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Autophagy is a highly regulated intracellular process involved in the turnover of most cellular constituents
and in the maintenance of cellular homeostasis. It is well-established that the basal autophagic activity of
living cells decreases with age, thus contributing to the accumulation of damaged macromolecules during
aging. Conversely, the activity of this catabolic pathway is required for lifespan extension in animal
models such as Caenorhabditis elegans and Drosophila melanogaster. In this work, we describe the unex-
pected finding that Zmpste24-null mice, which show accelerated aging and are a reliable model of human
Hutchinson-Gilford progeria, exhibit an extensive basal activation of autophagy instead of the characteristic
decline in this process occurring during normal aging. We also show that this autophagic increase is associ-
ated with a series of changes in lipid and glucose metabolic pathways, which resemble those occurring in
diverse situations reported to prolong lifespan. These Zmpste24~'~ mice metabolic alterations are also
linked to substantial changes in circulating blood parameters, such as leptin, glucose, insulin or adiponectin
which in turn lead to peripheral LKB1-AMPK activation and mTOR inhibition. On the basis of these results, we
propose that nuclear abnormalities causing premature aging in Zmpste24~’~ mice trigger a metabolic
response involving the activation of autophagy. However, the chronic activation of this catabolic pathway
may turn an originally intended pro-survival strategy into a pro-aging mechanism and could contribute to
the systemic degeneration and weakening observed in these progeroid mice.

INTRODUCTION

Aging is a natural process which affects most biological
functions and appears to be a consequence of the accumulative
action of different types of stressors. Thus, oxidative damage,
telomere attrition and the decline of DNA repair and protein
turnover systems are thought to be major causes of aging
(1). Among the diverse events associated with this age-
dependent functional decline, the accumulation of damaged
proteins and organelles has been proposed to contribute in a
decisive manner to cellular malfunction (2). In eukaryotic
cells, there are two major pathways involved in the quality
control and turnover of cellular components: the ubiquitin/
proteasome system and the autophagic/lysosomal system.

The ubiquitin/proteasome system plays a major role in the
maintenance of cellular homeostasis and in protein quality
control, and also regulates essential processes such as cell-
cycle progression or signal transduction (3,4). Nevertheless,
the constitutive degradation of proteins by this ubiquitin/
proteasome system is mostly limited to short-lived proteins.
In contrast, the autophagic/lysosomal system is capable to
degrade long-lived proteins and even entire organelles. The
autophagic degradation routes can be classified into at least
three different pathways: macroautophagy, microautophagy
and chaperone-mediated autophagy (5,6). Macroautophagy is
the major lysosomal pathway for the turnover of cytoplasmic
components and will hereafter be referred to as autophagy.
This process begins with the engulfment of cytoplasmic
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constituents by a membrane sac, called the isolation mem-
brane. Then, this structure forms a double-membrane vesicle
called the autophagosome which contains bulk portions of
cytoplasm, and eventually fuses with the lysosome. Finally,
the inner membrane of the autophagosome and its protein
and organelle contents are degraded by lysosomal hydrolases
and recycled.

Recently, several authors have proposed that accumulation
of cellular garbage associated with aging is mainly caused
by an age-related decline of autophagic and lysosomal activity
(7,8). Furthermore, it has been reported that the age-related
decline of autophagy is caused by the alterations in glucose
metabolism and hormone levels which are inherent to aging
and whose onset is delayed by calorie restriction (9,10).
These observations, together with recent findings showing
that autophagy genes are essential for lifespan extension in
Caenorhabditis  elegans and Drosophila melanogaster
(11,12) and that inhibition of the C. elegans orthologue of
TOR kinase (whose activity inhibits autophagy) doubles the
lifespan of this nematode (13), support the idea that dysfunc-
tion of the autophagic catabolic pathway may contribute to
aging.

Over the last few years, our knowledge of the molecular basis
of aging has gained new mechanistic insights from studies on
segmental progeroid syndromes in which certain phenotypes
of human aging are manifested precociously or in exacerbated
form. These syndromes can be classified into two major
groups attending to their underlying molecular defects (14).
The first group comprises premature aging disorders caused
by defects in genome-stability maintenance mechanisms, such
as DNA repair. Typical examples of this first group include
Werner syndrome, Cockayne syndrome or trichothiodystrophy
(15,16). The second group of progeroid diseases includes
those caused by alterations in the nuclear envelope architecture
(17-20). Thus, mutations in the lamin A gene or in the gene
encoding the Zmpste24/FACE1 metalloproteinase implicated
in lamin A maturation cause nuclear abnormalities that even-
tually lead to accelerated-aging human syndromes, such as
Hutchinson-Gilford progeria, mandibuloacral dysplasia or
restrictive dermopathy (17). Likewise, lamin A or Zmpste24
gene disruption in mice causes premature aging syndromes
(21,22). Recently, several studies have demonstrated that the
nuclear envelope abnormalities that lead to accelerated aging
may also contribute to normal aging (23,24), supporting the
idea that the laboratory-engineered progeroid models are
useful tools for studying the mechanisms underlying normal
aging (25). These observations, together with the widely
reported age-associated decline of autophagic potential, led us
to evaluate the autophagy status in progeroid mice. In this
work, we report that, surprisingly, mice with accelerated
aging exhibit an extensive basal activation of autophagic
degradation instead of the characteristic decline in this
process occurring during normal aging. We also analyze the
molecular mechanisms underlying this unexpected finding and
show that the observed increase in autophagy is linked to
mTOR inhibition, AMPK activation and severe metabolic
alterations in glucose and lipid metabolism. These findings
suggest a novel and paradoxical role of autophagic cellular
degradative pathways during pathological aging processes.
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RESULTS
Increased basal autophagy in progeroid mice

Previous studies have reported that basal autophagy levels
are reduced in aged organisms (9,26). Likewise, the ability to
induce autophagy when nutrients are scarce markedly decreases
with age (27,28). To try to extend these observations to accel-
erated aging syndromes, we evaluated the autophagic status in
different murine models of progeria. For this purpose, we first
used a mouse model in which the absence of Zmpste24 metal-
loproteinase leads to a progeroid phenotype which resembles
many features of human premature aging syndromes (18,19).
We examined the basal autophagy levels of diverse tissues
from wild-type and Zmpste24 '~ mice by performing immuno-
blotting analysis of LC3, whose lipidation status accurately
reflects autophagic activity (29). We first focused our study
on skeletal muscle (quadriceps), because it has been reported
that this is the most sensitive tissue to in vivo autophagic degra-
dation (30). Surprisingly, the LC3 lipidation status was much
higher in Zmpste24 ™'~ mice than in their wild-type littermates
(Fig. 1A), suggesting an increase in basal autophagy levels in
these progeroid mice. Nevertheless, recent studies have shown
that high levels of LC3 lipidated form (LC3-II) are associated
not only with an increase in the autophagic activity, but also
with an impairment in autophagosome maturation (31). In this
latter scenario, high LC3-II levels are accompanied by a
marked increase in the level of total p62/sequestosome-1
protein. In contrast, the occurrence of a real autophagic flux
increase is characterized by increased LC3-II levels together
with a slight reduction of p62 protein levels (32). To test if
the observed increase in LC3-II levels observed in
Zmpste24~'~ mice corresponds to a real induction of the
basal autophagic activity, we performed immunoblotting ana-
lyses of p62 in skeletal muscle samples from mutant and wild-
type mice of the same age. As shown in Figure 1B, we could
detect a slight reduction in the total p62 protein content in
samples from Zmpste24 ~“mice, which confirms that the
observed LC3-II accumulation in mutant mice tissues represents
a bona fide up-regulation of the autophagic activity instead of a
blockade in autophagosome maturation.

To rule out the possibility that the observed increase in
autophagic activity could be an exclusive feature of skeletal
muscle, we next analyzed the basal autophagic activity in
other tissues from Zmspte24-null mice. While skeletal
muscle basal autophagy was increased in the vast majority
of Zmpste24~/~ mice, those with a more pronounced proger-
oid phenotype—as assessed by observation of weight loss,
extensive alopecia and kyphosis—also showed autophagy
activation in other tissues including liver and heart
(Fig. 1C). These results indicate that the increase in basal
autophagy observed in Zmpste24’~ mice is not limited to
skeletal muscle and follows a tissue-specific onset, which is
associated with the development of the premature-aging phe-
notype. We next tested if the observed increase of basal autop-
hagy in Zmpste24-null mice is directly provoked by prelamin
A accumulation—the initial cause of accelerated aging in
these mice—and not by other putative Zmpste24 functions.
For this purpose, we analyzed the basal autophagic activity
of skeletal muscle from Zmpste24 '~ Lmna™ ™ mice, which
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Figure 1. Disruption of Zmpste24 metalloproteinase leads to increased autophagy in vivo. (A) Immunoblotting analysis of LC3 lipidation status in skeletal
muscle of Zmpste24-deficient mice revealed a significant increase in autophagic activity in mutant mice. (B) Representative immunoblotting analysis of p62
in skeletal muscle extracts derived from wild-type and Zmpste24-deficient mice fed ad libitum. Skeletal muscle samples from 24 h starved wild-type mice
were used as a positive control of autophagy induction. (C) The lipidation status of LC3 is also altered in heart and liver of Zmpste24~'~ mice, which indicate
that autophagy up-regulation in these mice is not limited to skeletal muscle. (D) The observed increase in autophagic activity is reverted in Zmpste24 '~

mice indicating that the autophagy alterations observed in progeroid mice are linked to prelamin accumulation. Error bars indicate the SEM

Lmna*'~
* represents statistical significance (P < 0.05), whereas (**)

between replicates. At least six wild-type and six mutant animals were used for each assay.
represents statistical significance (P < 0.01), in two-tailed -test.
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Figure 2. Fluorescent analysis of tissues from wild-type and Zmpste24~'~ GFP-LC3-expressing mice fed ad libitum. Representative images and quantification of
skeletal muscle and heart cryosections from 3-month-old wild-type and Zmpste24 ™'~ mice stably expressing the GFP-LC3 transgene. Scale bars represent
50 pm. Insets show a higher magnification of a particular area in each picture. The number of GFP-LC3 dots was counted and divided by the corresponding
cellular area (right). Results shown represent the mean for five images from every tissue per mice obtained from three mice per genotype.

do not accumulate prelamin A in the nuclear envelope and
exhibit a total recovery of the progeroid phenotypes character-
istic of Zmpste24-null mice (20,22). As can be seen in Fig. 1D,
muscular tissue from Zmpste24~'~ Lmna™ ~ mice showed an
LC3 lipidation status similar to their wild-type littermates,
thus suggesting that the increase in basal autophagy observed
in Zmpste24 '~ mice could be linked to the nuclear envelope
abnormalities generated by the accumulation of prelamin A in
the absence of its processing protease.

To confirm and extend these observations pointing to an
increase of basal autophagy levels in Zmpste24 '~ progeroid
mice, we crossed these mutant mice with those expressing the
GFP-LC3 transgene that provides an efficient in vivo marker
for autophagy (30). The fluorescence microscopic analysis of
tissues from wild-type and mutant mice fed ad libitum and
expressing the GFP-LC3 transgene revealed that the number
of punctate GFP-LC3 structures detected in Zmpste24 '~ skel-
etal muscle was higher than in their corresponding wild-type
littermates (Fig. 2). Moreover, and in agreement with our
immunoblotting results, we could also observe an increase
in the accumulation of GFP-LC3 punctate structures in other
tissues, being especially evident in heart from those mutant
mice with the most advanced progeroid phenotype (Fig. 2).
These observations indicate that the increase in basal autophagy

observed in Zmpste24'~ mice fed ad libitum presents a
tissue-dependent incidence similar to the dynamics of
starvation-induced autophagy, as it has been recently reported
that a significant autophagy induction in heart is only observed
after very long starvation periods, whereas mild starvation can
induce skeletal muscle autophagy (30). Finally, it is remarkable
that caloric intake was normal in Zmpste24 '~ mice as assessed
by the amount of food present in their digestive track, thereby
excluding malnutrition as a cause for the observed autophagic
induction in these progeroid mice. This observation is also
fully consistent with the fact that caloric intake is normal in
Hutchinson-Gilford progeria patients despite they exhibit
some anthropometric indices of malnutrition (33).

In order to extend these findings on Zmpste24 '~ progeroid
mice to different murine models of accelerated aging, we evalu-
ated the basal autophagic status in mutant mice deficient in
XPF (34) and CSB/XPA (35). These mice exhibit marked
features of accelerated aging caused by different deficiencies
in DNA repair systems. In agreement with our previous results
on Zmpste24~', the basal autophagic activity in tissues from
these progeroid mice was significantly higher than that observed
in the same tissues from wild-type animals, as assessed by the
increased LC3-II/LC3-I ratio present in progeroid mice tissues
(Fig. 3). These results suggest that the increase in basal
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Figure 3. Activation of basal autophagy in different progeroid mice. Immunoblotting analysis of LC3 lipidation status in skeletal muscle and heart of CSB/
XPA™’~ (A) and XPF~'~ mice (B) revealed a significant increase in autophagic activity in mutant mice when compared with the corresponding controls.

(*) represents statistical significance (P < 0.05) in two-tailed 7-test.

autophagy is not a specific alteration caused by Zmpste24
deficiency, but a common feature of diverse premature-aging
models caused by distinct molecular alterations.

Increased autophagy is linked to mTOR inhibition
in Zmpste24™'~ mice

Regulation of autophagy in vivo is a complex process that
depends on a high variety of factors. However, it is now

widely accepted that autophagy regulation mainly relies on
mTOR activity, with inhibition of mTOR being a common
event associated with autophagy induction (36,37). To
clarify the molecular mechanisms underlying the observed
autophagy increase in progeroid mouse models, we first ana-
lyzed the status of mTOR signaling pathway in
Zmpste24~’~ mice. We focused our study on skeletal
muscle—the tissue in which the increase in basal autophagy
in Zmpste24™'~ mice is more evident—and the mTOR
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Figure 4. Autophagy up-regulation in Zmpste24~'~ mice is linked to mTOR activity down-regulation. (A) Immunoblotting analysis against the mTOR substrate,
4EBP-1, in skeletal muscle protein extracts reveals a clear decrease in the phosphorylation status of this protein, as assessed by a significant increase in its elec-
trophoretic mobility in mutant mice. -y stands for the hyper-phosphorylated form of 4EBP-1, whereas (3 and « stand for medium- and low-phosphorylated forms
of 4EBP-1. Densitometric analysis of these immunobloting experiments revealed a significant decrease in the percentage of highly phosphorylated (y) form of
4EBP-1 in mutant mice, which instead present a significantly higher percentage of 8 form of 4EBP-1 when compared with wild-type animals. (B) The same
analysis was performed with the other major mTOR substrate, p70s6 k, and also revealed a significant decrease in the phosphorylation status of this protein,
which confirms that mTOR activity is down-regulated in skeletal muscle of Zmpste24 ~/~ mice. Error bars indicate the SEM between replicates. At least six
wild-type and six mutant animals were used for each assay. (*) represents statistical significance (P < 0.05) in two-tailed r-test.

activity was monitored by analyzing the phosphorylation
levels of its two main downstream targets: 4E-BP1 and
p70-S6K (38,39). The immunoblotting analysis of 4E-BP1 in
skeletal muscle protein extracts revealed a clear decrease of
4E-BP1 phosphorylation in Zmpste24'~ mice when com-
pared with wild-type animals (Fig. 4A), indicating a down-
regulation in the activity of mTOR. To further confirm this
observation, we analyzed the phosphorylation status of
p70-S6K, the other major mTOR substrate. Phosphorylation
of p70-S6K at Thr389 has been widely described to reflect
mTOR activity (40). Consistent with the above results on
4E-BP1 phosphorylation, we detected a clear decrease in the
phosphorylation of p70-S6K at Thr389 in Zmpste24 '~
muscle (Fig. 4B), thus confirming that mTOR activity is
down-regulated in Zmpste24~'~ mice. Taken together, these
results demonstrate that the up-regulation of basal autophagy
observed in Zmpste24~'~ mice is linked to mTOR pathway
inhibition.

mTOR inhibition and increased basal autophagy in
Zmpste24™’~ mice are linked to LKB1-AMPK activation

To elucidate the molecular mechanisms underlying the
mTOR inhibition and the subsequent autophagy activation
observed in Zmpste24 '~ mice, we analyzed the status of
the signaling pathways involved in mTOR regulation.
There are two major routes controlling mTOR activity in
vivo: the PI3K-Akt pathway which mediates the activation
of mTOR in response to growth factors, and the
LKBI-AMPK pathway which is involved in mTOR activity
inhibition in response to nutritional, genotoxic and metabolic
stress signals (41,42). To monitor the PI3K-Akt pathway, we
evaluated the status of two of its main regulators in vivo, Akt
and PTEN. Phosphorylation of Akt at Thr308 is considered
as an indicator of Akt activity (43), whereas the cellular
levels of PTEN, a major negative regulator of this signaling
pathway, are inversely associated with Akt activity (44).
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As shown in Figure 5A, we found no appreciable changes in
the phosphorylation of Akt at Thr308 in skeletal muscle from
Zmpste24~'~ and wild-type mice. Similar results were
obtained for PTEN, as assessed by the finding that total
protein levels of this phosphatase were comparable in mice
from both genotypes (Fig. 5B). These results strongly
suggest that the mTOR pathway inhibition observed in
Zmpste24-null mice is not a consequence of a decrease in
the activity of the PI3K-Akt signaling pathway.

Then, we analyzed the activity of the LKB1-AMPK signal-
ing pathway to test whether a possible alteration in this route
could account for the mTOR inhibition observed in
Zmpste24~'~ mice. For that purpose, we first examined the
phosphorylation status of AMPKa at Thr172, which has
been widely used to monitor AMPK activity in vivo (45). As
can be seen in Figure 5C, we found that AMPK phosphorylation
was significantly higher in Zmpste24 '~ than in controls, which
indicates an increase of AMPK activity in these mutant mice.
To further clarify the molecular basis underlying this obser-
vation, we analyzed the total protein content of LKB1—the
main kinase involved in AMPK phosphorylation—as the
cellular levels of this kinase are correlated with AMPK
activity (46). As shown in Figure 5D, Zmpste24~'~ mice
show a significantly higher LKBI protein levels than
wild-type animals, as measured by immunoblotting analysis,
thereby confirming that the activity of the LKB1-AMPK
signaling pathway is up-regulated in these mice. Taking
together these results, we conclude that the observed basal
autophagy increase and mTOR inhibition in Zmpste24 '~
progeroid mice are linked to an up-regulation of the
LKBI-AMPK pathway and not to a decrease in PI3K-Akt
signaling.

Increased basal autophagy and mTOR inhibition in
Zmpste24™'~ mice are not dependent on p53 activation

Recent studies have shown that genotoxic stress and DNA
damage can promote autophagy through a p53-dependent
mechanism which involves AMPK-dependent mTOR inhi-
bition (47,48). It has also been recently reported that acceler-
ated aging in Zmpste24 '~ mice is linked to p53 signaling
activation (20). In addition, we have observed that the activity
of autophagic activity modulators, such as mTOR and AMPK,
is not altered in p53-deficient mice when compared with wild-
type animals (data not shown). These facts prompted us to test
the possibility that the increase in p53 signaling activity in
Zmpste24”’~ mice could account for the observed
LKB1-AMPK pathway activation and its subsequent effects
on mTOR and autophagy. For this purpose, we generated
Zmpste24~'~p53~/" mice, which show a partial recovery of
the progeroid phenotype associated with Zmpste24 '~
deficiency. Thus, using skeletal muscle protein extracts
derived from these double mutant mice, we performed immu-
noblotting analysis to check the status of LKB1 and AMPK in
the absence of p53. As can be seen in Figure 6A, total LKB1
protein levels in double mutant extracts were similar to those
detected in Zmpste24~'~ expressing p53 (Fig. 6A). Consist-
ently, the lack of p53 did not revert the increase in the phos-
phorylation status of AMPK caused by Zmpste24 deficiency
(Fig. 6B) and similar results were obtained when we analyzed

LC3 lipidation levels and 4E-BP1 phosphorylation status in
extracts derived from double mutant mice (Fig. 6B—C).
Taken together, these results suggest that the observed altera-
tions linked to the excessive basal autophagy of Zmpste24 '~
mice are independent of p53 activity.

LKB1-AMPK signaling activation in Zmpste24™'~ mice
is linked to changes in circulating levels of glucose
and blood hormones

The above findings, which indicate that p53 is not involved in the
activation of AMPK signaling in Zmpste24 '~ mice, prompted
us to analyze circulating plasma levels of hormones and other
biochemical parameters which have also been reported to
modulate the activity of this kinase (49,50). As shown in
Figure 7, different plasma parameters were clearly altered in
Zmpste24~'~ mice when compared to control mice. Thus,
blood glucose concentration and plasma levels of insulin and
leptin were significantly reduced in these mutant mice,
whereas adiponectin levels were higher in Zmpste24 '~ mice
than in their wild-type littermates. Because previous studies
have established that a decrease in blood glucose levels and an
increase of circulating adiponectin act as in vivo inducers of
AMPK activity (51), the elevated LKB1-AMPK activity
observed in Zmpste24~'~ mice may be caused by the low
glucose levels and high plasma adiponectin concentration
found in these mutant mice.

Alterations of glucose and lipid metabolic pathways
in Zmpste24™'~ mice

The finding that Zmpste24 '~ mice present marked alterations
in different blood parameters related to glucose and lipid
homeostasis suggests that metabolic pathways involved in
these processes could be also altered in these animals. To
examine this possibility, we first performed full transcriptome
analysis of Zmpste24~~ mice liver, as this tissue is a major
modulator of glucose and lipid homeostasis in vivo. As shown
in Supplementary Material, Figs S1 and S2, several genes
involved in relevant processes for glucose and lipid metabolism
such as TCA cycle, glycolysis, gluconeogenesis, fatty acid syn-
thesis and fat accumulation present altered expression levels in
Zmpste24~'~ mice liver when compared with wild-type mice.
To further confirm the observed alterations, we performed
gPCR analysis of a series of key genes involved in the regu-
lation of these processes (Fig. 8A—C). We first analyzed the
mRNA transcript levels of relevant genes for gluconeogenesis,
such as Pepck and G6Pase, encoding phosphoenolpyruvate
carboxykinase and glucose-6-phosphatase, respectively. As
can be seen in Figure 8A, both genes were up-regulated in
liver from Zmpste24~'~ mice, indicating that this process is
enhanced in mutant animals. In contrast, the fact that the
expression of Pk (pyruvate kinase), a key gene for glycolysis
regulation, is not altered in mutant mice suggests that glycolysis
rate is not up-regulated in these animals. Next, we analyzed
mRNA levels of important genes for glycogen metabolism
such as Gck and Gys2 that encode glucokinase and hepatic gly-
cogen synthase, respectively. Although Gys2 mRNA levels
were not altered in mutant mice livers, Gck expression was
clearly up-regulated in Zmpste24-deficient mice (Fig. 8A).
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This observation suggests that the flux of glucose derived from
an up-regulation in the gluconeogenic pathway does not con-
tribute to restore glycaemia in Zmpste24 '~ mice. Instead, it
likely re-enters to mouse tissues and is converted again into
glucose-6-phosphate, an allosteric activator of glycogen
synthase when produced by glucokinase and whose increase
is associated with a higher rate of glycogen synthesis (52). In
fact, Zmpste24-null mice show a clear increase in liver glycogen
content, when compared with wild-type littermates (Fig. 8D),
which is consistent with previous works reporting an increase
in glycogen synthesis after glucokinase overexpression (53).

Regarding genes important for lipid metabolism, we observed
an up-regulation of Fas and Accl which encode fatty acid
synthase and acyl-coenzyme A carboxylase, respectively
(Fig. 8B), suggesting that fatty acid synthesis is increased in
livers from Zmpste24 '~ mice. This increase in fatty acid syn-
thesis could provide an alternative energy source through an
increase in fatty acid mitochondrial B-oxidation. In fact,
mRNA levels of key genes for this process as Mcad or Cptla,
encoding medium chain acyl CoA dehydrogenase and carnitine
palmitoyltransferase 1A, respectively, are also up-regulated in
mutant mice. All these alterations in lipid synthesis and meta-
bolism finally lead to an extensive accumulation of fatty acids
in the liver, as revealed by Oil Red staining, which reveals the
occurrence of a clear steatosis in mutant mice livers when com-
pared with their wild-type littermates (Fig. 7E).

After these findings indicating the occurrence of marked
alterations of glucose and lipid metabolism in Zmpste24 '~
mice, we analyzed the status of the transcriptional co-activator
Pgc-la (peroxisome proliferator-activated receptor-gamma
co-activator-la), an essential regulator of hepatic gluconeo-
genesis (54) and fatty acid oxidation (55). As shown in
Figure 8C, Pgcla mRNA levels were significantly higher in
liver from Zmpste24-deficient mice than in the corresponding
wild-type controls, which could account for the observed
increase in the expression of gluconeogenic and beta
oxidation-related genes in Zmpste24~’~ mice (Fig. 8C).

Likewise, Pdk4 (pyruvate dehydrogenase kinase-4), one of
the main Pgc-la targets (55,56) and a key regulatory
enzyme involved in switching the energy source from
glucose to fatty acids (57) was strikingly up-regulated in
mutant mice (Fig. 7C). These observations suggest that the
metabolic activities regulated by Pgc-la are enhanced in
these progeroid mice, shifting their glucose and lipid metab-
olism to a situation similar to starvation.

In summary, the alteration in the expression levels of meta-
bolic regulators, as Pgc-1a, together with additional putative
alterations in other transcription factors, might underlie the
reported metabolic changes of Zmpste24 '~ mice and
explain the dysregulation in the expression levels of key
genes for distinct metabolic pathways involved in glucose
and lipid homeostasis. This complex metabolic dysfunction
leads to substantial changes in circulating hormones and
biochemical parameters. These changes probably account for
the initially observed increase in basal autophagy, mTOR
inhibition and AMPK-LKBI1 axis up-regulation and could
contribute to explain the growth defects and progressive loss
of weight characteristic of premature-aging syndromes.

DISCUSSION

Multiple studies have shown that proteolytic activities
decrease with age, a situation which leads to the accumulation
of damaged macromolecules during physiological aging
(9,10). Contrary to this well-established concept, in this
work we provide evidence that mice with premature aging
caused by nuclear lamina alterations exhibit a marked acti-
vation of autophagic proteolysis. Likewise, mice with acceler-
ated aging caused by defects in DNA repair systems also show
an induction of autophagy. Additionally, we describe that the
increase in autophagy observed in Zmpste24 '~ progeroid
mice is linked to AMPK activation and mTOR inhibition,
transcriptional changes in key genes for lipid and glucose
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metabolism regulation, and alterations in levels of different
serum factors including glucose, insulin and adiponectin. All
these observations are consistent with the possibility that
nuclear abnormalities causing premature aging in Zmspte24-
null mice trigger a protective metabolic response aimed at
attenuating the deleterious consequences associated with the
development of progeroid syndromes.

Remarkably, the induction of this autophagic response and
the concomitant metabolic changes observed in Zmpste24 '~
mice are commonly associated with longer lifespan rather
than with the shortened longevity characteristic of these pro-
geroid animals. Thus, autophagy is primarily a pro-survival
mechanism which generates nutrients and protects cells from
the age-induced accumulation of altered proteins, membranes
and organelles (5,6). The anti-aging function of autophagy is
also supported by the finding of a marked decline of this cata-
bolic process during adulthood, and its virtually negligible pre-
sence at older age (9,10). The unexpected activation of this

pro-survival catabolic pathway in premature aging Zmpste24-
null mice prompted us to consider its putative relationship
with the metabolic changes occurring in these animals. We
first found that mTOR activity was strongly inhibited in
Zmpste24~’~ mice, which is consistent with the observed
autophagy increase in these mutant animals, as mTOR is an
inhibitor of the autophagic proteolytic pathway (58). The
mTOR inhibition observed in Zmpste24-null mice is also in
agreement with the proposed occurrence of an anti-aging mech-
anism in these progeroid mice, since inhibition of TOR-
signaling increases lifespan in yeast and nematodes (13,59).
The activation of the LKBI-AMPK pathway in Zmpste24 '~
mice is also consistent with this possibility as it has been
described that LKB1 and AMPK cooperate during conditions
of metabolic stress to establish cell-cycle quiescence in the
stem cell compartment, thus contributing to prolong lifespan
(60). Likewise, overexpression of AMPK promotes lifespan
extension in C. elegans, reinforcing the idea that this kinase



may act as a positive regulator of longevity (61,62). The
observed alterations in glucose homeostasis in Zmpste24-null
mice—which show hypoglycemia and hypoinsulinemia—are
also features associated with extended lifespan in diverse
model organisms (63,64). The fact that these alterations are
linked to a shift in the transcriptional profile of several key
genes for regulation of metabolism also agrees with our propo-
sal of a general anti-aging metabolic response in Zmpste24 ™’
mice aimed at storing resources in an attempt to preserve their
somatic integrity. In this regard, it has recently been reported
that accumulation of progerin—a mutant isoform of lamin A
whose expression leads to the development of Hutchinson-
Gilford progeria (65,66)—causes abnormal chromosome
segregation and binucleation after mitosis (67,68). Thus, it is
tempting to speculate that a normal growth rate in the presence
of progerin or prelamin A accumulation would compromise
somatic 1ntegr1ty In fact, the metabolic shift observed in
Zmpste24~'~ mice, which shares many features with those
observed in animals subjected to calorie-restriction, seems a
reasonable strategy to slow down the cellular division-
dependent accumulation of damage present in these animals.
Remarkably, all the reported alterations, which finally lead to
basal autophagy up-regulation are manifested during postnatal
development and exacerbated with age in Zmpste24 '~ mice,
which strongly suggests that they represent a systemic and pro-
gressive response rather than a constitutive deficiency in these
mutant animals. In fact, all metabolic alterations reported in
this work are already present at certain extent when the first pro-
ger01d features (Welght loss, alopecia and kyphosis) are noticed
in Zmpste24~'~ mice, and their magnitude increases in parallel
to the development of the progeroid phenotype Lastly, the fact
that this response does not occur in Zmpste24 “Lmnat'™
mice—which do not accumulate prelamin A in the nuclear
envelope and lack the progeroid phenotype characteristic of
Zmpste24~'~ mice (20)—provides strong evidence about the
causal involvement of nuclear architecture abnormalities in
triggering this anti-aging mechanism.

Interestingly, very recent and elegant studies have shown that
progeroid mice with defects in different DNA repair genes
exhibit an adaptive metabolic response characterized by altera-
tions in the glucose/insulin pathway, which are very similar in
some aspects to that reported herein for Zmpste24-null mice
(35,69,70). It has been proposed that this response is aimed at
re-allocating resources from growth to somatic preservation
and life extension, a situation which shows clear parallehsms
with that proposed to occur in Zmpste24™'~ mice. In fact,
there are many similarities among the metabolic alterations
present in different models of premature aging caused by
defects in DNA reparr mechanisms and those described herein
for Zmpste24 ~ mice. The observed up-regulation of gluco-
neogenic and beta-oxidative pathways are part of the metabolic
alterations shared by these two types of premature aging murine
models. Our novel observation that autophagy is also markedly
induced in all these progeroid models suggests that activation of
this pathway might be a common determinant in the metabolic
response triggered by diverse conditions causing premature
aging. Furthermore, the finding of an increased autophagy in
this putative protective response might also be of interest in
an evolutionary context, since this process appears to have
evolved in eukaryotes as part of a stress response to deal with
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environmental pressures such as those derived from nutrients
scar01ty (6,36). Accordingly, autophagy-deﬁ01ent Atg5~~
mice do not survive to the food shortage occurring during neo-
natal starvation (71). Our finding that autophagy may also be
activated in adult tissues by the accumulation of damage in
the nuclear architecture suggests the adaptation of this
pro-survival pathway to a condition very different from its
original function as a mechanism to increase the possibilities
of eukaryotic organisms to survive metabolic stress (36).
Thus, a proteolytic pathway that generates ATP and favors tran-
sition from prenatal to postnatal environment could also serve
to adaptively retard aging and improve organismal homeostasis
when triggered in adult tissues. Nevertheless, it is clear that this
adaptive response is unable to repair or at least to compensate
for the profound nuclear archrtecture defects derived from pre-
lamin A accumulation in Zmpste24 '~ mice, and these persist-
ent defects lead to the premature death of these mutant mice.

Finally, the somewhat paradoxical ﬁndm%I that autophagic
proteolysis is up-regulated in ZmpsteZ4 mice and in
other models of accelerated aging may also provide new
insights into the mechanisms underlying the multiple tissue
alterations observed in these mice as well as in the related
human progeroid syndromes caused by nuclear lamina
abnormalities. Thus, and in addition to the above discussed
relevance of autophagy to facilitate temporary survival to
metabolic stress, this catabolic pathway can also be detrimen-
tal and lead to cell death when chronically activated (72,73).
This situation could contribute to the progressive loss of mus-
cular mass that ultimately leads to the muscular dystrophy
phenotype observed in both Zmpste24-null mice and progeria
patients (18,22). Further studies with specific autophagy
inhibitors or with appropriate animal models of autophagy-
deﬁ01ency will be helpful to clarify whether the observed
increase of basal autophagic act1v1ty in Zmpste24™'~ mice
is able to counteract the progression of their progeroid pheno-
type, or by contrast, contributes to the development of the
multiple pathologies observed in these mice.

In summary, on the basis of the results presented herein, we
propose a model in whrch the nuclear architecture defects occur-
ring in Zmpste24~'~ progeroid mice activate an anti-aging
response first characterized by transcriptional alterations in
metabolism regulatory genes and profound changes in circulat-
ing blood glucose and hormone levels. These changes likely
lead to activation of the LKB1-AMPK pathway and to the sub-
sequent inhibition of mTOR, which in turn results in activation
of autophagy, an essential component of pro-survival pathways
in eukaryotic organisms. However, the occurrence of persrstent
nuclear architecture defects in all cells from Zmpste24 ™
mutant mice turns this temporally regulated response into a
chronic situation. This fact probably potentiates the detrimental
consequences of this pro-survival mechanism and may finally
overcome its beneficial anti-aging effects. It will be very interest-
ing to explore the possibility that a s1m11ar metabolic checkpornt
to that reported herein for Zmpste24 ™'~ mice could operate in
patients affected by devastating human progeroid syndromes
such as Hutchinson-Gilford disease, which are also caused by
defects in nuclear lamina architecture (14,17,18). Finally, the
recent observation that nuclear envelope abnormalities could
also be a central cause of aging (23) opens the possibility that
normal physiological aging or senescence-involving conditions
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may engage a similar response involving the chronic activation
of autophagy, an originally intended pro-survival strategy that
may finally turn out into a pro-aging mechanism.

MATERIALS AND METHODS
Transgenic animals

Mutant mice deficient in Zmpste24 metalloproteinase and
transgenic mice expressing the fluorescent autophagosome
marker GFP-LC3 have been previously described (22,30).
Lmna™'~, p537/ ~, XPF 7'~ and CSB/XPA™/~ mice were
kindly provided by Drs C. Stewart (NIH, USA), M. Serrano
(CNIO, Spain), M. Blasco (CNIO, Spain) and J. Hoeijmakers
(Erasmus University, Netherlands). Animal experiments were
conducted in accordance with the guidelines of the Committee
on Animal Experimentation of the Universidad de Oviedo,
Oviedo, Spain.

Immunoblotting analysis

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 Science, Mannheim, Germany). Once homogenized,
tissue extracts were centrifuged at 12000 g and 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). Twenty-five microgram of each protein sample was
loaded on 13% SDS-polyacrylamide gels. After electrophore-
sis, gels were electro-transferred onto nitrocellulose filters,
and then the filters were blocked with 5% non-fat dried milk
in PBT (phosphate buffered saline with 0.05% Tween 20)
and incubated with primary antibodies in 5% BSA in PBT.
After three washes with PBT, filters were incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG at a
1:10000 dilution in 1.5% milk in PBT, and developed with a
West Pico enhanced chemiluminescence kit (Pierce Biotech-
nology). The antibody against LC3 was kindly provided by
Dr T. Ueno (Juntendo University, Tokyo, Japan). The anti-
bodies against LKB1 and p62 were from Upstate (Manchester,
UK), and Progen Biotechnik (Heidelberg, Germany), respect-
ively. All the other antibodies used in this work were from
Cell Signaling (Beverly, MA, USA).

Quantitative analysis of GFP-LC3 dots

Mutant mice deficient in Zmpste24 metalloproteinase were
crossed with transgenic mice overexpressing GFP-LC3 that
provide an efficient in vivo marker for autophagy (30). To
avoid autophagy induction during manipulation of mice, they
were perfused with 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (PBS), pH 7.4. Tissues were harvested and
further fixed with the same fixative solution for at least 4 h, fol-
lowed by treatment with 15% sucrose in PBS for 4 h, and then
with 30% sucrose solution overnight. Tissue samples were
embedded in Tissue-Tek OCT compound (Sakura Finetechnical
Co. Ltd, Tokyo, Japan) and stored at —70°C. Samples were

then sectioned at 5 wm thickness with cryostat (CM3050 S,
Leica, Deerfield, IL, USA), air-dried for 1 h, washed in PBS
for 5 min, dried at RT for 30 min and mounted with convention-
al anti-fading medium. The number of GFP-LC3 dots was
counted in five independent visual fields from at least five inde-
pendent mice in each organ using a Leica TCS sp2 AOBS con-
focal fluorescence microscope.

Blood and plasma parameters

Animals were starved for 5 h to avoid any possible alteration in
blood glucose levels due to food intake previous to measure-
ments. Blood glucose was measured with an Accu-Chek gluc-
ometer (Roche Diagnostics, Barcelona, Spain) using blood
from the tail vein. For the other measured parameters, blood
was extracted directly from the heart after anesthetizing mice
with halothane. Plasma was obtained as previously described
(74). Briefly, blood was immediately centrifuged after collec-
tion at 3000 g and 4°C and the supernatant was collected and
stored at —70°C until analysis. For plasma leptin, adiponectin
and insulin measurements, we used Linco Diagnosis ELISA
Kits, whereas for free fatty acids levels determination we
used Wako NEFA-C colorimetric test (WAKO Chemicals,
Tokyo, Japan). All protocols were performed according to
manufacturer’s instructions.

RNA preparation

Collected tissue was immediately homogenized in TRI reagent
(Sigma, Poole, UK) and processed in the same day through
alcohol precipitation according to the manufacturer directions.
RNA pellets were then washed in cold 80% ethanol and
stored at —80°C until further use. Following re-suspension of
RNA in nuclease-free water (Ambion, Austin, TX, USA), the
samples were quantified and evaluated for purity (260 nm/
280 nm ratio) using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and 100 g
of each sample was further purified using RNeasy spin
columns according to the manufacturer’s instructions (Qiagen,
Valencia, CA, USA).

Quantitative RT—-PCR analysis

cDNA was synthesized using 1 to 5 pg of total RNA, 0.14 mm
oligo(dT) (22-mer) primer, 0.2 mM concentrations of each
deoxynucleoside triphosphate and Superscript II reverse tran-
scriptase  (Invitrogen, Carlsbad, CA, USA). Quantitative
reverse transcription-PCR (qQRT—PCR) was carried out in tripli-
cate for each sample using 20 ng of cDNA, TaqMan® Universal
PCR master mix (Applied Biosystems, San Francisco, CA,
USA), and 1wl of the specific TagMan® custom gene
expression assay for the gene of interest (Applied Biosystems).
To quantitate gene expression, PCR was performed at 95°C for
10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s
and 72°C for 30 s using an ABI Prism 7700 sequence detector
system. As an internal control for the amount of template cDNA
used, gene expression was normalized to the mouse B-actin
gene using the Mouse B-actin Endogenous Control (VIC®/
MGB Probe, Primer Limited) TaqMan® Gene expression
assay (Applied Biosystems). Relative expression of the distinct



analyzed genes was calculated according to manufacturer’s
instructions. Briefly, the analyzed gene expression was normal-
. .. . —/— .

ized to B-actin in wild-type or Zmpste24 derived samples,
using the following formula: the mean values of 24¢Teene
(Gene of interest) ~ACTgene (B-actin) for at |east six different wild-type
animals were considered 100% for each analyzed gene and the
same values for Zmpste24™'~ mice tissues were referred to
those values as previously described (75).

Transcriptome analysis

The full transcriptome analysis was conducted using Affy-
metrix mouse 430_2 expression gene-arrays according to the
protocols recommended by the manufacturer (Affymetrix,
Santa Clara, CA, USA). Three male mice from each pheno-
type maintained under the same feeding and light/dark cycle
conditions were used to perform transcriptome analysis.
Zmpste24~'~ mice utilized for these experiments did not
exhibit an overt cachectic phenotype which could confound
further metabolic analysis. Labeling and hybridization
reagents were prepared using master mixes at each step to
minimize technical error. Biotin-labeled cRNA was produced
from 2 pg total RNA using an Affymetrix ‘one-way’ labeling
kit (catalog no. 900493). Total cRNA was then quantified
using a Nano-Drop ND-1000 spectrophotometer and evaluated
for quality after fragmentation on a 2100 Bioanalyzer. Follow-
ing overnight hybridization at 45°C in an Affymetrix Model
640 GeneChip hybridization oven, the arrays were washed
and stained using an Affymetrix 450 fluidics station as
recommended by the manufacturer, and scanned on an
Affymetrix Model 3000 scanner. After scanning, rawdata
(Affymetrix Cel files) were obtained using Affymetrix
GeneChip Operating Software (version 1.4). This software
also provided summary reports by which array QA metrics
were evaluated including average background, average
signal and 3'/5" expression ratios for spike-in controls.

Analysis of gene expression

GenMAPP and Microsoft Excel software were used for the
data analysis. GenMAPP (Gene MicroArray Pathway Profiler;
http://www.genmapp.org) is a program for viewing and analyz-
ing microarray data on microarray pathway profiles (MAPPs)
representing biological pathways or any other functionally
grouped genes (76). GenMAPP was used to construct and
modify pathways as well as to provide access to annotations
for genes of interest.

Histological analysis of tissues

Tissues were harvested and further fixed with 10% neutral-
buffered formalin solution (Sigma) and left overnight at 4°C.
After that, tissues were treated with 15% sucrose in PBS for
4 h, and then with 30% sucrose solution overnight. Tissue
samples were embedded in Tissue-Tek OCT compound
(Sakura Finetechnical Co. Ltd.) and stored at —70°C.
Samples were then sectioned at 5 pum thickness with cryostat
(CM3050 S, Leica). Cryosections were stained with PAS or
Oil Red O to detect glycogen and triglycerides, respectively.
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Statistical analysis

All experimental data are reported as mean and the error bars
represent the standard error of the mean (SEM). Statistical
analysis was performed by the non-parametric Student # test.
Statistical analyses were made using the Prism program
v. 4.0 (GraphPad software, Inc.).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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