant
mice (fig. S6B), but they progressively developed bradycardia between
9 and 15 weeks of age (Fig. 3B). Moreover, electrocardiographic
(ECQ) studies revealed prolonged QRS waves in LmngC@o0°6/G609G
mice without changes in the PR interval (Fig. 3B) relative to wild-type
mice, which indicates an alteration of heart ventricular depolarization.
Finally, we assessed heart function by transthoracic echocardiography.
Both M-mode and Simpson’s method two-dimensional (2D) echo-
cardiography of left ventricular function revealed no differences in sys-
tolic function (ejection fraction and fractional shortening) or diastolic
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Fig. 2. Phenotypes of Lmna®*° mice. (A) Representative photographs of
3-month-old Lmna*’*, Lmna®%°°%’*, and Lmna®®°°%/%%¢ mice. (B)
Cumulative plot of body weight versus age. Dots represent mean values,
and error bars indicate SDs (n > 10 for each genotype) (P < 0.01 for all the
comparisons, ANOVA test). (C) Kaplan-Meier survival plots for Lmna®0acs0%¢
(n = 12), Lmna®%“* (n = 8), and Lmna*’* mice (n = 15) [P < 0.01 for all the
comparisons, log-rank (Mantel-Cox) test]. (D) Radiograph of a 3-month-old
Lmna®%?¥%%% mouse compared with a wild-type littermate. (E) Nuclear
envelope architecture analyzed in Lmna®%%%%%¢ and Lmna*"* fibroblasts
with an anti-lamin A/C antibody and counterstained with DAPI (top panel).
The white arrowhead indicates a representative example of membrane
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G609G/+ G609G/G609G

spleen - - ‘ -

1 month 3 months

blebbing in an abnormal nucleus. The plot reflects the percentage of nuclei
with abnormalities (nuclei with blebbing or irregular shape) in Lmna™"*,
Lmna®®%*, and Lmna®?“*%¢ fibroblast cell lines. Error bars represent
SDs. **P < 0.01 (two-tailed Student’s t test) compared to control (+/+)
values (bottom panel). (F) H&E staining of skin from a 3-month-old
Lmna®?%%%%% mouse compared with that of a wild-type littermate (aster-
isks indicate subcutaneous fat layer). Senescence-associated B-galactosidase
activity in sections of liver and kidney from Lmna®%°%¢%%%¢ and wild-type
littermate (top panel). Representative photographs of thymus and spleen
from Lmna®®%°“/%%%°¢ and wild-type littermates at 1 and 3 months of age
(bottom panel).
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function (mitral valve inflow velocity E to A ratio) in Lmna®?°%30%¢

mutant versus wild-type mice (fig. S6C).
Lmna®0°%/6%%% mice also showed, relative to wild-type mice,
altered circulating plasma concentrations of various hormones and

G609G/G609G . .
Lmna®®FG%C mutant mice showed a decrease in serum glucose

concentrations, relative to wild-type mice, an alteration that worsened
with age, leading to extreme hypoglycemia at 3 months of age (Fig. 3C).
We also observed a decrease of serum glucose concentrations in hetero-

other biochemical markers. For example, at 2 months of age, the  zygous Lmna®®“* mutant mice of advanced age (8 months), indicating
A B DAPI H&E _
5650— KRE *X¥
5
< 5504 o XXX O/t
s WG609G/G609G
++ $ £ 450
3
_§ T 3504
© 9 11 12 13 14 15 Age (weeks)
o
£ 45
S = P
G609G/ 2y 2 " .
G609G S o 351
S z O+/4+
o) 2 2 WG609G/G609G
% o
10 & P 0.2 8 e 15
8 5 % ¢ %% 1 13 14 15 17 Age (weeks)
= 815 £oas
. * [ 2 7 .
2 =0 ~ 6 g
% ¢ £ £ E 2 *% 5 % D+
= £ <4
. Fos 5005 35 g WG609G/G609G
0 22 s 3
+/+ G609G/G609G +/+ G609G/G609G +/+ G609G/G609G 1 a 20
0 +/+ G609G/G609G n 13 14 15 17 Age (weeks)
c D
2 150 yH2AX/DAPI
S 5 -
g * * Lmna** L mnaG609G/+ 1 mnaG6096/G605G -2 100 -
g 100 3
8% @ 30
g2 7 o 2 60
o = Iy
g= 50 Saf o
= <
o 25 I 20
E o T
= G609G/+ G609G/G609G G609G/G609G g0
T H Gmonthe - B months 5 monthe +/+ G609G/+ G609G/G609G
§ 7 * e 120 w2 o +/+
=] o+/+ _g *
g6 $100 » G609G/G609G
g ®G609G/G609G £
gs £ 80
S 4 <
=4 Z 60
it -4
£ 3 * 3
2 E
a2 2
2 £ 20
z, “ oo
& IGF-1 GH Insulin  Leptin Adiponectin Cdknla Gadd45a Gadd45b Gadd45g Atf3 Btg2
G609G/G609G

Fig. 3. Bone, cardiovascular, and biochemical alterations in Lmna
mice. (A) 3D image generated from uCT analysis of tibias from 3-month-old
Lmna®®%°%/%%% and Lmna™* mice (top panel). Bottom panel contains quan-
titative analysis of relative bone volumes [bone volumeftissue volume (BV/TV)],
number of trabecules per millimeter, and cortical thickness in Lmna®®%6%%¢
(n = 4) and Lmna™™* (n = 4) mice. Mean values are represented, and error
bars indicate SDs. *P < 0.05; **P < 0.01 (two-tailed Student’s t test) com-
pared to control (+/+) values. (B) Representative photographs showing
VSMC depletion in the medial layer of the aortic arch (top left panel).
Cross sections were stained with DAPI and H&E. Plot represents the av-
erage from 14 to 17 independent cross sections (bottom left panel). Right
panels show the results of longitudinal studies to assess heart rate and
ECG parameters (n = 4). Heart rate is represented as the number of beats
per minute (bpm). Mean values are represented and error bars indicate
SDs. *P < 0.05; **P < 0.01; ***P < 0.001 (two-tailed Student’s t test) com-
pared to control (+/+) values. (C) Blood glucose concentrations in Lmna™"*
(n = 5), 8-month-old Lmna®°®* (n = 4), and 2- (n = 6) and 3-month-old (n =
6) Lmna®%?%e%% mice, respectively (top panel). Mean values are repre-
sented and error bars indicate SDs. *P < 0.05; **P < 0.01 (two-tailed Stu-
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dent’s t test) compared to control (+/4) values. Bottom panel shows
comparisons of plasma concentrations of IGF-1, GH, insulin, leptin, and adi-
ponectin between Lmna®%%6%S (n = 4) and wild-type littermates (n = 4).
Concentrations were normalized to the mean of control (+/+). Error bars
indicate SDs. *P < 0.05 (two-tailed Student’s t test) compared to control
(+/+) values. (D) Indirect immunofluorescence staining of YH2AX in P5 skin
fibroblasts issued from Lmna*”*, Lmna®®“*, and Lmna®%¥%%%¢ mice
(top left panel). The number of enlarged nuclei that showed yH2AX foci
staining for each cell line is reported on the graph. Three independent
experiments were performed for each genotype. F = 4.05 (F, found varia-
tion of the group averages/expected variation of the group averages);
mean values are represented and error bars indicate SDs. **P < 0.005
(ANOVA) compared to control (+/+) values. Contribution of the genotype
to the variance: 32% (Cohen’s d Ryan test) (top right panel). Transcriptional
analysis by real-time quantitative PCR of p53 targets in 3-month-old
Lmna®%?%'%%%%C and Lmna*"* mice (bottom panel). MRNA levels were nor-
malized to the mean of Lmna™* liver mRNA. Error bars represent SDs. *P <
0.05; **P < 0.01; ***P < 0.001 (two-tailed Student’s t test) compared to con-
trol (+/4) values.
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that hypoglycemia might also contribute to the cardiovascular com-
promise and early death of mice that carried the ¢.1827C>T;p.Gly609Gly
mutation. In addition, Lmna®’*”“*S mice showed decreased serum
levels of insulin-like growth factor 1 (IGF-1), insulin, and leptin and
increased levels of growth hormone (GH) and adiponectin relative to
wild-type mice (Fig. 3C).

As a measure of genotoxic stress, we analyzed histone YH2AX
levels—a marker for the amount of nuclear DNA double-strand
breaks—in the nuclei of cultured fibroblasts from mice of the various
genotypes (Fig. 3D). Most (81%) Lmna®*%%” fibroblasts at pas-
sage 5 (P5) contained large and abnormally shaped nuclei with foci
that were highly stained with anti-yH2AX antibodies. Similar abnor-
mal nuclei were identified in 24% of Lmna®”* fibroblasts and in
3% of Lmna*’" fibroblasts (Fig. 3D).

To elucidate the molecular pathways that underlie the phenotypic
alterations described in Lmna“*”%%%¢ mice, we analyzed the
transcription profiles of livers from Lmna®*“%*%% mutant mice
and wild-type littermates using complementary DNA (cDNA) hybrid-
ization to DNA microarrays. A large number of genes showed repro-
ducible changes in their expression levels in the mutant mice,
consistent with the critical roles of nuclear lamins in chromatin struc-
ture and function (30) (table S1). From these data, gene set enrichment
analysis (GSEA) was used for an unbiased identification of molecular
pathways that were significantly altered in these mice (31). This analysis
revealed a very strong correlation between the transcriptional alterations
detected in these Lmna®%%%¢ and Zmpste24-deficient mice (32),
supporting the existence of a common transcriptional signature in
two different models of progeroid laminopathies.

Functionally, most of the pathways that were significantly enriched
in Lmna®% %S samples are associated with stress responses. Thus,
the p53 tumor suppressor pathway (Fig. 3D) and the ATM (ataxia
telangiectasia mutated)-related pathway are significantly up-regulated
in Lmna®%%%%S mice, probably as a consequence of unrepaired
DNA damage caused by progerin accumulation (33). We previously
hypothesized that these alterations, including chronic activation of the
p53 pathway, are drivers of the senescent phenotype displayed by
these mice (32). Moreover, the list of genes that were overexpressed
in the Lmna®?“%%S mutant mice relative to wild-type animals
contains a significant number of components of the hypoxia response
pathway mediated by induction of the HIF-1o (hypoxia-inducible
factor 1a) transcription factor (fig. S7). This pathway recently was as-
sociated with metabolic changes in a mouse model of progeria and
could be involved in the serum glucose alterations seen in these mice
(34). Other pathways that were down-regulated in Lmna®*%?%/¢%G
mice are related to metabolic processes such as fatty acid metabo-
lism, oxidative phosphorylation, and mitochondria biogenesis (figs.
S7 and S8).

The marked similarities in the molecular alterations observed in
Lmna®®“ mice and HGPS patients prompted us to develop an in
vivo therapeutic approach based on the use of morpholino antisense
oligonucleotides (35). Morpholinos are small modified oligonucleo-
tides that can block splicing events by preventing access of the
splicing machinery to the splice sites (36). In contrast with other un-
modified oligonucleotides, morpholinos are stable and do not induce
ribonuclease (RNase) H-driven degradation of the morpholino-
RNA heteroduplex. Previous in vitro studies have demonstrated
how a 25-nucleotide morpholino that specifically binds the human
c.1824C>T;p.Gly608Gly HGPS mutation in the altered LMNA
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transcript can restore normal LMNA splicing in fibroblasts from
HGPS patients, correcting the main pathological alterations of these
cells, including nuclear abnormalities and mislocalization of other
nuclear envelope proteins (23). The lack of phenotypic alterations
in mice homozygous for the Lmna™ allele (fig. $3) prompted us
to design a new approach based on modulation of Lmna splicing
through interfering with the lamin A-specific splice donor site.

Thus, we designed a 25-nucleotide morpholino (MmEx10) that
bound to the exon 10-lamin A splice donor site (Fig. 4A). In addition,
using the same coordinates as were specified in the original human
HGPS targeting experiments (23), we designed another 25-nucleotide
morpholino that bound the ¢.1827C>T;p.Gly609Gly mutated
sequence in the region of the Lmna transcript that corresponded to
exon 11 (MmEx11), to test whether the combined administration of
both morpholinos could be more effective at reducing progerin
amounts than the separate administration of each individual oligo-
nucleotide. In an initial attempt to evaluate the effects of these mor-
pholinos on splicing of the Lmna® allele, we transfected the
oligonucleotide reagents into a fibroblast cell line derived from a het-
erozygous mouse that carried the ¢.1827C>T;p.Gly609Gly mutation
and found that both MmEx10 and MmEx11 morpholinos each re-
duced progerin amounts in a dose-dependent manner; MmEx10
was more effective than MmEx11 at reducing progerin concentrations
when the morpholinos were administered separately (30% reduction
in 10 uM MmEx11-treated cells when compared to untreated cells;
40% reduction in 10 uM MmEx10-treated cells when compared to
untreated cells; P < 0.01). When the two reagents were administered
to cells at the same time (at a final concentration of 40 uM), progerin
amounts were reduced to undetectable levels (Fig. 4B). We obtained
similar results after using the human equivalents of the morpholinos
in an HGPS fibroblast cell line (Fig. 4B). We also observed that pro-
gerin reduction mediated by administration of morpholinos correlated
with the correction of nuclear abnormalities in a cell line carrying the
homozygous ¢.1827C>T;p.Gly609Gly mutation and in an HGPS fi-
broblast cell line (fig. S9). Thus, both independent administration of
each morpholino and their combined administration were able to re-
duce, in a dose-dependent manner, the percentage of cells with nucle-
ar abnormalities to wild-type levels (Fig. 4C).

On the basis of these in vitro studies, we next explored the effect
of these antisense oligonucleotides on the progeroid phenotype of
Lmna®®%5/%S mice. To this end, we chose a vivo-morpholino
delivery approach. Vivo-morpholinos consist of a morpholino oligo-
nucleotide with a covalent link to an octa-guanidine dendrimer that
facilitates efficient delivery into most mouse tissues (37). To attempt to
obtain a maximum in vivo reduction of progerin concentrations, we
treated mice either with a control vivo-morpholino or with a combi-
nation of MmEx10-MmEx11 vivo-morpholinos. Mutant mice treated
with MmEx10-11 showed significantly improved body weights, re-
duced degrees of lordokyphosis, and extended life spans (Fig. 4D).
Thus, the mean survival of treated Lmna®*®“**% mice was extended
from 111 to 155 days, and the maximum survival from 119 to 190 days
(P < 0.001; Fig. 4D). No significant differences were recorded in sur-
vival or body weight between untreated and control vivo-morpholino—-
treated Lmna®*7%%%%6 mice (Fig. 4D). To assess the direct effect of
morpholino treatment, we carried out reverse transcription-polymerase
chain reaction (RT-PCR) experiments and Western blot analyses on
mice tissues, which demonstrated clear reductions in progerin mRNA
and protein concentrations, respectively, in all tissues analyzed except
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skeletal muscle, in which we could detect only a slight reduction in
progerin concentrations (Fig. 4E and figs. S10 and S11).

To evaluate the biological effect of morpholino treatment in the re-
version of the phenotypical alterations displayed by Lmna®®%%¢
mice, we analyzed the abundance of several p53 targets in treated mice
as a marker of the senescent phenotype, and remarkably found a more
than fivefold reduction in Cdknla, Gadd45g, and Atf3 mRNA levels in
the liver of MmEx10-11-treated Lnmna®®““*® mice in comparison

with Lmna®%%“%% _yntreated mice (fig. S12A). MmEXx10-11-treated
mice also showed significantly increased serum glucose concentrations
compared with untreated Lmna®”%%%% mice (P < 0.01, two-tailed
Student’s ¢ test) (fig- S12B), a thicker subcutaneous fat layer, and re-
duced staining for senescence-associated B-galactosidase activity in kid-
ney. Treated Limna®"%%%°S mice also showed a reduced involution of
thymus and spleen compared with untreated Lmna®%® %% mice
(fig. S120).
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Fig. 4. Prevention of progeroid phenotypes upon treatment with anti-
sense morpholino oligonucleotides. (A) Schematic representation of the
morpholino-based strategy for Lmna splicing modulation. (B) Western
(immuno) blot analysis of mouse G609G/+ fibroblasts (MF) treated with
varying concentrations of morpholinos MmEx10 and MmEx11 (top pan-
el). AG01972c HGPS fibroblasts (HF) treated with varying concentrations
of morpholinos HsEx10 and HsEx11 (bottom panel). Lamin A, lamin C,
and progerin were detected with a monoclonal antibody against lamin
A/C (Manlac-1). B-Actin was used as a loading control. As a specificity
control, human morpholinos were used in mouse cells and mouse mor-
pholinos were used in human cells at their maximum concentrations. (C)
Nuclear envelope architecture analyzed in an Lmna®®?““%%° fiproblast
cell line treated with varying concentrations (uM) of MmEx10 and
MmEx11 morpholinos. Top panel shows Western blot analysis of lamin
A/C in morpholino-treated cells. Bottom panel shows a quantitative
analysis of nuclear abnormalities (right) and a representative photograph
(left) of Lmna®6??%%*°C.yntreated and morpholino-treated cells. White arrow-
heads indicate representative examples of abnormal nuclei. For each mor-
pholino concentration, 300 nuclei were analyzed. Mean values are
represented and error bars indicate SDs. **P < 0.01 (two-tailed Student’s
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t test) compared to values of untreated cells. (D) Representative photo-
graph of a 3-month-old Lmna** mouse, a Lmna®®*?“"“¢**¢ mouse, and a
Lmna®®9?%¢5%%¢ mouse treated with a combination of MmMEx10-MmEx11
(6 mg/kg per day) (left panel). Kaplan-Meier survival plot (middle-left panel)
showing a significant increase in life span in MmEx10-MmEx11-treated
(n = 8) compared with untreated (n = 5) and control vivo-morpholino-treated
Lmna®®%¥/%%%% mice (n = 5) (P < 0.01 for the comparison between MmEx10-
MmEx11-treated and nontreated Lmna®°?®%%%% mice; P < 0.01 for the com-
parison between MmEx10-MmEx11 and control-treated Lmng®?2%/c699¢
mice; log-rank/Mantel-Cox test). Middle-right panel shows a body weight
versus age plot of untreated, control vivo-morpholino-treated, and MmEx10-
MmEx11 vivo-morpholino-treated Lmna®%%“%°¢ mice. Mean values are
represented and error bars indicate SDs (P < 0.01 for the comparison be-
tween MmEx10-MmEx11-treated and untreated Lmna®?°%%6%%¢ mice;
P < 0.01 for the comparison between MmEx10-MmEx11-treated and
control-treated Lmna®?%/®5%°¢ mice; ANOVA test). (E) qRT-PCR analysis
of progerin mRNA in various tissues from MmEx10-11 vivo-morpholino-
treated (n = 3) and untreated Lmna®**?%%%%°% (n = 3) mice. MRNA levels
were normalized to the mean of untreated animals. Error bars indicate
SDs. *P < 0.05; **P < 0.01 (two-tailed Student'’s t test).
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DISCUSSION

We have previously provided preclinical proof of principle that the
combined use of statins (pravastatin) and aminobisphosphonates
(zoledronate) could ameliorate several HGPS parameters, including
growth, bone density, and survival, by reducing progerin prenylation
(20). On the basis of these findings, together with additional work
from other groups (19), two clinical trials were designed and are on-
going in children affected with HGPS (ClinicalTrials.gov #NCT00731016
and #NCT00916747). These therapeutic approaches are aimed at re-
ducing progerin toxicity by pharmacologically inhibiting its prenylation,
whereas the one we propose in this study aims to lower the intra-
cellular quantities of the mutant protein itself. The preclinical in vivo
success of this approach in the Lmna®%° knock-in mouse model,
which most closely mimics the genetics and pathophysiology of HGPS
in patients, represents a fundamental proof of concept in the field of
progeria therapeutics.

We have shown that Lmna®% knock-in mice constitute a val-
uable model for the study of human accelerated aging syndromes
because they recapitulate most of the described alterations asso-
ciated with HGPS. The accumulation of progerin in Lmna®%/c%%¢
tissues is responsible for a progeroid syndrome characterized by a
shortened life span, reduced body weight, and bone and cardiovascular
abnormalities. The cardiovascular phenotype evident in the Lmna“*®
mice resembles that of HGPS patients, as assessed by the loss of VSMCs
and the alterations in ECG parameters. These similarities are a unique
feature of this animal model when compared with previously available
models of HGPS (38) and may facilitate further studies about the role of
A-type lamins in cardiovascular pathophysiology during normal and
pathological aging.

In addition, Lmna®"° knock-in mice may help to clarify the
relevance of systemic factors as regulators of aging. Recent work has
pinpointed metabolic alterations in several mouse progeria models
(15, 21, 27, 39). Accordingly, Lmna“%5%S animals also exhibited
changes in several metabolic parameters, including blood insulin,
leptin, and adiponectin concentrations, which are probably related
to the altered glucose and lipid metabolism displayed by these mice.
Likewise, Lmna®%%%%S showed a marked dysregulation of the
somatotroph axis, with a reduction and increase in blood levels of
IGF-1 and GH, respectively, a situation that resembles a GH resistance
condition known as Laron syndrome (40, 41).

We have also demonstrated in this work that the combined admin-
istration of two antisense oligonucleotides that block the aberrant
splicing in Lmna caused by the ¢.1827C>T;p.Gly609Gly mutation re-
duces progerin amounts in vivo. The fact that we could not observe a
significant reduction of progerin levels in skeletal muscle could be the
result of lower vivo-morpholino uptake in this tissue compared with
liver or kidney, in which progerin expression was markedly down-
regulated. Notably, we have also shown that progerin reduction
mediated by vivo-morpholino treatment significantly expands the life
expectancy of Lmna®”%“®S mice and ameliorates most phenotyp-
ical and molecular alterations in these animals relative to untreated
mice, including a significant reduction in the expression of p53 target
genes and a normalization of blood glucose levels.

Together, these findings provide an in vivo demonstration of the
feasibility of ameliorating the characteristic alterations caused by
progerin-linked premature aging through splicing modulation. Our
results also suggest that these reagents might be tested in a future clin-
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ical trial for the treatment of HGPS. Setting up of therapeutic trials for
rare diseases such as progeroid syndromes (38, 42) is extremely
challenging because of the lack of extensive clinical longitudinal
studies with homogeneous evaluation parameters on cohorts of pa-
tients, which hinders the definition of homogeneous therapeutic out-
come measures and endpoints. Also, multicentric trials are difficult to
organize because of the very low number of patients within a single
country, which hampers the strict application of identical protocols in
various participating clinical investigation centers.

These difficulties have often prevented translation from established
therapeutic proofs of principle to phase 1 and 2 clinical trials. How-
ever, the ongoing clinical trials in HGPS patients mentioned above
have demonstrated the feasibility of designing and conducting a ther-
apeutic trial for progeria and may serve as a basis for the design of a
novel protocol that tests the oligonucleotides used in the present study.
Furthermore, the development of this splicing-directed protocol for
HGPS treatment may be facilitated by antisense oligonucleotide-based
therapies that have already displayed preclinical efficacy in several
other diseases (43) and are being currently tested in clinical trials for
Duchenne muscular dystrophy (44).

MATERIALS AND METHODS

Gene targeting of Lmna gene

DNA fragments for the arms of the gene-targeting vector were gen-
erated by PCR of genomic DNA from 129/Ola embryonic stem (ES)
cells. A 4.4-kb 5'-homology arm, spanning from exon 3 to the middle
of exon 10, was amplified and cloned in the 5'-polylinker of a modi-
fied PGKNeotpalox2 vector into which we had previously introduced
the thymidine kinase selection gene. Next, we cloned the 5.6-kb 3'-
homology arm, which spanned from exon 10 to the end of the gene,
in the 3’-polylinker of PGKNeotpalox2. To this end, we amplified and
cloned two subfragments. The first one, which spanned to the end of
exon 11, was amplified with a reverse oligonucleotide that contained the
¢.1827C>T mutation. Vector integrity was verified by DNA sequencing
and restriction mapping. The targeting vector was linearized and electro-
porated into strain 129/Ola ES cells. To identify clones that carried the
targeted Lmna™ allele, we performed Southern (DNA) blot analysis of
Hind III- and Bsp HI-digested genomic DNA. The probes detected
9.8- and 10.5-kb fragments, respectively, in the recombinant allele.
Mouse genotyping was performed by PCR of genomic DNA with the
following oligonucleotides: 5'-AAGGGGCTGGGAGGACAGAG-3/,
5'-AGTAGAAGGTGGCGCGAAGG-3, and 5-AGCATGCAATAG-
GGTGGAAGGA-3'. The PCR fragment consisted of 340 base pairs
(bp) from the Lmna"“ allele and 100 bp from the wild-type allele. Tar-
geted 129/0la ES cells were microinjected into C57BL/6 mouse blasto-
cysts to produce chimeric mice that were then crossed with C57BL/6
mice to generate heterozygous Lmna™“® mice. Electroporation of the
targeting vector and microinjection of ES cells were performed in the
facilities available at Centre D’Immunologie de Marseille-Luminy
(Marseille-Luminy, France) under the supervision of B. Malissen. To
generate mice that carry the Lmna®C allele, we crossed Lmna*® mice
with transgenic mice that express constitutive cytomegalovirus Cre
recombinase (Jackson Laboratory), and we verified cassette excision
by PCR. The nomenclature for the description of sequence variants
follows the Human Genome Variation Society guidelines given at
http://www.hgvs.org/mutnomen/. The reference sequences used for

VOL 3 Issue 106 106ra107 7

73

Downloaded from stm.sciencemag.org on October 26, 2011



Results

RESEARCH ARTICLE

sequence variation description were as follows: human LMNA
NM_170707.2 and mouse Lmna NM_001002011.2.

Animal experiments

We performed animal experiments in accordance with the guidelines
of the Committee for Animal Experimentation of the Universidad de
Oviedo and the Regional Ethics Committee for Animal Experimenta-
tion (Provence Committee). uCT analyses of bones were performed
with a pCT Skyscan 1172 system (Skyscan). Forepaw strength of
Lmna®%%%%C [ 11na%%°"* and Lmna*’" male mice was measured
with a strain gauge sensor (Bioseb). We administrated combined vivo-
morpholinos (Gene Tools, LLC) MmEx10-MmEx11 at a concentra-
tion of 6 mg/kg each in phosphate-buffered saline (PBS) through tail
vein injection twice per week. Control vivo-morpholino was admin-
istrated according to the same routine at a concentration of 12 mg/kg
in PBS. Mice were treated for 12 weeks, starting at the age of 6 weeks.
Treatment with vehicle alone or control vivo-morpholinos did not
produce any apparent damage or stress in control mice. For histology
analysis, we fixed samples with 4% paraformaldehyde in PBS, pro-
cessed the resulting preparations into serial paraffin sections, and
stained each with either 4',6-diamidino-2-phenylindole (DAPI) or he-
matoxylin and eosin (H&E).

Genomic and transcriptional characterization

DNA was extracted from mouse tails following standard proce-
dures. Genotyping was performed with the following primers:
DNA-Mm-Lmna forward, 5-GGTTCCCACTGCAGCGGCTC-3’
(exon 11), and DNA-Mm-Lmna reverse, 5'-GGACCCCACTCCC-
TTGGGCT-3’ (intron 11). Direct sequencing was performed with
an ABI Prism 3130XL automatic sequencer (Applied Biosystems).
Total RNA was extracted with PureLink RNA Mini Kit (Invitrogen)
and treated with deoxyribonuclease (Invitrogen). Total RNA (500 ng)
was retrotranscribed with the high-capacity reverse transcription kit
(Applied Biosystems). PCR primers that encompassed exon 11 were
used for both amplification and sequencing: Mm-Lmna 10 forward,
5'-AGAGCTCCTCCATCACCACCGT-3’, and Mm-Lmna 12 reverse,
5'-TGCCTGGCAGGTCCCAGATT-3'.

Morpholino sequences

The morpholino oligonucleotides used in this study were as follows:
MmEx10 (5'-GCTGCCACTCACACGGTGGTGATGG-3’), MmEx11
(5"-GGATCCACCCACCTGGGCTCCCGCT-3'), and a negative control
(5'-CCTCTTACCTCAGTTACAATTTATA-3’) for mouse cells and
in vivo experiments, and HsEx10 (5-GCTACCACTCACGTGGTGGTG-
ATGG-3') and HsEx11 (5-GGGTCCACCCACCTGGGCTCCTGAG-
3’) for human cell experiments (Gene Tools, LLC).

Cell culture

We extracted mouse fibroblasts from 8-week-old ears as previously
described (32). Human skin fibroblasts from control subjects
(AG10803) and patients who carried the HGPS p.Gly608Gly mutation
(AG01972¢) were obtained from the Coriell Cell Repository. We
maintained all cultures in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1% antibiotic-
antimycotic (Gibco). For transfection of the morpholinos, we followed
the manufacturer’s instructions (Gene Tools, LLC). Briefly, cells were
plated at a high density (80%), and varying amounts of each morpho-
lino were added to the cell cultures. Next, we added endoporter reagent
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at a final concentration of 6 uM (Gene Tools, LLC). Cells were retrans-
fected 48 hours later following the same routine. Western (immuno)
blot and inmunofluorescence analyses were performed 96 hours after
the first transfection of the morpholinos. Analyses in primary mouse
fibroblasts were performed at P5 and in HGPS human fibroblasts at
passage 16.

Western (immuno) blot analysis

Cultured cells were washed twice with 1x PBS and resuspended in
2x Laemmli buffer. Tissues were snap-frozen in liquid nitrogen.
Frozen tissues (~50 mg in each sample) were homogenized in 300 pl
of 100 mM tris-HCl (pH 7.4), 2% SDS, and 50 mM EDTA with a
Polytron homogenizer. Protein concentration was evaluated with the
bicinchoninic acid technique (Pierce BCA Protein Assay Kit). Equal
amounts of proteins were loaded onto 8% SDS-polyacrylamide gels.
After electrophoresis, gels were electrotransferred onto nitrocellulose
membranes or Immobilon-FL polyvinylidene fluoride membranes
(Millipore), blocked with 5% nonfat dry milk in TBS-T buffer [20 mM
tris (pH 7.4), 150 mM NaCl, and 0.05% Tween 20] or in Odyssey
Blocking Buffer diluted 1:1 in PBS for 1 hour at room temperature,
and incubated overnight at 4°C or 1 hour at room temperature with var-
ious primary antibodies: 1:500 monoclonal anti-lamin A/C (Manlac-1,
provided by G. Morris), 1:1000 goat polyclonal anti-lamin A/C (sc-20681
and sc-6215, Santa Cruz Biotechnology), 1:40,000 monoclonal anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (MAB374,
Millipore), 1:10,000 anti-a-tubulin (T6074, Sigma), or 1:10,000 anti—B-
actin (AC-40, Sigma). Finally, blots were incubated with 1:10,000 goat
anti-mouse horseradish peroxidase (HRP) (Jackson ImmunoResearch
Laboratories) in 1.5% nonfat milk in TBS-T or 1:15,000 IR-Dye 800-
conjugated secondary donkey anti-goat and anti-mouse antibodies in
Odyssey blocking buffer. Then, we washed and developed the immuno-
reactive bands with Immobilon Western chemiluminescent HRP substrate
(Millipore). For IR-Dye 800 detection, an Odyssey Infrared Imaging
System (LI-COR Biosciences) was used.

Immunofluorescence analysis

Cells were fixed in 4% paraformaldehyde solution, rinsed in PBS, and
permeabilized with 0.5% Triton X-100. A different permeabiliza-
tion step was needed for YH2AX staining, which was performed with
a 0.1% sodium citrate and 0.1% Triton X-100 solution. The anti-
bodies used were anti-lamin A/C (Manlac-1, 1:50) or anti-yH2AX
(Millipore, 1:300). Cells were incubated with primary antibodies di-
luted in PBS (supplemented with 1% bovine serum albumin) for
1 to 3 hours at 25°C. After washes with PBS, slides were incubated with
1:100 rhodamine-conjugated donkey anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories) for 1 hour at 25°C. After
the final washes, nuclei were counterstained with DAPI (Roche), and
slides were mounted in Vectashield mounting medium (Vector). Micro-
photographs were recorded with an Axioplan-2 Zeiss fluorescent mi-
croscope (Zeiss), and images were captured with a charge-coupled
device camera (Photometrics SenSys). The nuclei of progeroid and nor-
mal fibroblasts were then counted (n = 300 for each experiment).

RNA preparation and quantitative RT-PCR

Collected tissue was immediately homogenized in TRIzol reagent
(Invitrogen) and processed through alcohol precipitation. RNA pellets
were then washed in cold 75% ethanol and resuspended in nuclease-
free water (Ambion), and the samples were quantified and evaluated
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for purity (260-nm/280-nm ratio) with a NanoDrop ND-1000 spec-
trophotometer. cDNA was synthesized with 1 to 4 pg of total RNA
with the ThermoScript RT-PCR system (Invitrogen). For detection
of aberrant splicing of the Lmna gene, the following oligonucleotides
were used: Lmna-9F (5'-GTGGAAGGCGCAGAACACCT-3’) and
Lmna-12R (5-GTGAGGGGGGAGCAGGTG-3'). The oligonucleo-
tides used for specific amplification of the lamin C-encoding mRNA
transcript were Lmna-7F (5'-CCAGCCCTACCTCGCAGC-3') and
Lmna-10R (5-GCGGCGGCTGCCACTCAC-3") (23). Mouse Gapdh
mRNA was used as an endogenous control, and the corresponding
c¢DNA was amplified with the following primers: Gapdh-F (5'-
GTGCAGTGCCAGCCTCGTCC-3) and Gapdh-R (5'-GCCACTGCA-
AATGGCAGCCC-3'). Quantitative RT-PCR (qRT-PCR) was carried
out in triplicate for each sample with 20 ng of cDNA, TagMan Universal
PCR Master Mix, and 1 pl of the specific TagMan custom gene expres-
sion assay solution for the gene of interest (Applied Biosystems). For the
mouse progerin qRT-PCR experiments, the following oligonucleotides
and probe were used: MmProgerin_fwd (5'-TGAGTACAACCTGC-
GCTCAC-3"), MmProgerin_rev (5-TGGCAGGTCCCAGATTACAT-3'),
and MmProgerin_probe (5'-CGGGAGCCCAGAGCTCCCAGAA-
3’). As an internal control for the amount of template cDNA used, gene
expression was normalized to amounts obtained for the mouse Gapdh
endogenous control.

Heart analysis and blood pressure

We anesthetized mice with 2.5% sevoflurane and used a Vevo 2100
transthoracic echocardiograph equipped with a 30-MHz mouse
ultrasound probe to assess left ventricular function and ECG param-
eters (PR and QRS intervals) with the VevoStrain software (Visual
Sonic). Blood pressure and heart rate were measured with a non-
invasive automated tail-cuff device (Visitech System BP2000). Mice
were trained on a daily basis for 1 week, and then measurements were
taken on a weekly basis at the same time in the morning. For more
accuracy, the first 10 of 20 measurements were discarded, and mean
values of the last 10 measurements for individual mice were used for
analysis.

Blood and plasma parameters

Animals were starved for 6 hours before measurement to avoid any
possible alteration in blood glucose concentrations as a result of food
intake. Blood glucose was measured with an Accu-Chek glucometer
(Roche Diagnostics) using blood from the tail vein. For other
measured parameters, blood was extracted directly from the mandib-
ular sinus after anesthetizing mice with isoflurane. To obtain plasma,
we centrifuged blood immediately after collection at 3000g at 4°C, and
we collected the supernatant and stored it at —20°C until analysis.
Plasma IGF-1 concentrations were determined with the Quantikine
ELISA (enzyme-linked immunosorbent assay) kit (R&D Systems),
whereas plasma GH concentrations were measured with the Linco
ELISA kit. For plasma insulin, leptin, and adiponectin measurements,
we used Millipore ELISA Kits. All protocols were performed according
to the manufacturer’s instructions.

Transcriptional profiling

Total RNA was isolated with an RNeasy kit (Qiagen). Double-stranded
c¢DNA was synthesized with the SuperScript cDNA synthesis kit
(Invitrogen). In vitro transcription was carried out with the Bio-
array high-yield RNA transcript labeling kit (Enzo Diagnostics).
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The biotin-labeled complementary RNA (cRNA) was purified, frag-
mented, and hybridized to a GeneChip Mouse Gene 1.0 ST Array
(Affymetrix). Washing and scanning were performed with a Fluidics
Station 400 and GeneChip Scanner (Affymetrix). After scanning, raw

data were processed with the RMAExpress program (http://RMAExpress.
bmbolstad.com) using default settings.

Gene set enrichment analysis

GSEA was performed as described in the original citation (31). For
data analysis, we used GSEA release 2.06 and MSigDB release 2.5
(http://www.broadinstitute.org/gsea/index jsp). Weighted enrichment
scores were calculated with gene expression lists ranked by signal-
to-noise ratio. The maximum gene set size was set to 500 genes; the
minimum gene set size was set to 20 genes; the number of permutations
was set to 1000. Analyses were performed with a collection of gene sets
from curated genes and canonical pathways. Selected enriched pathways
had a relaxed false discovery rate of <0.25 and P < 0.01.

Statistical analysis

We performed statistical analysis of the differences between mouse
cohorts or treated and untreated cells with a two-tailed Student’s ¢ test.
In experiments with more than two groups, differences were analyzed
by multifactorial one-way analysis of variance (ANOVA). We per-
formed statistical analysis on the differences between positive nuclei in
indirect immunofluorescence experiments with ANOVA and Cohen’s
d Ryan test. The analysis of covariance (ANCOVA) with the body
mass as the covariate was used to analyze the grip strength test results.
We used Microsoft Excel or GraphPad Prism software for calculations
and expressed the results as the means + SDs.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/106/106ra107/DC1

Fig. S1. Genomic sequencing of Lmna exon 11 in Lmna*’*, Lmna®®*%*, and Lmna
mice.

Fig. S2. Western (immuno) blot analysis of human control fibroblasts (AG10803), human HGPS
fibroblasts (AG01972¢), and tissues from Lmna*’*, Lmna®%°%*, and Lmna®®%°%¢%%°C mice.
Fig. S3. Phenotypic characterization of Lmna*“*<
Fig. S4. Organ size evaluation in 3-month-old Lmna
Fig. S5. uCT analysis of bone alterations in Lmng®®%?</ce%9¢
Fig. 6. Cardiovascular phenotype of Lmng©6??&/ce0%¢
Fig. S7. Enrichment score plots from GSEA-extracted representative pathways containing
genes enriched in Lmna®%?%%%%% mice samples.

Fig. S8. Enrichment score plots of GSEA-extracted representative pathways containing genes

G609G/G609G

mice.
G609G/G609G \arc11s | mna™’* mice.
mice.

mice.

enriched in Lmna*’* mice samples.

Fig. $9. Nuclear envelope architecture analyzed in an HGPS fibroblast cell line (AG01972¢)
treated with HsEx10 and HsEx11 morpholinos.

Fig. $10. RT-PCR analysis in tissues from Lmna*’*, untreated Lmna®®¥%¢, and MmEx10-11-
treated LmnaGﬁUQG/GEOQG and Lmna65096/4
Fig. S11. Western (immuno) blot analysis of lamin A/C in tissues from treated and untreated
LmnaGﬁOQG/GGDQG mice.

Fig. $12. Phenotypic characterization of MmEx10-11-treated Lmna mice.

Table S1. Affymetrix Mouse Gene 1.0 ST probes showing the greatest increase or decrease
(P < 0.005) in liver from Lmna®®°?%/%%%¢ mutant mice.

mice.

G609G/G609G
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II1. Characterization of epigenetic alterations in accelerated aging

Epigenetic alterations constitute a critical hallmark of aging. Thus, epigenetic
regulation is essential not only for the establishment but also for the maintenance of biological
states, and consequently it shows a prominent role in the aging process. In this work, we
focused on the study of the epigenetic alterations shown by Zmpste24-deficient mice,
identifying age-associated alterations in methylation status as well as in posttranslational
modifications of histones H2B and H4. Moreover, we found that these alterations are
associated with important transcriptional changes occurring in this animal model in cell cycle
regulation and in metabolic pathways. Finally, we demonstrated the reversibility of epigenetic
alterations through pharmacological intervention, providing proof-of-principle about

epigenetic-based therapies in aging.
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Summary

Mutations in the nuclear envelope protein lamin A or in
its processing protease ZMPSTE24 cause human acceler-
ated aging syndromes, including Hutchinson-Gilford pro-
geria syndrome. Similarly, Zmpste24-deficient mice
accumulate unprocessed prelamin A and develop multiple
progeroid symptoms, thus representing a valuable animal
model for the study of these syndromes. Zmpste24-defi-
cient mice also show marked transcriptional alterations
associated with chromatin disorganization, but the
molecular links between both processes are unknown.
We report herein that Zmpste24-deficient mice show a
hypermethylation of rDNA that reduces the transcription
of ribosomal genes, being this reduction reversible upon
treatment with DNA methyltransferase inhibitors. This
alteration has been previously described during physio-
logical aging in rodents, suggesting its potential role
in the development of the progeroid phenotypes. We
also show that Zmpste24-deficient mice present global
hypoacetylation of histones H2B and H4. By using a
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combination of RNA sequencing and chromatin immuno-
precipitation assays, we demonstrate that these histone
modifications are associated with changes in the expres-
sion of several genes involved in the control of cell pro-
liferation and metabolic processes, which may contribute
to the plethora of progeroid symptoms exhibited by
Zmpste24-deficient mice. The identification of these
altered genes may help to clarify the molecular mecha-
nisms underlying aging and progeroid syndromes as well
as to define new targets for the treatment of these
dramatic diseases.

Key words: aging; histone acetylation; lamina; methyla-
tion; progeria; proteolysis.

Introduction

Hutchinson—Gilford progeria syndrome (HGPS) is an accelerated
aging process characterized by short stature, low body weight,
early hair loss, lack of subcutaneous fat, scleroderma, decreased
joint mobility, osteolysis, atherosclerosis, and premature death
(Hennekam, 2006; Merideth et al., 2008). Hutchinson-Gilford
progeria syndrome belongs to an array of human disorders col-
lectively known as laminopathies, caused by defects in compo-
nents of the nuclear lamina and including Emery-Dreifuss
muscular dystrophy, limb-girdle muscular dystrophy, dilated car-
diomyopathy, Charcot-Marie-Tooth disease, Dunningan-type
familial partial lipodystrophy, and mandibuloacral dysplasia
(Navarro et al., 2006; Ramirez et al., 2007). Around 80% of
patients with HGPS have the same de novo silent point mutation
(G608G: GGC->GGT) in exon 11 of LMNA gene that encodes
lamins A and C. This mutation activates a cryptic donor splice
site, eliminating 150 bp of exon 11 and generating a trun-
cated lamin A isoform known as progerin/LAdelta50 (De
Sandre-Giovannoli et al., 2003; Eriksson et al., 2003).

Lamin A post-translational processing includes prenylation,
cleavage of the C-terminal tripeptide, methylation of the
prenylated C-terminal cysteine residue, and finally, the proteo-
lytic removal of the C-terminal prenylated peptide by the
metalloproteinase FACE-1/ZMPSTE24 (Pendas et al., 2002).
The target sequence of this last proteolytic event is included in
the region deleted in progerin, and consequently progerin
undergoes normally the initial steps of lamin A maturation but
the prenylated peptide cannot be excised. Thus, the HGPS
mutation causes the accumulation of permanently prenylated
progerin, which leads to structural alterations in the nuclear
envelope and its associated chromatin (De Sandre-Giovannoli
et al., 2003; Eriksson et al., 2003). Similarly, disruption of the
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murine Zmpste24 gene prevents the cleavage of the lamin A
prenylated peptide, leading to the accumulation of farnesylated
prelamin A in the nuclear envelope. Prelamin accumulation in
Zmpste24-deficient mice causes nuclear architecture abnormali-
ties, shortened lifespan, and a progeroid phenotype that reca-
pitulates most HGPS symptoms (Bergo et al., 2002; Pendas
et al., 2002). Consequently, Zmpste24-deficient mice constitute
a valuable animal model to study the mechanisms underlying
the development of progeroid syndromes and to investigate
possible therapeutic approaches for these pathologies. The
transcriptional profiles of Zmpste24-deficient tissues and HGPS
cells have been investigated, leading to the identification of
signaling alterations that could be implicated in the onset of the
progeroid phenotypes (Csoka et al., 2004; Varela et al., 2005;
Osorio et al.,, 2009). Significantly, the production of progerin,
accompanied by some of these transcriptional alterations, has
been detected in the context of physiological aging (Scaffidi &
Misteli, 2006). These findings support the use of progeroid
animal models such as Zmpste24-deficient mice to investigate
the molecular mechanisms underlying the manifestations of
normal and pathological aging. Nevertheless, despite the
intense research in this field, little is known about the link
between the alterations in nuclear structure and dynamics and
the transcriptional deregulation detected in laminopathies. As
nuclear structure is essential for a correct epigenetic pattern
and because anomalous epigenetic signaling could be an impor-
tant determinant of cellular senescence and organism aging
(Issa, 2003; Sinclair & Oberdoerffer, 2009; Gravina & Vijg,
2010), we hypothesized that epigenetic alterations could be
involved in the development of HGPS symptoms. In agreement
with this hypothesis, changes in the methylation pattern of his-
tone H3 have been recently described in HGPS cells but the rele-
vance of these changes remains largely unknown (Scaffidi &
Misteli, 2005; Shumaker et al., 2006; Dechat et al., 2008).

In the present work, we describe that the abnormalities in
nuclear structure and dynamics caused by Zmpste24-deficiency
lead to the accumulation of characteristic epigenetic marks such
as rDNA hypermethylation and histone hypoacetylation. Based
on these findings, together with the observation that similar
abnormalities also occur during physiological aging, we propose
that chromatin disorganization generates a characteristic aging-
like epigenetic pattern which contributes to the transcriptional
deregulation associated with both normal and accelerated

aging.

Results

Zmpste24-deficiency causes hypermethylation of
ribosomal DNA

DNA methylation and histone post-translational modifications
are the most widely analyzed epigenetic changes. The relation-
ship between DNA methylation and aging is complex. Early stud-
ies suggested the occurrence of a global decrease in DNA
methylation associated with physiological aging (Wilson &

Jones, 1983). By contrast, other works have revealed that an
overall decrease in DNA methylation is not a common feature of
mammalian aging, and changes in this regard are circumscribed
to a specific subset of genes (Tawa et al., 1992; Tra et al., 2002,
Fuke et al., 2004). Further studies have even shown that several
lociin CpG islands gain methylation with age (Christensen et al.,
2009; Maegawa et al., 2010). To evaluate the putative occur-
rence of DNA-methylation alterations in Zmpste24~"~ progeroid
mice, we first analyzed by high-performance capillary electro-
phoresis (HPCE) the global 5-methylcytosine (5mC) content in
liver samples from these mutant mice. As shown in Fig. 1a, we
did not observe significant differences in global methylation
between Zmpste24~"~ and control mice. Likewise, we failed to
find significant methylation differences in subtelomeric regions
or in major satellites located in pericentromeric regions of DNA
from Zmpste24~/~ mice when compared with wild-type animals
(Fig. 1b).

To test the possibility that specific alterations in the methyla-
tion status of certain DNA loci rather than global changes in
DNA methylation, could be linked to the premature aging of
Zmpste24™'~ mice, we investigated the methylation pattern of
their ribosomal RNA-encoding genomic regions (rDNA), as sev-
eral works have shown that alterations in rDNA methylation
occur in aging (Johnson et al.,, 1998; Olson & Dundr, 2005).
Ribosomal RNA is synthesized as a 45S pre-rRNA, which is subse-
quently processed into 18S, 5.8S, 28S, and 55 mature rRNAs.
Interestingly, and as can be seen in Fig. 2, bisulfite sequencing
analysis revealed a significant trend to hypermethylation of the
rDNA units of Zmpste24™'~ mice, especially in internal regions
such as the 28S 5’-region. Remarkably, two CpG sites located at
positions -133 and -144 in the Upstream Control Element (UCE)
of the rDNA promoter are hypermethylated in Zmpste24-defi-
cient animals (Fig. 2). Methylation of these two CpGs is suffi-
cient to inhibit the formation of the Pol | pre-initiation complex,
thus blocking rDNA transcription (Chen & Pikaard, 1997; Sant-
oro et al., 2002). Consistent with these results, gRT-PCR experi-
ments revealed a significant reduction in 45S pre-rRNA in
Zmpste24-deficient animals, which was reverted upon azaciti-
dine treatment (Fig. 3a), providing additional support to the
causal role of promoter hypermethylation in this alteration. We
next used chromatin immunoprecipitation to examine the
amounts of rDNA-associated RNA polymerase I. As shown in
Fig. 3b, while the levels of polymerase bound to the promoter
region are similar among wild-type and mutant animals, Zmp-
ste24™"~ mice show a 3-fold reduction in the levels of elongat-
ing RNA polymerase | associated with the rDNA coding regions.
Collectively, these results indicate that Zmpste24 deficiency
causes a severe dysfunction of rRNA gene activity, which could
be implicated in the premature cellular senescence and acceler-
ated aging phenotype observed in these mice (Varela et al.,
2005). In agreement with this possibility, DNA hypermethyla-
tion has been reported to occur during physiological aging
in rats (Oakes et al.,, 2003), and a decrease in the rRNA gene
activity with age has also been observed in humans (Thomas &
Mukherjee, 1996).
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Loss of acetylated forms of nucleosome histones in
Zmpste24™'~ mice

Chromatin conformation and transcriptional control are influ-
enced not only by promoter methylation but also by histone
post-translational modifications, most notably site-specific
methylation and acetylation/deacetylation of histone tails
(Shahbazian & Grunstein, 2007). Interestingly, genes potentially
involved in the progeroid phenotype of Zmpste24-deficient
mice, such as p21WAF1 and INK4/ARF, have been described to
be regulated by histone acetylation (Archer et al., 1998; Matheu
et al., 2005). Consequently, we decided to investigate the modi-
fication status of histones in Zmpste24-deficient mice. As a first
approach to this aim, we used HPCE to analyze H2B and H4
acetylation status. As can be seen in Fig. 4a, Zmpste24-deficient
mice show a loss of about 15% of global acetylation in histone
H4, produced by a reduction in all its monoacetylated, diacety-
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lated, and triacetylated forms. Likewise, and similar to the case
of histone H4, Zmpste24-deficient mice show an important
decrease (about 50%) in global acetylation of histone H2B
(Fig. 4b). This decrease mainly derives from a significant loss
(about 80%) of the monoacetylated form of H2B. To determine
the residue that could be target of this specific loss of acetyla-
tion, we carried out mass spectrometry analysis on this fraction.
As can be seen in Fig. 5a, we observed a clear decrease in the
relative abundance of a peptide corresponding to the first 12
amino acids of the protein which contain one acetyl group at
lysine 5, indicating that the loss of H2B monoacetylation occurs
mostly at this residue. This conclusion was further confirmed by
Western blot analysis with an antibody that specifically recog-
nizes this modification (Fig. 5b). This analysis also showed that
this decrease in histone acetylation is not restricted to the liver.
As can be seen in Fig. 5b, the same alteration was also present
in other tissues from Zmpste24-deficient mice.
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Fig. 1 Global DNA methylation analysis in Zmpste24~"~ mice. (a) Global 5-methyl-cytosine content analyzed by high-performance capillary electrophoresis
(HPCE) in liver samples from representative wild-type (N37C, N68B, and N75A) and Zmpste24-deficient mice (N45C, N74A, and N53C). (b) Analysis of the DNA
methylation status by bisulfite sequencing of multiple clones (see Experimental procedures) of subtelomeric repeats (left) and major satellites (right) in liver samples
from the same control and Zmpste24~"~ mice as in (a). Distribution of CpG sites within the amplified DNA is shown by vertical bars on and horizontal bar over
each panel. Three mice per genotype and 12 clones per mouse were analyzed. Methylated and unmethylated CpG positions are shown as black and white

squares, respectively.
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Fig. 2 rDNA methylation analysis in Zmpste24~"~ mice. Analysis of DNA methylation at ribosomic DNA using bisulfite sequencing of multiple clones in liver
DNA samples from Zmpste24-deficient mice (NA5C, N74A and N53C) and control littermates (N37C, N68B and N75A). Scheme showing the rRNA gene (top),
depicting the six regions subjected to methylation analysis (AF); these correspond to the proximal promoter (A-C), and the ends of 18S (D-E) and 28S (F) regions.
Three mice per genotype and twelve clones per mouse were analyzed. Methylated and unmethylated CpG positions are represented as black and white squares,
respectively.
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Fig. 3 Transcriptional activity of the rRNA gene in Zmpste24~"~ mice. (a) gRT-PCR quantification of the precursor rRNA transcript in liver samples from wild-type,
Zmpste24-deficient animals, and azacitidine-treated Zmpste24-deficient mice (AzaC) relative to the levels of 28S rRNA. (b) RNA polymerase | association with the
rDNA promoter and internal regions indicated at the top, as determined by chromatin immunoprecipitation of liver samples from Zmpste24~"~ mice and control
littermates. A schematic map of the rRNA gene is included at the top, indicating the position of the two analyzed regions. *P < 0.05. Error bars represent SEM.

chromatin state. We hypothesized that the decrease of histone
acetylation observed in Zmpste24~"~ mice could produce both a
general decrease in the transcriptional activity of their cells and a

Acetyl-H2B-mediated differential gene regulation in
Zmpste24™'~ mice

The reduction of acetylated forms of nucleosome histones is
associated with a stronger association of these nucleosomes
with the DNA, which generates a more compacted or silent

deregulation of the expression of specific genes implicated in
the generation of the senescence phenotype observed in these
animals. Consequently, we performed two independent ChiP-
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Fig. 4 Histones H4 and H2B acetylation status in Zmpste24~"~ mice. (a) High-performance capillary electrophoresis (HPCE) analysis of histone H4 post-
translational modifications. Representative electropherograms show peaks corresponding to the nonacetylated (Ac0), mono- (Ac1), di- (Ac2), and triacetylated
(Ac3) forms of histone H4 in liver samples from wild-type (WT) and Zmpste24-deficient mice (left). Relative levels of acetylated histone H4 in two WT and three
mutant mice (right). (b) HPCE analysis of histone H2B post-translational modifications. Representative electropherograms corresponding to liver samples from WT
and Zmpste24-deficient mice are shown, along with samples from HL60 cells treated with the indicated concentrations of the histone deacetylase inhibitor
trichostatin A (TSA) (left). Electropherograms of samples treated with TSA show mono-, di-, tri-, and tetra-acetylated forms of histone H2B. Relative levels of
acetylated histone H2B in three WT and three mutant mice (right) are shown. *P < 0.05; ***P < 0.001. Error bars represent SEM.

on-Chip experiments to determine specific genomic regions of
association of acetyl-H2B in both Zmpste24™"~ and control
mice. In the first experiment, we compared samples from a Zmp-
ste24”/~ mice with a control littermate, while for the second
experiment we used pools of genomic DNA obtained from three
wild-type and three mutant animals, respectively. A complete
list of all the probes that showed recurrent differences in enrich-
ment between Zmpste24-deficient and control samples can be
found in Tables S2 and S3 (Supporting information). Addition-
ally, and to determine if the putative differences in association
of acetyl-H2B to specific genomic regions of control and mutant
mice could modulate the expression of specific genes, we per-
formed transcriptional profiling on liver samples from a Zmp-
ste24’~ mouse and a littermate control. For this purpose, we
isolated total liver RNA and used it for expression analysis by

ultra-deep RNA sequencing using an lllumina platform (Wilhelm
et al., 2008).

A list of key genes that were found recurrently enriched in the
samples belonging to control mice compared to Zmpste24~"~
mice and which also showed a reduced expression in Zmpste24-
mutant samples is shown in Table 1. Additional validation of
these results was performed by gRT-PCR, as shown in Fig. S1
(Supporting information). Interestingly, one of these genes is
Bcl6, a known inhibitor of the senescence process mediated by
p53 (Shvarts et al., 2002). The transcriptional down-regulation
of this gene can play a key role in the accelerated senescence
phenotype triggered by the activation of p53 observed in Zmp-
ste24-deficient mice. We also observed transcriptional down-
regulation associated with a decrease in the levels of acetyl-H2B
in several genes involved in fatty acid metabolism (Sec74p,
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Table 1 Genes recurrently enriched in either Zmpste24*”* (upper half) or
Zmpste24~"~ (lower half) samples that also show changes in expression levels

ChlIP on chip Analysis

Expression Analysis

Gene Enrichment  P-value  Zmpste24™'~  Zmpste24*/*
ElovI3 2.399 0.011 0.38 335.02
Cmah 2.188 0.012 0.28 1.82
Ifi47 2.117 0.003 1.94 5.17
6430527G18Rik  2.100 0.011 1.02 2.37
Sec1412 2.044 0.009 20.69 88.66
Bcl6 1.895 0.002 3.56 6.87
Apoci 1.689 0.006 2639.22 6902.38
Ppp1r3b 1.622 0.005 3.27 21.41
Cyp2b10 3.579 0.026 70.84 0.1
Fmo2 3.293 0.014 1.75 0.23
Apcs 3.278 0.007 803.57 71.87
Htatip2 2.775 0.009 31.87 5.11
Cyp4ald 2.684 0.019 65.31 5.02
Fgll 2.554 0.009 1007.95 119.41
Agxt2I1 2.162 0.012 114.41 6.16
Orm1 2111 0.007 4201.28 528.02

The enrichment value refers to the ratio between the enrichment ratios
obtained in Zmpste24-deficient and control samples. Control vs.
Zmpste24~"~ in the upper half and Zmpste24~"~ vs. control in

the lower half.

86

Elovi3, and ApocT) and glycogen metabolism (Ppp71r3b and
Cmah). These alterations may contribute to the lipodystrophy
phenotype and the altered metabolic response previously
described in Zmpste24™"~ mice (Pendas et al., 2002; Marino
et al., 2008).

In addition to this general decrease in acetylation of the his-
tone H2B, we could also observe specific enrichment of acetyl-
H2B in several genes from Zmpste24-deficient samples. Some of
them are also transcriptionally up-regulated in these progeroid
mice. Remarkably, among these genes we have found Apcs
(Table S3, Supporting information) that has been reported to
control chromatin degradation and could be involved in the
chromatin abnormalities observed in Zmpste24™"~ cells (Bicker-
staff et al., 1999; Varela et al., 2005). Additionally, we have also
found acetyl-H2B-related up-regulation of known proliferation
inhibitors such as Agxt2/1 and Htatip2 that could contribute to
the senescence phenotype. Finally, several genes involved in liver
inflammation and detoxification were identified (Cyp2b10,
Cyp4al4, Orm1, Fmo2, and Fgl1). The up-regulation of these
genes could indicate that the liver from Zmpste24-deficient mice
is subjected to a kind of cellular stress that triggers an adaptive
metabolic response involving the activation of inflammation and
detoxification mechanisms in these progeroid mice.

© 2010 The Authors
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Discussion

Hutchinson—Gilford progeria syndrome is a premature aging
disease characterized by a rapid progression of symptoms such
as hair loss, growth retardation, lack of subcutaneous fat,
aged-looking skin, osteoporosis, and arteriosclerosis. Patients
with HGPS usually die at around 13 years and there is no spe-
cific treatment for them (Navarro et al., 2006). Accordingly,
analysis of the molecular pathways implicated in the develop-
ment of this disease has been necessary for developing thera-
peutic approaches for these patients (Espada et al., 2008;
Varela et al., 2008). In this scenario, Zmpste24-deficient mice,
which also accumulate a farnesylated lamin A precursor, have
become an excellent tool for the molecular study of progeria.
The use of these mice has allowed to demonstrate that the
accumulation of farnesylated prelamin A causes alterations in
nuclear structure and chromatin organization, which in turn
activate DNA damage sensor pathways that finally lead to the
development of the progeroid phenotypes characteristic of
Zmpste24-mutant mice (Liu et al., 2005; Varela et al., 2005).
Nevertheless, the molecular links between the chromatin disor-
ganization and the transcriptional alterations present in these
progeroid mice remain unknown. In this work, we report the
presence of epigenetic alterations in Zmpste24-deficient mice
which are related to those observed in physiologically aged
mice. We also propose that these epigenetic abnormalities
may be implicated in the development of the progeroid
phenotype.

Previous studies have reported a significant decrease in global
DNA methylation with aging (Wilson & Jones, 1983; Richardson,
2003; Fuke etal.,, 2004). By contrast, this trend was not
observed in our progeroid animal model, in which the total
methylcytosine content did not differ significantly from that of
control mice. These differences between methylation changes in
physiological and accelerated aging could derive from the fact
that the loss of global DNA methylation during physiological
aging mainly results of the passive demethylation of heterochro-
matic DNA, because of a progressive loss of efficacy of DNA
methyltransferase 1 (Dnmt1) or to the erroneous targeting of
this enzyme by other cofactors (Casillas et al., 2003). The short-
ened lifespan of Zmpste24-deficient mice, which develop an evi-
dent progeroid phenotype before the decline in Dnmt1 activity
occurs, could contribute to explain the absence of global DNA
demethylation in this animal model of accelerated aging. Never-
theless, it is remarkable that, in accordance with our observa-
tions in this progeroid animal model, a number of works have
reported that an aging-associated decline in total methylcyto-
sine content is not a common finding in mammalian tissues
(Tawa et al., 1992; Tra et al., 2002; Fuke et al., 2004). Further-
more, very recent studies have demonstrated that several loci
present in CpG islands gain methylation with age (Christensen
et al., 2009; Maegawa et al., 2010), pointing to the need of
detailed analysis of specific genes in specific tissues before rais-
ing definitive conclusions about the relevance of methylation
changes during normal and pathological aging.

© 2010 The Authors
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Consistent with this possibility, and in contrast to the absence
of alterations in global methylation, we observed a marked
hypermethylation of the rDNA loci in Zmpste24~'~ progeroid
mice. This epigenetic mark has been previously described in
physiological aging but its precise relevance in this process is
largely unknown (Oakes et al,, 2003). Our observation that
rDNA hypermethylation also occurs in the context of accelerated
aging suggests that it could be functionally involved in the
development of age-associated phenotypes and consequently
it could provide a potential target of anti-progeroid therapies.
We hypothesize that down-regulation of rDNA transcription
resulting from promoter hypermethylation plays a crucial role in
the cellular senescence phenotype observed in both accelerated
and physiological aging. Supporting this proposal, it has been
described that rDNA hypermethylation is associated with pro-
gression-free survival in ovarian and endometrial cancer (Powell
et al., 2002; Chan et al., 2005).

In relation to histone modifications, we describe herein that
Zmpste24-deficient mice present hypoacetylation of histones
H2B and H4, which in the case of H2B mostly occurs in the
monoacetylated form modified at lysine 5. Although the signifi-
cance of this loss of acetylation is still unclear, the general trend
to a loss of histone acetylation suggests a switch of chromatin
structure to a close, inactive conformation, characteristic of qui-
escent or senescent cellular states, which could contribute to the
cellular phenotype observed in these mice. Alternatively, histone
modifications can promote specific promoter methylation and
regulate DNA transcription even in the absence of methylation,
as described in the case of CDKNTA locus (Archer et al., 1998;
Richon et al., 2004). Finally, we have found a direct correlation
between loss of acetylated forms of histone H2B and transcrip-
tional down-regulation of several genes involved in the control
of proliferation/senescence such as Bcl6, Apcs, or Htatip2,
which can contribute to the senescence phenotype observed in
the context of Zmpste24 deficiency (Varela et al., 2005, 2008).
Additionally, the expression of other genes involved in fatty acid
and glycogen metabolism is also altered and can contribute to
the systemic defects described in Zmpste24=~ mice (Marino
et al., 2008). Also in this regard, we must emphasize that other
histone modifications distinct from loss of H2B and H4 acetyla-
tion can also contribute to the multiple alterations observed in
the Zmpste24~"~ progeroid mice and further studies will be
required to clarify this question. Nevertheless, the identification
of a series of genes with marked expression changes associated
with specific histone modifications in tissues from Zmpste24~"~
mice may help to further clarify the molecular mechanisms
underlying aging and progeroid syndromes and to define new
targets for the treatment of these devastating diseases.

Experimental procedures

Animals

Face1/Zmpste24-deficient mice were generated and genotyped
as described (Pendas et al., 2002). For in vivo inhibition of DNA
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methylation, 5-azacitidine (2 mg Kg~' day™") in PBS was admin-
istrated intraperitoneally to mice every day for 1 week. Four
month-old Face1/Zmpste24-deficient mice and littermate con-
trols were sacrificed by cervical dislocation, and their livers were
extracted and stored at —80°C until further use. All the proce-
dures were carried out following the guidelines of the animal
facility of the Universidad de Oviedo.

Analysis of sequence-specific DNA methylation

The methylation status of specific genomic DNA sequences was
established by bisulfite genomic sequencing (Fraga et al., 2005).
Following the bisulfite conversion reaction, the DNA sequence
was amplified by PCR with primers specific for the bisulfite-
converted DNA. The PCR product was cloned and at least
ten colonies per sequence were sequenced automatically to
determine the methylation status of each sample. The percent-
age of methylation for each sample was calculated based on the
number of clones that showed methylated or unmethylated
cytosines. Primer sequences are available as Table S1 (Support-
ing information).

Quantification of global DNA methylation

5-Methylcytosine (5mC) genomic content was determined by
HPCE, as described (Fraga et al., 2002). Briefly, genomic DNA
samples were boiled, treated with nuclease P1 (Sigma, St. Quen-
tin Fallavier, France) for 16 h at 37°C and with alkaline phospha-
tase (Sigma, St. Quentin Fallavier, France) for an additional 2 h
at 37°C. After hydrolysis, total cytosine and 5mC content
were measured by HPCE using a P/ACE MDQ system (Beckman-
Coulter, Beckman-Coulter, Fullerton, CA, USA). Cytosine and
methylcytosine were separated and quantified using the sodium
dodecylsulfate (SDS) micelle system, based on size, charge,
structure, and hydrophobicity differences after the application
of specific voltages using a narrow-bore fused silica capillary
tube. Relative 5mC content was expressed as a percentage of
total cytosine content (methylated and nonmethylated).

Quantification of histone acetylation

Histones were prepared in accordance with established proto-
cols (Turner & Fellows, 1989) and global acetylation at histones
H2B and H4 was quantified as previously described (Fraga et al.,
2005). Individual histone fractions were extracted from cell
nuclei by acid treatment, and then purified by reverse-phase
high performance liquid chromatography (HPLC) on a Jupiter
C18 column (Phenomenex Inc., Torrance, CA, USA) with an
acetonitrile gradient (20-60%) in 0.3% trifluoroacetic acid,
using a HPLC gradient system (Beckman-Coulter). This method
separates molecules based on their hydrophobicity. Samples
were lyophilized and then dissolved in 5 mm DTT to avoid oxi-
dation. Acetylated histone derivatives were resolved by HPCE as
described (Fraga et al., 2005). In brief, nonacetylated, mono-,
di- and polyacetylated histone derivatives were resolved by

HPCE. An uncoated fused silica capillary (60.2 cm x 75 um,
effective length 50 cm; Beckman-Coulter) was used in a CE
system (P/ACE MDQ; Beckman-Coulter) connected to a data-
processing station (32 Karat Software; Beckman-Coulter). The
running buffer was 100 mm phosphate buffer, pH 2.0 contain-
ing 0.02% (w/v) HPM-cellulose, and running conditions were
25°C with operating voltages of 12 kV. On-column absorbance
was monitored at 214 nm. Before each run, the capillary system
was conditioned by washing with 0.1 m NaOH (3 min), with
0.5 M HSO4 (2 min), and equilibrated with running buffer
(3 min). Samples were injected under pressure (0.3 psi, 3 s). All
samples were analyzed in duplicate and three measurements
were made per replicate.

Nano-liquid chromatography and tandem mass
spectrometry

The resulting H2B-derived tryptic peptides from control and
mutant samples were on line injected onto a C18 reversed-phase
micro-column (300 mm ID x 5 mm PepMapTM; LC Packings,
Amsterdam, The Netherlands) to remove salts, and then ana-
lyzed in a continuous acetonitrile gradient consisting of 0-50%
B in 45 min and 50-90% B in 1 min (B = 95% acetonitrile,
0.5% acetic acid in water) on a C18 reversed-phase nano-
column (100 mm ID x 15 cm, Discovery®; BIO Wide pore, Supe-
Ico, Bellafonte, PA, USA). A flow-rate of 300 nL min~" was used
to elute peptides from the reversed-phase nano-column to a
PicoTip™ emitter nano-spray needle (New Objective, Woburn,
MA, USA) for real-time ionization and peptide fragmentation on
a 4000 Q-Trap LC/MS/MS system (Applied Biosystems/MDS
Sciex, Concord, ON, Canada) equipped with a nanospray ion
source (Protana, Ontario, Canada). Nano-liquid chromatography
was automatically performed on an advanced nano-gradient
generator (Ultimate nano-HPLC; LC Packings) coupled to an
autosampler (Famos; LC Packings). The needle voltage was set at
3000 V. Nitrogen was used as curtain (value of 15) and collision
gas (set to high). For the analysis, in the multiple reaction moni-
toring mode (MRM), Q1 was set on the multiply charged parent
ions at the indicated m/z values. Q3 was set on the marker filter-
ing signal selected for each parent ion. Collision energy was set
to 20. All chromatograms and MS/MS spectra were analyzed by
the software packages Analyst 1.4.1 (Applied Biosystems).

ChIP-on-Chip and data analysis

The chromatin immunoprecipitation assay was carried out as
described (Fraga et al., 2005) with anti-ack5H2b (Cell Signal-
ing). DNA-protein interactions were fixed using formaldehyde as
a crosslinking agent. Crosslinked protein/chromatin was frag-
mented by sonication into fragments of ~200-800 bp. Protein
was then immunoprecipitated from the lysate using a specific
antibody. After reversal of crosslinking, proteins were removed,
DNA purified and used for ChlP-on-Chip assays. The ChiIP on
Chip assay was performed on the Agilent Mouse Promoter
ChlIP-on-chip microarrays with Designs IDs 014716 and 014717
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containing probes covering 5.5 kb upstream and 2.5 kb down-
stream of the transcriptional start sites. Labeling was performed
using a BioPrime Total Genomic Labelling System (Invitrogen,
Carlsbad, CA, USA) following manufacturer instructions. The
hybridization was performed following Agilent manual G4481-
90010. The arrays were scanned on a G2565BA DNA microarray
scanner (Agilent) and the images were quantified using Agilent
Feature Extraction Software v9.5.3. Finally, Agilent ChIP Analyt-
ics v1.3.1 was used as analysis software using Whitehead model
v1.0 as error model.

RNA sequencing

Transcriptional profiling of livers from Zmpste24-deficient and
control mice was performed by RNA sequencing. Briefly, total
RNA was used for cDNA synthesis and sequenced at The Centre
for Applied Genomics, The Hospital for Sick Children, Toronto,
Canada, using a GAIl instrument following the manufacturer
instructions (lllumina). Reads were mapped to the mouse refer-
ence genome (mm9) using TopHat and Bowtie (Trapnell et al.,
2009), and gene expression was computed using Cufflinks
(Trapnell et al,, 2010) and mouse gene models from Ensembl
v56. Relative expression was expressed as RPKM values (Reads
Per Kilobase of transcript per Million mapped reads).

Western blotting

Mice tissues were immediately frozen in liquid nitrogen after
extraction and were homogenized in a 20 mm Tris buffer pH
7.4, containing 150 mm NaCl, 1% Triton X-100, 10 mm EDTA,
and Complete® protease inhibitor cocktail (Roche Applied Sci-
ence, Indianapolis, IN, USA). Once homogenized, tissue extracts
were centrifuged at 12 000 g at 4°C and supernatants were
collected. The protein concentration of the supernatant was
evaluated by bicinchoninic acid technique (BCA protein assay
kit; Pierce Biotechnology, Rockford, IL, USA); 25 ng of protein
sample was loaded on 13% SDS-polyacrylamide gels. After
electrophoresis, gels were electrotransferred onto nitrocellulose
filters, and then the filters were blocked with 5% nonfat dried
milk in PBT (phosphate-buffered saline with 0.05% Tween 20)
and incubated with anti-acK5H2b (Cell Signaling) and anti-H3
(Abcam) antibodies in 5% BSA in PBT. After three washes with
PBT, filters were incubated with the corresponding secondary
antibody at 1:10000 dilution in 1.5% milk in PBT and developed
with Immobilon Western Chemiluminescent HRP substrate
(Millipore).
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entially expressed by ultra-deep RNA sequencing were studied
by gRT-PCR with specific Tagman probes. (a) Genes up-regu-
lated in control mice. (b) Genes down-regulated in Zmpste24-
deficient mice. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars
represent SEM.
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IV. Identification of NF-kB signaling as a critical mediator of the aging

process

Alterations in cell communication have been causally involved in aging. However, the
precise nature of the molecular signals that integrate cell-based and systemic alterations in
aging has been largely unknown. In this work, through molecular characterization of two
different animal models of accelerated aging, we have uncovered the role of NF-xB signaling
as a critical mediator of this function. Thus, NF-xB is hyperactivated as a consequence of
nuclear envelope alterations, which induces the secretion of several pro-inflammatory
cytokines and causes a systemic inflammation, affecting distant cells and finally leading to
homeostasis collapse. Finally, NF-xB inhibition prevented age-associated alterations as well

as extended longevity, further illustrating the importance of this mechanism in aging.
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Nuclear lamina defects cause
ATM-dependent NF-kB activation
and link accelerated aging to
a systemic inflammatory response
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Alterations in the architecture and dynamics of the nuclear lamina have a causal role in normal and accelerated
aging through both cell-autonomous and systemic mechanisms. However, the precise nature of the molecular cues

involved in this process remains incompletely defined. Here we report that the accumulation of prelamin A
isoforms at the nuclear lamina triggers an ATM- and NEMO-dependent signaling pathway that leads to NF-«B
activation and secretion of high levels of proinflammatory cytokines in two different mouse models of accelerated

aging (Zmpste24™ and Lmna®o0?¢/G609¢

mice). Causal involvement of NF-kB in accelerated aging was

demonstrated by the fact that both genetic and pharmacological inhibition of NF-kB signaling prevents age-
associated features in these animal models, significantly extending their longevity. Our findings provide in vivo
proof of principle for the feasibility of pharmacological modulation of the NF-kB pathway to slow down the

progression of physiological and pathological aging.
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Aging is associated with the progressive and irreversible
loss of tissue homeostasis. Several stressors have been
related to this process, including DNA damage, telomere
attrition, or accumulation of damaged macromolecules
(Kirkwood 2005; Vijg and Campisi 2008). An exaggerated
accumulation of cellular damage or the inefficient ability
to respond to stress causes progeroid syndromes, charac-
terized by a precocious manifestation of several features
related to human aging (Burtner and Kennedy 2010). Most
progeroid syndromes are caused by defective DNA re-
pair mechanisms or by alterations in the nuclear lamina
(Ramirez et al. 2007; Hoeijmakers 2009). The nuclear
lamina is a complex structure that surrounds and protects
the nuclear content, playing important roles in genome
regulation, organization, and maintenance (Dechat et al.
2008). Covering the inner face of the nuclear membrane,
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the nuclear lamina forms a protein network that provides
a scaffold for nuclear envelope proteins and chromatin
(Gruenbaum et al. 2005; Mekhail and Moazed 2010).

Alterations in the nuclear lamina affect nuclear struc-
ture and DNA integrity, leading to defects in DNA repli-
cation and repair processes and inducing the accumulation
of different types of DNA damage (Worman and Foisner
2010). Thus, several mutations in lamins and lamin-binding
proteins have been associated with a subgroup of progeroid
syndromes known collectively as progeroid laminopathies
(Worman et al. 2010). Among them, Hutchinson-Gilford
progeria syndrome (HGPS) is one of the most compre-
hensively studied. HGPS patients show growth impair-
ment, lipodystrophy, dermal and bone abnormalities, and
cardiovascular alterations, leading to a dramatically short-
ened life span (Hennekam 2006; Merideth et al. 2008).
HGPS is primarily caused by a de novo silent mutation
within exon 11 of the LMNA gene encoding lamin A
(c.1824C>T; p.Gly608Gly) (De Sandre-Giovannoli et al.
2003; Eriksson et al. 2003).

Lamin A, a core component of the nuclear lamina,
undergoes a complex maturation process, including
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farnesylation, carboxyl methylation, and proteolytic
processing by the metalloproteinase ZMPSTE24/FACE-1.
The HGPS mutation c.1824C>T activates a cryptic splice
donor site, leading to a truncated form of prelamin A,
called LAA5O or progerin, which lacks a 50-residue-long
fragment containing the cleavage site for ZMPSTE24.
Accordingly, Zmpste24~'~ mice show a premature aging
phenotype that phenocopies human HGPS (Bergo et al.
2002; Pendas et al. 2002; Osorio et al. 2011a). In all cases,
the accumulation of farnesylated forms of prelamin A in
the nuclear envelope leads to the nuclear abnormalities
and functional defects characteristic of cells from HGPS
patients and Zmpst624*/ ~ mice. Interestingly, progerin
accumulation is also detected during normal aging,
thereby adding a new level of interest to the study of the
mechanisms that underlie progerin formation and accu-
mulation (Scaffidi and Misteli 2006).

NF-«B transcription factors form a cytoplasmic sensor
system responding to not only pathogen attack, but also
a variety of external and internal danger signals, such as
oxidative stress, hypoxia, and genotoxic stress (Perkins
2007; Hayden and Ghosh 2008). NF-kB active transcrip-
tion factors are composed of dimeric combinations of
members of the Rel family. In mammals, five different
Rel family members have been identified: RelA (p65),
RelB, c-Rel, NF-kB1 (p50 and its precursor, p105), and
NF-kB2 (p52 and its precursor, p100), which can form
heterodimers or homodimers (Hayden and Ghosh 2012).
Many known stimuli that activate NF-kB require signal-
ing through the conserved IKK complex, consisting of at
least two catalytic subunits, IKKa and IKKB, and a regu-
latory subunit known as NEMO (also known as IKKy).
Activation of the NF-«B signaling pathway is one of the
cellular responses evoked to maintain homeostasis after
DNA damage (Janssens and Tschopp 2006). As part of the
DNA damage response (DDR), activation of the kinase
ataxia telangiectasia mutated (ATM) triggers a signaling
pathway involving NEMO to directly link DNA damage
events in the nucleus with the cytoplasmic activation of
NEF-kB (Miyamoto 2011). Thus, upon DNA damage, NEMO
undergoes a sequence of post-translational modifications
that includes sumoylation, ATM-mediated phosphorylation,
and ubiquitylation (Huang et al. 2003; Wu et al. 2006).
NEMO trafficking between the cytoplasm and nucleus is
a consequence of these modifications and finally results
in the activation of the IKK complex and the nuclear trans-
location of NF-«B active dimers (McCool and Miyamoto
2012).

NF-«kB hyperactivation has been related to the aging
process (Adler et al. 2007). In addition, aberrant NF-xB
activation is well documented in numerous age-associ-
ated diseases, including neurodegeneration, osteoporosis,
diabetes, sarcopenia, immunosenescence, or atheroscle-
rosis (Tak and Firestein 2001; Le Saux et al. 2012). Given
the links between accelerated aging, chronic DDRs, and
NF-«kB activation (Salminen et al. 2008; Ugalde et al.
2011a; Tilstra et al. 2012), we hypothesized that struc-
tural abnormalities in the nuclear envelope could activate
the NF-«kB pathway. Accordingly, we used two different
progeroid mouse models to test this hypothesis and
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formulate potential therapeutic intervention strategies.
Here we report that accumulation of prelamin A or
progerin in the nuclear envelope of progeroid mice triggers
a signaling pathway involving ATM and NEMO proteins
to activate NF-kB. We also demonstrate that NF-kB-driven
inflammation is responsible for the development of sev-
eral important features of progeroid phenotypes. Notably,
inhibition of the NF-kB pathway using genetic or pharma-
cological strategies was able to prevent these alterations,
demonstrating the causal involvement of this inflamma-
tory pathway in the pathogenesis of accelerated aging.

Results

Zmpste24-deficient mice show NF-kB hyperactivation

Zmpste24-deficient mice accumulate farnesylated prel-
amin A at the nuclear envelope and develop a progeroid
syndrome that phenocopies most features of HGPS, in-
cluding growth impairment, lipodystrophy, dermal and
bone abnormalities, and shortened life span (Bergo et al.
2002; Pendas et al. 2002). Previous studies in Zmpste24 /'~
mice have revealed that prelamin A accumulation in-
duces cellular senescence as well as important changes in
nuclear dynamics (Varela et al. 2005; Osorio et al. 2010).
On the other hand, NF-kB activation during aging has
been reported in human and mouse tissues as well as in
cells from HGPS patients (Adler et al. 2007; Kawahara
et al. 2009; Tilstra et al. 2011).

To evaluate the activity of NF-kB in Zmpste24-
deficient mice, we first analyzed the transcriptional
profile of liver tissues from Zmpste24~/~ and wild-type
littermates. By using the gene set enrichment analysis
(GSEA) algorithm, we identified a strong positive corre-
lation between the transcriptional changes in tissues from
mutant mice and a gene set composed of genes whose
promoters contain the recognition sequence for NF-kB
transcription factors (Fig. 1A; Supplemental Fig. 1). Next,
we analyzed NF-«B activation in vivo in these progeroid
mice using a gene reporter-based assay (Fig. 1B; Supple-
mental Fig. 2). To this end, we hydrodynamically de-
livered a plasmid vector encoding the firefly luciferase
gene under the control of an NF-«B response element in
Zmpste24~'~ and wild-type animals. This approach allowed
us to quantify NF-«kB activation in vivo by measuring the
bioluminescence image obtained from these mice. Remark-
ably, the bioluminescence signal of Zmpste24-deficient
mice was >10-fold higher as compared with age-matched
control animals (Fig. 1B). NF-kB hyperactivation was
further confirmed by NF-kB electrophoretic mobility
shift assay (EMSA) using nuclear extracts from livers of
Zmpste24~'~ and control mice (Fig. 1C). Accordingly, re-
duced levels of the NF-xB inhibitor IkBa were also repro-
ducibly observed in Zmpste24-deficient samples (Fig. 1C).

We next examined NF-«kB activation in other tissues
previously reported to be affected during the development
of progeria in Zmpste24~'~ mice (Pendas et al. 2002;
Varela et al. 2005). Thus, EMSA analysis of the thymus,
spleen, kidney, and heart revealed an increase of >2.5-fold
in NF-kB activity in Zmpst624’/ ~ tissues as compared
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Figure 1. NF-kB hyperactivation in Zmpste24-deficient mice. (A) NF-«B target gene induction in Zmpste24-deficient mice. Heat map

represents gene expression analysis (in Zmpste24 '~ and wild-type livers) of genes that contain the consensus binding site for the NE-
kB transcription factor, displayed as Log2 transformed expression signals. (B) Hydrodynamic delivery of NF-kB-luciferase gene reporter
in the livers of 3-mo-old Zmpste24~/~ mice (n = 10} and age-matched control littermates (n = 10). The bioluminescence image was
recorded as the photon flux per second and square centimeter, and three representative mice from each genotype are shown. Relative
mean values are represented, and error bars indicate SEM. P < 0.01, two-tailed Student’s t-test. See also Supplemental Figure 2. (C) NE-
kB EMSA of livers from 3-mo-old Zmpste24~'~ mice (n = 3) and wild-type littermates (n = 3). Nuclear extracts were analyzed by using
32p.labeled NF-kB and Oct-1 probes. Western blot of IkBa was performed using total liver extracts. B-Actin was used as loading control.
Signals were quantified, and plots represent relative mean values = SEM. (*) P < 0.05; (**) P < 0.01, two-tailed Student’s t-test. (D)
Representative image of immunofluorescence analysis using a RelA-specific antibody in fibroblasts from Zmpste24-deficient and wild-

type mice. Bar, 20 pm.

with wild-type tissues (Supplemental Fig. 3). In agreement
with this preferential nuclear localization of NF-«kB in
progeroid cells, immunofluorescence analysis revealed
nuclear accumulation of RelA in Zmpste24~/~ fibroblasts
(Fig. 1D). Together, these data demonstrate that NF-kB is
constitutively hyperactive in Zmpste24-deficient mouse
tissues.

ATM and NEMO cooperate to induce NF-«B activation
upon prelamin A accumulation

Prelamin A accumulation at the nuclear envelope causes
genomic instability and activates several DNA repair
mechanisms that configure an integrated DDR (Liu et al.
2005; Ugalde et al. 2011b). ATM kinase has a central role
in coordinating the cellular response to DNA damage
(Lavin 2008; Bensimon et al. 2011) and is essential for
nuclear activation of NF-kB (Wu et al. 2006). To gain
insight into the putative relevance of this molecular

pathway in the hyperactivation of NF-«B in tissues from
Zmpste24-deficient mice, we first analyzed the status
of ATM in these progeroid mice. As shown in Figure 2A,
Western blot analysis of phospho-Ser1981-ATM re-
vealed a 1.5-fold increase in the levels of active ATM in
Zmpste24~'~ mice as compared with wild-type animals.

As NEMO accumulation in the nucleus has been re-
ported during DDR activation, we next prepared whole-cell
and nuclear protein extracts from Zmpste24-deficient
and control mice and analyzed NEMO levels by Western
blot. This approach revealed that the nuclear levels of
NEMO were higher in Zmpste24~/~ mice (Fig. 2A). Immu-
nofluorescence analysis of NEMO in mouse fibroblasts
further confirmed this result (Fig. 2B). We next tested
whether NF-kB activation was dependent on ATM acti-
vation. To this end, we chemically inhibited ATM and
ablated ATM by using siRNAs (Supplemental Fig. 4) in
fibroblasts derived from Zmpste24-deficient mice. Both
ATM chemical inhibition and siRNA knockdown were
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Figure 2. A signaling pathway involving ATM and NEMO activates NF-xB in Zmpste24-deficient mice. (A) ATM activation and
nuclear translocation of NEMO in Zmpste24~'~ cells. Western blot of NEMO protein was performed in nuclear extracts from livers of
3-mo-old Zmpste24~'~ mice (n = 3) and wild-type littermates (n = 3). Total NEMO, ATM, and pSer1981-ATM levels were analyzed in
total extracts of the same animals. B-Actin was used as loading control. Signals were quantified and are represented as relative mean
values =+ SEM. (*) P < 0.05; (**) P < 0.01, two-tailed Student’s t-test. (B) Nuclear staining of NEMO protein in fibroblasts from
Zmpste24-deficient mice supports nuclear translocation upon prelamin A-induced nuclear stress. Representative images are shown.
Bar, 10 um. (C) ATM and NEMO siRNA transfection experiments demonstrate causal involvement of these proteins in NF-«B
activation. (Top panel) Nuclear extracts from Zmpste24~'~ and Zmpste24*'* fibroblasts were analyzed by EMSA using **P-labeled NE-
kB and Oct-1 probes. (Bottom panel) siRNA transfection analysis by EMSA as well as ATM inhibitor KU55933 incubations were
performed in three independent Zmpste24 /= fibroblast cell lines, and the image shows a representative example. Signals were
quantified and are represented as relative mean values = SEM. (*) P < 0.05; (**) P < 0.01, two-tailed Student’s t-test. See also
Supplemental Figure 4. (D, left panel) Transcriptional analysis of SASP-related genes in Zmpste24~'~ and wild-type livers. The right
panel shows serum determinations of IL-6, CXCL1, and TNF-«a in 3-mo-old Zmpste24~/~ (n = 5) and Zmpste24*™* mice (n = 5). Plot
represents relative mean values = SEM. (*) P < 0.05; (**) P < 0.01, two-tailed Student’s t-test.

able to reduce the nuclear presence of NF-kB dimers to
levels comparable with those of wild-type fibroblasts (Fig.
2C). Moreover, and consistent with the proposed role of
NEMO in nuclear NF-«B activation, NEMO siRNA also
abrogated NF-«B activation (Fig. 2C).

The secretory phenotype of senescent cells contributes
to the establishment of chronic inflammation
in Zmpste24-deficient mice

Senescent cells secrete a plethora of interleukins, in-
flammatory cytokines, and growth factors that can affect
surrounding cells, ultimately developing a secretory phe-
notype of senescent cells (SASP) (Kuilman and Peeper
2009; Coppe et al. 2010; Freund et al. 2010). Accordingly,
we analyzed the transcriptional profile of SASP-associated
genes in livers from Zmpste24-deficient mice and found
a >1.5-fold up-regulation of several cytokine-encoding
genes, such as I16, Cxcl1, Cxcl2, Ccl8, and Tnf (Fig. 2D).
Likewise, genes encoding different receptors and adhe-
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sion molecules, such as Cxcr2 or Icam1, were also found
altered in these mutant animals. Moreover, serum levels
of IL-6, CXCL1, and TNF-a were increased in Zmpste24-
deficient mice (Fig. 2D). These three cytokines are impor-
tant mediators of inflammatory processes and have been
related to aging and DDR (Kuilman and Peeper 2009; Biton
and Ashkenazi 2011).

Together, these results provide experimental evidence
that prelamin A accumulation induces NF-kB activation
by an ATM- and NEMO-dependent pathway. Nuclear
activation of NF-kB contributes to the establishment of
a secretory phenotype that could give rise to a systemic
inflammatory situation.

RelA heterozygosity extends longevity and prevents
the development of progeroid features
in Zmpsttel*/’ mice

To test the specific contribution of NF-«B activation to
the progeroid phenotype shown by Zmpste24-deficient
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mice, we used a previously described method of NF-«B
genetic reduction (Kawahara et al. 2009; Tilstra et al.
2012) based on the use of RelA-haploinsufficient mice
(RelA*'~). RelA is a component of NF-kB pathway with
essential developmental functions (Hayden and Ghosh
2004). Thus, ReIA~/~ mice present embryonic lethality,
but RelA*/~ mice are viable and apparently normal de-
spite having reduced NF-«B activity (Beg et al. 1995). We
crossed Zmpste24*'~ mice with RelA-haploinsufficient
mice to create double-mutant Zmpste24*/~RelA*'~ ani-
mals, which were then inbred to obtain Zmpste24 knock-
out mice with different dosages of RelA. As expected, we
did not obtain any RelA~/~ mice, as they were embryonic-
lethal, and Zmpste24~/~RelA*”* animals resulting from
these crosses exhibited a phenotype identical to that
of Zmpste24~'~ mice (Pendas et al. 2002). However,
Zmpste24~/"RelA*'~ showed improved body weights
(Fig. 3A,B) and extended life spans as compared with
Zmpste24~'~RelA*'* animals (Fig. 3C). Significantly, the
mean survival of Zmpste24~'~RelA*'~ mice was extended
from 118 to 146 d, and the maximum survival was ex-
tended from 147 to 174 d (P < 0.05) (Fig. 3C). Notably,
increased life span in RelA-haploinsufficient mice corre-

Causal role of NF-«B in progeria

lated to a reduction in NF-kB activity in vivo, as assessed
by hydrodynamic delivery of the NF-«B luciferase reporter.
Thus, Zmpste24~/~RelA*’~ mice have lower biolumi-
nescence signals as compared with Zmpste24~/~RelA*
*, reaching levels similar to wild-type animals (Fig. 3D).
Furthermore, NF-kB EMSA and Western blot experi-
ments confirmed that RelA haploinsufficiency reduces
the amount of nuclear RelA dimers (Fig. 3E; Supplemental
Fig. 5) without affecting the levels of other NF-«B active
members, such as p52 or RelB (Supplemental Fig. 5).
Remarkably, no differences were found in nuclear levels
of NEMO protein between Zmpste24/~RelA*~ and
Zmpste24~'"RelA*”* animals, supporting the fact that
NEMO translocation is an upstream event not affected
by RelA haploinsufficiency.

The accumulation of farnesylated forms of prelamin A
has been associated with profound dermal alterations,
including loss of hypodermal adipocytes, decreased pro-
liferation of keratinocytes, structural aberrations in hair
follicles, and functional defects in stem cells present in
this tissue (Espada et al. 2008; Sagelius et al. 2008; Wang
et al. 2008). Notably, Zmpste24~'~RelA*'~ mice showed
a complete recovery in most of the skin phenotypes
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Figure 3. RelA haploinsufficiency extends longevity of Zmpste24-deficient mice by reducing NF-«B activity. (A) Representative
photograph of 3-mo-old wild-type, Zmpste24 '~ RelA**, and Zmpste24~'~RelA*'~ littermates. (B) Zmpste24 '~ RelA*'~ mice (1 = 8)
showed improved body weight as compared with Zmpste24 /~RelA** mice (n = 7). P < 0.01, two-tailed Student’s t-test. Plot represents
mean values + SEM. (C) Kaplan-Meier survival plot showing the increase in life span of Zmpste24~/~RelA*'~ mice (n = 8) as compared
with Zmpste24~'~RelA** littermates (n = 7). P < 0.05, log-rank/Mantel-Cox test. (D) Reduced NF-«B activity in vivo in Zmpste24 '/~ RelA*~
animals. Hydrodynamic delivery of the NF-kB-luciferase gene reporter in the livers of 3-mo-old wild-type (n = 5), Zmpste24~/~RelA*"*
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EMSA of 3-mo-old wild-type (n = 3), Zmpste24~/~RelA*"* (n = 3), and Zmpste24~'~RelA*'~ (n = 3) livers. Western blot shows reduced
levels of RelA in haploinsufficient RelA*/~ animals. B-Actin was used as loading control. Signals were quantified and are represented as
relative mean values = SEM. P < 0.01, two-tailed Student’s t-test.
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studied, which are also present in normal aging. Thus,
NF-kB blockade in the skin of Zmpste24-deficient mice
increased cell proliferation, as indicated by increased
expression of the proliferation marker Ki-67 (Fig. 4A).
Additionally, Zmpste24~'~RelA*'~ showed a normal
subcutaneous fat layer and well-structured hair follicles
(Fig. 4A).

NF-kB activity is also essential for a normal activity of
the immune system, as demonstrated by the fact that
mutations in several NF-kB genes, including NEMO,
cause immunodeficiency syndromes (Li and Verma 2002).
In this regard, we observed that Zmpste24-deficient mice
show marked histological alterations in the spleen and
thymus, two of the most important lymphoid organs.
Thus, Zmpste24-deficient mice exhibit reduced spleen
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size and cellularity as well as abnormal lymphoid folli-
cles, which present an expansion of the mantle, disrupt-
ing the germinal centers (Fig. 4B). Notably, the thymus
from Zmpste24~'~ mice shows an involution process char-
acterized by a reduction in tissue mass and thymic cellular-
ity, loss of tissue structure, and abnormal architecture
(Fig. 4B). Zmpste24~'~RelA*'~ mice display a notable im-
provement in both tissues. The spleen exhibits normal
lymphoid follicles, whereas the thymus has recovered nor-
mal tissue mass, cellularity, and architecture, demonstrating
the direct implication of NF-kB activation in the lymphoid
alterations characteristic of Zmpste24-deficient mice.

We also studied bone architecture in order to explore
the potential involvement of NF-kB activation in the
bone abnormalities described in Zmpste24-deficient mice
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Figure 4. RelA heterozygosis prevents important progeroid features of Zmpste24 /~ mice. (A) Reversal of skin alterations by NF-«B
blockade. (Left panel) Ki-67 immunohistochemistry of 3-mo-old wild-type (n = 3), Zmpste24 '~ RelA** (n = 3), and Zmpste24 '~ RelA*'~
(n = 3) mice. Representative photographs are shown. Plot represents average number of Ki-67-positive cells +SEM. P < 0.01, two-tailed
Student’s t-test. Bar, 30 wm. The right panel shows full recovery of the subcutaneous fat layer in 3-mo-old Zmpste24~/~RelA*/~ mice
as compared with Zmpste24 '/~ RelA** littermates. Representative hematoxylin-eosin (H&E) staining micrographs are shown. Bar,
100 pm. (B) Thymus and spleen involution in Zmpste24-deficient mice is prevented in the RelA*~ background. (Top left panel)
Representative photographs of spleen and thymus from 3-mo-old wild-type (n = 3), Zmpste24 /~RelA*"* (n = 3), and Zmpste24 '~ RelA*'~
(n = 3) mice are shown. (Bottom left panel) Relative weight values of thymus and spleen are represented +SEM. P < 0.01, two-tailed
Student’s t-test. The right panel shows representative micrographs from spleen and thymus tissues of wild-type, Zmpste24 '~ RelA**,
and Zmpste24~/~RelA*'~ animals. Spleen details show representative lymphoid follicles; different regions are circled by dotted white
lines (germinal center and mantle and marginal zones). Note that the Zmpste24~/~RelA*"* thymus shows a notable tissue involution
where lymphoid tissue has been mostly replaced by adipose tissue. Bar, 100 wm.
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(de Carlos et al. 2008). To this end, microcomputed
tomography (wCT) analyses were performed on tibias
from Zmpste24 '~ RelA*~ and Zmpste24~'~RelA*"* mice.
No differences were found between the two groups in the
trabecular region, and only a slight improvement was found
in the cortical region of bones from Zmpste24 '~ RelA*/~ as
compared with Zmpste24~'~RelA*"* mice (Supplemental
Fig. 6). These experiments demonstrate that NF-kB hyper-
activation contributes to reducing the life span of proge-
roid mice and is responsible for some important features of
the progeroid phenotype. Moreover, the phenotypic im-
provement of progeroid mice upon genetic reduction of
NF-kB supports the feasibility of developing pharmaco-
logical strategies aimed at inhibiting this pathway to treat
progeria.

Sodium salicylate treatment efficiently prevents NF-kB
activation and its associated alterations
in Zmpste24-deficient mice

Having shown that genetic inhibition of NF-kB extends
longevity in Zmspte24-deficient mice, we asked whether

Causal role of NF-«B in progeria

the same biological effect could be achieved by using
a pharmacological strategy. To this end, we chose sodium
salicylate, a nonsteroidal anti-inflammatory drug that at
high doses is able to efficiently inhibit the IKK complex
and has been satisfactorily used to reduce NF-kB activa-
tion in animal models of muscular dystrophy (Cai et al.
2004). Thus, we treated Zmpste-24-deficient mice with
sodium salicylate (200 mg/kg per day), and both treated
and control mice were weighted and observed during
their lifetimes. Salicylate-treated Zmpste24~/~ mice
showed improved body weights (Fig. 5A,B) and extended
life spans as compared with nontreated Zmpste24-
deficient mice (Fig. 5C). Thus, the mean survival of
salicylate-treated Zmpste24~/~ mice was extended from
123 to 148 d, and the maximum survival was extended
from 151 to 243 d (P < 0.01) (Fig. 5C).

NF-kB EMSA analysis of livers from treated and un-
treated mice demonstrated the targeted effect of salic-
ylate on NF-«B activation (Fig. 5D), as treated mice
showed decreased amounts of RelA dimers in the nucleus
as well as reduced degradation of the NF-xB inhibitor
IxBa (Fig. 5D). Salicylate-treated Zmpste24~/~ mice showed
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Figure 5. Sodium salicylate treatment extends longevity and prevents progeroid features of Zmpste24-deficient mice. (A) Represen-

tative photographs of 3-mo-old Zmpste24*/*, untreated, and salicylate-treated Zmpste24-deficient mice. (B) Sodium salicylate-treated
Zmpste24~'~ mice (n = 12) showed improved body weight as compared with untreated Zmpste24~/~ mice (n = 12). Plot represents
weight mean values = SEM. P < 0.01, two-tailed Student’s ¢-test. (C) Kaplan-Meier survival plot showing the increase in life span of
salicylate-treated Zmpste24~/~ mice (n = 12) as compared with untreated Zmpste24 '~ littermates (n = 12). P < 0.01, log-rank/Mantel-
Cox test. (D) Liver NF-kB and Oct-1 EMSA analysis demonstrates effective NF-«B inhibition in salicylate-treated Zmpste24-deficient
mice. Western blot of IkBa was performed in total liver extracts. -Actin was used as loading control. Signals were quantified and are
represented as relative mean values + SEM. P < 0.01, two-tailed Student’s t-test. (E, left panel) Representative three-dimensional image
generated from pwCT analysis of tibias from 3-mo-old Zmpste24** (n = 3), untreated (n = 3), and treated Zmpste24 /'~ (n = 3) littermates.
The right panel contains a quantitative analysis of relative bone volumes (bone volume/tissue volume [BV/TV]) and cortical thickness.
Mean values are represented, and error bars indicate SEM. P < 0.05 as compared treated and untreated Zmpste24-deficient mice, two-

tailed Student’s t-test.
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an increase in cell proliferation, subcutaneous fat layer
thickness, and normal hair follicles in the skin (Supple-
mental Fig. 7). Moreover, this treatment also prevented
thymic and spleen involution, with these organs having
a size similar to wild-type organs (Supplemental Fig. 8).
Notably, bone architecture analysis revealed no signifi-
cant changes in the trabecular region upon salicylate
treatment. However, treated Zmpste24-deficient mice
showed significantly improved cortical regions (Fig. 5E).
This effect of salicylate treatment may derive from the
known inhibitory effect of this compound on the synthe-
sis of prostaglandins involved in bone homeostasis (Ricciotti
and FitzGerald 2011). In summary, these data demon-
strate that salicylate treatment is effective at inhibiting
NF-«B activation in vivo and at significantly extending
the longevity of progeroid Zmpste24-deficient mice.

G609G/G609G

NF-kB is hyperactivated in Lmna mice

We recently generated a knock-in mouse strain carrying
the most frequent HGPS mutation (Lmna c¢.1827C>T;
p.Gly609Gly) (Osorio et al. 2011a). Lmna©¢?/G6%%C mice
accumulate progerin and phenocopy the main clinical
manifestations of HGPS, being a valuable model for the
study of progeroid syndromes as well as for the preclinical
evaluation of approaches aimed at preventing the patho-
logical features of this condition. Comparison of transcrip-
tional profiles from Lmna®%%°“/¢%°C and Lmna*"* mouse
livers using GSEA showed a significant correlation be-
tween transcriptional alterations detected and the gene
set that contains NF-kB-regulated genes (Supplemental
Fig. 9). Next, we analyzed the NF-«B activation status in
Lmna©0¢/G50%G mice. Hydrodynamic delivery of the
NF-kB luciferase reporter showed that mutant mice have
an eightfold increase in bioluminescent signal (Fig. 6A) as
compared with control littermates, indicating that these
mutant mice present an activation of the NF-xB pathway
similar to that observed in Zmpste24-deficient animals.
These results were also confirmed by NF-«B EMSA exper-
iments and IkBa Western blot analysis using nuclear
extracts from control and mutant liver samples (Fig. 6B).

The nuclear accumulation of progerin activates ATM
kinase, as revealed by the increased amounts of phospho-
Ser1981-ATM present in Lmna®®%7%/%7C samples (Fig. 6B).
Consequently, NEMO accumulation in the nucleus sup-
ports the view that both prelamin A and progerin activate
NF-kB through the same molecular mechanism. Serum
levels of IL-6, CXCL1, and TNF-a were also increased in
Lmna®®0?¢/¢%%%C mice (Fig. 6C), which is in agreement
with the systemic inflammation condition described
above for Zmpste24-deficient mice and could be respon-
sible for the similar immunological alterations found in
Lmna®%%¢/¢%0°C mice (Supplemental Fig. 10).

To explore the possible occurrence of these alterations
in human progeria, we first performed an EMSA analysis
on HGPS fibroblasts. This study revealed a twofold in-
crease in NF-«kB activity in progeria cells (Supplemental
Fig. 11A). HGPS cells also showed increased levels of
phospho-Ser1981-ATM and nuclear NEMO, suggesting
that NF-kB activation in these human progeria cells results
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from the same mechanism as in the animal models de-
scribed above. To gain insight into the potential relevance
of this phenomenon during normal human aging, we
analyzed NF-«B activation in fibroblasts from aged healthy
donors. As shown in Supplemental Figure 11B, cells from
advanced age donors showed a fivefold increase in NF-kB
activity as compared with fibroblasts obtained from
young donors. In addition, aged fibroblasts showed in-
creased ATM activation and nuclear NEMO transloca-
tion (Supplemental Fig. 11B), supporting that ATM- and
NEMO-dependent NF-kB activation could be at least in
part responsible for the increased inflammation observed
during normal aging (Adler et al. 2007).

Pharmacological inhibition of NF-«kB extends longevity
in the Lmna®%%°%/G%%C model of HGPS

Currently, Lmna®6%°/G%G mice represent the best an-

imal model available for the preclinical testing of thera-
peutic approaches for both HGPS and the age-associated
pathologies derived from progerin accumulation in nor-
mal aging. Thus, aiming to provide preclinical proof of
concept of the feasibility of using nonsteroidal anti-
inflammatory drugs to prevent the pathological conse-
quences of progerin accumulation, we decided to extend
the salicylate treatment results to the Lmna©09¢/G60%¢
mouse strain. To this end, we treated Lmna&00?c/Go0%G
mice with sodium salicylate (200 mg/kg per day) and
found that salicylate-treated animals showed improved
body weight as well an extended life span as compared
with untreated mice (Fig. 6D-F). Moreover, the mean
survival of salicylate-treated mice was extended from
107 to 152 d, and the maximum survival was extended
from 114 to 180 d (P < 0.01).

Together, these results demonstrate that hyperactiva-
tion of the NF-«kB pathway plays an important role in the
development of aging-associated pathologies derived from
the accumulation of abnormal lamin A precursors at the
nuclear lamina. Moreover, these data provide evidence of
the feasibility of developing anti-aging strategies based on
the use of anti-inflammatory compounds.

Discussion

Over recent years, mechanistic studies on human aging
have gained new insights from the elucidation of the
molecular defects underlying the development of accel-
erated aging syndromes. These complex and dramatic
diseases result from the combined action of both cell-
autonomous and systemic alterations (Marino et al. 2008;
Osorio et al. 2011b). Thus, nuclear envelope defects caus-
ative of progeroid laminopathies lead to perturbations in
cellular pathways, including p53-dependent cell senes-
cence, deregulation of the somatotroph axis, and changes
in metabolic master regulators (Lammerding et al. 2004;
Varela et al. 2005; Scaffidi and Misteli 2008; Marino et al.
2010). Moreover, secretion of signaling molecules by
affected cells could be a major contributor to progeria
development, as secreted molecules can act on distant
organs, leading to an amplifying cascade of aged signals.
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Figure 6. Salicylate treatment reduces NF-kB hyperactivation and extends longevity in Lmna mice. (A) Lmna
mice show an increased NF-kB activation, as demonstrated by hydrodynamic delivery of NF-kB-luciferase gene reporter in the livers of
Lmna*™* (n = 5) and Lmna®%%°¢/“%%°C (n = 5) mice. The bioluminescence image was recorded as the photon flux per second and square
centimeter, and three representative mice from each genotype are shown. Plot represents relative mean values, and error bars indicate
SEM. P < 0.01, two-tailed Student’s t-test. (B) NF-kB activation in Lmna®®?*%/“%° mouse livers. Western blot of lamin A/C isoforms
showing progerin accumulation in mutant mice. NF-kB and Oct-1 were analyzed by EMSA. Western blots of lamin A/C, IxBa, pS1981-
ATM, and B-actin were performed in whole-liver extracts. NEMO Western blot was performed in nuclear extracts. Signals were
quantified and are represented as relative mean values = SEM. (*) P < 0.05; (**) P < 0.01, two-tailed Student’s t-test. (C) Serum
determinations of IL-6, CXCL1, and TNF-a in 3-mo-old Lmna*/* (n = 5) and Lmna®%%°%/G6%°C (1 = 5) mice. Plot represents relative mean
values = SEM. (*) P<0.05; (**) P < 0.01, two-tailed Student’s t-test. (D) Representative photographs of 3-mo-old Lmna**, untreated, and

sodium salicylate-treated LmnaG609¢/G609G
weight as compared with untreated Lmna®0°¢/Go0%¢

Student’s t-test. (F) Kaplan-Meier survival plot showing a significant increase in the life span of salicylate-treated Lmna

mice. (E) Sodium salicylate-treated Lmna
mice (n = 6). Plot represents weight mean values = SEM. P < 0.01, two-tailed

G609G/G609CG mjce (n = 6) showed improved body

G609G/G609G

mice (1 = 6) as compared with Lmna®?°“/%°C littermates (n = 6). P < 0.01, log-rank/Mantel-Cox test.

However, little is known about the nature of systemic
factors involved in aging or aging-like processes as well as
the mechanisms connecting nuclear defects to perturba-
tions in such systemic factors. Here, we present an ATM-
dependent NF-kB activation pathway that links nuclear
lamina defects to systemic inflammation. We also dem-
onstrate in vivo the causal role for this pathway in the
emergence of age-associated pathologies and illustrate
the feasibility of targeting this signaling cascade for the
treatment of premature aging symptoms.

By using two different mouse models of progeroid
laminopathy (Zmpste24-deficient and Lmna®°*’% mice),
we showed that accumulation of prelamin A/progerin at
the nuclear lamina activates the NF-«kB pathway in an
ATM- and NEMO-dependent manner, illustrating that
alterations in the nuclear architecture generate stress
signals that activate important DNA damage sensors. In

this context, ATM and NEMO act coordinately to acti-
vate NF-«B, as demonstrated by the finding that their
respective inhibition prevents prelamin A-induced NF-«B
activation. Consistent with the observed activation of
NEF-«B signaling in Zmpste24~/~ and Lmna&o09G/Go09¢
progeroid mice, several cytokines and adhesion mole-
cules are strongly up-regulated in cells and tissues from
these mice, likely contributing to the initiation and
maintenance of an inflammatory response. Among the
plethora of proinflammatory cytokines secreted by se-
nescent cells, we propose that IL-6, CXCL1, and TNF-a
may have essential roles in progeria development by
nonautonomous stimulation of surrounding cells through
the activation of their cognate cell surface receptors and
signal transduction pathways (Coppe et al. 2010; Freund
et al. 2010). Thus, systemically increased levels of cyto-
kines amplify the inflammatory stimuli and are implicated
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in the establishment of a feed-forward signaling process
(Biton and Ashkenazi 2011). Since senescent cells are
potentially time-persisting, the continued production of
cytokines and the subsequent NF-kB activation lead to an
increased inflammation in progeroid mice that contrib-
utes to age-related wasting and dramatically shortens
organismal life span (Fig. 7).

According to our results, NF-kB could be regarded as
a major regulator of accelerated aging, as demonstrated by
the fact that NF-«kB blockade significantly increases life
span in both Zmpste24~'~ and LmnaSo%%/G%G pro-
geroid mice. Furthermore, the NF-kB blockade strategies
used in this study have allowed us to provide new molec-
ular insights into the involvement of NF-kB in dermal and
immunological homeostasis. The primary manifestations
of accelerated aging in skin affect cell proliferation, hair
follicles, and the subcutaneous fat layer (Sur et al. 2008).
NF-«kB blockade was able to prevent these alterations,
demonstrating a causal role of NF-kB deregulation in age-
associated defects in skin homeostasis. A similar situa-
tion has been shown in lymphoid organs, which is of
special interest, as thymic involution is considered one of
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Figure 7. A model depicting ATM- and NEMO-mediated NF-
kB activation upon accumulation of prelamin A isoforms.
Nuclear envelope alterations caused by the accumulation of
prelamin A isoforms trigger a nuclear stress pathway involv-
ing ATM and NEMO proteins. As a consequence of prelamin
A/progerin accumulation, ATM is activated, and NEMO is trans-
located into the nucleus. NEMO phosphorylation by ATM
induces their translocation out of the nucleus to activate the
cytoplasmic IKK complex. Subsequent NF-«B activation triggers
an inflammatory-associated transcriptional program that leads
to the secretion of IL-6, CXCL1, and TNF-a. Increased levels of
senescence-associated cytokines cause systemic inflammation
by acting over distant cells and tissues. Systemic inflammation
amplifies a cascade of aged signals, critically affecting tissue
homeostasis and finally reducing the life span of progeroid mice.
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the leading regulators of aging (Aw and Palmer 2011). The
reduction in tissue mass and cellularity and the loss of
tissue structure leads to a decline in naive T-cell output
as well as to the occurrence of changes in the peripheral
T-cell compartment that contribute to the clinical signs
of immunosenescence (Hale et al. 2010). Consistent with
these observations, we demonstrated in this study that
NF-kB hyperactivation and the systemic inflammation
derived therefrom drive thymus and spleen involution
and that NF-kB inhibition is able to prevent these age-
related alterations.

Although the biological significance of NF-«B activa-
tion during aging is not completely clear, the findings
reported herein, together with the fact that other models
of normal and accelerated aging show increased levels of
NF-«kB activity (Kawahara et al. 2009; Rodier et al. 2009),
support the idea that inflammation is a major regulator
of the aging process. The mechanism by which NF-«B
signaling is activated with age also remains largely un-
explored, but our data indicate that the nuclear envelope
abnormalities occurring in both normal and premature
aging (Scaffidi and Misteli 2006) may contribute, at least
in part, to the activation of this inflammatory pathway.
The primary function of NF-kB activation in response to
nuclear envelope defects could be to protect damaged
cells against apoptosis (Wang et al. 1999; Salminen et al.
2011). Since a proper clearance of senescent cells by the
immune system seems to be crucial for homeostasis
maintenance in aging and cancer (Baker et al. 2011; Kang
et al. 2011), both NF-kB hyperactivation and the sub-
sequent age-related immunological decline could be com-
promising an appropriate response against age-accumulated
senescent cells.

The results of the present work also suggest that the
use of nonsteroidal anti-inflammatory drugs, alone or
in combination with statins and aminobisphophonates
(Varela et al. 2008), could be useful for the treatment of
accelerated aging-associated alterations occurring during
the course of progeroid laminopathies (Hennekam 2006;
Merideth et al. 2008; Puente et al. 2011). Moreover,
pharmacological modulation of the NF-«kB pathway also
could be of interest for slowing down the progression of
physiological aging (Rando and Chang 2012). The identi-
fication of NF-«B signaling activation in mouse models
with accelerated aging also provides further in vivo
support for the provocative proposal that the mainte-
nance of the aged state requires an active signaling
program and that age-linked phenotypes can be substan-
tially reversed by intervention on the activity of individ-
ual genes (Adler et al. 2007; Freije and Lopez-Otin 2012;
Rando and Chang 2012). Accordingly, we suggest that the
progeroid mice used in this study may represent a valu-
able tool for further exploration of this proposal due to
their faithful recapitulation of the biological dysfunc-
tions normally associated with advanced age. Likewise,
we propose that these progeroid mice are an essential tool
for the development of putative rejuvenation strategies
aimed at controlling the inflammatory responses driven
by NF-kB signaling that occur during both normal and
pathological aging.
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Antibodies and reagents

Antibodies specific for lamin A/C (sc-6215, Santa Cruz Bio-
technology), IxkBa (4812, Cell Signaling), RelA (8242, Cell Signal-
ing), NEMO (2685, Cell Signaling), ATM (2873, Cell Signaling),
phospho-Ser1981-ATM (mouse: 200-301-400, Rockland Labora-
tories; human: 5883S, Cell Signaling), p52 (sc-7386, Santa Cruz
Biotechnology), RelB (sc-48366, Santa Cruz Biotechnology), Ki-
67 (KI681C01, DCS-Innovative Diagnostik-Systeme), a-tubulin
(T6074, Sigma), and B-actin (AC-40, Sigma) were used in this
study for Western blot, immunofluorescence, and immunohisto-
chemistry experiments. The ATM inhibitor KU55933 was ob-
tained from Calbiochem.

Mice

We generated and genotyped Zmpste24~'~ and Lmna®%%°¢

mice as previously described (Pendas et al. 2002; Osorio et al.
2011a). RelA*'~ mice were obtained from Jackson Laboratories.
Zmpste24*'~ and RelA*'~ were crossed, and Zmpste24*~RelA*/~
progeny were interbred to obtain Zmspte24 '~ RelA*'~ mice. We
administrated sodium salicylate (200 mg/kg per day; Sigma-
Aldrich) in PBS intraperitoneally to mice every day. Neither
vehicle alone nor sodium salicylate treatment produced any
apparent damage or stress responses in mice. We performed nCT
analysis of tibias with a wCT SkyScan 1172 system (SkyScan).
For histology analysis, we fixed samples with 4% paraformalde-
hyde in PBS, processed the resulting preparations into serial
paraffin sections, and stained each with hematoxylin and eosin
(H&E). All of the animal experiments were performed in accor-
dance with the guidelines of the Committee for Animal Exper-
imentation of the Universidad de Oviedo.

Hydrodynamic delivery of an NF-kB-luciferase gene reporter

A plasmid containing a firefly luciferase gene under the control
of a minimal CMV promoter and tandem repeats of the NFkB
transcriptional response element was injected by using the
hydrodynamic technique previously described (Herweijer and
Wolff 2007). In brief, 10 ng/mL solution of the plasmid was
prepared in sterile Ringer’s buffer at room temperature. Mice
were anaesthetized, and the lateral tail vein was accessed with
a 21-gauge needle. Administration of the solution (1 mL/10 g)
was performed without extravasation.

Bioluminescent imaging and analysis

Mice were anaesthetized and injected intraperitoneally with
200 wL of D-luciferin solution (15 g/L in PBS; Melford Laboratories).
Imaging was completed between 2 and 5 min after injection with
a Xenogen IVIS system coupled to Living Image acquisition and
analysis software (Xenogen). Photon flux was calculated for each
mouse by using a rectangular region of interest. This value was
scaled for each mouse to a comparable background value. Rep-
resented values were recorded 7 d after injection to avoid any
potential interference caused by experimental procedure-induced
liver inflammation.

Cell culture and siRNA delivery

We extracted mouse fibroblasts from 15-wk-old ears as pre-
viously described (Varela et al. 2005). We maintained cultures
in Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco) and 1% antibiotic anti-
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mycotic (Gibco). Studies with primary mouse fibroblasts were
performed at postnatal day 3 (P3). HGPS (AG01972) and control
fibroblasts (AG10803) were obtained from Coriell Cell reposi-
tory. Dermal fibroblasts derived from young (GM05565, 3-yr-old;
and GMO00038, 9-yr-old) and advanced age donors (AG04059, 96-
yr-old) were obtained from Coriell Cell repository, except the
JMO097Y cell line that was obtained directly from a 97-yr-old
donor. For transfection of siRNAs, we followed the manufac-
turer’s instructions (Stealth siRNAs, Life Technologies). Briefly,
cells were plated at low density (30%-50%), and up to 150 pg of
siRNA was added with 7.5 uL of Lipofectamine RNAIMAX (Life
Technologies). The same procedure was repeated after 4 h, and
analyses were performed 48 h after the first transfection. For
pharmacological inhibition of ATM kinase activity, cells were
incubated for 12 h in the presence of 10 uM KU55933 ATM
inhibitor.

EMSA

Nuclear extracts from cells were prepared as described pre-
viously (Schreiber et al. 1989). For the preparation of nuclear
extracts from tissues, a slightly modified protocol was used.
Briefly, frozen tissues were homogenized in cold buffer A
(10 mM Tris-HCl at pH 8, 1.5 mM MgCl,, 10 mM KCI, 1 mM
DTT, 2X protease inhibitor cocktail) with a Potter homoge-
nizer. After incubation on ice for 15 min, samples were pelleted
by centrifugation and resuspended in cold buffer A containing
0.1% Triton X-100. After incubation on ice, cells were pelleted,
and nuclear pellets were resuspended in cold buffer C (20 mM
Tris-HCI at pH 8, 25% glycerol [v/v], 0.4 M NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 2X protease inhibitor
cocktail). Samples were vigorously rocked for 15 min at 4°C on
a shaking platform. The nuclear extracts were finally centri-
fuged for 5 min in a microfuge at 4°C, and the supernatants
were frozen in aliquots at —70°C. NF-kB and Oct-1 consensus
oligonucleotides (Promega) were radiolabeled by T4 polynucle-
otide kinase (New England Biolabs) in the presence of y-32P-
ATP. Labeled oligonucleotides were incubated with 15-20 pg
of nuclear extracts in 1X binding buffer (4X glycerol, 20 mM
Tris-HCI at pH 8, 60 mM NaCl, 5 mM MgCl,, 1 mM DTT, 1x
protease inhibitor cocktail) in the presence of poly-dI-dC.
Complexes were run in nondenaturing, 6% acrylamide gels,
and exposed to X-ray detector Fuji Phosphorlmager (Fujifilm
Global).

Western blot analysis

Cultured cells were washed twice with 1X PBS and resus-
pended in 100 mM Tris-HCI (pH 7.4), 2% SDS, and 50 mM
EDTA. Tissues were snap-frozen in liquid nitrogen. Frozen
tissues (~50 mg in each sample) were homogenized in 300 pL
of 100 mM Tris-HCl [pH 7.4), 2% SDS, and 50 mM EDTA with
a Polytron homogenizer. Protein concentration was evaluated
with the bicinchoninic acid technique (Pierce BCA protein
assay kit). Equal amounts of proteins were loaded onto SDS—
polyacrylamide gels. After electrophoresis, gels were electro-
transferred onto nitrocellulose membranes or Immobilon-FL
polyvinylidene fluoride membranes (Millipore), blocked with
5% nonfat dry milk in TBS-T buffer (20 mM Tris at pH 7.4,
150 mM NaCl, 0.05% Tween 20), and incubated overnight at 4°C
with the different primary antibodies. Finally, blots were in-
cubated with 1:10,000 secondary antibody conjugated with
horseradish peroxidase (HRP) (Jackson ImmunoResearch Labo-
ratories) in 1.5% nonfat milk in TBS-T. Then, we washed and
developed the immunoreactive bands with Immobilon Western
chemiluminescent HRP substrate (Millipore).
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Immunohistochemistry and immunofluorescence analysis

Formalin-fixed paraffin-embedded tissue sections were cut at
5 um for immunohistochemical detection of Ki67 on a Discover
automated immunostainer (Ventana Medical Systems). Depar-
affinization and heat-induced antigen retrieval were performed
directly on the stainer. Antigen retrieval procedures were as
follows: Retrieval was performed with CC2 solution (Ventana
Medical Systems) for 30 min at 95°C. Primary antibody in-
cubation was performed for 1 h at 37°C. Finally, HRP-conjugated
antibody (OmniMap anti-Rb HRP, Ventana Medical Systems)
was applied for 16 min at 37°C. Staining was visualized by using
ChromoMap DAB kit (Ventana Medical Systems). Cells were
counterstained with hematoxylin and visualized by light mi-
croscopy. Quantitative analyses were performed according to the
percentage of immunopositive cells per 0.5 mm. For the immu-
nofluorescence analysis, cells were fixed in 4% paraformalde-
hyde solution, rinsed in PBS, and permeabilized with 0.5%
Triton X-100. Cells were incubated with primary antibodies
diluted in 15% goat serum in 1X PBS for 1-3 h at room
temperature. After washes with PBS, slides were incubated with
1:500 Alexa 488-conjugated secondary antibody (Life Technol-
ogies) for 1 h at 25°C. After the final washes, nuclei were
counterstained with DAPI (Roche), and slides were mounted in
VectaShield mounting medium (Vector Laboratories). Micropho-
tographs were recorded with an Axioplan-2 Zeiss fluorescent
microscope (Zeiss), and images were captured with a charge-
coupled device camera (Photometrics SenSys).

RNA preparation and quantitative RT-PCR (qRT-PCR)

Cells were resuspended in TRIzol reagent (Life Technologies) and
processed through alcohol precipitation. RNA pellets were then
washed in cold 75% ethanol and resuspended in nuclease-free
water (Ambion). The samples were quantified and evaluated for
purity (260/280 nm ratio) with a NanoDrop ND-1000 spectro-
photometer. cDNA was synthesized with 1-4 pg of total RNA
with the ThermoScript RT-PCR system (Invitrogen). qRT-PCR
was carried out in triplicate for each sample with 20 ng of cDNA,
Power SYBR Green PCR Master Mix, and 0.5 pL of the specific
oligonucleotides for the gene of interest (Applied Biosystems). As
an internal control for the amount of template cDNA used, gene
expression was normalized to amounts obtained for the mouse
Gapdh endogenous control. The following oligonucleotides were
used for mouse Atm and Ikbkg (Nemo) amplification: Atm_fwd
(5'-GGAGACAGCTTGTGAAGGGCCG-3'), Atm_rev (5'-TG
CACCACTCGAGAACACCGC-3'), Ikbkg_fwd (5’-TGCCAAC
AGCAGATGGCTGAGG-3'), and Ikbkg_rev (5'-GCTGTAGCA
CCTCCCGCTCAC-3').

Blood and plasma parameters

Blood was extracted directly from the mandibular sinus after
anesthetizing mice with isoflurane. Serum IL-6, CXCL1, and TNF-«
concentrations were determined by ELISA (IL-6, reference 88-
7064-22, eBioscience; CXCL1, reference MKCO00B, R&D Systems;
and TNF-a, reference 88-7324-22, eBioscience). All protocols
were performed according to the manufacturer’s instructions.

Transcriptional profiling

Zmpste24-deficient mouse liver transcriptional profiles as well
as Lmna®®%°¢ profiles were previously reported (Varela et al.
2005; Osorio et al. 2011a). Array data were clustered using
Cluster 3.0 software, and the heat maps were created using
TreeView 1.1.5 software (http://rana.lbl.gov/EisenSoftware.htm).
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GSEA

GSEA was performed as described in the original citation
(Subramanian et al. 2005). For data analysis, we used GSEA
release 2.06 and MSigDB release 2.5 (http://www.broadinstitute.
org/gsea/index.jsp). Weighted enrichment scores were calculated
with gene expression lists ranked by signal to noise ratio. The
maximum gene set size was set to 500 genes, the minimum gene
set size was set to 20 genes, and the number of permutations was
set to 1000. Analyses were performed with a gene set composed
of genes that contain, in the promoter regions [-2 kb, 2 kb]
around the transcription start site, the motif GGGRATTTCC,
which matches the consensus binding site for the NF-kB tran-
scription factor. Selected enriched pathways had a relaxed false
discovery rate of <0.25 and P < 0.05.

Statistical analysis

We performed statistical analysis of the differences between
mouse cohorts or different conditions with a two-tailed Student’s
t-test. In experiments with more than two groups, differences
were analyzed by multifactorial one-way analysis of variance
(ANOVA), and for the comparison of different groups in Kaplan-
Meier survival plots, we used a log-rank (Mantel-Cox) test. We
used Microsoft Excel or GraphPad Prism software for calcula-
tions and expressed the results as the means = SEM.
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Results

V. Development of experimental methodologies to study NF-xB
signaling in aging

Recent evidences have demonstrated the implication of NF-kB signaling in aging,
uncovering a pivotal role of this pathway in the maintenance of the aged state. Thus, the
possibility of inhibiting NF-kB constitutes a promising target for rejuvenation based
approaches. In this regard, the development of new methodologies to monitor NF-kB
signaling during aging also represents a critical point, as chronic inflammation detection often
requires extremely sensitive methods. In these works, we have reviewed the existing
evidences about NF-kB signaling in aging and developed a luciferase-based approach to

monitor NF-«B activity in live animals.
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NF-kB in premature aging

Fernando G. Osorio, Carlos Lopez-Otin and José M. P. Freije

During decades, aging has been regarded as the
consequence of a stochastic process caused by the
accumulative effect of damaged molecules. However,
recent experimental evidences have extended this view
and suggested that aging also requires active signaling
programs for the maintenance of the aged state [1].
Beyond cell-autonomous alterations, age signals get
systemic  through  changes in  intercellular
communication pathways [2]. The identification of the
precise nature of these mechanisms and signals could
provide valuable information, uncovering potential
targets for rejuvenation-aimed approaches [3].

Aging research has greatly benefited from the study of
progeroid syndromes, accelerated aging conditions
caused by an excessive accumulation of cellular damage
or by an inefficient response of the repair mechanisms.
Progeroid laminopathies are accelerated aging
syndromes caused by defects of the nuclear lamina.
Among them, Hutchinson-Gilford Progeria Syndrome
(HGPS) is one the most intensely studied. This
syndrome is caused by a point mutation in the LMNA
gene, leading to the accumulation of a truncated form of
lamin A called progerin which induces important
alterations in the cell nucleus. Interestingly, progerin
accumulation has also been reported during normal
aging, adding a new layer of interest to the study of this
syndrome.

NF-«kB transcription factors respond to a large variety of
external and internal stress signals, having essential
roles in development and tissue homeostasis
maintenance. Through the study of two related mouse
models of progeroid laminopathies (Zmpste24-deficient
and Lmna®*” knock-in mice), we have recently found
that aberrant activation of NF-kB is involved in the
pathogenesis of accelerated aging syndromes, providing
new insights into the mechanisms that allow the
integration of cellular and systemic alterations in the
aging process [4].

The in vivo monitoring of NF-kB activity by using a
reporter-based assay revealed that this pathway was
constitutively hyperactivated in progeroid mice. Further
experiments allowed us to unveil the molecular pathway

Editorial

involved in this aberrant activation. Thus, in response to
nuclear envelope alterations some important DNA
damage sensors such as pS3 or ATM were activated. In
this context, we provide evidence that active ATM
kinase cooperates with nuclear NEMO, an NF-xB
regulatory subunit, resulting in the activation of NF-«xB.
We also found that, in response to NF-kB activation,
several pro-inflammatory cytokines were significantly
up-regulated. Among them, secretion of IL-6, CXCL-1
and TNF-a could have a causal role in the premature
aging syndrome by establishing a chronic inflammatory
situation through feed-forward regulatory signaling,
affecting distant cells and tissues.

Aimed at dissecting the precise contribution of NF-xB
hyperactivation to the progeroid phenotype, we used an
anti-inflammatory genetic strategy based on crossing
Zmpste24-deficient mice with Reld haploinsufficient
mice [5]. Interestingly, double mutant Zmpste24'/'
RelA™" mice displayed a retardation in the aging
process, showing an extended longevity as compared
with Zmpste24"Reld"”* mice. Furthermore, double
mutant mice showed a remarkable recovery of skin and
immunological alterations, which is consistent with the
proposed relevance of NF-kB activity in tissue
homeostasis maintenance. These results prompted us to
test a pharmacological approach to target NF-«xB
activation in progeroid mice. Thus, sodium salicylate
treatment of both Zmpste24'/' and Lmna®" %" mice
extended longevity and led to a significant prevention of
skin and immune alterations, demonstrating the
feasibility of targeting this pathway for slowing down
the progression of accelerated aging.

Finally, our results indicate that these findings can be
extended to normal aging, suggesting that a common
accumulation of genetic damage and nuclear envelope
alterations with age could be responsible, at least in
part, of the abnormal NF-«B activity reported in tissues
from advanced aged donors. The accumulation of
senescent cells together with the decline in adult stem
cell function is a primary cause of the compromise of
tissue homeostasis during aging. The primary function
of NF-«xB activation in this context could be related to
the prevention of apoptosis of damaged cells, so that
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Figure 1. Exacerbated NF- kB signaling leads to age-related loss of tissue homeostasis,
which takes place at an accelerated rate in progeroid syndromes. This phenomenon can

be alleviated through NF- kB inhibition.

chronic activation of this pathway with the subsequent
immunological decline could preclude a proper
clearance of senescent and damaged cells. In this
regard, a recent report has described the causal
involvement of inflammatory pathways in the age-
related decline in stem cell function [6].

Globally, the data discussed herein clarify three
important aspects that define NF-xB role during aging.
Thus, experimental data confirm that NF-xB signaling
is active during normal aging [7], its hyperactivation is
associated with the development of accelerated aging
and its amelioration retards the aging process [4-5, 8].
These characteristics support the use of strategies aimed
at controlling NF-kB related inflammation as putative
rejuvenation strategies during both normal and
pathological aging. Over the last years, aging research
has composed a complex picture where both cell
autonomous and systemic alterations cooperate for
establishing the aged state in organisms. Rational design
of new interventions aimed to slow down this process
should act in a coordinate way, targeting pro-aging
signals as well as altered cellular communication
pathways for the effective prevention of aging-related
disorders.

Fernando G. Osorio, Carlos Lopez-Otin and José M. P.
Freije

Departamento de Bioquimica y Biologia Molecular, Facultad de
Medicina, Instituto Universitario de Oncologia, Universidad de
Oviedo, 33006-Oviedo, Spain

Email: clo@uniovi.es; jmpf@uniovi.es

Received: 11/20/12; Published: 11/27/12

REFERENCES

1. Rando TA and Chang HY. Cell. 2012; 148: 46-57.

2. Osorio FG et al. Biochem Soc Trans. 2011; 39: 1710-1714.

3. Freije JM and Lopez-Otin C. Curr Opin Cell Biol. 2012: [Epub
ahead of print] doi: 10.1016/j.ceb.2012.1008.1009.

4, Osorio FG et al. Genes Dev. 2012; 26: 2311-2324.

5. Kawahara TL et al. Cell. 2009; 136: 62-74.

6. Doles J et al. Genes Dev. 2012; 26: 2144-2153.

7. Adler AS et al. Genes Dev. 2007; 21: 3244-3257.

8. Tilstra JS et al. J Clin Invest. 2012; 122: 2601-2612.

www.impactaging.com

112

AGING, November 2012, Vol.4 No.11



Results

Osorio et al. Cell Communication and Signaling 2013, 11:19
http://www.biosignaling.com/content/11/1/19

METHODOLOGY

CELL
COMMUNICATION &
IGNALING

&

Open Access

Luminescence-based in vivo monitoring of NF-kB
activity through a gene delivery approach

Fernando G Osorio, Jorge de la Rosa and José MP Freije’

Abstract

activity in mice liver and lungs.

in vivo.

Background: Monitoring activity of specific signaling pathways in vivo is challenging and requires highly sensitive
methods to detect dynamic perturbations in whole organisms.

Results: In vivo gene delivery of a luciferase reporter followed by bioluminiscence imaging allows measuring NF-kB

Conclusions: This protocol allows a direct measure of NF-kB activity through quantification of bioluminescence
signal, demonstrating its accuracy and sensitivity in different animal models and experimental conditions. Variants
could be also applied for the analysis of NF-kB activity in different tissues or for studying other signaling pathways

Background

Monitoring biological processes in vivo remains experimen-
tally challenging. Visualization of biochemical perturbations
in whole organisms requires highly sensitive methods that
allow detection in a quantitative and reproducible manner
[1-3]. Reporter gene approaches are based on the use of
specific regulatory sequences attached to genes that confer
organisms a property that could be easily detected and
quantified, typically light or fluorescence emission [4].
Different luciferase and fluorescent proteins-based
strategies have been developed for monitoring signaling
pathways involved in cancer and aging [5-11].

Most of the available strategies rely on the generation of
transgenic mice that stably express reporter genes. These
mutant animals allow dynamic studies of complex
processes, as the activity of the monitored signaling path-
ways could be recorded at different time points during
lifetime. The main limitation of these approaches is that
they imply the generation of transgenic strains, involving a
long and expensive process that requires the use of a large
number of experimentation animals. An alternative
approach is described herein, based on the use of in vivo
gene delivery strategies that potentially overcome previous
limitations, allowing a fast and reliable quantification of
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the activity of signaling pathways in a wide variety of
experimental models and physiological situations. Here
we specifically describe a luciferase-based approach to
measure in vivo NF-«B activity in different mice tissues.

NEF-«B is involved in the response against a large variety
of external and internal stress signals, having essential roles
in inflammation, immune response, cell proliferation and
protection against apoptosis [12-14]. Consequently with its
key role in cellular stress response, NF-kB aberrant activa-
tion has been linked with several pathophysiological condi-
tions including cancer and accelerated aging [15,16]. In this
regard, it has been described that not only acute NF-«B
activation is related with disease but also subtle changes in
NEF-«B activity that persist in time have important biological
consequences, giving rise to chronic inflammatory condi-
tions. The monitoring of these subtle changes in NF-kB
activity has been especially challenging.

NF-kB luciferase reporter-based assay

NEF-«B activation is most often monitored in cultured cells
using a non-viral vector system that encodes firefly lucifer-
ase reporter gene under the control of a minimal cyto-
megalovirus (CMV) promoter and tandem repeats of the
NEF-«B transcriptional response element. The reporter gene
will be only transcribed when NF-«B signaling pathway is
active; otherwise Rel transcription factors are sequestered
in the cytoplasm by an inhibitory complex. Inflammatory
signals trigger NF-kB activation that involves nuclear

© 2013 Osorio et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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translocation of the NF-«kB transcription factors. The
reporter gene will be transcribed, like endogenous NF-kB
targets, proportionally to the magnitude of NF-kB activa-
tion and the time persistence of the induction signal.
Monitoring bioluminescence emission by the tissues upon
luciferin administration allows visualization of NF-kB
activity in vivo.

In vivo gene delivery

Reporter-based strategies in vivo require using highly effi-
cient methods of gene delivery that ensure the transfection
of a high proportion of cells. For liver gene delivery, we
have selected hydrodynamic transfection, a simple and effi-
cient non-viral method that allows transfection of a naked
DNA in a high proportion of the liver hepatocytes [17].
Rapid injection of a high-volume (10%, vol/weight) solution
of the naked plasmid DNA through the tail vein generates
a hydrodynamic pressure that expands liver endothelium
resulting in DNA uptake by the hepatocytes [18,19].
Although the protocol is optimized for mice tissues, the
technique could be modified for other animal models, even
muscles of larger animals [20].

For lung delivery we have used DNA complexed with a
polycation, polyethyleneimine (PEI). DNA-PEI complexes
are efficiently internalized into the cells and the DNA is
subsequently transported into the nucleus [21,22]. Systemic
administration of DNA complexes results in gene delivery
primarily to the lungs, reaching all the anatomical areas of
this organ; this is an important advantage of this method as
compared with others based on instillation, where only the
proximal area is achieved [23].

Methods
Reagents

e Mice. We routinely use 6-20 week-old C57BL/6
mice, but we have also successfully used mice from
other strains (129S1/SvimJ, BALB/c and CD1) as
well as several genetically modified mouse models.
All the animal experiments were performed with the
aproval of the Committee for Animal
Experimentation of the Universidad de Oviedo.

e NF-«B luciferase gene reporter (Qiagen, cat. no.
CCS-013 L).

e Invivo jet-PEI"". Linear 22-kDa polyethylenimine
(see reagent setup) (Polyplus transfection, cat. no.
201-10G).

e Autoclaved Ringer’s solution (123 mM NaCl, 5 mM
KCI and 1.5 mM CaCl,).

e Autoclaved saline. 0.9% (wt/vol) sodium chloride.

e Anesthetic. Isoflurane (Abbott laboratories,
cat. no. 571329.8).

e D-Luciferin firefly luciferase substrate, potassium
salt (Melford laboratories, cat. no. L1350).
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e Escherichia coli lipopolysaccharide (LPS)
(Sigma, L2630).
e Sodium salicylate (Sigma, S3007).
e Endo-Free plasmid maxi kit (Qiagen, cat. no. 12362).

Equipment

e Xenogen or other in vivo luminescence imaging
system (we have used Xenogen IVIS 100 series for
the recording and data analysis).

Isoflurane vaporizer.

27-G needle (BD microlance, cat. no. 300635).

2 mL. syringe (BD discardit, cat. no. 300928).
45-50°C waterbath and/or heat lamp.

Shaver to remove mouse hair.

Scale for weighing mice.

Reagent setup

Preparation of NF-kB luciferase reporter gene

Plasmids are purified by ion-exchange chromatography
using EndoFree plasmid maxi kit following the
manufacturer’s instructions. It is very important that
plasmids used for in vivo gene delivery be free of
endotoxins.

Luciferin stock solution

Prepare a stock solution of luciferin (14.3 mg/mL) by
dissolving 1 g substrate in 70 mL saline solution
(0.9% sodium chloride). Filter the solution through a
0.22 um sterile filter. Store reconstituted substrate in
aliquots at —80°C. Use 0.2 mL per mice for intraperito-
neal injection.

Preparation of PEI/DNA complexes

For an effective cell delivery of plasmid DNA, the
overall ionic charge of the DNA complexes needs to be
cationic. The amount of nitrogen (N) in the PEI and phos-
phate in the DNA (P) determines the charge of the com-
plexes. In practice, the best transfection results are obtained
with a N/P ratio of 5-10. For this specific
purpose we have successfully used an N/P ratio of 8 and
50 ug of DNA per mice, using a total amount of 8 uL of
jetPEI" reagent. If using other mouse strains or targeting a
different organ, a dose response should be carried out to
determine the optimal PEI-DNA ratio. Calculate the
amount of in vivo-jetPEI" in each case as follows:

(ug of DNA x 3) x N /P ratio

L of in vivo — jetPEI™ =
uL of in vivo — je 150

Equipment setup

General setup considerations

Prepare all the necessary material, warm up the water
bath, turn on the vaporizer anesthesia machine, and
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switch on the heat lamp, placing a cage under it for
mice recovery after the procedure.

Procedure
Mice preparation (Timing 5 min)

1) Check the vaporizer system to ensure adequate
amounts of supply gas (O, and isoflurane for
duration of the procedure. Make sure system is set
to flow to induction chamber. Turn on supply gas.
Weigh mouse before this point.

2) Turn on flowmeter between 500—1000 mL/min and
place animal in the induction chamber. Turn on
vaporizer to 2-3%. Monitor animals until recumbent.

3) Switch system to flow to nosecone, remove animal
from induction chamber and place in nosecone.
Turn the vaporizer to 1.5-2%.

Preparation of DNA sample and hydrodynamic injection
(Timing 15 min)

4) Calculate the volume required for hydrodynamic
injection based on the weight of the mouse
(10%, vol/weight). For example: a 15 g mouse will
be injected with 1.5 mL of DNA solution.
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We normally use a 10 pg/mL DNA solution
although this amount could be varied depending on
the experimental requirements.

5) Dilute DNA in Ringer’s solution and set a syringe
according with the calculated volume.

6) Place the tail of the anesthetized mice in 45-50°C
heated water for 30 s. This will make tail veins more
easily visualized.

7) Mice have two lateral tail veins, both of which are
superficial and could be used for the procedure.
Place the tail with the lateral side up between your
fingers. Inject the needle into the vein 2-3 cm from
the tail tip. You can often see the needle into the
vein.

8) Press with force the plunger of the syringe, trying
to inject the entire volume in less than 10 s. When
finished, remove the needle and apply light
pressure to the injection site until the bleeding
stops.

9) In general, a cohort of several mice could be
injected one after the other, and up to 15-20 mice
could be easily injected in a session.

10) The recovery phase could last up to an hour for full
recovery; we recommend placing the injected mice
under a heat lamp to avoid hypothermia.

Day 1
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(ph/s/cm2/sr)

1000 -

1o T T

Figure 1 Representative images of the bioluminescence signal registered in mice at three different time points after hydrodynamic
transfection (1, 4 and 7 days). Plot represents bioluminescence signal quantification of C57BL/6 complete mice cohort (n=10) during a week
after injection. Mean values are represented as relative values of photon flux per second and square centimeter, error bars indicate SEM.
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4 5 6 7 8
Time (d)

115



Results

Osorio et al. Cell Communication and Signaling 2013, 11:19

Page 4 of 6
http://www.biosignaling.com/content/11/1/19

Basal
+LPS

1000 A

~
a
o

N
a
o

+LPS +NaS

Relative photon emission
(ph/s/cm2/sr)

0 4

Basal +LPS +LPS+NaS
Figure 2 Constitutive and LPS-induced measure of liver NF-kB activity. Representative pictures are shown of three C57BL/6 mice before LPS
administration and 24 hours after the injection, half of the cohort also received an injection of sodium salicylate (NaS). Plot represents relative
mean bioluminescence values as photon flux per second and square centimeter, error bars indicate SEM.

Preparation of PEI/DNA complexes and injection into 30 s. Inject 0.2 mL PEI-complexed DNA into the

mice (Timing 15 min) lateral vein.

13) Place mice under the heat lamp for recovery.
11) Dilute 50 pg of the plasmid in 100 uL of 5% glucose

solution. Vortex gently. Dilute 8 L of in vivo-jetPEI" In vivo bioluminescence imaging (Timing 30 min)

reagent in 100 pL of 5% glucose solution. Combined

both and incubate the 200 pL final volume 15 min at 14) Anesthetize mice using isoflurane vaporizer coupled

room temperature (RT). From this point the to the IVIS imaging system. Shave the ventral (for

complexes are stable for 2 hours at RT. Critical step, imaging of liver) or dorsal (for imaging of lungs)

proceed immediately to the next point. area of the mice. This is especially important for an
12) Proceed from step 3 and place the tail of the adequate imaging of dark-coated mice such as

anesthetized mice under 45-50°C heated water for C57BL/6.

ﬁqg '

L

2.3x10* 3.3x10* 3.4x10*

D

Figure 3 NF-kB basal activity in mouse lungs. Representative image of three C57BL/6 mice 24 hours after the injection of the
PEI/DNA complexes.
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15) Inject 0.2 mL luciferin i.p. and wait for 5 min.
Imaging should be carried out between 5 and
30 min after luciferin injection. We usually perform
imaging of several mice at the same time.

16) Image the mice according with the equipment
instructions; we have good results with the
Xenogen’s IVIS Living image program selecting a
medium binning and a variable exposure time
depending on signal intensity. Avoid signal
saturation in order to obtain a lineal signal.

Data analysis

17) Change image setting from counts to photons.
Photons are absolute physical units that measure the
light emission from the subject. The radiance unit of
photons/sec/cm2/sr is the number of photons per
second that leave a square centimeter of tissue and
radiate into a solid angle of one steradian (sr).
Measurements in units of radiance automatically
take into account camera settings and allow
comparing data obtained from different animals or
from the same animal in different days.

18) For each mouse draw a measurement region of
interest (ROI), and adjust the threshold value
depending on the intensity of the signal. Obtain a
background-corrected ROI measurement by
subtracting an average background ROI from the
measured ROI by using software computation
options.

19) Critical step. We recommend measuring basal
NE-kB activity starting at 72 hours after the plasmid
injection, the reason is that hydrodynamic delivery
procedure could induce a transient inflammatory
response in the liver that interfere with the
measurements (Figure 1). We have not seen this
effect using PEI/DNA complexes.

Results and discussion
A cohort of C57BL/6 mice was hydrodynamically
transfected with the NF-«B luciferase reporter (Figure 1).
Bioluminescence signals were recorded each day during
a week. According to the data shown, bioluminescence sig-
nal is especially high during the first 48 hours after the in-
jection, rapidly diminishing thereafter and reaching stable
values 72 hours after the injection. This phenomenon is
due to a transient inflammatory response caused by the
hydrodynamic procedure; for this reason, we recommend
measuring NF-«B activity at least 72 hours after injection
in order to prevent potential interference in the signal
recorded.

A potential application of this method to study basal
and acute induced activity of NF-kB in mice livers is
described in the Figure 2. To this end, we first measured
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NF-«B basal activity in C57BL/6 mice and then we in-
duced acute inflammation with E. coli lipopolysaccharide
(LPS). Additionally, half of the mice injected with the
LPS received a dose (200 mg/Kg) of sodium salicylate, a
powerful inhibitor of NF-«B signaling. Quantification of
the bioluminescence signals demonstrates the sensitivity
and reproducibility of the method described.

The analysis of constitutive NF-kB activity in the lungs
is showed in Figure 3. PEI/DNA complexes allow an
efficient and highly-specific delivery of the NF-«xB
reporter to the lungs.

The method described herein has been successfully
used for studying constitutive and acute-induced NF-xB
signaling in mice tissues [12,24]. The use of this approach
allowed us to demonstrate chronic activation of NF-«B
in two different mouse models of accelerated aging and
to monitor the response in these models to non-steroid
anti-inflammatory drugs [12,16]. These results support
the utility of this approach to study both chronic condi-
tions as well as acute inflammatory responses.

Conclusions

The methodology described herein includes a step-by-
step procedure for liver and lung gene delivery, record-
ing of the bioluminescence signal and data analysis.
Besides, we provide experimental validation of the
protocol, demonstrating the sensitivity and reproducibil-
ity of the method.

The possibility of using viral vectors with different tissue
tropisms for the reporter delivery potentially allows moni-
toring NF-kB in any tissue. Additionally, the same strategy
may be applied for studying different signaling pathways,
replacing the NF-«kB response element with other regula-
tory sequences in the luciferase reporter system.
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VI. Determination of the biological function of the proteostasis

regulator AIRAPL

Proteostasis maintenance is critical for tissue homeostasis. In this regard, aging and
cancer are accompanied by alterations in the main regulatory systems controlling protein
homeostasis. AIRAPL, encoded by Zfand2b gene, is a proteasome regulator previously
associated with impaired proteostasis during aging in Caenorhabditis elegans. We have
generated Zfand2b-deficient mice with the finding that AIRAPL absence causes alterations in
the hematopoietic system that finally lead to the development of myeloid malignancies. We
have also found that AIRAPL exerts its tumor suppressor function through the control of
insulin-related growth factor receptor (IGF1R) levels. Finally, we have found alterations in
this protein in human myeloid malignancies, further demonstrating the importance of

AIRAPL in hematopoietic system homeostasis.
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AIRAPL (arsenite-inducible regulatory particle-associated protein-like) is
an evolutionarily conserved regulator of cellular proteostasis linked to longevity in
nematodes, but whose biological function in mammals is unknown®?. We show
herein that AIRAPL-deficient mice develop a fully-penetrant myeloproliferative
neoplastic process. Proteomic analysis of AIRAPL-deficient mice revealed that this
protein exerts its antineoplastic function through the regulation of the insulin/IGF-
1 signaling pathway. We demonstrate that AIRAPL interacts with newly
synthesized insulin-related growth factor-1 receptor (IGF1R) polypeptides,
promoting their ubiquitination and proteasome-mediated degradation.
Accordingly, genetic and pharmacological IGF1R inhibitory strategies prevent the
hematological disease found in AIRAPL-deficient mice as well as in mice carrying
the JAK2-V617F mutation, which demonstrates the causal involvement of this
pathway in the pathogenesis of myeloproliferative neoplasms“'G. Consistent with its
proposed role as a tumor suppressor of myeloid transformation, AIRAPL
expression is widely abrogated in human myeloproliferative disorders.
Collectively, these findings support the oncogenic relevance of proteostasis
deregulation in hematopoietic cells, and unveil novel therapeutic targets for these
frequent hematological neoplasias.

Protein homeostasis is essential for a proper response to dynamic environments’.
The existence of regulatory mechanisms of protein quality control preserves the stability
and functionality of the cellular proteome, being the endoplasmic reticulum (ER) a
critical organelle in this regulation®'®. Accordingly, different components of protein

11,12 :
7, either

quality control machinery have been causally involved in cancer and aging
affecting global regulation of protein degradation pathways or specifically controlling
mediators of these processes. Among them, we focus herein on AIRAPL (encoded by
ZFAND2B gene), a highly-conserved ER protein involved in proteostasis control.
Inactivation of the AIRAPL orthologue in Caenorhabditis elegans (AIP-1) shortens
lifespan due to proteostasis impairment'. Notably, AIRAPL is constitutively expressed

in most mammalian tissues, but its biological function has remained largely unknown.

To investigate the biological role of AIRAPL, we have generated Zfand2b-
deficient mice using a “knock-out first” strategy (Supplementary Fig. 1a)'’. The
initially modified allele (hereafter referred as Zfand2b-KO) generates a null-allele
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through splicing to a trapping element contained in the targeting cassette
(Supplementary Fig. 1b-d). Even though Zfand2b-deficient mice were born at a
Mendelian ratio and showed normal postnatal development, we observed that most
adult Zfand2b”™ mice presented a long period of illness starting from 6-month to one-
year-old, and accompanied by a progressive weight loss, distended abdomen and
wasting (Fig. 1a), which finally results in premature death. Thus, Zfand2b-deficient
mice showed an average lifespan of 675 days, while that of controls was of 823 days

(P<0.01) (Fig. 1b).

To gain insight into Zfand2b-deficient mice alterations, we performed necropsy
analyses in wild-type and Zfand2b” mice of the same age, observing a remarkable
splenomegaly in the knock-out animals (Fig. 1c), which prompted us to study their
hematopoietic system. Histological and immunohistochemical analyses revealed that
splenomegaly in Zfand2b-deficient mice resulted from extramedullary hematopoiesis
and expansion of the myeloid lineage. Spleens from 1.5-month-old Zfand2b™ mice were
normal but they progressively showed an expansion of red pulp with signs of
extramedullary hematopoiesis. In latter stages, red pulp outproliferated white pulp,
which was almost completely absent (Fig. 1d; Supplementary Fig. 2a). In parallel to
spleen abnormalities, we also observed central hematopoiesis alterations. Thus, bone
marrow from Zfand2b-deficient mice started showing hypercellularity and trilineage
hyperplasia but, at latter stages, it presented a remarkable reduction in cell number,
trilineage dysplasia and myelofibrosis, as assessed by reticulin immunostaining (Fig.

1d).

Moreover, peripheral blood analyses in Zfand2b” and control mice revealed
significant differences in blood cell populations. Thus, Zfand2b-deficient mice first
showed an elevation in total leukocyte numbers as compared with controls (Fig. 1e).
Then, a progressive myeloid skewing was observed in knock-out animals, characterize
by an increase in myeloid cell numbers, as well as a left-shifted myeloid maturation
pattern (Supplementary Fig. 2b,c). Hematological analyses from terminally-ill
Zfand2b-deficient mice revealed a massive expansion of myeloid population in
peripheral blood (up to 90% of total white blood cells). Notably, we did not detect
evidence of hematological disease in Zfand2b”™ mice, but we observed a significant
increase in myeloid cells (Supplementary Fig. 2d), further supporting the implication

of AIRAPL in the control of myeloid hematopoiesis. Accompanying changes in white
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blood cell populations, hematocrit and platelets were also increased in Zfand2b-
deficient mice (Fig. 1f). Overall, the phenotypes described in AIRAPL-deficient mice

strongly support the occurrence of myeloproliferative neoplasms (MPNs)4'6’14.

To further characterize hematological alterations in Zfand2b-deficient mice, we
next performed flow cytometry analysis of primitive (Lin"SCA-1"c-KIT"; LSK positive
cells) and committed progenitors (Lin SCA-1"¢c-KIT"; LSK negative cells) in bone
marrow and spleen. Notably, knock-out animals showed a significant increase in the
number of LSK" cells in both tissues (Fig. 1g; Supplementary Fig. 2e). Besides, we
also observed a remarkable loss of SLAM-enriched long-term hematopoietic stem cells
(HSCs)"®, as evidenced by the decrease in LSK'CD48 CDI150" cells(Fig. 1g;
Supplementary Fig. 2e), and a significant expansion of myeloid progenitors
(Supplementary Fig. 2f), altogether pointing to hematopoietic intrinsic defects in
myeloid maturation. To test the differentiation capacity of Zfand2b-deficient HSCs, we
performed competitive repopulation assays in which we mixed mutant or wild-type Ly-
5.2+ bone marrow cells with Ly-5.1+ wild-type cells, and transplanted them into
chemically ablated recipient mice to test relative reconstitution potential. Zfand2b-
deficient cells showed a significant competitive disadvantage over wild-type cells in
peripheral blood and bone marrow (Fig. 1h), similarly to the situation described in other
MPN mouse models'®. Additionally, we found that the number of myeloid cells was
significantly reduced in mutant bone marrows (Supplementary Fig. 2g). Finally,
reciprocal bone marrow transplantation experiments showed that wild-type recipients of
knock-out cells recapitulated MPN-related alterations, whereas wild-type bone marrow
cells rescued hematological phenotypes in Zfand2b-deficient mice (Supplementary

Fig. 3), supporting a primary HSC defect caused by AIRAPL deficiency.

Aimed to get further understanding on AIRAPL biological function, we first
asked about the possibility that the latency of MPN phenotype in Zfand2b-deficient
mice could involve the requirement of additional genetic events. To evaluate this
question, we performed exome sequencing analysis of bone marrow polymorphonuclear
cells from Zfand2b-deficient mice (Supplementary Table 1). However, we did not
observe any common sequence variants or mutations in genes associated with MPN
pathogenesis in mutant mice, supporting a driver role of AIRAPL deficiency in myeloid
transformation in these animals. Then, we asked if AIRAPL deficiency could be

challenging global ER stress response; in this regard, calreticulin mutations have been
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recently described in a large number of myeloproliferative neoplasms'”'®. However, no
differences were observed in calreticulin (Supplementary Fig. 4a,b) or in unfolded
protein response (UPR) (Supplementary Fig. 4c,d) between wild-type and mutant
mice. Then, we analyzed JAK2 signaling in cells from Zfand2b mutant mice, as the

19-21 :
921 However, we did not find

activation of this pathway is a central feature of MPNs
any differences in JAK2 or STATS activation in mutant cells when compared with the
corresponding wild-type controls (Supplementary Fig. 5a). These results prompted us
to extend the analysis to other tyrosine kinases. Accordingly, we compared the activity
of an array of cellular kinases in Zfand2b-deficient and wild-type mice, observing a
remarkable increase in IGFIR phosphorylation in knock-out animals (Fig. 2a;
Supplementary Fig. 5b)**2*. Further examination of the IGF1R pathway revealed the
subsequent activation of downstream effectors such as AKT/mTOR and ERK/MAPK
(Supplementary Fig. 5c). Interestingly, we observed that total IGFIR levels were
increased more than 10-fold in Zfand2b-deficient mice (Fig. 2a,b), which suggested that
the augmented activity of this receptor was caused by the increase in its steady-state
levels. Based on these results, we decided to delve deeper into the potential mechanistic

link between IGF1R and AIRAPL.

To try to confirm the effect of AIRAPL on IGFIR levels, we first overexpressed
AIRAPL in human HEK-293T cells, observing a dose-dependent reduction in IGFIR
levels (Fig. 2¢). This effect was reverted by the proteasome inhibitor MG-132 (Fig. 2d),
suggesting the implication of an ubiquitin-proteasome-mediated mechanism.
Accordingly, we found that AIRAPL overexpression was sufficient to induce a strong
ubiquitination of this receptor (Fig. 2e). Moreover, AIRAPL immunoprecipitation
experiments revealed a complex interaction network with multiple regulatory and
catalytic proteasome subunits, as well as known members of endoplasmic reticulum
associated degradation (ERAD) and pre-emptive quality-control (PQC) pathways such
as BAG6, FAF2 or VCP*** (Supplementary Fig. 6; Supplementary Table 2). To get
functional validation of these putative molecular partners of AIRAPL, we used a genetic
inhibitory strategy and evaluated the capacity of AIRAPL to promote IGFIR
ubiquitination and degradation in the absence of these partners. These experiments led
us to identify a set of ER proteins essential for AIRAPL function, including VCP,
FAF2, DERLI1, BAG6 and the E3-ligase HERC2, which had not been previously related
with IGF-1 signaling regulation (Fig. 2f).
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IGF1R is synthesized as a high-molecular-weight precursor (pro-IGF1R) that is
then processed to yield both mature a- and B-IGF1R chains. Our first hypothesis about
the regulatory function of AIRAPL on this receptor was that it would act on the mature
form of IGFIR, but cycloheximide-chase assays did not show any significant
differences in mature IGFIR degradation rates wupon translation blockade
(Supplementary Fig. 5d). We then analyzed the possibility of a regulatory role over
nascent IGFIR peptides. Accordingly, IGF1R co-immunoprecipitation experiments
showed the presence of AIRAPL in the immunoprecipitates (Supplementary Fig. 5e).
Furthermore, AIRAPL co-immunoprecipitation revealed that, even though mature
IGF1R was approximately five times more abundant than pro-IGF1R in total protein
lysates, AIRAPL exclusively interacted with pro-IGF1R (Fig. 2g; Supplementary Fig.
5f).

We next performed pulse-chase experiments with [°S] methionine-cysteine
metabolic labeling to follow the fate of newly synthesized IGFIR. Accordingly, since
pro-IGFIR conversion into mature IGFIR occurs mostly at the Golgi apparatus®’, the
analysis of pro-IGFIR processing would provide a temporal measurement of pro-
IGFIR translocation out of the ER. Pulse-chase analysis of HEK-293T cells
overexpressing ZFAND2B revealed delayed translocation kinetics, as well as lower
amounts of translocated IGFIR as compared with control cells (Fig. 2h;
Supplementary Fig. 5g). To further investigate the effect of endogenous AIRAPL on
pro-IGF1R processing in human cells, we used a CRISPR-Cas9 strategy to generate
ZFAND2B-deficient HEK-293T cells (Supplementary Fig. 7). We found that
ZFAND2B-knock-out cells showed faster translocation kinetics as well as higher levels
of mature IGFIR compared to control cells (Fig. 2i; Supplementary Fig. 5h).
Altogether, these results demonstrate that AIRAPL controls nascent IGFIR
translocation and degradation at ER, thus regulating the steady-state levels of this

receptor.

To test the specific contribution of IGF1R to the alterations caused by AIRAPL
deficiency, we first used a genetic strategy of 1gflr haploinsufficiency®. We generated
Zfand2b™*1gf1r*™*, Zfand2b**Igfir*", Zfand2b™Igflr*™* and Zfand2b™1gflr™ mice,
and evaluated the effect of IGFIR levels on hematological alterations (Supplementary
Fig. 8a). We observed that Igflr haploinsufficiency prevented myeloid alterations in

Zfand2b-deficient mice, as blood parameters from Zfand2b”Igflr™”  were
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indistinguishable from wild-type littermates (Fig. 3a; Supplementary Fig. 8b,c).
Furthermore, Igflr haploinsufficiency also prevented histological abnormalities (Fig.
3b,c), and HSC alterations (Fig. 3d; Supplementary Fig. 8d) in Zfand2b-deficient
mice. Next, we tested the effect of IGFIR kinase inhibitor NVP-AEWS541 in Zfand2b-
deficient mice®, observing a remarkable reversion of MPN-related alterations (Fig. 3e-
0; Supplementary Fig. 8e-g), which further demonstrated the implication of IGFIR in
MPN pathogenesis caused by Zfand2b deficiency.

Given the complete penetrance of MPN in Zfand2b-deficient mice, we
investigated the occurrence of AIRAPL alterations in human myeloproliferative
disorders. To this end, we collected 70 samples from the three most frequent BCR-ABL-
negative MPNs: essential thrombocythemia (ET) (n=34), polycythemia vera (PV)
(n=22) and primary myelofibrosis (PMF) (n=14). Thirty samples from healthy age-
matched controls were also collected. We first observed a remarkable down-regulation
of ZFAND2B expression in white blood cells or CD34+ cells isolated from different
MPN patients (Fig. 4a and Supplementary Fig. 9a). Protein analysis of these samples
revealed a complete absence of AIRAPL in MPN samples, which correlated with a
more than 3.5-fold increase in the corresponding IGFIR levels (Fig. 4b).
Immunohistochemical analysis of bone marrow biopsies from MPN patients also
revealed a complete absence of AIRAPL staining in myeloid cells, whereas a strong

signal was observed in control bone marrow (Fig. 4¢).

Aimed to explore the relevance of AIRAPL and IGF1R alterations in MPN
pathogenesis, we focused on the study of a mouse model of essential thrombocythemia
carrying the Jak2-V617F mutation®. Consistent with the results obtained in human
MPN samples, we observed AIRAPL abrogation as well as IGF1R deregulation in Jak2-
V617F-mutated mice (Jak2®" mice) (Fig. 4d-f). Next, we administrated IGFIR
inhibitor NVP-AEW541 to Jak2®* mice, observing a significant amelioration of MPN-
associated characteristics. Thus, we found a reduction in the number of white blood
cells and platelets in peripheral blood (Fig. 4g), as well as a reversion of histological
and HSCs alterations (Fig. 4h,i). To get further insights into the role of IGF-1 signaling
deregulation in JAK2-associated myeloid transformation, we transduced bone marrow
cells from Igflr+/+ and Igflr+/- mice with Jak2-V617F ¢cDNA, and injected them into
chemically ablated wild-type mice recipients. We observed that Igflr haploinsufficiency

prevented MPN characteristic alterations (Supplementary Fig. 9b-e), altogether
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providing the first evidence about the role of IGF-1 signaling alterations in the initiation

of myeloid transformation.

Next, we also analyzed the effect of IGFIR inhibition in two acute myeloid
leukemia (AML) cell lines derived from patients carrying the JAK2-V617F mutation:
SET2 and HEL. We found that both cell lines showed growth arrest upon IGFIR
inhibition (Fig. 4j; Supplementary Fig. 9f,g), whereas IGFIR overexpression
increased proliferation rates (Supplementary Fig. 9h). Transcriptional profiling of
SET2 and HEL cell lines transduced with specific IGF1R shRNA revealed a significant
down-regulation of gene sets associated with AML transformation, as well as a
significant down-regulation of genetic programs associated with JAK2-STATS
signaling (Supplementary Fig. 10a). Conversely, JAK2 inhibition in SET2 and HEL
cells with the JAK2 inhibitor ruxolotinib resulted in a significant up-regulation of
AIRAPL as well as a reduction of IGFIR levels, further supporting a molecular
crosstalk between these signaling pathways (Supplementary Fig. 10b,c).

We also investigated the molecular mechanism responsible for ZFAND2B down-
regulation in MPN. Thus, we first analyzed ZFAND2B gene alterations in human
MPNSs, but we did not observe mutations, structural alterations or methylation changes

17,18,31

in this locus (Supplementary Fig. 1la,b) . Accordingly, we evaluated the
existence of putative microRNA-mediated changes in ZFAND2B levels. Computational
search using TargetScan and miRanda programs identified miR-125a-3p as a potential
regulator of ZFAND2B mRNA stability (Supplementary Fig. 12a), and this regulatory
role was confirmed by luciferase experiments with ZFAND2B 3’-UTR (Supplementary
Fig. 12b). Importantly, we found that this microRNA was significantly up-regulated in
MPN samples (Supplementary Fig. 12c,d), and its expression levels negatively
correlated with those of ZFAND2B (Supplementary Fig. 12e,f). Moreover, we also
found that miR-125a-3p was altered in mice carrying the Jak2-V617F mutation
(Supplementary Fig. 12g,h), an effect that was specifically repressed upon JAK2
inhibition (Supplementary Fig. 12i). Finally, we inhibited miR-125a-3p in SET2 and
HEL cell lines using a miR-125a sponge, observing a complete reversion of AIRAPL-
deficiency associated alterations (Supplementary Fig. 13a-f). Consistently, miR-125a-
3p inhibition caused a remarkable reduction in SET2 and HEL proliferation rates
(Supplementary Fig. 13g,h), supporting the causal implication of this regulatory

pathway in the MPN mechanism proposed®>*>.
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Although we mainly focused on the elucidation of AIRAPL alterations in
myeloproliferative neoplasms, the reduced longevity observed in aip-1-deficient C.
elegans made us to hypothesize about a possible evolutionary conserved function of this
protein in insulin-IGF-1 signaling (IIS) control. In order to test this hypothesis, we
generated aip-1 deficient worms in a wild-type and daf-2 mutant background
(Supplementary Fig. 14). We observed that the characteristic reduced longevity of aip-
1 deficient nematodes was completely prevented by deficiency in the IGFIR orthologue
daf-2, thereby demonstrating an evolutionary conserved role of AIRAPL in IIS

regulation.

Collectively, the data shown herein demonstrate that AIRAPL acts as a potent
suppressor of myeloid transformation through down-regulation of IGFIR levels, further
assessing the involvement of insulin/IGF-1 signaling deregulation in myeloid
malignancies. In this regard, it is remarkable that numerous clinical trials have evaluated
IGF1R as a potential therapeutic target for solid tumors, but its clinical relevance in
myeloproliferative syndromes has not been similarly addressed*~**. Accordingly, our in
vitro and in vivo studies showing the efficacy of IGFIR inhibitory strategies in JAK2-
driven myeloproliferative neoplasms constitute an important preclinical evidence of the
use of IGF1R inhibitors for the treatment of these neoplasias, alone or in combination
with JAK?2 inhibitors®>. Furthermore, we have also uncovered a novel mechanism of
pathogenesis in human myeloproliferative disorders, which involves the complete
abrogation of AIRAPL-tumor suppressor activity through overexpression of miR-125a-
3p. Therefore, our study represents a clear demonstration of the oncogenic relevance of
proteostasis deregulation in hematopoietic cells. Notably, most studies of the molecular
mechanisms controlling HSC homeostasis have focused on the analysis of genetic and
epigenetic alterations of key oncogenes and tumor suppressors, as well as on the
evaluation of the signaling and transcriptional changes induced by these genomic
damages. However, our finding that loss of AIRAPL contributes to the transformation
of myeloid cells provides causal evidence about the crucial role of proteostatic
processes in the regulation of quiescence, proliferation and differentiation of HSCs,
which finally contribute to maintain normal adult hematopoiesis. Based on these
findings, we propose that the identification of this novel pathway implicating AIRAPL,
IGFIR and miR-125a-3p may offer new targets and opportunities for molecularly-

directed therapies against human myeloproliferative neoplasias.
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METHODS

Mice. The gene-targeting vector for generation of Zfand2b-knock-out first allele
was created through recombineering specific methodology as previously described'**.
Briefly, a 12.7 Kb fragment of mouse genomic DNA including Zfand2b entire sequence
was cloned into pL253 vector, that contains the thymidine kinase gene for ESC negative
selection. A loxP sequence was inserted into the intron 1-2 of this gene along with a
trapping element consisting in a splice acceptor sequence followed by a neomycin
resistance gene, used for positive selection of ESCs. The trapping element was flanked
by FRT sites. Then, a second loxP site was inserted into the intron 8-9 of Zfand2b gene.
Vector integrity was assessed by DNA sequencing and restriction mapping. The
targeting vector was linearized and electroporated into the ES cell line AB2.2 from
129S5/SvEvBrd mice strain. ESCs clones were isolated after G418 and ganciclovir
selection, and analyzed by Southern-blot for the identification of those clones that
carried the targeted Zfand2b-ko first allele, using for this purpose Xhol-digested
genomic DNA. The probes detected a 7.2-kb fragment in the recombinant allele. Two
different clones of targeted AB2.2 ESCs were microinjected into C57BL/6 mouse
blastocysts to produce chimeric mice that were then subsequently crossed with
C57BL/6 mice to generate Zfand2b-heterozygous mice. Mouse genotyping was
performed by PCR of genomic DNA with the following oligonucleotides: 5'-
gtgagcactggagctggaaa-3'; S'-gtgggaaagggttcgaagtt-3'; 5'-cgcaaagetgctactcaggt-3'; The
PCR products consisted in fragments of 254 base pairs (bp) (ko-allele) and 150 bp

(wild-type allele). Conditional Jak2-V617F mice generation was previously
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described®™’. Igfir-haploinsufficient mice were kindly provided by Dr. M.

Holzenberger™.

Mice experiments. All of the animal experiments were conducted in accordance
with the guidelines of the Committee for Animal Experimentation of the Universidad de
Oviedo. Both male and female mice, carrying a mixed background C57BL/6 x 129,
were used in the experiments. For hematological determinations, blood was extracted
directly from the mandibular sinus after anesthetizing mice with isoflurane. Blood
samples were analyzed using Abacus junior vet equipment (Diatron Labs). For the
experiments with Igflr small molecule inhibitor, animals were administrated p.o. twice
daily, 7 days/week with 50 mg/kg/day of NVP-AEWS541, 10 mL/kg dissolved in 25 mM
L(+)-tartaric acid. NVP-AEWS541 was generously provided by Novartis. Tunicamycin
(Sigma-Aldrich) was intraperitoneally injected into 8-week-old wild-type and Zfand2b-
deficient mice at a dose of 1 pg/g body weight. Mice were euthanized 3 days after

injection.

Human samples. Human MPN samples were collected from Hospital
Universitario Central de Asturias (HUCA). The study was approved by the Ethical
Committee of HUCA and all of the patients provided written informed consent. For
ZFANDZ2B transcriptional analysis, 70 peripheral blood samples from MPN patients and
30 controls were analyzed. For AIRAPL immunohistochemistry analysis, 30 samples

from MPN bone marrow biopsies and 10 controls were collected.

Caenorhabditis elegans experiments. Standard nematode growth medium and
conditions were used for C. elegans growth and maintenance. The CB1370 [daf-
2(e1370)1] and DH26 [fer-15(b26)] strains were obtained from the Caenorhabditis
Genetics Center. Temperature sensitive fer-15 (fertility) mutation was used to prevent
the production of offspring that would confound the evaluation of adult worms. The
GMG6 [fer-15(b26) 11/ daf-2(e1370) II] strain was a kind gift of Dr. Manuel J. Mufioz
Ruiz. All worm populations were synchronized with the alkaline hypochlorite
treatment>®. To perform RNA-mediated interference (RNAi) by feeding, nematode
growth medium (NGM) plates were supplemented with 50 pg/ml ampicillin, 12.5 pg/ml

11
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tetracycline, and 1 mM IPTG. Plates were seeded with the corresponding RNA1 clone,
validated by PCR and/or sequencing, and dsRNA synthesis induced o/n at 37 °C. aip-1
RNAI clone was obtained from the ORFeome library®’, while daf-16 RNAi clone was
from the Ahringer library*®. Worms were grown on regular NGM plates and transferred
to RNAI plates at L4 stage. For N2 and daf-2(e1370) strains, plates were supplemented
with 0.1 mg/ml fluorodeoxyuridine (FUDR) to prevent progeny growth and lifespan
assays were conducted at 20 °C. For fer-15(b26) and fer-15(b26)/daf-2(e1370) strains,
experiments were performed at 25 °C to avoid self-fertilization. At least 100 worms
were used in each of the three experimental replicates. Animals were considered dead

when no movement or pharyngeal pumping was observed after gentle touch in the head.

Bone marrow transplantation. Recipient mice were treated with 25 mg/kg/day
of busulfan (Sigma-Aldrich) for 4 days, followed by injection of 200 mg/kg of
cyclophosphamide (Sigma-Aldrich). Twenty-four hours after last injection, bone
marrow was collected from femurs and tibias of donor mice by flushing the cavity of
freshly dissected bones with Hank’s Balanced Salt Solution (HBSS). Cell suspension
was filtered through 100 pm filters and counted. 2x10° cells were resuspended in HBSS
and then injected in recipient animals via the jugular vein. Eight weeks later, the
engraftment was evaluated by qRT-PCR and immunofluorescence analyses of
peripheral blood from recipient mice. In competitive transplantation experiments, cell
populations were distinguished through the Ly-5.1 marker. 2x10° cells from mutant or
wild-type littermates were mixed with 2x10° cells from B6.SJL-PtprcaPepcb/BoyJ (Ly-
5.1+) wild-type competitors and injected into mice recipients. Jak2-V617F transduction
of bone marrow cells and subsequent transplantation of progenitors was performed as
described previously*'. Briefly, donor mice were treated for 5 days with 5-fluorouracil
(150 mg/kg, intraperitoneal injection). Bone marrow cells were harvested and cultured
for 24 h in transplant medium (RPMI 10% FBS, 6 ng/mL IL-3, 10 ng/mL IL-6, and 10
ng/mL stem cell factor). Then, cells were treated by spin infection with Jak2-V617F
viral supernatants centrifuged at 1800xg for 30 min, 24 h before and on the day of
transplantation. Whole BM cells (1x 10°) were resuspended in HBSS and injected into

the jugular vein of busulfan/cyclophosphamide-treated mice.
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FACS analysis. All the antibodies used in the study were from Biolegend unless
noted. The following monoclonal antibodies were used for HSC analysis: PE anti-
mouse CD117 (105807), PerCP/Cy5.5 anti-mouse CD45 (103132), PE/Cy7 anti-mouse
CD150 (115914), APC anti-mouse CD127 (135012), APC/Cy7 anti-mouse CD48
(103432), Brilliant Violet 421™ anti-mouse Ly-6A/E (Sca-1) (108127), FITC anti-
mouse CD16/32 (101306), PE/Cy7 anti-mouse CD45.1 (110730), FITC anti-
mouse CD45.2 (109806), Brilliant Violet 510™ anti-mouse/human CD45R/B220
(103247), Brilliant Violet 421™ anti-mouse CD3 (100227), anti-mouse CD34
(eBioscience, 11-0341-82), PE rat anti-mouse Ly-6G clone 1A8 (BD Pharmingen,
551461), APC rat anti-mouse Ly-6G and Ly-6C clone RB6-8C5 (BD Phamingen,
553129) and Lineage cocktail (BD PharMingen, 558074). FACS data were acquired
using a FACScanto II flow cytometer (BD Biosciences) and analyzed using Infinicyt

software (Cytognos, Santa Marta, Spain).

Cell culture, transient transfection and viral transduction. Zfand2b cDNA
was amplified by PCR and either cloned into pcDNA3.1-HA, pEGFP-C1, or pCDH
expression vectors. pBABE-bleo IGFIR was obtained from Addgene, and then an
IGF1R insert was subcloned into pEGFP-N1 or pCDH expression vector. miR-125a
locus was amplified by PCR from human genomic DNA and cloned into pCDH. HA-
ubiquitin plasmid was obtained from Addgene. miR-125 sponge was kindly provided by
Dr. G. Wulczyn®, and then subcloned into pCDH lentiviral vector. IGFIR shRNA were
obtained from GE Dharmacon. Wild-type and V617F Jak2 plasmids were previously
described”. HEK-293T, SET2 and HEL cell lines were purchased from ATCC or
DSMZ cell repositories and maintained in culture following the provider’s
specifications. Transient transfections were performed using Lipofectamine reagent
(Life Technologies). For lentiviral transduction, HEK-293T cells were transfected with
pCDH-based vectors along with second generation lentiviral packaging plasmids. Viral
particles were collected from supernatants, filtered through 0.45 um PES filters and
concentrated using Lenti-X concentrator reagent (Clontech). MG-132 was purchased
from Sigma-Aldrich and used at a 2 uM concentration for the indicated times. Control
and specific siRNAs were purchased from Life Technologies and transduced in HEK-
293T using Lipofectamine reagent, proteomic analyses were performed 48 h after

transfection.
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Western-blot analysis. Protein lysates were prepared in RIPA buffer; equal
amounts of total proteins were loaded onto SDS-polyacrylamide gels. After
electrophoresis, gels were electrotransferred onto nitrocellulose membranes and
incubated overnight with the different primary antibodies used. Finally, blots were
incubated for 1 h with secondary antibodies conjugated with horseradish peroxidase
(HRP) to develop immunoreactive bands. The primary antibodies used in the study
were: AIRAPL (Atlas Antibodies, HPA035160), phospho-IGF1R (Novus, NB100-
92555), IGF1R (Cell Signaling, 9750), B-actin (Sigma, AC-40), HA (Roche, 3F10),
GFP (Clontech, 632592), phospho-AKT (Cell Signaling, 9275), AKT (Cell Signaling,
9272), phospho-S6K (Cell Signaling, 9430), S6K (Cell Signaling, 2708), phospho-
4EBP1 (Cell Signaling, 9451), 4EBP1 (Cell Signaling, 9452), phospho-ERK (Cell
Signaling, 9101), ERK (Cell Signaling, 9102), phospho-JAK2 (Cell Signaling, 3771),
JAK2 (Cell Signaling, 3229), phospho-STAT5 (Cell Signaling, 9351), STATS (Cell
Signaling, 9310), phospho-PERK (Cell Signaling, 3179), PERK (Cell Signaling, 5683),
IREla (Cell Signaling, 3294), ATF6 (Santa Cruz Biotechnology, sc-22799), BiP (Cell
Signaling, 3177), calreticulin (Abcam, 22683) and VCP (Cell Signaling, 2648). Mouse
phospho receptor tyrosine kinase (RTK) array was purchased from R&D systems and

used following the manufacturer’s indications.

Immunoprecipitation. AIRAPL co-immunoprecipitation experiments were
performed in the HEK-293T cell line. To this end, cells were transfected with either
pEGFP-Zfand2b plasmid or pEGFP empty vector and incubated with MG-132, 8 h prior
to lysis. Cells were lysed with co-IP buffer (150 mM NaCl, 20 mM TrisHCI pH 7.4, 1%
NP-40, 1 mM MgCl,, 10% glycerol, and complete protease inhibitors 1x). Protein
extracts were precleared for 2 h at 4 °C with dynabeads (Life Technologies), and then
incubated with anti-GFP-conjugated dynabeads for 1 h at 4 °C. Beads were washed
three times with lysis buffer, and bound proteins were released from beads by boiling in
2x Laemmli sample buffer. Immunoprecipitates and input samples were resolved by
SDS-PAGE or subjected to protein digestion followed by nano-liquid chromatography
coupled to mass spectrometry for protein identification and quantification by peptide
counting®®. For ubiquitination experiments, HEK-293T cells were transfected with HA-
ubiquitin, pcDNA3.1-HA-Zfand2b and pEGFP-IGFIR plasmids, and total lysates were
precipitated with anti-GFP antibody and immunostained with anti-HA antibody. For
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cycloheximide chase, assayed cells were incubated with 100 pg/mL cycloheximide

(Sigma-Aldrich) during the indicated times.

Pulse-chase metabolic labeling. Forty-eight hours after transfection with
pEGFP-IGFIR construct, HEK-293T cells were incubated in cysteine- and methionine-
free DMEM containing 10% dialyzed FBS for 12 h. Then, **S-label (0.1 mCi/mL;
EasyTag™ express35S Protein Labeling Mix; Pelkin Elmer) was added to the cells for
1 h. After labeling, cells were washed with chase medium (DMEM with 15 mg/L cold-
methionine) and incubated in chase medium for the times indicated. Cells were then
lysed in RIPA buffer, immunoprecipitated with anti-GFP antibody and resolved by
SDS-PAGE. Nitrocellulose filters were exposed overnight and scanned using a

Phosphorimager.

RNA. For quantitative RT-PCR (qRT-PCR), total RNA was isolated with Trizol
and cDNA was synthesized with the ThermoScript RT-PCR system (Invitrogen). PCR
was carried out in triplicate for each sample with 20 ng of cDNA using power SYBR
green PCR Master Mix (Applied Biosystems). Gene expression was normalized using
Gapdh as endogenous control. The following oligonucleotides were used in the study;
Zfand2b fwd: 5>~ AGGTCATCAGACCAGCAGGGCA-3’, Zfand2b rev: 5’-GGTGTA
GCTCTGCTTGGGGAGGAT-3’. Human ZFAND2B mRNA and miR-125a-3p levels
were quantified with Tagman assays (Life Technologies), using B-actin and RNU6b,
respectively as Tagman endogenous controls. Xbpl splicing was analyzed by RT-PCR
with the following oligonucleotides: mXbp1.3S: 5’-AAACAGAGTAGCAGCGCAGA
CTGC-3’, mXBP1.12AS: 5’-TCCTTCTGGGTAGACCTCTGGGAG-3'". PCR products
were then digested with Pstl and run in agarose gels. For microarray hybridization,
double-stranded cDNA was synthesized using the SuperScriptTM cDNA synthesis kit
(Invitrogen) and in vitro transcription was carried out with the Bioarray high yield RNA
transcript labeling kit (Enzo Diagnostics). The biotin-labeled cRNA was purified,
fragmented and hybridized to Human Gene 2.0 ST (Affymetrix). Washing and scanning
were performed using a Fluidics Station 400 and GeneChip Scanner (Affymetrix). After
scanning, raw data were processed with Expression Console software (Affymetrix),

using default settings.
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Histological analysis. Tissues were fixed in 4% buffered paraformaldehyde
solution. Paraffin sections were stained with hematoxylin and eosin (H&E) or reticulin
stains as noted. For immunohistochemical analysis, the following antibodies were used:
myeloperoxidase (DAKO, A0398), CD3 (Abcam, 5690), Mac2 (Cedarlane,
CL8942AP), AIRAPL (Atlas Antibodies, HPA035160) and IGFIR (Santa Cruz
Biotechnology; sc-713). Blood smears were stained using May-Griinwald-Giemsa
staining procedure. Reticulin fibers were revealed by silver staining according to the

Gordon Sweet method. Histological analyses were performed in a blinded fashion.

Immunofluorescence analysis. Cells were fixed with 4% paraformaldehyde,
rinsed in PBS, and permeabilized with 0.5% Triton X-100. Cells were then incubated
with primary antibodies diluted in 10% FBS in PBS from 2 h at room temperature to
overnight at 4 °C. After washing with PBS, cells were incubated with Alexa-488 (Life
Technologies) conjugated secondary antibodies for 45 min at room temperature. Cells

were counterstained with DAPI (Roche).

In vitro inhibitor assays. To assess anti-proliferative effects of NVP-AEW541,
SET2 and HEL cell lines were cultured at 10,000 cells/200 puL with increasing inhibitor
concentrations in triplicate. Proliferation was assessed at 48 h using Cell Titer 96 Non-
Radioactive proliferation kit (Promega), and normalized to cell growth in media with an
equivalent volume of DMSO. The concentration inhibiting proliferation by 50% (IC50)
was determined with Graph Pad Prism 5.0. Ruxolotinib was obtained from

Selleckchem.

Luciferase experiments. ZFAND2B 3’-UTR sequence was amplified by PCR
and cloned into psiCHECK2 vector downstream the Renilla luciferase sequence.
Luminescence determinations were performed using the firefly luciferase values as an
endogenous control. miR-125a-3p miRNA precursor and inhibitor were purchased from

Life Technologies.
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CRISPR-Cas9 experiments. Genome editing experiments were performed as
described previously®. In brief, for the generation of ZFAND2B-deficient HEK-293T
cells, two different plasmids encoding CRISPR-Cas9 and ZFAND2B guide RNA
(gRNA) were obtained from Sigma-Aldrich (5544: 5°’-GACCTCGGCGCTCACTGTT
CGG-3’; 5545: 5°- CTCCGAACACTGAGCGCCGAGG). gRNAs were selected to
target ZFAND2B exon 1 in order to generate frameshift mutations that would cause
premature termination of the open reading frame in this gene. CRISPR-Cas9 plasmids
were transiently transduced into HEK-293T cells and clones were isolated by serial
dilution. To analyze the resulting genomic DNA modifications induced by CRISPR-
Cas9 activity, we amplified by PCR the targeted DNA region using external
oligonucleotides. The forward oligonucleotide was modified to include 6-FAM
fluorophore in its 5’ position, which allowed the fragment analysis of resulting PCR
products by capillary electrophoresis. Indels were also confirmed by DNA sequencing.
Three HEK-293T cell clones carrying deleterious modifications and three wild-type

clones were selected for the experiments to rule out potential off-target effects of Cas9.

Exome sequencing and data analysis. Genomic DNA from bone marrow
polymorphonuclear cells (200 ng) was sheared and used for the construction of a paired-
end sequencing library as described in the protocol provided by Illumina. Enrichment of
exonic sequences was then performed for each library using the SureSelectXT Mouse
All Exon kit (Agilent) and following the manufacturer’s instructions. Exon-enriched
DNA was precipitated with magnetic beads coated with streptavidin (Invitrogen) and
was washed and eluted. 18 additional cycles of amplification were then performed on
the captured library. Enriched libraries were sequenced in two lanes of an [llumina Gene
Analyzer 1Ix sequencer, using the standard protocol. Data analysis and identification of
sequence variants was performed using the Sidron pipeline in a HD Genome One

Research Edition station (DREAMgenics, Asturias, Spain)46.

Gene set enrichment analysis. For data analysis, we used GSEA release 5 and
MSigDB release 5 (http://www.broadinstitute.org/gsea/index.jsp). Weighted enrichment
scores were calculated with gene expression lists ranked by signal to-noise ratio. The
maximum gene set size was set to 500 genes; the minimum gene set size was set to 20
genes; the number of permutations was set to 1000. Selected enriched pathways had a
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relaxed false discovery rate of <0.25 and P< 0.05. GSEA shown in Fig. 4f was
performed with microarray datasets of a previous study*’. Methylation and PMF cohorts

. . . 1.4
analyses derived from datasets of previous studies®!*.

Reproducibility of the experiments, statistical and bioinformatics analyses.
For computational prediction of miRNAs targeting ZFAND2B, a combination of the
following software was used: TargetScan (http://www.targetscan.org) and miRanda
(http://www.microrna.org). All the experiments were performed at least in independent
triplicates (unless noted otherwise) and statistical analyses were derived from these data.
All comparisons between wild-type and knock-out animals were performed in animals
from the same age. Experimental conditions were blinded randomized and no statistical
method was used to predetermine sample size. Differences between groups were
assayed using Microsoft Excel, SPSS and GraphPad Prism. In all cases, experimental
data assumed t-test requirements (normal distribution and similar variance); in those
cases where the assumption of the t-test was not valid, a non-parametric statistical
method was used (for example, Wilcoxon signed-rank test). Significant differences were
considered when *P<0.05 and **P<0.01. Error bars indicate the standard error of the

mean, as indicated in figure legends.

Accession number. RNA expression data are available at the Gene Expression
Omnibus repository (GSE71922). Reanalyzed microarray data sets are available at the
Gene Expression Omnibus repository (GSE42042, ref. 31; GSE44961, ref. 47;
GSES53482, ref. 48). Exome sequencing raw data are accessible at NCBI Sequence Read
Archive (SRA) repository.
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Figure legends

Figure 1. Myeloproliferative neoplasms in Zfand2b-deficient mice. (a) Representative

picture of 18-month-old wild-type and Zfand2b-deficient mice. (b) Kaplan-Meier
survival plot of Zfand2b** (n=20) and Zfand2b” (n=28) mice. P<0.01, log-

rank/Mantel-Cox test. (c) Representative picture of spleens from wild-type, 9-month-old
(KO1) and 18-month-old (KO2) Zfand2b-deficient mice. Mean spleen weights are

represented. (d) Representative images from hematoxylin-eosin staining of spleen and

bone-marrow sections from age-matched wild-type and knock-out animals. Scale bars,
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500 um and 25 um, respectively. Black arrows indicate reticulin fibers. (e,f) Cell counts
of peripheral blood from 1.5- and 18-month-old wild-type and knock-out animals
(WBC: white blood cells; LYM: lymphocytes; GRA: granulocytes; HCT: hematocrit;
PLT: platelets). (g) Representative FACS analysis of bone marrow cells from 6-month-
old Zfand2b*"* (n=7) and Zfand2b”" (n=7) mice. Percentage and absolute numbers of
LSK+ and SLAM cells are represented. Values were normalized to total viable
cellularity. (h) Competitive repopulation assay. Plots represent the percentage of wild-
type or Zfand2b-deficient Ly-5.2 cells in peripheral blood or bone marrow from mice

recipients. Error bars indicate SEM (*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Figure 2. AIRAPL regulates IGFIR steady-state levels. (a) Western-blot analyses of
phospho-IGFIR and total IGFIR in bone marrow from wild-type and knock-out
animals. (b) IGFIR immunohistochemistry in spleens from wild-type and knock-out
mice. Bar, 50 pm. (c) Western-blot analysis of IGF1R and AIRAPL in HEK-293T cells
transiently overexpressing AIRAPL. (d) IGFIR Western-blot analysis in control and
AIRAPL-transfected HEK-293T cells either treated or not with the proteasome inhibitor
MG-132 (2 uM). (e) Anti-HA Western-blot of GFP immunoprecipitates from HEK-
293T cells transiently cotransfected with IGF1R-GFP, HA-ubiquitin and AIRAPL.
Total IGFIR protein in the immunoprecipitates was detected by Western-blot. (f)
Western-blot analyses of total and ubiquitinated IGF1R in HEK-293T, either transfected
with pcDNA3.1 or AIRAPL, in the presence of specific siRNAs that target AIRAPL
functional partners. (g) Western-blot analysis of IGFIR in total lysates and anti-HA
immunoprecipitates from HEK-293T cells transfected with HA-AIRAPL. Cells were
treated with 5 uM MG-1232 for 8 h prior to lysis. Mouse IgG was used as a negative
control. (h,i) Metabolic labeling and anti-GFP immunoprecipitation of HEK-293T cells
transiently transfected with IGFIR-GFP and either pcDNA3.1 or AIRAPL (h) or from
ZFAND2B*"* and ZFAND2B” HEK-293T cells (i). Signal intensities of Western-blot
analyses and metabolic labeling experiments were quantified and mean values from at
least 3 independent experiments are represented or indicated. Error bars indicate SEM

(**, P<0.01, two-tailed Student’s t test).
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Figure 3. IGF1R inhibition prevents myeloproliferative neoplasms. (a) Peripheral blood
cell counts in 6- and 12-month-old wild-type, Zfand2b*”1gflr*", Zfand2b ™ 1gflr”* and
Zfand2b™ lflr”~ mice (WBC: white blood cells; LYM: lymphocytes; GRA:
granulocytes). (b) Representative photograph of spleens from 12-month-old mice of the
indicated genotypes. Mean spleen weight values are shown. (c) Representative images
from hematoxylin-eosin staining of spleen and bone marrow sections from 12-month-
old wild-type, Zfand2b™“1gf1r”", Zfand2b ™ 1gflr*’* and Zfand2b™Igflr*" mice. Scale
bars, 100 um. Black arrows indicate reticulin fibers. (d) FACS analysis of bone marrow
from wild-type, Zfand2b™“Igfir”", Zfand2b~"1gflr** and Zfand2b™ lgflr”~ mice.
Percentage and absolute number of LSK+ cells are represented. (e) Cell counts of
knock-out animals before and after 1 or 2 months of daily NVP-AEW541 treatment
(WBC: white blood cells; LYM: lymphocytes; GRA: granulocytes; HCT: hematocrit
and PLT: platelets). (f) Mean spleen weight values of wild-type, untreated and 2-month-
NVP-AEWS541-treated Zfand2b-deficient mice. (g) FACS analysis of bone marrow
from wild-type, untreated and NVP-AEWS54l1-treated Zfand2b-deficient mice.
Percentage and absolute number of LSK+ cells are represented. Error bars indicate SEM

(*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Figure 4. AIRAPL and IGFIR alterations in JAK2-driven MPN. (a) Box-whiskers plot
of ZFAND2B mRNA levels in human samples from controls, essential
thrombocythemia (ET), polycythemia vera (PV) and primary myelofibrosis (PMF)
(P<0.01, ANOVA). (b) Representative Western-blot analysis of AIRAPL and IGF1R in
MPN samples and controls. B-actin was used as a loading control. (c) Representative
images of AIRAPL and IGF1R immunohistochemical analysis in bone marrow biopsies
from MPN and controls. Bar, 20 um. (d) Western-blot analysis of AIRAPL and IGFIR
in Jak2*™* and Jak2®'* mice. (¢) Zfand2b mRNA relative levels in bone marrow from
Jak2*"™ and Jak2®* mice. () GSEA plot comparing transcriptional profiles of
hematopoietic stem cells (HSCs) from Jak2¥* and Jak2™™" mice. (g) Cell counts in
peripheral blood from Jak2®"™* before and after 1 or 2 months of daily NVP-AEWS541
treatment (WBC: white blood cells; PLT: platelets). (h) Mean spleen weight values of
Jak2™"*, untreated and NVP-AEW541-treated Jak2®" mice. (i) FACS analysis of bone
marrow from Jak2*"*, untreated and NVP-AEW541-treated Jak2" mice. (j) Relative

proliferation with increasing concentrations of NVP-AEW541. IC50 values are
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indicated in SET2 and HEL cell lines. Signal intensities of Western-blot analyses were
quantified and mean values from at least 3 independent experiments are represented or

indicated. Error bars indicate SEM (*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure legends

Supplementary Figure 1. Generation of Zfand2b-deficient mice. (a) Schematic
representation of the wild-type Zfand2b locus, targeting vector, and targeted allele.
Positions of restriction enzyme cleavage sites and probes used for Southern-blot
analysis are shown. (b) Southern-blot analysis of genomic DNA from two targeted
Zfand2b-knock-out-first cell clones and wild-type ES cells. Probing of Xhol—-digested
DNA revealed fragments of 18.4 and 7.2 kb for wild-type (WT) and mutant alleles,
respectively. (¢) qRT-PCR of Zfand2b in liver, muscle and bone marrow from wild-type
and Zfand2b-deficient mice. Mean relative mRNA levels are shown, error bars indicate
SEM (P<0.01, two-tailed Student’s t test). (d) Western-blot analysis of AIRAPL in

wild-type and Zfand2b-deficient mice. B-actin was used as a loading control.

Supplementary Figure 2. Hematological alterations in Zfand2b-deficient mice. (a)
Myeloperoxidase (MPO) and CD3 immunohistochemical analysis in spleens from wild-
type and knock-out mice. Bar, 50 um (b) Percentage of bands, metamyelocyte (meta)
and blast cell populations in 18-month-old wild-type and Zfand2b-deficient mice. (c)
Representative images of myeloid precursor cells in peripheral blood from Zfand2b-
deficient mice. (d) Myeloid deviation in Zfand2b-haploinsufficient mice. Cell counts in
Zfand2b™~ and wild-type animals. (WBC: white blood cells; LYM: lymphocytes; GRA:
granulocytes; HCT: hematocrit; PLT: platelets). (e) Percentage and absolute numbers of
LSK+ and SLAM cells in splenocytes from wild-type and Zfand2b-deficient mice.
Values were normalized to total viable cellularity. (f) Myeloid progenitor analysis in
bone marrow and spleen from wild-type and Zfand2b-deficient mice. (CMP: common
myeloid progenitor; GMP: granulocyte-monocyte progenitor; MEP: megakaryocyte-
erythrocyte progenitor). (g) FACS analysis of bone marrow and spleen from 6-month-
old mutant and WT mice (n = 7 mice per group) (IM: immature myeloid; MM: mature
myeloid; LYM: lymphocyte; NRC: nucleated red cells). Error bars indicate SEM (**,
P<0.01, two-tailed Student’s t test).
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Supplementary Figure 3. Bone marrow transplantation in Zfand2b-deficient mice.
(a,b,c) Cell counts in peripheral blood from 3- and 12-month-old wild-type and knock-
out animals transplanted either with wild-type or knock-out bone marrow (WBC: white
blood cells; LYM: lymphocytes; GRA: granulocytes; HCT: hematocrit; PLT: platelets;
Rec: recipient). (d) Mean spleen weight values of wild-type and knock-out animals
transplanted either with wild-type or knock-out bone marrow. (e,f) FACS analysis of
bone marrow cells from wild-type and knock-out animals transplanted either with wild-
type or knock-out bone marrow. (g) Representative FACS analysis of splenocytes from
wild-type and knock-out animals transplanted either with wild-type or knock-out bone
marrow. Values were normalized to total viable cellularity. Error bars indicate SEM (*,

P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure 4. Unfolded protein response (UPR) analysis in Zfand2b-
deficient mice. (a) Calreticulin immunofluorescence analysis in wild-type and
ZFAND2B-deficient HEK-293T cell line. (b) Western-blot analysis of calreticulin and
VCP in wild-type and Zfand2b-deficient mice. (¢) UPR challenge through tunicamycin
injection in wild-type and Zfand2b-deficient mice. Representative images from
hematoxylin-eosin staining of liver sections from liver of tunicamycin-exposed wild-
type and knock-out animals. (d) Western-blot and RT-PCR analyses of UPR
characteristic markers in untreated and tunicamycin-treated wild-type and Zfand2b-
deficient mice. Signal intensities of Western-blot analyses were quantified and mean
values from at least 3 independent experiments are represented or indicated. Error bars

indicate SEM (**, P<0.01, two-tailed Student’s t test).

Supplementary Figure 5. IGF1R deregulation in Zfand2b-deficient mice. (a) Western-
blot analyses of phospho JAK2 and STATS5 proteins in Zfand2b”* and Zfand2b ™" mice.
B-actin was used as a loading control. (b) Proteome profiler of mouse receptor tyrosine
kinase array. Mean signal intensities of 3 wild-type and Zfand2b-deficient mice are
represented. (c) Western-blot analyses of activated AKT, S6K, 4EBP1 and ERK in
Zfand2b** and Zfand2b™" animals. (d) Cycloheximide (CHX) chase assay in HEK-
293T cells transfected with either pcDNA3.1-empty vector or AIRAPL. Cells were
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treated with 100 pg/mL of CHX during the indicated times. (¢) Western-blot analysis of
IGF1R and AIRAPL in total lysates and GFP immunoprecipitates from HEK-293T cells
cotransfected with IGF1R-GFP and AIRAPL. MG-132 was used at 5 uM for 8 h. (f)
GFP Western-blot analysis of anti-HA immunoprecipitates from HEK-293T cells
transfected with either HA-AIRAPL and IGF1R-GFP or GFP. Cells were treated with 5
uM MG-1232 for 8 h prior lysis. (g,h) Western-blot analyses of IGF1R and AIRAPL in
total lysates from metabolic labeling experiments in HEK-293T cells transiently
transfected with IGFIR-GFP and either pcDNA3.1 or AIRAPL (g), or from
ZFAND2B*"* and ZFAND2B” HEK-293T cells (h). B-actin was used as a loading
control. Signal intensities of Western-blot analyses were quantified and mean values
from at least 3 independent experiments are represented or indicated. Error bars indicate

SEM (*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure 6. AIRAPL pull-down experiments. Ingenuity Pathways
Analysis of the data obtained from AIRAPL co-immunoprecipitation experiments in
HEK-293T cells (Supplementary Table 2). The network includes different proteasome

subunits and proteasome-associated proteins that physically interact with AIRAPL.

Supplementary Figure 7. CRISPR/Cas9-mediated generation of ZFAND2B-deficient
HEK-293T cells. (a) Fragment length analysis of representative wild-type and
ZFAND2B-deficient HEK-293T cell clones. (b) DNA sequencing of a representative
clone of ZFAND2B-deficient cells. Note a 4-nucleotides insertion (red) in one of the
alleles and a 23-nucleotide-deletion in the other (green). (c) ZFAND2B qRT-PCR in

wild-type and knock-out cells demonstrated no significant changes in mRNA levels.

Supplementary Figure 8. Genetic and pharmacological IGFIR inhibitory strategies.
(a) Western-blot analysis of IGFIR in wild-type, Zfand2b”“1gf1r”", Zfand2b™ 1gf1r*’*
and Zfand2b ™" 1gflr*" mice. B-actin was used as a loading control. (b,c) Cell counts in
peripheral blood from mice of the indicated genotypes (HCT: hematocrit; PLT:
platelets). (d) FACS analysis in splenocytes from wild-type Zfand2b™Igflr*”,
Zfand2b™1gf1r*’* and Zfand2b ™ 1gflr*~ mice. (¢) FACS analysis of bone marrow cells
(IM: immature myeloid; MM: mature myeloid; LYM: lymphocyte; NRC: nucleated red
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cells). (f) Western-blot analyses of phospho-IGFIR and total IGFIR in untreated and
NVP-AEWS541-treated Zfand2b-deficient mice. (g) FACS analysis in splenocytes from
wild-type, untreated and NVP-AEWS541-treated Zfand2b-deficient mice. Signal
intensities of Western-blot analyses were quantified and mean values from at least 3
independent experiments are represented or indicated. Error bars indicate SEM (*,

P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure 9. IGFIR inhibition in JAK2-driven MPN. (a) Box-whiskers
plot of ZFAND2B expression in CD34+ cells from human primary myelofibrosis and
controls. (b,c) Cell counts in peripheral blood from recipients of Jak2-V617F-
transduced bone marrow cells derived from Igfl)'/+ and Igf1r+/‘ donors (WBC: white
blood cells; LYM: lymphocytes; GRA: granulocytes; HCT: hematocrit; PLT: platelets).
(d) Mean spleen weights of the same mice cohort. (¢) Representative images from
hematoxylin-eosin staining of spleen sections from Jak2-V617F transduced bone
marrow. Scale bar, 100um. (f) IGFIR Western-blot analysis in HEK-293T cells
transduced with IGF1R-shRNA. B-actin was used as a loading control. (g) Relative
proliferation values of SET2 and HEL lines transduced with IGF1R-shRNAs. (h)
Increased proliferation values of SET2 and HEL cell lines overexpressing IGFIR.
Signal intensities of Western-blot analyses were quantified and mean values from at
least 3 independent experiments are represented or indicated. Error bars indicate SEM

(*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure 10. JAK2-mediated regulation of ZFAND2B levels. (a) GSEA
comparing transcriptional profiles from SET2 and HEL cell lines either transduced with
empty vector or IGFIR-shRNA. The enrichment score plot shown corresponds to
AML-characteristic signature and STATS signaling pathway. (b) qRT-PCR analysis of
ZFAND2B expression in untreated and ruxolotinib-treated SET2 and HEL cell lines (6
h, 0.5 uM (SET2), 2 uM (HEL)). (c) Western-blot analysis of AIRAPL and IGFIR in
untreated and 24 h-ruxolotinib-treated SET2 and HEL cell lines (24 h). Signal
intensities of Western-blot analyses were quantified and mean values from at least 3
independent experiments are represented or indicated. Error bars indicate SEM (*,

P<0.05; **, P<0.01, two-tailed Student’s t test).
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Supplementary Figure 11. AIRAPL alterations in human cancer. (a) Percentage of
genetic alterations in ZFAND2B gene in human tumors. adeno, adenocarcinoma; AML,
acute myeloid leukemia; c¢cRCC, kidney renal clear cell carcinoma; CS,
carcinosarcoma; GBM, glioblastoma; PCPG, pheochromocytoma and paraganglioma;
pRCC, kidney renal papillary cell carcinoma; SC; small cell carcinoma; Squ, squamous
cell carcinoma. Data were obtained from cBioPortal database. (b) Box-whiskers plot of

methylation intensity values in two CpG islands included in ZFAND2B locus.

Supplementary Figure 12. miR-125a-3p regulation of ZFAND2B mRNA stability. (a)
Pairwise alignment of miR-125a-3p and ZFANDZ2B. Base pair numbers on the
ZFAND2B 3'-UTR region are indicated. (b) Luciferase assays in HEK-293T cells
transfected with miR-125a-3p or a control miRNA, along with the 3’-UTR of ZFAND2B
cloned downstream of Renilla luciferase. Data were normalized to the firefly luciferase
and experiments were carried out in triplicate. (¢c) Box-whiskers plot of miR-125a-3p in
human samples from controls, essential thrombocythemia (ET), polycythemia vera (PV)
and primary myelofibrosis (PMF) (P<0.01, ANOVA). (d) Box-whiskers plot of
ZFANDZ2B expression in CD34+ cells from human primary myelofibrosis and controls.
(e,f) Scatter plots showing inverse correlation between miR-125a-3p and ZFAND2B
levels in peripheral blood from MPN and control samples (e), and in CD34+ cells from
human PMF (f). (g) miR-125a-3p qRT-PCR analysis in bone marrow from Jak2*"™ and
Jak2®* mice. (h) miR-125a-3p qRT-PCR analysis in HEK-293T, SET2 and HEL cell
lines. (i) miR-125a-3p qRT-PCR analysis in untreated and ruxolotinib-treated SET2 and
HEL cell lines. Error bars indicate SEM (*, P<0.05; **, P<0.01, two-tailed Student’s t
test).

Supplementary Figure 13. miR-125a-3p inhibition in JAK2-mutated cell lines. (a,b)
ZFAND2B and miR-125a-3p qRT-PCR analyses in SET2 and HEL cell lines, either
transduced with miR-125 sponge or empty vector. (c) Western-blot analysis of AIRAPL
and IGF1R in SET2 and HEL cell lines transduced with miR-125 sponge construct or
empty vector. (d) GSEA comparing transcriptional profiles of SET2 and HEL cell lines
transduced either with empty vector or miR-125 sponge. (e) Metabolic labeling and
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anti-GFP immunoprecipitation of HEK-293T cells transiently transfected with IGF1R-
GFP and either pCDH or pCDH-miR125a. (f) IGFIR and AIRAPL western-blot
analyses in GFP immunoprecipitates from HEK-293T cells cotransfected with IGF1R-
GFP and AIRAPL. MG-132 was used at 5 uM for 8 h. (g,h) Relative proliferation
values of SET2 (g) and HEL (h) cell lines overexpressing AIRAPL or miR-125 sponge.
Signal intensities of Western-blot analyses were quantified and mean values from at
least 3 independent experiments are represented or indicated. Error bars indicate SEM

(*, P<0.05; **, P<0.01, two-tailed Student’s t test).

Supplementary Figure 14. aip-1 deficiency shortens lifespan through deregulation of
insulin/IGF-1 signaling pathway. Lifespan curves of wild-type (N2), daf-2 (e1370) and
temperature-sensitive fer-15(b26)/daf-2(e1370) mutant animals subjected to the
indicated RNAi. A representative experiment out of three is shown. Cumulative

statistics on all three experiments are noted below the plots.
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Although aging research has been primarily focused on non-vertebrate short-lived
model organisms, such as yeast (Saccharomyces cerevisae), worm (Caenorhabditis elegans),
and fly (Drosophila melanogaster) [9], some important aspects of human aging and
associated diseases cannot be faithfully recapitulated in invertebrate models as they lack
specific organs and systems. Vertebrate model systems, as mouse (Mus musculus) and
zebrafish (Danio rerio), have also been largely exploited to study genes involved in aging and
age-related diseases. However, experimental studies have been hampered by the relative long
lifespan of mice and zebrafish (maximal lifespan of 3-4 years and 5 years, respectively) and
high costs of maintenance, especially for mice. Remarkably, the use of mouse models of
accelerated aging has mostly addressed this issue. Overall, progeroid mouse models
extensively resemble primary and secondary alterations involved in aging development,
providing an experimental platform for genotype-to-phenotype analysis in a compressed
timescale. Therefore, these progeroid mice offer a promising avenue for modeling human
aging ().

The generation and characterization of progeroid laminopathy mouse models
represents a paradigm of the utility of these experimental models, and has been essential for a
deeper understanding of the molecular basis of both accelerated aging syndromes and normal
aging (I). In the case of HGPS, a rapid progress has been made in the last decade, since the
identification of LMNA mutations in 2003 to the first clinical trial in HGPS patients [62].
Despite the utility of Zmpste24-deficient mice for HGPS studies, it has not been possible until

now, with the generation of Lmna®®%°°

mice, to recapitulate both genetic and phenotypic
HGPS characteristic alterations, therefore allowing the development of in vivo approaches

directed to the correction of LMNA aberrant splicing (I1).

Lmna®®®® knock-in mice recapitulate most of the alterations associated with HGPS,
such as shortened lifespan, reduced body weight, and bone and cardiovascular abnormalities

G609G mjce resembles that of

(11). Moreover, the cardiovascular phenotype shown by Lmna
HGPS patients, as assessed by the loss of VSMCs and the alterations in ECG parameters.
These similarities are a unique feature of this animal model when compared with previously
available models of HGPS and may facilitate further studies on the role of A-type lamins in
cardiovascular pathophysiology during normal and pathological aging. Additionally,

Lmna®®®® knock-in mice have also helped to clarify the relevance of systemic factors as
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G609G/G609G

regulators of aging, as Lmna animals exhibited severe alterations in nutrient-

sensing pathways (I1).

Splicing-directed therapies developed in this animal model focused on lowering the
intracellular quantities of progerin itself, which represents an advantage as compared with the
first generation of HGPS therapies, aimed at reducing progerin toxicity by pharmacologically
inhibiting its prenylation. In this regard, the preclinical in vivo success of this approach in the
Lmna®®®® knock-in mouse model represents a fundamental proof-of-concept in the field of
progeria therapeutics. Thus, we demonstrated that the combined administration of two
antisense oligonucleotides that block the aberrant splicing in Lmna caused by the
p.Gly609Gly mutation reduces progerin amounts in vivo, prevents age-associated alterations
and extends lifespan. Together, these findings provide an in vivo demonstration of the
feasibility of ameliorating the characteristic alterations caused by progerin-linked premature
aging through splicing modulation. The clinical development of this splicing-directed
protocol for HGPS treatment may be facilitated by antisense oligonucleotide—based therapies
that have already displayed preclinical efficacy in several other diseases and are being

currently tested in clinical trials for Duchenne muscular dystrophy [140, 141].

The characterization of murine models of accelerated aging has also provided
important clues about the regulatory signals that contribute to the establishment of aged state.
In this regard, the study of epigenetic alterations in aging is critical as they are primary aging
contributors and could constitute potential therapeutic targets [1]. Thus, we have reported the
presence of epigenetic alterations in Zmpste24-deficient mice which are closely related to
those observed in physiologically aging (111). We have also proposed that these epigenetic
abnormalities may be implicated in the development of the progeroid phenotype (111). Thus,
we have found a direct correlation between the loss of acetylated forms of histone H2B and
transcriptional down-regulation of several genes involved in the control of proliferation,
metabolism and senescence such as Bcl6, Apcs, and Htatip2 (111). The functional involvement
of histone acetylation loss in progeria development has been further confirmed in Zmpste24-
deficient mice [20]. Moreover, and in contrast to the absence of alterations in global
methylation, we observed a marked hypermethylation of the rDNA loci in Zmpste24”
progeroid mice, an alteration that may be functionally involved in the development of age-

associated phenotypes and consequently it could provide a potential target for anti-progeroid
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therapies. Accordingly, the treatment with 5-azacytidine prevented this alteration, further
illustrating the possibility of reverting age-related epigenetic alterations in vivo.

Understanding organismal aging might rely on the identification of molecular
pathways that integrate cells-autonomous and systemic alterations during aging. Thus, nuclear
envelope defects causative of progeroid laminopathies lead to perturbations in cellular
pathways, including p53-dependent cell senescence, deregulation of the somatotroph axis, and
changes in metabolic master regulators [80, 84]. However, little is still known about
intercellular communication signals involved in this regulation. Aging signals are mediated by
a combination of structural and diffusible factors. In this regard, parabiosis experiments, in
which the circulatory systems of young and old mice are artificially connected, have already
shown the potential of systemic factors to prevent certain characteristics of natural aging [53,
54]. Conversely, soluble factors have also demonstrated pro-aging effect [142] and the
secretion of signaling molecules by affected cells could be a major contributor to progeria
development, as secreted molecules can act on distant organs, leading to an amplifying

cascade of aged signals.

In this work, we have identified an ATM-dependent NF-xB activation pathway that
links nuclear lamina defects to systemic inflammation (IV), demonstrating the causal role for
this pathway in the appearance of age-associated pathologies and illustrating the feasibility of
targeting this signaling cascade for the treatment of premature aging symptoms. Thus, we
showed that accumulation of prelamin A/progerin at the nuclear lamina activates the NF-xB
pathway in an ATM- and NEMO-dependent manner, illustrating that alterations in the nuclear
architecture generate stress signals that activate important DNA damage sensors. In this
context, ATM and NEMO act coordinately to activate NF-xB, as demonstrated by the finding
that their respective inhibition prevents prelamin A-induced NF-xB activation. Consistent

with the observed activation of NF-kB signaling in Zmpste24”~ and Lmna®®%9¢/¢60%

progeroid
mice, several cytokines and adhesion molecules are strongly up-regulated in cells and tissues
from these mice, likely contributing to the initiation and maintenance of an inflammatory

response (Figure 6).
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Among the plethora of proinflammatory cytokines secreted by senescent cells, we
propose that IL-6, CXCL1, and TNF-a. may have essential roles in progeria development by
non-autonomous stimulation of surrounding cells, through the activation of their cognate cell
surface receptors and signal transduction pathways [143, 144]. Thus, systemically increased
levels of cytokines amplify the inflammatory stimuli and are implicated in the establishment
of a feed-forward signaling process [145]. Since senescent cells are potentially time-
persisting, the continued production of cytokines and the subsequent NF-kB activation lead to
an increased inflammation in progeroid mice that contributes to age-related wasting and
dramatically shortens organismal lifespan. According to our results, NF-kB could be regarded
as a major regulator of accelerated aging, as demonstrated by the fact that NF-xB blockade

G609G/G609G

significantly increases lifespan in both Zmpste24” and Lmna progeroid mice.

Furthermore, the NF-xB blockade strategies used in this study have allowed us to
provide new molecular insights into the involvement of NF-xB in dermal and immunological

homeostasis. The primary manifestations of accelerated aging in skin affect cell proliferation,
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hair follicles, and the subcutaneous fat layer [146]. NF-xB blockade was able to prevent these
alterations, demonstrating a causal role of NF-xB deregulation in age-associated defects in
skin homeostasis. A similar situation has been shown in lymphoid organs, which is of special
interest, as thymic involution is considered one of the leading regulators of aging [147]. The
reduction in tissue mass and cellularity and the loss of tissue structure leads to a decline in
naive T-cell output as well as to the occurrence of changes in the peripheral T-cell
compartment that contribute to the clinical signs of immunosenescence [148]. Consistent with
these observations, we demonstrated that NF-xB hyperactivation and the systemic
inflammation derived thereof drive thymus and spleen involution, and that NF-xB inhibition
is able to prevent these age-related alterations.

Although the biological significance of NF-kB activation during aging is not
completely clear, the findings reported, together with the fact that other models of normal and
accelerated aging show increased levels of NF-«xB activity [149, 150], support the idea that
inflammation is a major regulator of the aging process as it accomplishes the three hallmark-
defining characteristics: NF-xB signaling is active during normal aging [48], its
hyperactivation is associated with the development of accelerated aging, and its amelioration
retards the aging process [47, 149, 151, 152]. The mechanism by which NF-«B signaling is
activated with age also remained largely unexplored, but our data indicate that the nuclear
envelope abnormalities occurring in both normal and premature aging may contribute, at least
in part, to the activation of this inflammatory pathway. The primary function of NF-xB
activation in response to nuclear envelope defects could be to protect damaged cells against
apoptosis [153], as well as induce immune system-mediated clearance of damaged and
senescence cells. Since a proper clearance of senescent cells by the immune system is crucial
for homeostasis maintenance in aging and cancer [41, 154], both NF-xB hyperactivation and
the subsequent age-related immunological decline could be threatening an appropriate

response against age-accumulated senescent cells.

Apart from systemic inflammation control, we have also recently demonstrated the
involvement of NF-kB signaling in the control of cell differentiation and reprogramming
through active regulation of the epigenetic landscape [21]. This work has also led us to
identify new effectors involved in NF-kB signaling in aging. Thus, we have demonstrated that
NF-B modulation of chromatin-modifying factor DOT1L has a direct impact in aging through

the regulation of the methylation of Lys79 in histone H3, which represents a molecular
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crosstalk between aging and differentiation control. DOT1L has thus emerged as a prominent
effector of NF-B activity in aging (1V).

The results of our work also suggest that the use of NF-xB or DOT1L inhibitors, alone
or in combination with statins and aminobisphosphonates, could be useful for the treatment of
age-associated alterations occurring during the course of progeroid laminopathies (IV).
Moreover, pharmacological modulation of the NF-xB pathway also could be of interest for
slowing down the progression of physiological aging. The identification of NF-xB signaling
activation in accelerated and normal aging provides further support for the proposal that the
maintenance of the aged state requires an active signaling program and that age-linked
phenotypes can be substantially reversed by intervention on the activity of individual genes.
Globally, our data support the use of strategies aimed at controlling NF-xB related
inflammation as putative rejuvenation strategies during both normal and pathological aging,
suggesting that the rational design of new interventions aimed at slowing down aging should
act in a coordinate way, targeting pro-aging signals as well as altered cellular communication

pathways for the effective prevention of aging-related disorders.

The main conclusions of our study derived from the characterization of subtle changes
in NF-xB signaling over time. However, monitoring biological processes in vivo is still
experimentally challenging. Thus, the visualization of biochemical perturbations in whole
organisms requires highly sensitive methods that allow detection in a quantitative and
reproducible manner [155]. Reporter gene approaches are based on the use of specific
regulatory sequences attached to genes that confer organisms a property that could be easily
detected and quantified, typically light or fluorescence emission. The method developed in
this work, based on the use of a luciferase reporter gene has been successfully used for
studying constitutive and acute-induced NF-xB signaling in mouse tissues (V). The use of this
approach allowed us to monitor chronic activation of NF-xB and the specific response in
these models to NF-xB inhibitory drugs. These results support the utility of this approach to
study both chronic conditions as well as acute inflammatory responses. The possibility of
using viral vectors with different tissue tropisms for the reporter delivery potentially allows
monitoring NF-«B in virtually any tissue. Additionally, the same strategy may be applied for
studying different signaling pathways, replacing the NF-«B response element with other

regulatory sequences in the luciferase reporter system.
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The relationship between aging and cancer processes is complex and difficult to
interpret in part due to the lack of proper experimental models. Thus, it has been largely
anticipated that the incidence of hematological malignancies in the elderly can be traced back
to age-associated alterations in both the hematopoietic system and the hematopoietic stem cell
compartment. [105-107]. Although damage accumulation drives the functional decline of
organisms, several conserved signaling pathways influence how rapidly damage accumulates
and how organisms respond to it. Among them, the insulin/IGF-1 signaling pathway (1IS) is
one of the most important determinants of organism lifespan [9, 156]. Prolonged suppression
of the IIS pathway promotes longevity, whereas persistent activation shortens lifespan and
increases cancer incidence [84, 120, 133, 157-162].

In this work, we provide experimental support for an unanticipated tumor suppressor
activity of AIRAPL in myeloid malignancies, connecting alterations in the 1S pathway with
myeloproliferative neoplasms (MPN) ethiopathogenesis. AIRAPL is an endoplasmic
reticulum (ER) protein that contains a CAAX motif, similar to that observed in lamin A. Until
now, functional data of this protein was obtained from C. elegans ortologue aip-1 [26], which
demonstrated its involvement in proteostasis control during aging. However, we found that
the inactivation of Zfand2b gene in mice was sufficient to cause cell-autonomous defects in
HSC compartment, giving rise to a myeloproliferative neoplasm that faithfully resemble most
of the alterations shown by MPN patients and MPN animal models [163-166] (VI).
Furthermore, we demonstrate that dose changes in Zfand2b levels remarkably affect myeloid
hematopoiesis, suggesting a prominent role of this protein in the control of white blood cell

formation.

AIRAPL then emerges as a central regulator of IGF1R steady-state levels at the ER
(V1). The proposed mechanism agrees with evidences that demonstrate the implication of
AIRAPL in pre-emptive quality control (PQC) pathway [167]. Accordingly, AIRAPL-
dependent PQC activity would regulate translocation of IGF1R nascent polypeptides in the
ER and their proteasome-mediated degradation. Although AIRAPL is unlikely to display E3-
ligase activity, we demonstrate that its overexpression is able to promote IGF1R
ubiquitination similarly to other proteins sharing related ubiquitin-interacting motifs (UIMs)
[168, 169]. The degradation of IGF1R polypeptides prior to their arrival to the cell surface
would eventually suppress aberrant signaling in a similar way to that recently reported for
other tyrosine kinase receptors (Figure 7) [170-172].
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Figure 7. Model depicting AIRAPL biological function. AIRAPL interacts with newly synthesized
IGF1R polypeptides at ER, inducing its ubiquitination and proteasome-mediated degradation. In the
absence of AIRAPL, the lack of this regulatory mechanism increases IGF1R steady-state levels.

It is remarkable that numerous clinical trials have evaluated IGF1R as a potential
therapeutic target for solid tumors, but its clinical relevance in myeloproliferative syndromes
has not been similarly addressed [160, 173]. Accordingly, our in vitro and in vivo studies
showing the efficacy of IGF1R inhibitory strategies in JAK2-driven myeloproliferative
neoplasms constitute an important preclinical evidence of the use of IGF1R inhibitors for the
treatment of these neoplasias, alone or in combination with JAK2 inhibitors [174].
Furthermore, our study represents a clear demonstration of the oncogenic relevance of
proteostasis deregulation in hematopoietic cells. Notably, most studies of the molecular
mechanisms controlling HSC homeostasis have focused on the analysis of genetic and
epigenetic alterations of key oncogenes and tumor suppressors, as well as on the evaluation of
the signaling and transcriptional changes induced by these genomic damages. However, our
finding that loss of AIRAPL contributes to the transformation of myeloid cells provides

causal evidence about the crucial role of proteostatic processes in the regulation of
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quiescence, proliferation and differentiation of HSCs, which finally contribute to maintain

normal adult hematopoiesis.

Globally, our work uncovers AIRAPL biological function as a novel regulator of the
somatotropic axis involved in the control of myeloid hematopoiesis. Although further work
should address the precise nature of the signals that regulate AIRAPL function, it is tempting
to speculate that its location at ER would allow it to act as a sensor of different extrinsic and
intrinsic stress signals. Zfand2b-deficient mice then provide a valuable experimental system
for studying myeloproliferative neoplasms and also for assessing the implication of AIRAPL
in other pathological conditions associated with cancer and aging processes through IGF1R-
dependent and independent mechanisms.

In summary, we have focused on this Doctoral Thesis work in the development and
characterization of new experimental models for the study of aging and cancer, which has
allowed us to develop different intervention strategies aimed at correcting functional
alterations in these two complex biological processes. Besides, our work has highlighted the
importance of systemic alterations in aging, evidencing new regulatory mechanisms that
integrate organismal age signals. Finally, we have provided new insights between the
molecular relationships of aging and cancer in the hematological system, illustrating that
alterations in evolutionarily conserved regulatory pathways are common hallmarks of both
processes, which may result in the identification of new prognostic and therapeutic markers
for myeloid malignancies. Future work in aging may benefit from the possibility of inducing
complex alterations through genome-editing technology, and applying the increasing
mechanistic understanding of the aging process derived from genetic, epigenetic and
transcriptional analyses. The ability to program and reprogram cellular age on demand will
represent a critical step forward on the road to capture and sequence the multiple steps

involved in aging development.
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Conclusions

Lmna®®®® knock-in mice show an accelerated aging phenotype characterized by

shortened lifespan, reduced body weight, and bone and cardiovascular alterations.

Administration of specific antisense oligonucleotides corrects Lmna splicing

G609G/G609G

alterations in Lmna mice, extending lifespan and preventing age-associated

alterations.

Zmpste24-deficient mice show age-related epigenetic alterations, including changes in

H2B histone acetylation and ribosomal DNA methylation levels.

ATM-mediated NF-kB hyperactivation in aging causes systemic inflammation,

compromising tissue homeostasis.

NF-xB in vivo inhibition ameliorates age-associated alterations and extends longevity

G609G

of Zmpste24-deficient and Lmna mice.

The proteostasis regulator AIRAPL suppresses myeloid transformation through the

regulation of steady state levels of IGF1R at endoplasmic reticulum.

AIRAPL expression is ablated in human myeloproliferative neoplasms by the up-
regulation of the microRNA miR-125-3p.

IGF1R inhibition in myeloid malignancies reverts hematopoietic alterations caused by
AIRAPL deficiency.
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