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Zmpste24 (also called FACE-1) is a metalloproteinase involved in the
maturation of lamin A, an essential component of the nuclear
envelope. Zmpste24-deficient mice exhibit multiple defects that
phenocopy human accelerated aging processes such as Hutchinson—
Gilford progeria syndrome. In this work, we report that progeroid
Zmpste24”~ mice present profound transcriptional alterations in
genes that regulate the somatotroph axis, together with extremely
high circulating levels of growth hormone (GH) and a drastic reduc-
tion in plasma insulin-like growth factor 1 (IGF-1). We also show that
recombinant IGF-1 treatment restores the proper balance between
IGF-1 and GH in Zmpste24”~ mice, delays the onset of many proge-
roid features, and significantly extends the lifespan of these proge-
roid animals. Our findings highlight the importance of IGF/GH
balance in longevity and may be of therapeutic interest for devas-
tating human progeroid syndromes associated with nuclear enve-
lope abnormalities.

laminopathy | microRNA | progeria | protease | cancer

ging is a natural process that affects most biological functions

and appears to be a consequence of the accumulative action
of different types of stressors. Among these, oxidative damage,
telomere attrition, and the decline of DNA repair and protein
turnover systems are thought to be major causes of aging (1, 2).
Over the last few 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 pre-
cociously or in an exacerbated form. The vast majority of proge-
roid syndromes are a consequence of inefficient DNA repair
mechanisms or defective nuclear envelope assembly, which ulti-
mately lead to DNA damage accumulation and chromosome in-
stability (3). Thus, mutations in the gene encoding lamin A (an
essential component of the nuclear envelope) or in Zmpste24
(encoding a metalloproteinase involved in the maturation of lamin
A) are responsible for several devastating human progeroid syn-
dromes, including Hutchinson—Gilford progeria, atypical Werner
syndrome, restrictive dermopathy, and mandibuloacral dysplasia
(3-7). The elucidation of the molecular mechanisms underlying
these diseases has been facilitated by the generation and analysis of
Lmna- and Zmpste24-deficient mice, which exhibit profound nu-
clear architecture abnormalities and multiple histopathological
defects that phenocopy human progeroid syndromes (8-12).

In recent years, somatotroph [i.e., growth hormone (GH)/
insulin-like growth factor 1 (IGF-1)] signaling has been identified
as a major regulator of longevity from nematodes to man (13).
Paradoxically, studies have shown that reduced somatotroph
signaling is a common feature of both long-lived model organisms
and progeroid mice harboring alterations in DNA-repair mecha-
nisms (14, 15). However, to date no studies have been undertaken
to evaluate whether the down-regulation of IGF-1 signaling ob-
served in premature aging is a beneficial adaptive response or
a detrimental event that directly contributes to the development
of progeroid features. In the present work, we report that
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Zmpste24~'~ mice, which constitute an appropriate murine model
of Hutchinson—Gilford progeria, demonstrate a clear dysregula-
tion of somatotroph axis signaling. In addition, we show that this
alteration is detrimental, given that Zmpste24~'~ mice treated with
recombinant IGF-1 show a clear amelioration of progeroid fea-
tures and significantly extended longevity compared with un-
treated Zmpste24~'~ mice.

Results

To gain insight into the alterations associated with the premature aging
phenotype observed in Zmpste24~'~ mice, and considering the increasing
evidence for the importance of somatotroph axis regulation in longevity,
we analyzed IGF-1 plasma levels in 1-, 2- and 4-mo-old progeroid mice.
As shown in Fig. 14, 1-mo-old Zmpste24~~ mice—which do not yet ex-
hibit any obvious progeroid features—already demonstrate a significant
reduction in circulating IGF-1 levels, which progressively declines as the
mice prematurely age. Given that IGF-1 synthesis is regulated mainly by
circulating GH, we measured plasma GH concentration in the same
Zmpste24~'~ mice. As shown in Fig. 14, we found that although 1-mo-old
mutant mice show circulating GH levels comparable to those from age-
matched WT littermates, 2- and 4-mo-old progeroid mice show a drastic,
progressive increase in circulating GH (~5- and 11-fold, respectively). To
test whether the somatotroph alterations of mutant mice could be simply
a consequence of their premature aging, we measured plasma levels of
IGF and GH in 1- and 2-y-old WT mice from the same genetic back-
ground. As shown in Fig. 14, the alterations in circulating IGF-1 and GH
levels seen in Zmpste24~'~ mice were not observed in aged WT controls.
This suggests that the somatotroph deregulation of progeroid mice is not
just a secondary consequence of their premature aging, but rather an early
pathological situation that could contribute to the development of the
progeroid phenotype and reduced lifespan characteristic of Zmpste24™'~
mice. Reduced IGF-1 and increased circulating GH are common features
of GH resistance, also known as Laron syndrome (LS) (16). Interestingly,
some pathological features of LS are also found among the complex
phenotypic manifestations of these progeroid mice. Both Zmpste24™'~
mice and LS patients have reduced muscle development, strength, and
endurance, as well as decreased bone mineral density, and both exhibit
alopecia, skin atrophy, and hypoglycemia (8, 16, 17).

As a first step to elucidating the molecular determinants for the
GH/IGF-1 axis alteration observed in Zmpste24™'~ mice, we per-
formed a detailed analysis of our previously reported transcriptome data
of liver from these progeroid mice (9). In addition to the reported
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changes in glucose and lipid metabolism genes (17, 18) and the marked
up-regulation of components of the p53-signaling pathway (9), we ob-
served that many genes involved in somatotroph axis signaling were
transcriptionally altered in the liver of Zmpste24~'~ mice (Table 1). To
further evaluate these results, we performed a quantitative PCR (qPCR)
analysis of selected GH/IGF-1 axis genes in liver samples from
Zmpste24~'~ mice. As shown in Fig. 1B, mRNA levels of IGF-I were
significantly lower in mutant mice compared with their control litter-
mates. Similarly, mutant mice showed reduced levels of Igfals transcripts
encoding the IGF-binding protein acid labile subunit, which has been
associated with reduced levels of circulating IGF-1 in vivo (19, 20). In
contrast, Igfbpl, the up-regulation of which is also associated with a re-
duced effective IGF-1 concentration (21), was transcriptionally up-
regulated in Zmpste24”~ mice. Likewise, IGF-Ir (IGF-1 receptor)
mRNA levels were markedly increased in mutant mice, possibly re-
flecting a compensatory attempt to amplify the IGF-1 signaling. We also
found alterations in genes involved in GH-mediated signaling. In fact,
although liver mRNA levels of Ghr (growth hormone receptor) in
Zmpste24~'~ mice were lower than those found in WT animals, Stat5a
(signal transducer and activator of transcription 5a) and Socs2 (sup-
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Fig. 1. Somatotroph axis alterations in
B Zmpste24+/+ B Zmpste24-/- B Zmpste24+/+ ®Zmpste24-/- Zmpste24”’ mice. (A) Plasma concentration
of IGF-1 (Left) and GH (Right) in WT mice
B 15 4 110 *% 3,5 " (blue bars) and Zmpste24~'~ mice (red bars).
38 3 | The depicted values indicate a progressive
- c 50 * reduction of circulating IGF-1 together with
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g 275 * % 2 Zmpste24~~ mice. (B) qPCR evaluation of
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B 2 5 g 154 axis in liver. Blue bars represent WT mice,
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pressor of cytokine signaling 2) mRNA levels were up-regulated in
these progeroid mice (Fig. 2B). Although the functions of these two
genes are antagonistic (Socs2 down-regulates GH signaling, whereas
Stat5a is one of the main transducers of this pathway), both genes are
transcriptionally up-regulated in response to GH in the liver (22, 23).
Therefore, the finding of increased mRNA levels for both factors in
Zmpste24~"~ progeroid mice is likely linked to the abnormally high cir-
culating GH levels. Taken collectively, the transcriptional alterations in
components of the somatotroph axis seen in Zmpste24~'~ progeroid
mice, together with the fact that /[GF-1 mRNA and protein levels remain
reduced in presence of high circulating GH levels, point to a situation
of GH resistance similar to that reported for some humans with
Hutchinson-Gilford progeria (24). The finding that Zmpste24~~ male
mice have very low levels of major urinary proteins (MUPs) (8) is also
consistent with this situation, given that the synthesis of these proteins is
dependent on somatotroph signaling (25, 26).

Considering the complexity of the somatotroph axis alterations found
in Zmpste24~'~ mice, we decided to evaluate in more detail the putative
GH resistance observed in these progeroid animals. Thus, we analyzed
the protein levels and relative phosphorylation of Jak2, Stat3, Stat5, and

Table 1. Liver transcriptome analysis of Zmpste24~'~ reveals somatotroph axis transcriptional alterations
Gene Zmpste24~'~ vs.

Gene name symbol WT fold change
Signal transducer and activator of transcription 5B Stat5b 7.55
IGF-binding protein 1 Igfbp1 6.37
Suppressor of cytokine signaling 3 Socs3 4.61
IGF-binding protein 3 Igfbp3 3.17
Suppressor of cytokine signaling 2 Socs2 2.20
Protein tyrosine phosphatase, nonreceptor type substrate 1 Ptpns1 2.09
Estrogen-related receptor, alpha Esrra 1.84
Janus kinase 2 Jak2 1.28
Suppressor of cytokine signaling 1 SocsT -1.28
Suppressor of cytokine signaling 5 Socs5 -1.41
Fibroblast growth factor receptor 4 Fgfrd -1.52
Fibroblast growth factor 4 Fgf4 -1.67
Cytokine-inducible SH2-containing protein Cish -1.71
Insulin-like growth factor 1 IGF-1 -1.76
Growth hormone receptor Ghr -1.82
Insulin-like growth factor binding protein 5 Igfbp5 -1.98
Deiodinase, iodothyronine, type | Dio1 -4.46
IGF-binding protein, acid labile subunit Igfals -7.24

Marifio et al.

PNAS | September 14,2010 | vol. 107 | no.37 | 16269

MEDICAL SCIENCES



L T

/

1\

=y

L @ & @ B Phosphorylated / load levels

€0 €2

AP L P S 0 1 2 3
VRS B %

RGN AR

SO PP FT S ST F S L&D E
PN AR NAARNON el i
r " " )}

&

[« -—— = o | Phospho-Jak2

[= = = = = = =] Totalak stat3

=== == = == rrosphosun

I
J——
[ - ————— -] Toal-Stat3 Stats ‘
[
L

[ — - =] Phospho-Stat5 ]
! .!-- = ey : "'- Total-Stat5

pa2
[ c=am - =mm- = =& | Phosphop2ipss
EETTE==EST ST | Toalpi2pid

[ | Load

mWTsaline mKO saline WTGH ®KOGH

Fig. 2. GH-dependent transduction pathways analysis in Zmpste24~'~ mice.
Human recombinant GH was injected i.v. in overnight-fasted Zmpste24*"*
and ZmpsteZ4"‘ mice. After 10 min, the mice were euthanized, and their
livers were collected and flash-frozen. Liver response to GH was further
analyzed by immunoblotting against major components of GH-induced
signaling cascades. (A) Immunoblotting against total and phosphorylated
forms of Jak2, Stat3, Stat5, and Erk1/2 in WT and Zmpste24~'~ mice livers. (B)
Densitometry analysis of the phosphorylated forms of GH-related signaling
transducers shown in A. At least three WT and six mutant animals were used
for each assay. *P < 0.05, two-tailed t test.

Erk1/2, all of which have been reported to be main effectors of GH
stimulation (25), in response to i.v. GH injection. As shown in Fig. 2,
stimulation with GH induced similar Jak2, Stat3, and Stat5 phosphory-
lation in the livers of both WT and Zmpste24~'~ mice. However, whereas
the GH-treated WT mice displayed only slight Erk1/2 activation, the GH-
treated mutant mice exhibited strong phosphorylation of these proteins.
Interestingly, we also found increased basal phosphorylation of Jak2 in
Zmpste24~'~ mice, which is consistent with the high levels of circulating
GH in these animals. Conversely, basal phosphorylation levels of Stat3
and Stat5 were comparable in the mutant mice and WT livers. Taken
together, these complex results indicate a nonuniform response among
the multiple downstream effectors of GH and are likely a result of the
multiple signaling alterations previously described in Zmpste24~'~ mice
(9, 17, 27). In this regard, the higher Socs2 transcription levels displayed
by mutant mice could specifically explain the absence of changes in Stat3
and Stat5, because Socs2 blocks the binding of Stat to GH receptor (28).
Previous studies have shown that GH-mediated /GF-1 transcription in
vivo is dependent mainly on Stat5 activity (29); however, in vitro studies
have shown that Mek inhibition stimulates /GF-I expression (30).
Likewise, somatostatin has been reported to inhibit IGF-1 expression by
activating the ERK-signaling pathway (31). Finally, the fact that human
GH demonstrates a certain degree of lactogenic activity in mice must be
considered (32). Thus, we cannot totally exclude the possibility that some
of the complex and nonuniform signaling responses observed in proge-
roid mice after treatment with recombinant GH could be influenced by
this phenomenon. Taken together, these results help explain the /GF-1
mRNA down-regulation found in Zmpste24~'~ mice. Nevertheless, it is
likely that other signaling pathways also may contribute to the somato-
troph axis changes seen in these mutant mice.

Additional signaling alterations, such as the previously described
hyperactivation of p53 signaling (9) and down-regulation of the Wnt
pathway (27), as well as the profound changes in glucose and lipid
metabolism seen in Zmpste24~'~ mice (18) might contribute to the
observed decrease in /GF-1 mRNA synthesis even in the presence of
abnormally increased levels of circulating GH. Taking this into con-
sideration, and given the increasing relevance of microRNAs (miRs) in
the regulation of most physiological and pathological processes (33), we
performed an exhaustive search of putative miRs predicted to target
Igfl, because deregulation of miRs function could possibly help explain
the observed paradoxical reduction in Igfl mRNA. Interestingly, we
found that several miRs (miR-1, miR-26a and miR-27b) were predicted
to target /IGF-1 (Fig. 34). Consequently, we analyzed the transcrip-
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tional levels of these miRs in liver tissues from WT and progeroid mice.
As shown in Fig. 34, the expression levels of miR-26a and miR-27b in
Zmpste24~'~ mice liver tissues were similar to those seen in WT mice. In
contrast, the expression of miR-1 was significantly higher in the liver,
kidney, and muscle tissue of Zmpste24~'~ mice compared with their WT
littermates (Fig. 3B). Accordingly, we decided to analyze in more detail
whether or not miR-1 is able to repress IGF-1. For this, we performed
luciferase assays using a fusion of the 3’-UTR of murine Igfl down-
stream of the cDNA of Renilla luciferase. As shown in Fig. S1, we
confirmed a functional binding site for miR-1 in the 3'-UTR of IGF-1.
In addition, a 2-nt substitution in the putative seed sequence of miR-1
was sufficient to significantly reduce miR-1 repressive effect over the
3’-UTR of IGF-1, thus confirming that /GF-1 is a bona fide target for
miR-1. During the preparation of this manuscript, and consistent with
our findings, it has been reported that miR-1 is able to target /IGF-1 in
the context of cardiac and skeletal muscle physiology (34, 35), which
supports our results. To further examine this putative link among miR-
1, IGF-1, and progeroid syndromes, we analyzed miR-1 expression
levels in cultured fibroblasts derived from patients with Hutchinson—
Gilford progeria syndrome. As shown in Fig. 3C, these human pro-
geroid cells also exhibited a marked transcriptional up-regulation of
miR-1 compared with control fibroblasts. Interestingly, cultured murine
fibroblasts subjected to persistent DNA damage also exhibited in-
creased miR-1 mRNA levels (Fig. 3D). This finding also agrees with
previous reports of reduced IGF-1 expression in WT mice exposed to
a low dose of chronic genotoxic stress (36), as well as with the fact that
cells from both Hutchinson-Gilford progeria patients and Zmpste24 ™/~
mice show increased DNA damage (37). Taken together, these findings
suggest that miR-1 up-regulation occurs in both progeroid mice and
human Hutchinson-Gilford progeria cells and likely contributes to
somatotroph axis suppression by reducing IGF-1 synthesis, even in the
presence of elevated circulating GH levels.

Finally, in this work we explored whether the detailed characterization
of the somatotroph axis alterations observed in Zmpste24~'~ mice could
lead to the development of therapeutic strategies for human progeroid
syndromes. We decided to first evaluate the effect of recombinant hu-
man IGF-1 (1IGF-1) treatment on Zmpste24~'~ mice to test whether
somatotroph axis restoration could ameliorate or aggravate their pro-
geroid phenotype, including their reduced longevity. To provide con-
tinuous rIGF-1 delivery, we used subcutaneous osmotic pumps, which
ensure uniform drug delivery into the systemic circulation. The suc-
cessful delivery of rIGF-1 was further verified by ELISA analysis of
human IGF-1 levels in treated mice (Fig. 4). Interestingly, Zmpste24~'~
mice treated with rIGF-1 demonstrated substantial recovery of proge-
roid phenotypes (Fig. 4). Thus, rIGF-1 treatment improved body weight,
increased the amount of subcutaneous fat, reduced the degree of ky-
phosis and alopecia, and significantly extended the longevity of
Zmpste24~'~ mice (P = 0.025, log-rank test) (Fig. 4). The median survival
of treated Zmpste24~'~ mice was extended from 123 d to 145 d, and the
maximum survival was extended from 151 d to 187 d. Notably, all phe-
notypes rescued in Zmpste24~'~ progeroid mice represent characteristic
features of Hutchinson-Gilford progeria in humans. Moreover, 4-mo-
old rIGF-1-treated mice had similar GH levels as WT mice, whereas
age-matched saline-treated progeroid mice had dramatically increased
circulating GH levels, suggesting that rIGF-1 treatment restored the
observed somatotroph axis alterations of Zmpste24~'~ mice. In fact, the
4-mo-old treated mice had normal MUP concentrations in urine (Fig. 4),
providing additional support to the restoration of the GH/IGF-1 func-
tion in mutant mice treated with rIGF-1.

Discussion

In recent years, the effect of somatotroph axis alterations on lifespan
extension has been a subject of extensive analysis (38). The first evi-
dence pointing to a longevity regulatory role of IGF-1 signaling was
reported in nematodes. In fact, worms lacking Daf2, the ortholog of
mammalian insulin/IGF-1 receptor, have a dramatically increased
lifespan (39). Similarly, flies harboring inactivating mutations in InR
(the ortholog of C. elegans Daf2 and mammalian IR and IGF-1R) have

Marifio et al.
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a significantly increased lifespan (40). In mammals, both reduced in-
sulin and IGF-1 signaling are commonly found in long-lived organisms.
Thus, a reduction in IGF-1 signaling alone is sufficient to significantly
extend the lifespan, at least in mice (41). More surprisingly, a patho-
logical condition such as LS, which is associated with GH resistance and
growth retardation, extends longevity in mice and confers some degree
of cancer protection in humans (42). Notably, and despite their reduced
growth rate and body size, LS mice exhibit reduced circulating IGF-1
levels and increased blood GH content and greater longevity compared
with control animals (43). Thus, the finding that Zmpste24~'~ progeroid
mice present features of GH resistance similar to those seen in LS mice,
as well as additional alterations associated with lifespan extension, such
as increased autophagy (17), is both paradoxical and intriguing.
Previous reports have noted a number of unexpected similarities
between phenotypic alterations found in murine models of premature
aging and long-lived organisms, including reduced circulating IGF-1
levels (36, 44, 45). All these alterations seem to be part of an adaptive
stress response aimed at preserving organism viability under compro-
mising circumstances (14, 15). These features common to both long-
lived and premature-aged individuals have been proposed to arise from
a progressive and age-dependent accumulation of DNA damage, which
is highly exacerbated in progeroid syndromes (46). In addition, DNA
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Fig. 3. miR-1 expression analysis in Zmpste24~"~ mice

and Hutchinson-Gilford progeria cells. (A) gPCR analysis
* of putative IGF-1 microRNAs. A selection of TargetScan-
predicted microRNAs targeting IGF-1 (Left) were ana-
lyzed by gPCR in liver samples (Right) from WT (blue
bars) and Zmpste24”’ mice (red bars). (B) miR-1 ex-
pression studies were extended to the indicated tissues
from WT and Zmpste24"‘ mice. (C) miR-1 expression
levels in in human fibroblasts from patients with
Hutchinson-Gilford progeria syndrome. (D) miR-1 ex-
pression levels in WT fibroblasts untreated and treated
with 0.5 pM doxorubicin for 24 h.

damage induction in vivo has been shown to lead to a series of alter-
ations similar to those observed in both progeroid and long-lived ani-
mals (14, 44). Thus, it seems reasonable that long-lived organisms that
have been able to overcome cancer, cardiovascular, or other life-
threatening pathologies accumulate DNA damage with aging that
eventually elicits an adaptive stress response similar to that observed at
an early age in progeroid individuals. This response is aimed at reallo-
cating resources from growth to somatic preservation, given that normal
growth or proliferation rates in cells that accumulate a critical amount of
DNA damage will unequivocally lead to replication defects, chromo-
somal instability, nuclear envelope abnormalities, and, finally, the de-
velopment of cancer (15). It is tempting to speculate that if this putative
adaptive response fails to counteract the detrimental effects of DNA
damage accumulation, then progeroid mice will finally succumb to
cancer. Conversely, if this strategy is successful, then progeroid mice that
have acquired features of long-lived organisms will exhibit reduced
metabolic and growth rates, but not the characteristic lifespan reduction.
This could be due to overactivation of antiproliferative pathways in-
duced by the massive accumulation of DNA damage, which leads to
a systemic senescent state and finally to premature death. The somato-
troph axis alterations found in Zmpste24™~ progeroid mice could con-
stitute a clear example of redundant oversuppression of a growth-

Fig. 4. Recombinant IGF-1 treatment ameliorates Zmpste24-
deficient mice progeroid phenotypes. (A) Representative
photographs of 4-mo-old Zmpste24*'* and Zmpste24~'~
mice untreated and treated with recombinant human
IGF-1. (B) Total body weight of 3-mo-old Zmpste24*'* (n=6),
Zmpste24~'~ (n = 8), and treated Zmpste24~'~ (n = 8) mice.
The treated mice exhibit a significant recovery of the total
body weight. (C) Recombinant IGF-1 treatment restores GH
levels of 4-mo-old Zmpste24~'~ mice to those observed in
their age-matched WT littermates. (D) Kaplan-Meier graph
showing asignificantincrement of the maximum life spanin

+
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50 e
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tative SDS/PAGE gel showing normal MUPs urine content
in 4-mo-old Zmpste24~'~ mice treated with recombinant
IGF-1.
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promoting pathway. In fact, progeroid mice show alterations in multiple
regulators of GH-mediated signaling, including up-regulation of Socs2
and Igfbpl together with down-regulation of Igfl, Igfals, and Ghr genes,
clearly pointing to an strategy of growth suppression. Moreover, the
marked up-regulation of miR-1 observed in both Zmpste24~~ mice and
Hutchinson-Gilford Progeria syndrome cells likely contributes to the ex-
acerbated suppression of liver IGF-1 synthesis observed in progeroid
mice, even in the presence of high circulating GH levels.

The possibility that the dramatically increased circulating GH levels
could constitute one of the main determinants of the premature aging of
Zmpste24~'~ mice should be considered as well. In fact, although pro-
geroid mice demonstrate liver GH resistance in terms of IGF-1 syn-
thesis, they show no significant alteration in Jak/Stat pathway activation
after i.v. GH injection. Thus, it is possible that the observed supra-
physiological circulating GH levels could directly elicit a variety of det-
rimental responses in peripheral tissues, which could contribute to the
development of premature aging. Interestingly, liver-specific knockout
mice with reduced IGF-1 and increased GH circulating levels exhibited
metabolic defects that could be corrected by the administration of a GH
antagonist (47). This demonstrates that high levels of circulating GH can
be detrimental and contribute to a shortened lifespan. Moreover, giant
GH transgenic mice were found to have several features of accelerated
aging (48), supporting the idea that the increased GH levels in
Zmpste24”'~ mice could contribute to the organismal wasting that
accompanies accelerated aging. In contrast, the increased longevity seen
in LS mice indicates that somatotroph axis-linked regulation of longevity
is precisely fine-tuned. Consistently, our finding that rIGF-1 adminis-
tration extends longevity and ameliorates several progeroid features of
Zmpste24”'~ mice suggests that the intensity of the systemic adaptive
response seen in premature aging conditions is excessive and must be
modulated to extend longevity. Thus, although the complete elimination
of the antiproliferative alterations observed in progeroid mice would
likely result in cancer, the selective modification of some signaling
pathways in these mice could be beneficial for extending longevity. Ac-
cordingly, we have previously shown that a reduction in p53 signaling
delays the onset of progeroid features and increases the lifespan in
Zmpste24™'~ mice (9). Our observation that rIGF-1-mediated restora-
tion of somatotroph axis status—altered in both accelerated aging
models and some progeria patients (24, 45)—extends longevity in mice
points in the same direction. IGF-1 has proven effective in treating
GH-refractory somatotroph alterations in humans with no significant
detrimental effects (49). Accordingly, rIGF-1 treatment, alone or in
combination with other drugs, such as statins and bisphosphonates (50),
merits exploration as a therapeutic approach to slow disease progression
in children with progeria.

Materials and Methods

Transgenic Animals. Mutant mice deficient in Zmpste24 metalloproteinase
have been described previously (8). All animal experiments were conducted
in accordance with the guidelines of the University of Oviedo’s Committee
on Animal Experimentation.

Recombinant IGF-1 Administration. Mice were treated with recombinant hu-
man IGF-1 (Prospec) at a daily dose of 1 mg/kg of body mass. IGF-1 dissolvedin 10
mmol/L of HCl and sterile isotonic saline at a concentration of 8.3 mg/mL was
loaded into a miniosmotic pump (model 1004; Alzet) that had a pumpingrate of
0.125 pl/h (3 pl/d) for 28 d. Loaded pumps were primed in isotonic saline at
37 °C for 24 h before implantation. Mice assigned to receive IGF-1 were
anesthetized with isoflurane such that they were unresponsive to tactile
stimuli, whereupon an incision was made in the skin in the middle of the spinal
curvature and an s.c. pocket was created via blunt dissection with surgical
scissors. Pumps were inserted into the s.c. space with the flow regulator cap
directed distally, and the incision was closed with Michel clips. After 28 d of
continuous IGF-1 administration, the pumps were replaced with freshly loaded
and primed units to enable a further 28 d of treatment by the same procedure.
On removal, the pumps were aspirated to ensure that fouling had not occurred
and that the contents had been administered appropriately.

Immunoblot Analysis. After extraction, mouse tissues were immediately frozen
in liquid nitrogen and then homogenized in a 20 mM Tris buffer (pH 7.4)
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containing 150 mM NacCl, 1% Triton X-100, and 10 mM EDTA, Complete
Protease Inhibitor Mixture (Roche Applied Science), and phosphatase inhib-
itors (200 pM sodium orthovanadate, 1 mM B-glycerophosphate). Once ho-
mogenized, tissue extracts were centrifuged at 12,000 x g and 4 °C, and
supernatants were collected. Supernatant protein concentration was evalu-
ated by the bicinchoninic acid technique (Pierce BCA Protein Assay Kit). Then
25 pg of each protein sample was loaded onto 8% SDS-polyacrylamide gels.
After electrophoresis, the gels were electrotransferred onto nitrocellulose
filters, and the filters were then blocked with 5% nonfat dried milk in
PBT (PBS with 0.05% Tween 20) and incubated with primary antibodies in 5%
BSA in PBT. After three washes with PBT, filters were incubated with HRP-
conjugated goat anti-rabbit IgG at a 1:10,000 dilution in 1.5% milk in PBT, and
developed with a West Pico enhanced chemiluminescence kit (Pierce). All of
the antibodies used in this work were obtained from Cell Signaling.

Blood and Plasma Parameters. The mice were starved for 5 h to avoid any
possible alteration in blood parameters due to food intake before measure-
ments. After the mice were anesthetized with isoflurane, blood was extracted
directly from the heart. Plasma was obtained as described previously (17).
In brief, blood was centrifuged immediately after collection at 3,000 x g and
4 °C, and the supernatant was collected and stored at —70 °C until analysis.
Plasma IGF-1 concentration was determined using the R&D Systems Quanti-
kine ELISA kit, whereas plasma GH concentration was measured using the
Linco ELISA kit, according to the manufacturer’s instructions.

RNA Preparation. Collected tissue was immediately homogenized in TRIzol
reagent (Invitrogen) and processed on the same day through alcohol pre-
cipitation. RNA pellets were then washed in cold 80% ethanol and stored
at —80 °C until further use. After resuspension of RNA in nuclease-free water
(Ambion), the samples were quantified and evaluated for purity (260 nm/280
nm ratio) using a NanoDrop ND-1000 spectrophotometer, and 100 pg of each
sample was further purified using Qiagen RNeasy spin columns according to
the manufacturer’s instructions.

Analysis of Liver Response to GH Injection. Recombinant human GH was
injected i.v. with a 5 mg/kg dose in 3.5-mo-old Zmpste24 WT and KO mice
fasted overnight. At 10 min after GH injection, the mice were killed, and their
livers were collected and flash-frozen in liquid nitrogen. Liver response to GH
was analyzed by immunoblotting using antibodies against major components
of GH-induced signaling cascades.

Quantitative RT-PCR Analysis. cDNA was synthesized using 1-5 pg of total RNA,
0.14 mM oligo(dT) (22-mer) primer, 0.2 mM concentrations of each dNTP, and
SuperScript Il reverse transcriptase (Invitrogen). Quantitative RT-PCR (qRT-
PCR) was carried out in triplicate for each sample using 20 ng of cDNA, TagMan
Universal PCR Master Mix (Applied Biosystems), and 1 pL of the specific Tag-
Man custom gene expression assay for the gene of interest (Applied Bio-
systems). To quantify gene expression, PCR was performed at 95 °C for 10 min
and at 50 °C for 2 min, followed by 40 cycles of 95 °C for 15sand 60 °Cfor 1 min,
using an Applied Biosystems 7300 real-time PCR 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 p-actin endogenous control (VIC/MGB
probe; primer limited) TagMan gene expression assay (Applied Biosystems).
Relative expression of the distinct analyzed genes was calculated according to
the manufacturer’s instructions. In brief, the analyzed gene expression was
normalized to p-actin in WT or Zmpste24~'~ derived samples, using the fol-
lowing formula: the mean values of 24CTgene (gene of interest)-ACTgene (J-actin) £ 5t
least six different WT animals were considered 100% for each analyzed gene,
and the same values for Zmpste24~"~ mice tissues were referred to those val-
ues, as described previously (51).

Luciferase Assays. Computational prediction of the conserved miR-binding
sites in the mouse /GF-1 3’-UTR was carried out using TargetScan software
(http://www.targetscan.org). The entire 3'-UTR sequence of /GF-1 was cloned
into psiCHECK-2 plasmid (Promega) downstream of the Renilla luciferase ORF
using the restriction enzymes Xhol and Notl. HEK-293 cells were seeded 6 h
before transfection in 24-well plates at 50% of confluence in growth media
without antibiotics. Tranfections were performed using Lipofectamine 2000
(Invitrogen), 250 ng of each psiCHECK-2 construct, and 20 pmol of miR-1 or
control miR molecules (Ambion), following the manufacturer’s instructions.
Transfection was carried out for 4 h, after which the medium was removed and
cells were left to recover for 18 h. Luciferase activity was measured using the
Promega Dual-Luciferase Reporter Assay System. In brief, cells on 24-well
plates were washed with PBS and lysed by pipetting up and down in the well
using 80 pL of the passive lysis buffer. Then both Renilla (reporter gene) and
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firefly (endogenous control) luciferase activity of each sample were measured
in a Turner Biosystems TD-20/20 luminometer. Each assay was carried out in
triplicate, and Renilla activity was normalized to the firefly activity detected in
the same sample.

miRNA analysis. Total RNA was prepared using the Ambion miRVANA miRNA
Isolation Kit, and RNA samples were quantified and evaluated for purity (260 nm/
280 nm ratio) using a NanoDrop ND-1000 spectrophotometer. miRNA detection
was performed using TagMan miRNA expression assays (Applied Biosystems).
In brief, 10 ng of total RNA was reverse-transcribed using the TagMan miRNA
Reverse-Transcription Kit (Applied Biosystems) and PCR-amplified using the
Applied Biosystems 7300 Real-Time PCR System. As an internal control, miRNA
expression was normalized to snoRNA202 for mouse samples and to RNU6B
for human samples, using TagMan Gene Expression Assays (Applied Biosystems).
All of the protocols were carried out according to the manufacturer’s instructions.

Cell Culture. Human Hutchinson-Gilford progeria syndrome cells (AG11498)
were obtained from the Coriell Cell Repository. Cultures were maintained in
DMEM (Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin-
glutamine (Gibco). Murine fibroblasts were extracted from 12-wk-old mice
ears. The ears were sterilized with ethanol, washed with PBS, and triturated
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with razor blades. The resulting samples were incubated with 600 pL of
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with 10% FBS and 1% antibiotic-antimycotic were added, and the mixture
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a 10-cm plate every 3 d and cultured under standard conditions. For DNA
damage induction, murine fibroblasts were seeded in six-well plates; after
24 h, doxorubicin (Sigma-Aldrich) was added to the growing media at 0.5
uM, and 24 h later, RNA was extracted and miR-1 expression analyzed.

Statistical Analysis. All experimental data are reported as means; error bars
represent SEM. Statistical analysis was performed with the nonparametric
Student t test using GraphPad Prism version 4.0. Kaplan-Meier survival
analysis was performed using the MedCalc statistical package.
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