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Abstract

Hutchinson-Gilford progeria syndrome (HGPS, or classical progeria) is a rare genetic disorder, characterized by premature aging, and caused
by a de novo point mutation (C608G) within the lamin A/C gene (LMNA), producing an abnormal lamin A protein, termed progerin.
Accumulation of progerin causes nuclear abnormalities and cell cycle arrest ultimately leading to cellular senescence. Autophagy impairment
is a hallmark of cellular aging, and the rescue of this proteostasis mechanism delays aging progression in HGPS cells. We have previously
shown that the endogenous Neuropeptide Y (NPY) increases autophagy in hypothalamus, a brain area already identified as a central regulator
of whole-body aging. We also showed that NPY mediates caloric restriction-induced autophagy. These results are in accordance with other
studies suggesting that NPY may act as a caloric restriction mimetic and plays a role as a lifespan and aging regulator. The aim of the present
study was, therefore, to investigate if NPY could delay HGPS premature aging phenotype. Herein, we report that NPY increases autophagic
flux and progerin clearance in primary cultures of human dermal fibroblasts from HGPS patients. NPY also rescues nuclear morphology and
decreases the number of dysmorphic nuclei, a hallmark of HGPS cells. In addition, NPY decreases other hallmarks of aging as DNA damage
and cellular senescence. Altogether, these results show that NPY rescues several hallmarks of cellular aging in HGPS cells, suggesting that NPY
can be considered a promising strategy to delay or block the premature aging of HGPS.

Keywords: Autophagy, Cellular senescence, Human aging, Caloric restriction mimetic

Classical Hutchinson Gilford progeria syndrome (HGPS; OMIM
#176670) is a rare autosomal dominant genetic disease observed in
about 1 in 4-8 million live births (1,2). Children with HGPS after the
first year of life begin to show growth retardation, low body weight
and features of premature and accelerated aging such as alopecia,
loss of subcutaneous fat, sclerodermatous skin, and bone and joint
abnormalities. The cardiovascular system is severely affected and, in
most cases, children succumb to myocardial infarction or stroke at
an average age of 14.6 years (2).

HGPS is caused by a de novo heterozygous silent point muta-
tion within exon 11 of LMNA gene encoding A-type lamins, namely
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lamins A and C (c.1824C>T; p.Gly608Gly) (3,4). This mutation ac-
tivates a cryptic splicing site that causes the deletion of 150 nucleo-
tides of exon 11 in prelamin A mRNA. When translated, it generates
a truncated form of prelamin A, which lacks a 50-residue-long frag-
ment within the carboxyl terminus containing the cleavage site for
ZMPSTE24 (4), an important mediator in the processing of prelamin
A. This truncated prelamin A does not undergo the normal post-
translational processing and becomes permanently farnesylated,
leading to the production of a mutant lamin A protein named
progerin. Since it retains the farnesyl group, progerin accumulates on
the inner nuclear membrane and acts as a dominant-negative protein
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leading to several nuclear abnormalities such as wild-type lamins ag-
gregation, nuclear blebbing, abnormal chromatin remodeling, telo-
mere shortening, impaired gene transcription, reduced DNA repair
capacity, and cell cycle arrest. These alterations in nuclear structure
and function ultimately lead to cellular senescence causing acceler-
ated aging (1,5-7).

Neuropeptide Y (NPY), a highly conserved 36 amino acid pep-
tide, is one of the most abundant neuropeptides in the peripheral
and central nervous systems, but also in other peripheral tissues
(8,9). The wide expression of NPY and its receptors (NPY Y -Y))
underlines NPY importance in a multitude of physiological functions
such as feeding behavior, body temperature, blood pressure, stress
response and emotion, circadian rhythm, reproduction, learning and
memory, and the release of neurotransmitters and hormones (8-10).
NPY system has also been shown to have beneficial effects on several
mechanisms with relevance for HGPS context. Namely, it regulates
energy homeostasis, increasing body weight and adiposity, promotes
bone remodeling, stimulates vascular smooth muscle cells prolifer-
ation and angiogenesis, and induces myocardial repair and stem cells
proliferation (9,11-14).

Emerging evidence indicates that NPY may also influence or-
ganism senescence or aging. Aging is associated with reduced levels
of NPY and its receptors in several cerebral areas which have been
associated with neurodegenerative diseases (reviewed in ref. (14)).
In humans, a decline in NPY plasma levels has also been correl-
ated with increasing age (15). Interestingly, it has been shown that
caloric restriction, one of the most robust antiaging interventions
(16,17), does not increase lifespan in NPY knockout mice (18), sug-
gesting that NPY plays a role as a life span and aging regulator. In
fact, transgenic rats overexpressing NPY show improved resistance
to stress and increased mean life span (19). NPY beneficial effects
on aging may relate with its ability to stimulate autophagy (20,21).
Our group has shown that NPY stimulates autophagy in hypothal-
amus (20), a brain area recently emerged as a central regulator of
whole-body aging (22). We also observed that NPY mediates cal-
oric restriction-induced autophagy (20,21). As autophagy is one of
the key mechanisms underlying CR effects on life span (16), NPY
may delay aging through autophagy activation. HGPS cells appear
to share a mechanistic link with normal aging as they also show a de-
cline in proteolytic systems activities (23,24). In addition, HGPS cells
nucleome shows changes in several components involved in protein
folding and quality control, proteasomal, or lysosomal degradation
pathways (24), suggesting loss of proteostasis. Therefore, the identi-
fication of new strategies that can improve HGPS cells proteostasis
and promote progerin degradation will certainly impact on HGPS
aging phenotype. Taking into account the multitude of NPY actions,
we hypothesized that NPY is a promising strategy to delay or block
HGPS premature aging. In this study, we thus explored the thera-
peutic potential of NPY by investigating its effect on progerin accu-
mulation and associated cellular defects in HGPS cells.

Methods

Experimental details are provided in Supplementary Information.

Results
NPY Increases Autophagic Flux in HGPS Cells

Previous studies from our group showed that NPY activates autophagy
(20,21). As autophagic activity is impaired in HGPS cells (24), we

hypothesized that NPY could enhance autophagy in HGPS cells and
consequently prevent progerin accumulation. To assess NPY effect
on autophagy regulation in HGPS cells, we measured the protein
levels of the transient autophagosomal membrane-bound form of
LC3B (LC3B-II), an autophagy marker (25) by western blotting. As
shown in Figure 1A, NPY decreased LC3B-II protein levels in HGPS
cells, suggesting autophagic degradation. To support the increase of
autophagosome degradation, we determined endogenous autophagic
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Figure 1. NPY increases autophagic flux and decreases progerin levels in
HGPS fibroblasts. HGPS fibroblasts were exposed to NPY (100 nM) for 6 h
(HGPS + NPY) (A, B, C, D, and G) in the presence or absence of chloroquine
(Chg, 100 uM), a lysosomal degradation inhibitor, or for 1 week (E, F, and
H). Untreated cells were used as control (HGPS). Whole cell extracts were
assayed for LC3B (A), pMTOR/tMTOR (C), Lamin A/Progerin/Lamin C (D and
E) and B-tubulin (loading control) immunoreactivity through western blotting
analysis. Representative western blots for each protein are presented above
each respective graph. Autophagic flux analysis in HGPS cells (B) is shown.
Autophagic flux was determined in the presence of the lysosomal inhibitor
chloroquine, and expressed as “Autophagic flux” calculated by subtracting
the densitometric value of LC3B-ll - Chq from those corresponding
LC3B-Il + Chq values. (F) NPY decreased progerin immunoreactivity. Cells
were immunolabeled for progerin (top panels, green) and nuclei were
stained with Hoechst (bottom panels, blue). Representative images of
three independent experiments are shown. Scale bar, 10 pm. (G and H)
Quantitative polymerase chain reaction analysis of progerin mRNA levels
in HGPS fibroblasts (n = 5). The results represent the mean + SEM of, at
least, four independents experiments, and are expressed as percentage of
HGPS. *p < .05, **p < .01, ***p < .001, significantly different compared to
HGPS; ###p < .001, significantly different compared to NPY, as determined
by analysis of variance, followed Bonferroni’s post-test, or Student’s t test.
HGPS = Hutchinson-Gilford progeria syndrome; NPY = NeuropeptideY; wk =
week.
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flux by the LC3B-II turnover assay, which measures the amount of
LC3B-II delivered to lysosomes in the absence and presence of chloro-
quine, an autophagic degradation inhibitor (25). In fact, NPY increased
LC3B-II net flux in HGPS cells (Figure 1A and B). The canonical mo-
lecular switch for autophagy induction is the inhibition of mechan-
istic target of rapamycin complex 1 (mTORC1) (25). To evaluate
whether NPY was inhibiting mTORCT1 activity, we analyzed the levels
of phosphorylated MTOR (Ser2448), the active kinase form. NPY sig-
nificantly decreased phospho-MTOR protein levels (Figure 1C), sug-
gesting that NPY stimulates autophagy in HGPS cells through MTOR
inhibition. Rapamycin was used as positive control for autophagy
induction. As expected, rapamycin increased LC3B-II protein levels,
indicative of an increase in autophagosome formation (Supplementary
Figure S1a), and increased autophagic flux (Supplementary Figure S1a
and b) through MTOR inhibition (Supplementary Figure S1c).

NPY Decreases Progerin Accumulation in
HGPS Cells

Progerin accumulation in HGPS cells leads to nuclear membrane
folding and nuclear blebbing and triggers the premature aging pheno-
type of HGPS cells (1,5-7). Since NPY stimulates autophagy in HGPS
cells, we next evaluated whether NPY could promote progerin degrad-
ation. HGPS fibroblasts were exposed to NPY and progerin protein
levels were analyzed by western blotting and immunocytochemistry.
After 6 hours of treatment, the levels of progerin decreased in NPY-
treated HGPS fibroblasts (55.21 = 8.06% of HGPS; Figure 1D), sug-
gesting that NPY enhances progerin clearance through autophagy
flux stimulation. As previously described (23), we observed a decrease
in progerin levels upon rapamycin treatment (Supplementary Figure
S1d). To evaluate whether NPY could induce a sustained decrease of
progerin accumulation, HGPS fibroblasts were exposed to NPY for 1
week. As shown in Figure 1E, progerin protein levels were significantly
decreased upon NPY treatment (31.70 = 6.01% of HGPS). A decrease
in progerin immunoreactivity was also observed in NPY-treated HGPS
cells (Figure 1F). We did not observe changes in progerin mRNA con-
tent upon 6 hours or 1 week of NPY treatment (Figure 1G and H),
suggesting that NPY promotes progerin degradation.

NPY Rescued Nuclear Morphology and Decreased
DNA Damage in HGPS Cells

We next evaluated NPY effect on HGPS cells nuclear abnormalities,
a hallmark of HGPS cells phenotype. NPY decreased the number
of abnormal nuclei in HGPS fibroblasts (67.08 + 3.40% of HGPS;
Figure 2A and B). In addition, when analyzing the circularity index
of these nuclei, we observed that NPY decreased the frequency of
aberrant nuclei (circularity < 0.6525.77 + 6.87% in HGPS vs 9.84 =
2.30% in HGPS+NPY) and increased the frequency of normal
shaped nuclei (circularity >0.8; 21.49 = 3.57% in HGPS vs 40.37 =
6.41% in HGPS+NPY; Figure 2C). Interestingly, we also observed
that NPY decreased the number of abnormal nuclei in primary cul-
tures of fibroblasts from a healthy individual (61.33 = 14.34% of
Control; Supplementary Figure 2a—c). Progerin is known to affect
DNA damage repair systems leading to DNA damage (7,26). As
NPY decreased progerin accumulation in HGPS cells, we hypothe-
sized that NPY could also decrease DNA damage in these cells. To
test our hypothesis, we evaluated the effect of NPY on DNA damage
by evaluating a DNA damage marker, the yYH2AX foci. As shown in
Figure 3D-F, YH2AX immunoreactivity and YH2AX foci number
decrease in NPY-treated cells, suggesting that NPY decreases DNA
damage in HGPS cells.
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Figure 2. NPY rescues nuclear morphology and decreases DNA damage in
HGPS fibroblasts. HGPS fibroblasts were exposed to NPY (100 nM; HGPS
+ NPY) for 1 week. Untreated cells were used as control (HGPS). (A) HGPS
fibroblasts were immunolabeled for Lamin A/C (top panels, red) and nuclei
were stained with Hoechst (bottom panels, blue). Representative images of
four independent experiments are shown. Scale bar, 10 pm. Quantification
of the number of abnormal nuclei (B) and nuclear circularity (C) upon
NPY treatment. For each condition, an equal number of nuclei (>400)
were randomly analyzed. Circularity (defined as: 4*m*area/perimeter’2)
was measured using Imaged. A circularity value equal to 1 corresponds to
perfectly circular nuclei. (D-F) NPY decreased yH2AX immunoreactivity. Cells
were immunolabeled for YH2AX (red) and nuclei were stained with Hoechst
(blue). Representative images of three independent experiments are shown.
Scale bar, 10 pm. (E and F) Quantification of yYH2AX foci number using ImageJ
analysis and customized macros of three independent experiments; >200
cells analyzed) (E) Boxplot of the number of YH2AX foci per nucleus in all
the cells for each experimental group. (F) Average number of yH2AX foci per
nucleus.The results represent the mean + SEM of, at least, three independents
experiments, and are expressed as percentage of HGPS. *p < .05, **p < .01,
*#*x%p < .0001, significantly different from HGPS, as determined by Student’s
ttest. HGPS = Hutchinson-Gilford progeria syndrome; NPY = Neuropeptide.

NPY Enhances Cell Proliferation and Delays Cellular
Senescence in HGPS Cells

Senescence, a hallmark of aged fibroblasts, is characterized by a
loss of proliferation and an increase in senescence-associated f3-
galactosidase (SA-f-Gal) activity. We observed that NPY increased
HGPS cells proliferative capacity, as determined by an increase in
the number of Ki-67-positive cells (Ki-67 is a marker of cell prolifer-
ation; 161.60 = 15.96% of HGPS; Figure 3A and B). A similar effect
was observed in NPY-treated fibroblasts from a healthy individual
(167.75 = 17.37% of Control; Supplementary Figure 2d and e). We
next evaluated whether an increase in cell proliferation was correl-
ated with inhibition of p53 and its downstream effector p21, well
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Figure 3. NPY enhances cell proliferation and delays cellular senescence in
HGPS fibroblasts. HGPS fibroblasts were exposed to NPY (100 nM; HGPS
+ NPY) for 1 week. Untreated cells were used as control (HGPS). (A) NPY
increases cell proliferation, as determined by Ki-67 immunoreactivity. Cells
were immunolabeled for Ki-67 (top panels, red) and nuclei were stained with
Hoechst (bottom panels, blue). Representative images of five independent
experiments are shown. Scale bar, 10 pm. (B) Quantification of the number
of Ki-67-positive cells in HGPS and NPY-treated HGPS cells. (C and D) Whole
cell extracts were assayed for p53 (C), p21 (D), and B-tubulin (loading
control) immunoreactivity through western blotting analysis. Representative
western blots for each protein are presented above each respective graph.
(E-F) NPY decreases cellular senescence, as determined by SA-B-Gal activity.
Representative images of four independent experiments are shown. Scale
bar, 100 pm. (F) Quantification of SA-B-Gal-positive cells. All the results
represent the mean + SEM of, at least, four independents experiments,
and are expressed as percentage of HGPS. *p < .05, **p < .01, significantly
different from HGPS, as determined by Student’s t test. HGPS = Hutchinson-
Gilford progeria syndrome; NPY = Neuropeptide.

known cell cycle inhibitors. In fact, NPY decreased both p53 (Figure
3C) and p21 (Figure 3D) protein levels. Moreover, NPY decreased

the number of SA-B-Gal-positive cells (Figure 3E and F), indicating
that NPY slowed down the progression of cellular senescence.

Discussion

In this study, we show, for the first time, that NPY delays cellular
HGPS aging phenotype, by stimulating autophagy and decreasing
progerin accumulation, rescuing nuclear abnormalities, and delaying
cellular senescence.

HGPS, a rare and fatal genetic disorder caused by a de novo
point mutation in the LMNA gene, which results in the production
of a truncated lamin A, named progerin (3,4). Progerin accumula-
tion within the nucleus causes nuclear and mitotic abnormalities and
cell cycle arrest, ultimately leading to cellular senescence (5,6) con-
tributing to HGPS premature and accelerated aging phenotype (1).
HGPS cells show a decline in protein degradation systems activities
and loss of proteostasis (23,24), which may contribute to progerin
accumulation. In line with this, some treatment strategies, namely
rapamycin, sulforaphane, and MG132, have been proposed to en-
hance proteostasis and progerin clearance and, thus, ameliorate aging
defects in HGPS cells (23,24,27). Although these compounds may be
promising for HGPS treatment, in vivo studies should be performed
before translation into clinical trials and, thus, safe strategies are still
needed (28,29). In this study, we explored, therefore, the potential of
NPY, an endogenous molecule that we previously showed to stimu-
late autophagy (20,21), which is known to decline with aging, con-
tributing to age-related loss of proteostasis (30).

Herein, we show that NPY stimulates autophagy, through
MTOR inhibition, and enhances progerin clearance in HGPS cells,
leading to a significant reduction of progerin levels and its nuclear
accumulation.

Irregular nuclei shape is one of the most prominent features of
HGPS due to the accumulation of progerin in the nuclear enve-
lope (5,6). Since NPY promotes progerin degradation, we hypothe-
sized that nuclear morphology could be improved in the absence of
progerin. In fact, our results show that NPY rescued nuclear circu-
larity, decreasing the number of dysmorphic nuclei in HGPS cells.
By decreasing progerin accumulation within the nucleus, NPY may
restore the nucleus scaffold conferring to these cells nuclear steadi-
ness and integrity. Several studies reported that progerin is expressed
in low amounts in normal cells and accumulates with age (5,31),
establishing a link between progerin and normal aging. Interestingly,
we also observed that NPY ameliorated nuclear morphology of
normal fibroblasts, further supporting NPY role on the molecular
mechanisms underlying cellular senescence and normal aging (14).

It is well accepted that cellular DNA damage accumulation is a
hallmark step leading to premature aging (30). A common feature
of progeria syndrome is a premature aging phenotype accompanied
by an accumulation of DNA damage arising from a compromised
repair system (7,26). Progerin accumulation causes chromatin alter-
ations which result in the formation of DNA double-strand breaks
and an abnormal DNA-damage response. The accumulation of DSBs
causes genome instability, eventually leading to cellular senescence
(7). In HGPS cells, NPY enhanced DNA damage repair, as indicated
by the reduced number of YH2AX foci (a DNA damage marker),
probably by decreasing progerin accumulation.

Since NPY ameliorates HGPS cells phenotype by promoting
progerin clearance and consequently rescuing nuclear morphology,
we then investigated whether NPY could delay cellular senes-
cence. In fact, NPY increased cell proliferation and delayed cellular
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senescence in HGPS fibroblasts through decreased activation of p53/
p21 pathway, rescuing the senescent phenotype of HGPS fibroblasts.
In recent studies, p53 pathway has been highlighted as a common
denominator between cellular senescence and DNA damage (32). It
is known that in HGPS patients, p53 is chronically activated by per-
manent DNA damage (33). In NPY-treated cells, the reduction of
progerin and, consequently, nuclear abnormalities may release the
activation of the checkpoint response to nuclear abnormalities, ar-
resting the stress signaling pathways stimulated by p53 leading to
an augmentation in the DNA damage response machinery and to
reactivation of the cell cycle (32,34,35).

Altogether, these results show that NPY reverses cellular hall-
marks of premature aging of HGPS fibroblasts and strongly support
that NPY can be considered a promising strategy to delay or block
the premature aging of HGPS as well as normal cellular aging.

Supplementary Material

Supplementary data is available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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