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ABSTRACT
Defective macroautophagy/autophagy and mitochondrial dysfunction are known to stimulate senescence.
The mitochondrial regulator PPARGC1A (peroxisome proliferator activated receptor gamma, coactivator 1
alpha) regulates mitochondrial biogenesis, reducing senescence of vascular smooth muscle cells (VSMCs);
however, it is unknown whether autophagy mediates PPARGC1A-protective effects on senescence. Using
ppargc1a−/- VSMCs, we identified the autophagy receptor SQSTM1/p62 (sequestosome 1) as a major
regulator of autophagy and senescence of VSMCs. Abnormal autophagosomes were observed in VSMCs
in aortas of ppargc1a−/- mice. ppargc1a−/- VSMCs in culture presented reductions in LC3-II levels; in
autophagosome number; and in the expression of SQSTM1 (protein and mRNA), LAMP2 (lysosomal-
associated membrane protein 2), CTSD (cathepsin D), and TFRC (transferrin receptor). Reduced SQSTM1
protein expression was also observed in aortas of ppargc1a−/- mice and was upregulated by PPARGC1A
overexpression, suggesting that SQSTM1 is a direct target of PPARGC1A. Inhibition of autophagy by 3-MA (3
methyladenine), spautin-1 or Atg5 (autophagy related 5) siRNA stimulated senescence. Rapamycin rescued
the effect of Atg5 siRNA in Ppargc1a+/+, but not in ppargc1a−/- VSMCs, suggesting that other targets of MTOR
(mechanistic target of rapamycin kinase), in addition to autophagy, also contribute to senescence. Sqstm1
siRNA increased senescence basally and in response to AGT II (angiotensin II) and zinc overload, two known
inducers of senescence. Furthermore, Sqstm1 gene deficiency mimicked the phenotype of Ppargc1a deple-
tion by presenting reduced autophagy and increased senescence in vitro and in vivo. Thus, PPARGC1A
upregulates autophagy reducing senescence by a SQSTM1-dependent mechanism. We propose SQSTM1 as
a novel target in therapeutic interventions reducing senescence.

Abbreviations: 3-MA: 3 methyladenine; ACTA2/SM-actin: actin, alpha 2, smooth muscle, aorta; ACTB/
β-actin: actin beta; AGT II: angiotensin II; ATG5: autophagy related 5; BECN1: beclin 1; CAT: catalase;
CDKN1A: cyclin-dependent kinase inhibitor 1A (P21); Chl: chloroquine; CTSD: cathepsin D; CYCS: cyto-
chrome C, somatic; DHE: dihydroethidium; DPBS: Dulbecco’s phosphate-buffered saline; EL: elastic
lamina; EM: extracellular matrix; FDG: fluorescein-di-β-D-galactopyranoside; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; γH2AFX: phosphorylated H2A histone family, member X, H2DCFDA: 2ʹ,7ʹ-
dichlorodihydrofluorescein diacetate; LAMP2: lysosomal-associated membrane protein 2; MASMs: mouse
vascular smooth muscle cells; MEF: mouse embryonic fibroblast; NBR1: NBR1, autophagy cargo receptor;
NFKB/NF-κB: nuclear factor of kappa light polypeptide gene enhancer in B cells; MTOR: mechanistic
target of rapamycin kinase; NFE2L2: nuclear factor, erythroid derived 2, like 2; NOX1: NADPH oxidase 1;
OPTN: optineurin; PFA: paraformaldehyde; PFU: plaque-forming units; PPARGC1A/PGC-1α: peroxisome
proliferator activated receptor, gamma, coactivator 1 alpha; Ptdln3K: phosphatidylinositol 3-kinase;
RASMs: rat vascular smooth muscle cells; ROS: reactive oxygen species; SA-GLB1/β-gal: senescence-
associated galactosidase, beta 1; SASP: senescence-associated secretory phenotype; SIRT1: sirtuin 1;
Spautin 1: specific and potent autophagy inhibitor 1; SQSTM1/p62: sequestosome 1; SOD: superoxide
dismutase; TEM: transmission electron microscopy; TFEB: transcription factor EB; TFRC: transferrin
receptor; TRP53/p53: transformation related protein 53; TUBG1: tubulin gamma 1; VSMCs: vascular
smooth muscle cells; WT: wild type
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Introduction

Mitochondrial function and autophagy, two critical processes
involved in protection against oxidative stress, decline with
age [1,2]. Increased mitochondrial dysfunction during aging,

in part by decreased biogenesis, promotes oxidative stress that
causes damage to DNA, proteins and lipids, and is a major
inducer of vascular senescence. Expression of mitochondrial
electron transport chain components decreases with age [3],
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as does PPARGC1A [4], a central organizer of metabolic
function, oxidative states, and mitochondrial biogenesis and
function [5]. The PPARGC1 family of transcriptional co-
activators (PPARGC1A, PPARGC1B and PPRC1) induces
a robust upregulation of transcriptional activity and mito-
chondrial function [5]. PPARGC1A, the best-studied member
of this family, controls mitochondrial biogenesis by co-
activating major transcription factors regulating mitochon-
drial genes, including NFE2L2 (nuclear factor, erythroid
derived 2, like 2) [5]. We reported a novel function for
PPARGC1A as a negative regulator of vascular senescence
[6], a process that was associated with increased oxidative
stress, telomere dysfunction and atherosclerosis [7].
However, little is known about the contribution of
PPARGC1A to autophagy and the role of defective autophagy
in senescence induced by Ppargc1a gene deficiency.

Autophagy is a process that mediates the degradation of
cytoplasmic components, such as dysfunctional mitochondria
(mitophagy) [8] and protein aggregates, through lysosome-
mediated degradation, thus promoting cellular homeostasis [9].
Autophagy has also been associated with reduced senescence. In
primary human fibroblasts, depletion of Atg12, Atg7 or Lamp2
causes senescence, which is associated with increased levels of
reactive oxygen species (ROS) and reduced expression of autop-
hagy genes, including SQSTM1 [10]. Interestingly, both replica-
tive senescence and senescence induced by defective autophagy
correlated with reduced SQSTM1 protein levels [10]. Similarly,
in fibroblasts, senescence induced by oxidative stress was
mediated by defective autophagy caused by lysosomal dysfunc-
tion [11]. In the cardiovascular system, defective autophagy by
Atg7 depletion led to the accumulation of SQSTM1 and senes-
cence of VSMCs, and to diet-induced atherosclerosis [12].
SQSTM1 is an autophagy receptor involved in the targeting of
cargo into autophagosomes. After the fusion of autophagosomes
with lysosomes, the autophagosome content including SQSTM1
is degraded [13]. Thus, SQSTM1 protein levels have been used as
an indicator of autophagic flux.

TFEB (transcription factor EB) is a master regulator of
lysosomal biogenesis [14] and autophagy [15]. PPARGC1A
and TFEB co-regulate each other, as seen in mouse embryonic
fibroblasts [16], suggesting that PPARGC1A may regulate
autophagy through a TFEB-dependent mechanism; however,
evidence of the direct role of PPARGC1A in promoting
autophagy and the possible mechanism involved are lacking.

sqstm1−/- mice present increased mitochondrial oxidative
stress, decreased lifespan [17], mature-onset obesity, and insu-
lin resistance [18]. Sqstm1 depletion was also shown to
increase atherosclerosis in apoe−/- mice fed high fat diet
[19]. It is unknown, however, whether PPARGC1A and
SQSTM1 functionally interact to regulate autophagy and cel-
lular senescence. Here, we demonstrated that PPARGC1A
regulates autophagy and SQSTM1 expression and that
SQSTM1 downregulation mediates PPARGC1A deficiency-
induced senescence.

Results

Using an apoe−/- ppargc1a−/- animal model, we previously
demonstrated that PPARGC1A is a negative regulator of

vascular senescence [6]. Increased vascular senescence in
this animal model is associated with accelerated deposition
of plaque in the aorta, DNA damage and telomere shortening
[7]. However, it is unknown whether defective autophagy
contributes to these effects. To assess signs of dysfunctional
autophagy and its contribution to senescence, we focused on
VSMCs in the aorta of mice. We previously demonstrated
that senescent cells are observed in all layers of the aorta of
ppargc1a−/- mice, including VSMCs in the media and fibro-
blasts in the adventitia [6]. Histological examination of
Ppargc1a+/+ (Figures 1A and B) and Ppargc1a± (Figures 1C
and D) aorta samples revealed that the media of Ppargc1a±

samples contain less organized VSMCs with more deposition
of extracellular matrix (EM) compared with wild type (WT).
The media of the aorta contains several layers of elastic
laminae (EL; dark blue lines labeled with arrowheads in
Figures 1A and 1C). VSMCs between two layers of elastic
laminae were traced in Figures 1A and D to highlight the
overall organization of VSMCs. Additionally, structures
resembling apoptotic bodies were also seen in the
Ppargc1a± aorta (Figure 1C, arrow). To better assess struc-
tural changes, we examined transverse sections of aortas by
transmission electron microscopy (TEM) (Figure 1E–G). The
most striking differences in overall organization were
observed in smooth muscle cells in the media, which can
be seen between two layers of EL. We observed less cell-cell
contacts and disorganized mitochondria in Ppargc1a-
deficient (Figure 1F and G) compared with WT (Figure 1E)
mice. These changes were associated with increased EM
deposition in Ppargc1a-deficient mice (30.8 ± 3.4%, n = 10)
compared with WT (15.9 ± 7.7%, n = 4) (Figure 1H), which
is consistent with the senescence-associated secretory pheno-
type (SASP) of senescent cells. Mitochondria were
abundant in both genotypes, suggesting that Ppargc1b could
be upregulated to induce mitochondrial biogenesis, as
a compensatory mechanism. To test this possibility, we iso-
lated mouse vascular smooth muscle cells (MASMs) from
both genotypes and found that Ppargc1b mRNA was not
upregulated (Fig. S1A and B), suggesting that degradation
of mitochondria by autophagy could be inhibited. Consistent
with previous reports, ppargc1a−/- MASMs showed reduced
expression of the antioxidant enzyme SOD2 (superoxide dis-
mutase 2, mitochondrial) increased expression of the senes-
cent marker CDKN1A/p21 (cyclin dependent kinase
inhibitor 1A [P21]) (Fig. S1C), reduced cell proliferation
(Fig. S1D) and increased expression of the DNA damage
marker phosphorylated γH2AFX/H2AX (H2A histone
family, member X) in nuclear foci (Fig. S1E).

Autophagy is downregulated by Ppargc1a deficiency

To test whether autophagy is regulated by PPARGC1A, we
used MASMs isolated from aortas of WT and ppargc1a−/-

mice and measured ROS levels, senescence, and autophagy
markers in response to its overexpression using adenovirus
containing Ppargc1a (Ad.PGC1A). Compared with WT, ROS
levels were more than three-fold higher in ppargc1a−/- cells
(n = 13, p < 0.01) and were significantly downregulated by
overexpression of PPARGC1A (Figure 2A). Similarly, the
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increase in activity of the senescence associated GLB1/β-
galactosidase (SA-GLB1) observed in ppargc1a−/- cells was
significantly reduced (n = 13, p < 0.01) by PPARGC1A
overexpression (Figure 2B), which was also associated with
upregulation of cell proliferation (Figure 2C) and SOD2
expression (Figures 2D and E), compared with control
ppargc1a−/- cells. Significant differences were also observed
in SOD2 expression in WT cells in response to PPARGC1A

overexpression, but not for ROS levels (Figure 2A), SA-
GLB1 (Figure 2B) or cell proliferation (Figure 2C).

To determine whether autophagy is impaired in
ppargc1a−/- VSMCs, we measured the conversion of LC3-I
to II and expression of SQSTM1. Reduced LC3 conversion
and accumulation of SQSTM1 are hallmarks of defective
autophagy [20]. LC3-II:I ratio was strongly downregulated in
ppargc1a−/- cells, compared with WT (n = 3, p < 0.01), and the

Figure 1. Structural differences in the media of ppargc1a−/- mouse aorta. Aortas of 6-month-old Ppargc1a+/+ (A and B) and Ppargc1a± (C and D) male mice were
fixed, stained with 0.5% aqueous Toluidine Blue O and photographed at low (A and C) and high (B and D) magnification. Dark blue lines of elastic lamina are
indicated with arrowheads in A and C. VSMCs in B and D were traced to indicate that more extracellular material is present in Ppargc1a± samples. TEM images of
VSMCs in the media of Ppargc1a+/+ (E) and ppargc1a−/- (F and G) aortas were acquired using a Hitachi H-7500 electron microscope. Quantification of EM for both
genotypes is shown in H. EM, extracellular matrix; N, nucleus; EL, elastic lamina. Bar: 50 μm in A and C, 10 μm in B and D, 2 μm in E-G.
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ratio in both cell types was not altered by PPARGC1A over-
expression (Figures 2D and F). Reduced LC3-II:I ratio was
associated with reduced levels of LC3-II, which was not
affected by PPARGC1A overexpression (Figure 2G).
Surprisingly, reduced LC3-I to II conversion and LC3-II levels
were not associated with SQSTM1 accumulation. Instead

SQSTM1 behaved as a PPARGC1A-regulated gene
(Figures 2D and H), similar to SOD2 (Figures 2D and E)
and TFRC [21,22] (Figures 2D and I). Expression of both
SQSTM1 and TFRC was reduced in ppargc1a−/- cells and
was increased by PPARGC1A overexpression in WT and in
Ppargc1a-deficient cells (n = 4, p < 0.01). Expression of the

Figure 2. Ppargc1a deficiency increases senescence and reduces autophagy in VSMCs. Ppargc1a+/+ or ppargc1a−/- VSMCs were infected with 5 × 107 plaque-forming
units (PFU)/ml of adenovirus control (Ad.Control) or adenovirus containing PPARGC1A (Ad.PGC1A). 3 d after infection, cells were processed for measurements of ROS
levels using H2DCFDA (A), SA-GLB1 activity using FDG (B), cell proliferation (C) or protein expression by western blot (D). ROS levels, SA-GLB1 and protein expression
shown in D, adjusted by TUBG1 (F-N), were calculated as fold change, compared with WT cells infected with Ad.Control in 3 to 4 independent experiments performed
in cells between passage 4 and 7.
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autophagy-related gene BECN1/Beclin1 was not affected by
Ppargc1a deficiency or its overexpression (Figure 2D and J).
Similar to LC3, expression of the lysosomal protein LAMP2
and the precursor forms (52 kDa and 48 kDa) of the lysoso-
mal protease CTSD (Figure 2D, K and L) was strongly
reduced in ppargc1a−/- cells (n = 4, p < 0.01, respectively).
Expression of these markers was not upregulated by
PPARGC1A overexpression, suggesting that lysosomal dys-
function could be a consequence of senescence and not
directly regulated by PPARGC1A. It is also possible that
expression of PPARGC1A above physiologic levels may acti-
vate a signaling pathway preventing the upregulation of lyso-
somal proteins and LC3 conversion. In fact, we observed
a significant increase in phosphorylated/active MTOR in
response to PPARGC1A overexpression in WT and Ppargc1a-
deficient cells (n = 3, p < 0.05) (Figures 2D and M). Activation
of MTOR, an autophagy inhibitor, may explain in part why
LC3 conversion is not upregulated in PPARGC1A-
overexpressing cells.

In addition to changes in the expression of autophagy and
lysosomal genes, the level of ACTA2/SM-actin (actin, alpha 2,
smooth muscle, aorta), mainly found at the cell periphery and
in the cortical actin cytoskeleton, was strongly upregulated
(n = 3, p < 0.01) by Ppargc1a deficiency, and was not sig-
nificantly reduced by PPARGC1A overexpression (Figure 2D
and N). Upregulation of ACTA2 is also observed during
senescence in other cell types, including fibroblasts [23], sug-
gesting that ACTA2 can be used as an additional marker of
cellular senescence in VSMCs.

Altogether these data suggest that PPARGC1A-induced
senescence is associated with impaired autophagy and lysoso-
mal dysfunction. The fact that increased ROS levels and
senescence induced by Ppargc1a deficiency were partially res-
cued by PPARGC1A overexpression suggests that upregula-
tion of SQSTM1 and/or antioxidant genes like SOD2 may
contribute to these effects.

To assess whether defective autophagy can be observed
in vivo, we processed aortas of WT and ppargc1a−/- mice by
TEM. This analysis revealed that autophagosome structures,
characterized by a double membrane organelle containing
cargo, were observed in WT VSMCs (Figure 3A, arrow shows
an autophagosome containing a mitochondrion) although in
low number (0.3 ± 0.1, n = 20 fields). ppargc1a−/- samples, on
the other hand, showed abnormal autophagosome-like struc-
tures surrounded by a double membrane and containing elec-
tron-dense material and concentric membrane layers
(Figure 3B). Interestingly, autophagosome-like structures were
also observed in the EM (Figure 3C). On average, ppargc1a−/-

aortas showed a tendency toward higher number of autopha-
gosome-like structures/field (1.05 ± 0.44, n = 17 fields) with no
significant differences, compared to WT (p = 0.085)
(Figure 3D). These data suggest that the formation or matura-
tion of autophagosomes and/or degradation of autophagic con-
tent could be altered by Ppargc1a deficiency. Overall, TEM
analysis demonstrated the presence of defective autophago-
some-like structures in vivo in aortas of ppargc1a−/- animals.

Next, we measured the number of autophagosomes in WT
and ppargc1a−/- VSMCs in vitro by immunofluorescence.
Consistent with the notion that PPARGC1A regulates

autophagy, LC3- and SQSTM1-positive compartments (puncta)
were significantly diminished in the absence of PPARGC1A
(Figure 3E and F). The contradictory observation in the num-
ber of autophagosome structures in vivo and in vitro may be
a consequence of differences in autophagic flux of cells in the
aorta, which are in a quiescent state, compared with VSMCs in
culture, which are in a proliferating state.

To test whether reduced SQSTM1 expression and
SQSTM1-positive puncta in vitro correlated with reduced
SQSTM1 expression in vivo, we measured its protein levels
in aortas. Similar to VSMCs in culture, SQSTM1 level was
significantly reduced in aortas of ppargc1a−/-, compared with
WT mice (n = 3 per genotype, p < 0.05) (Figures 3G and H).
In contrast, LC3-I to II conversion, as well as LC3-II levels
were not affected (Figures 3G, I and J). To test whether
SQSTM1 is regulated at the transcriptional level by
PPARGC1A, we measured mRNA levels in VSMCs from
both genotypes and found a significant reduction of approxi-
mately 50% in knockout cells (Figures 3K and L).

Altogether these data showed that Ppargc1a deficiency
reduced SQSTM1 protein and mRNA levels and the number
of autophagosomes and LC3-II levels in VSMCs in vitro and
promoted the formation of dysfunctional autophagosome-like
structures in VSMCs in aortas in vivo.

SQSTM1 is reduced by age and by Ppargc1a deficiency in
mouse brain

To determine whether PPARGC1A regulates SQSTM1
expression and autophagy in other tissues, we isolated brain
samples from young (6 months) and old (18 months) WT and
ppargc1a−/- mice (Figure 4). The expression of SQSTM1 and
LC3-I was significantly downregulated by age and by
Ppargc1a depletion (n = 4, p < 0.01), which was not further
reduced by age in knockout mice (Figure 4A-C). A longer
exposure of the LC3 western blot revealed that LC3-II is
expressed at lower levels in these samples. This observation
is in line with data from other investigators showing that LC3-
I expression is more prominent than LC3-II in brain homo-
genates [24–26]. Although TFRC expression was reduced by
age, which did not reach significance (p = 0.13), it was
strongly downregulated in young and old (n = 4, p < 0.01)
ppargc1a−/- mice (Figures 4A and D). Similar effects, com-
pared with SQSTM1 and LC3-I, were observed for SOD2
expression (Figure 4A and E).

Expression of Sqstm1 mRNA is reduced during aging
(17 months, compared with 3 months) in liver samples of
C57Bl/6 mice [17]. Thus, we tested whether reduced protein
levels of SQSTM1, LC3 and PPARGC1A correlated with
reduced mRNA content. Consistent with the report by Kwon
et al. [17], a reduction of about 40%, 50% and 30%, respec-
tively, was seen for these three markers (Figure 4F and G).

Ppargc1a deficiency impairs lysosomal function and
autophagic flux

As mentioned before, CTSD is a lysosomal protease that is
synthetized as a 52-kDa precursor that is cleaved into
a mature 48-kDa form in the lysosome. This form is further
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processed to produce the active enzyme formed by a heavy
chain of 34 kDa and a light chain of 14 kDa. To further
assess lysosomal function, we measured the expression of
these two mature forms, as well as lysosomal morphology.
Similar to the precursor forms, the 34-kDa form was also
significantly reduced, while the 14-kDa form was undetected
in ppargc1a−/- VSMCs (Figure 5A and B). As expected,
reduced lysosomal function led to the accumulation of the
autophagy receptor NBR1 (Figures 5A and C). Expression of
these markers was not affected by PPARGC1A
overexpression.

In terms of lysosomal function, reduced expression of
CTSD and LAMP2 was associated with enlarged lysosomes
(Figure 5D), a characteristic of lysosomal dysfunction [27].
Swollen lysosomes can be observed at the perinuclear area in
ppargc1a−/- VSMCs (see Figure 5D inserts). Next, we deter-
mined whether changes in the expression of autophagy and

lysosomal genes were also regulated at the mRNA level. In
contrast to SQSTM1, mRNA expression of Lc3, Becn1, Nbr1,
the autophagy receptor Optn (optineurin), Lamp2 and Ctsd
was not affected by Ppargc1a deficiency (Figure 5E and F).

Next, we measured autophagic flux by treating cells with
50 μM chloroquine (Chl), an inhibitor of lysosomal degrada-
tion, for 2 to 8 h. As expected, the rate of accumulation of
LC3-II and SQSTM1 over time was significantly higher in
WT compared with ppargc1a−/- cells (Figure 5G-I), suggest-
ing that decreased expression and not increased lysosomal
degradation mediates SQSTM1 downregulation. Although
NBR1 protein levels were elevated in knockout cells at base-
line, the rate of NBR1 accumulation was similar between
genotypes (Figure 5G and J). Interestingly, inhibition of
lysosomal degradation reduced CTSD expression at
a similar rate in both cell types, suggesting that reduced
expression of the lysosomal proteins LAMP2 and CTSD

Figure 3. Abnormal autophagosomes and reduced SQSTM1 expression in the aorta of ppargc1a−/- mice. Aortas of Ppargc1a+/+ (A) and ppargc1a−/- mice (B and C)
were analyzed by TEM. Arrows indicate autophagosomes. Bar: 0.5 μm in A and C, and 0.2 μm in B. Graph presenting the overall average of autophagosomes in both
genotypes is shown in D. Ppargc1a+/+ and ppargc1a−/- VSMCs were fixed and incubated with mouse LC3 and rabbit SQSTM1 antibodies (E). Images in E were
acquired using a confocal microscope for the quantification of LC3 and SQSTM1 puncta. Bar: 10 μm. (F). 34 cells and 30 cells were analyzed for LC3 in WT and
knockout, respectively, while 23 and 24 cells were analyzed for SQSTM1 puncta in WT and knockout, respectively. Aortas of 6-month-old Ppargc1a+/+ and ppargc1a−/-

male mice were lysed and processed for western blot analysis (G). SQSTM1, LC3-I and LC3-II levels were adjusted by ACTB and expressed as fold change, compared
with WT (H-J). mRNA was isolated from Ppargc1a+/+ and ppargc1a−/- VSMCs and used to measure Sqstm1 and Gapdh mRNA levels (K and L). 3 independent mRNA
preparations per genotype. * denotes p < 0.01 in L.
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could be a consequence of lysosomal dysfunction and not
directly regulated by PPARGC1A.

Reduced autophagy induces senescence

To determine whether defective autophagy contributes to senes-
cence development in VSMCs, we tested whether inhibition of
autophagy can induce senescence and whether rapamycin can
reduce the effects of AGT II, a well-known inducer of oxidative
stress and senescence in VSMCs [28]. To inhibit autophagy, we

used 3-MAand spautin-1 (specific and potent autophagy inhibitor-
1), which inhibit autophagy through different molecular mechan-
isms. 3-MA inhibits class III Ptdln3K (phosphatidylinositol
3-kinase) [29] reducing the formation of Ptdln3P on the phago-
phore membrane, a process needed for the elongation of this
membrane and the initiation of autophagy. Spautin-1 inhibits
USP10 and USP13, two ubiquitin peptidases that deubiquitinate
BECN1 in the class III Ptdln3K-PIK3C3/VPS34 complex leading to
degradation of BECN1 and inhibition of the PIK3C3 complex in
HeLa cells and mouse embryonic fibroblasts [30]. We used

Figure 4. Reduced LC3 and SQSTM1 expression in the brain of ppargc1a−/- deficient mice. Brain samples from 6- and 18-month-old Ppargc1a+/+ and ppargc1a−/- male
mice were homogenized and total extracts separated in 4–20% precast Criterion gels for the analysis of SQSTM1, LC3, TFRC and SOD2 expression (A). Protein
expression of each gene was adjusted by ACTB (B-E). * and ‡ denote significant differences between WT and ppargc1a−/-, and between 6- and 18-month-old WT,
respectively. mRNA from brain samples of 6- and 1-month-old male C57Bl/6 mice were tested for the expression of Sqstm1, Lc3 and Ppargc1a (F). mRNA levels were
adjusted by Gpdh and expressed as fold change compared with animals of 6 months of age (G). * denote p < 0.05.
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rapamycin, an MTOR inhibitor, to stimulate autophagy. MTOR
inhibits autophagy by targeting the ULK1 complex [31], which is
needed for the formation of the autophagosome.

We have used rat aortic smooth muscle cells (RASMs) to
study the mechanism by which AGT II and zinc overload
induce senescence [28,32]. We showed that AGT II induces
the acetylation/inactivation of PPARGC1A leading to reduced
CAT (catalase) [33] and SIRT1 (Sirtuin 1) expression and
increased senescence. Thus, we first tested whether
PPARGC1A also regulates SQSTM1 expression in RASM cells
(Fig. S2). Similar to MASMs, PPARGC1A increased the

expression of known targets including CAT, SOD2, TFRC
and CYCS (cytochrome c, somatic), while downregulating
CDKN1A expression, as we previously reported [6] (Fig.
S2A). PPARGC1A also upregulated the expression of
SQSTM1 and phosphorylated MTOR, but not LC3-II (Figs.
S2A-D). It is likely that increased MTOR activity prevented
the upregulation of LC3-II. Further, similar to MASMs Lc3
mRNA was unaffected by PPARGC1A (Figs. S2E and F). As
we previously reported [28,34], AGT II increased SA-GLB1
activity compared with control cells, which was significantly
downregulated by rapamycin in RASMs (Figures 6A and B).

Figure 5. PPARGC1A regulates autophagic flux. Ppargc1a+/+ and ppargc1a−/- VSMCs were infected with 5 × 107 PFU of Ad.Control or Ad.PGC1A. 3 d after infection
cells were lysed and samples tested for the indicated antibodies (A). The expression of the 34-kDa form of CTSD and NBR1 was adjusted by TUBG1 and expressed as
fold change, compared with WT cells infected with Ad.Control (B and C). Ppargc1a+/+ and ppargc1a−/- VSMCs were fixed in 4% PFA and incubated with antibodies
against LAMP2 or ACTA2, and images were acquired using a confocal microscope. Bar: 10 μm (D). mRNA from both genotypes was tested for the expression of the
autophagy and lysosomal markers shown in E (n = 3 samples per genotype). mRNA levels were adjusted by Gapdh and expression expressed as fold change,
compared with WT cells (F). Cells were treated with 50 μM Chl in DMEM containing 0.5% FBS for 2 to 8 h. Cells were then lysed and separated in 4–20% Precast
Criterion gels (G). LC3-II, SQSTM1, NBR1, and CTSD protein levels were adjusted by TUBG1 (H-K). Expression of each marker in untreated cells was assigned as 1. Fold
changes were then calculated for each genotype to assess the rate of protein accumulation or reduction. * denotes p < 0.05.
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Figure 6. Impaired autophagy induces senescence of VSMCs. RASMs treated with and without 10 mM 3-MA or 100 nM rapamycin (Rapa) were treated with and
without 100 nM AGT II for 3 d. Cells were then fixed and tested for SA-GLB1 activity measurements (A and B) or were lysed for the analysis of CDKN1A expression (C
and D) and MTOR phosphorylation (E and F) by western blot. RASMs were incubated with 10 μM spautin-1 (SP) for 3 d for measurements of SA-GLB1 activity (G and
H) or were treated with and without 100 nM AGT II and 10 μM spautin-1 for 3 d for protein expression analysis (I). Protein levels shown in I were adjusted by TUBG1
and expressed as fold change compared with control untreated cells (J and K). * and ‡ denote significant differences compared with control and AGT II, respectively.
Ppargc1a+/+ and ppargc1a−/- VSMCs were treated with 10 μM spautin-1 (L) or with and without 100 nM AGT II and 100 nM rapamycin (M and N) for 3 d for SA-GLB1
activity measurements. WT MASMs were transfected with 200 nM siControl or siAtg5 and protein expression of ATG5 was determined by western blot (O). Ppargc1a+/
+ and ppargc1a−/- VSMCs transfected with siControl or siAtg5 were treated with 100 nM rapamycin for 3 d (P and Q). SA-GLB1 was then expressed a fold change
compared with untreated siControl cells. * and ‡ denote significant differences between cells treated with and without rapamycin and between siControl and siAtg5-
transfected cells, respectively. Bar: 20 μm in A and 100 μm in G and M.
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3-MA increased SA-GLB1 activity (Figures 6A and B) and
CDKN1A expression (Figures 6C and D) in basal conditions,
effects that were not further increased by AGT II (Figures 6A
and B). Both AGT II- and 3-MA-induced senescence was
associated with elevated MTOR phosphorylation (Figures 6E
and F). Similarly, spautin-1 upregulated SA-GLB1 activity
basally and showed no additive effects in AGT II-induced
senescence (Figures 6G and H). Next, we tested whether spau-
tin-1 could also induce the degradation of BECN1 in RASMs.
Surprisingly, a robust downregulation in the expression of
SQSTM1, NBR1 and LC3-II, but not BECN1, was observed
in spautin-1-treated cells (Figure 6I and J). AGT II showed
a modest, but significant increase in SQSTM1 and NBR1
expression in control cells, but not in cells treated with spau-
tin-1 (Figure 6I and J). Similar to SA-GLB1, CDKN1A expres-
sion was significantly upregulated by AGT II and spautin-1 and
no additive effects were seen in AGT II- and spautin-1-treated
cells (Figure 6I and K). Spautin-1 also upregulated SA-GLB1
activity in WT MASMs and showed a modest but significant
effect in ppargc1a−/- cells (Figure 6L), suggesting that impaired
autophagy is a major driver of senescence in the absence of
Ppargc1a.

Next, we tested whether rapamycin could also reduce
senescence induced by AGT II and Ppargc1a deficiency in
MASMs (Figure 6M and N). Similar to RASMs, AGT II
increased SA-GLB1 activity in WT MASMs, which was sig-
nificantly downregulated by rapamycin. In contrast, SA-GLB1
activity was elevated basally in ppargc1a−/- cells but was not
significantly upregulated by AGT II. Rapamycin reduced AGT
II-induced senescence, as well as basal senescence (7.7 ± 3.4%,
n = 3, p < 0.01). As expected, MTOR phosphorylation was
reduced by rapamycin in both WT and ppargc1a−/- cells (Fig.
S3A). Further, LC3-II and SQSTM1 levels were upregulated
by rapamycin and reduced by 3-MA (Figs. S3B-D). The
unexpected effects of these drugs in SQSTM1 protein levels
suggest that SQSTM1 is not a good indicator of autophagic
flux in VSMCs.

Since MTOR can regulate other processes, in addition to
autophagy, that could also be involved in senescence, we
tested the effect of rapamycin in cells depleted of ATG5,
a core component of the autophagy machinery. Similar to
spautin-1, Atg5 siRNA showed a robust downregulation in
LC3-II levels (Figure 6O), and upregulation in SA-GLB1
activity (Figure 6P), an effect that was significantly reduced
by rapamycin. Interestingly, rapamycin was unable to reduce
senescence in ppargc1a−/- cells depleted of ATG5 (Figure 6Q).

Altogether these data showed that autophagy impairment
promotes senescence of VSMCs and that upregulation of
autophagy by rapamycin reduces senescence induced by
AGT II and by Ppargc1a deficiency. Further, these data also
suggest that MTOR regulates senescence by autophagy-
dependent and independent mechanisms.

Sqstm1 deficiency induces senescence

Ppargc1a deficiency is associated with dysfunctional autop-
hagy and increased senescence that can be rescued by rapa-
mycin, as well as with reduced SQSTM1 expression. To

determine the contribution of SQSTM1 to Ppargc1a defi-
ciency effects, we downregulated Sqstm1 by siRNA in
RASM cells and determined senescence in response to
AGT II and zinc overload, another inducer of senescence
in VSMCs [28,32]. SiSqstm1 reduced SQSTM1 protein
expression by 80% compared with siControl-treated cells
(n = 4, p < 0.01) (Figure 7A and B), while increasing
CDKN1A levels more than 2-fold (Figures 7A and C).
Basal SA-GLB1 activity was upregulated by Sqstm1 siRNA
compared with siControl-treated cells (n = 12, p < 0.01)
(Figure 7D). Senescence induced by AGT II and zinc was
also elevated in siSqstm1-treated cells (Figure 7D). These
additive effects suggest that SQSTM1 acts through
a different mechanism compared with AGT II and zinc to
regulate senescence of VSMCs. Next, we determined whether
senescence induced by Ppargc1a deficiency could be rescued
by SQSTM1. Overexpression of SQSTM1 using adenovirus
(Ad.SQSTM1) promoted a small but significant reduction in
ROS levels (Figure 7E) and SA-GLB1 activity (Figure
7F). Ad.SQSTM1 increased SQSTM1 expression more than
8-fold and LC3-II levels more than 2-fold, compared with
cells treated with Ad.Control (Figure 7G-I). In contrast,
ppargc1a−/- cells infected with Ad.SQSTM1 in the same con-
ditions as WT cells showed a less robust, but significant
upregulation of SQSTM1 expression (Figure 7G and H)
and LC3-II levels (Figures 7G and I), compared with control
cells. These data suggest that overexpressed SQSTM1 is
degraded in ppargc1a−/- cells by an unknown mechanism.
This effect can explain the small reduction in ROS levels and
senescence observed in ppargc1a−/- cells overexpressing
SQSTM1 (Figure 7E and F).

To determine the physiological significance of SQSTM1
in vivo, we measured senescence in aortas of 2-month-old
sqstm1−/- male mice. SA-GLB1 activity was upregulated
(n = 8, p < 0.01) in sqstm1−/-, compared with WT C57Bl/
6 and Sqstm1 heterozygote mice (Figure 7J). The senescence
phenotype of sqstm1−/- mice was not associated with the
obesity phenotype of this animal model (Figure 7K) since
body weight of WT (20.5 ± 2.6 g, n = 8), heterozygote
(19.32 ± 1.9 g, n = 8) and sqstm1−/- (21.7 ± 1.4 g, n = 8)
mice was not significantly different at this age. sqstm1−/-

mice display mature-onset obesity with increased body
weight at about 5 months of age, compared with WT
C57Bl/6 mice [18]. Consistent with elevated SA-GLB1 activ-
ity, TRP53/p53 (transformation related protein 53) protein
expression was also upregulated in aortas of sqstm1−/-

(n = 4, p < 0.05), but not heterozygote (n = 4, p = 0.56),
compared with WT mice (Figures 7L and M). These
changes were associated with a significant reduction in
LC3-I expression in sqstm1−/-, but not Sqstm1±, compared
with WT mice (Figures 7L and N). Similar to brain homo-
genates, LC3-II was barely detected in aorta samples.
Quantification of LC3-II was not possible since no bands
were detected in some of the samples.

To determine whether Sqstm1- and Ppargc1a-deficient
VSMCs share the same or similar phenotypes, we isolated
VSMCs from aortas of WT and sqstm1−/- mice. Similar to
Ppargc1a deficiency, Sqstm1 depletion resulted in reduced
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cell proliferation (Figure 8A), increased SA-GLB1 activity
(Figures 8B and C) and ROS levels (Figures 8D and E),
and defective autophagy (Figure 8F-J). sqstm1−/- cells
showed NBR1 accumulation, and reduced LC3-II levels and

no changes in BECN1 expression (Figures 8F and G).
Different from Ppargc1a deficiency, cells lacking Sqstm1
expressed more MTOR and its phosphorylated form
(Figures 8F and G). Autophagic flux was also impaired in

Figure 7. Reduced SQSTM1 expression increases ROS levels and senescence of VSMCs. RASMs were transfected with siRNA control or siSqstm1 for measurements of
SQSTM1 and CDKN1A expression (A-C), and SA-GLB1 activity, using FDG, in response to 100 nM AGT II or 50 μM zinc for 3 d (D). ppargc1a−/- VSMCs were infected
with 1 × 107 PFU of adenovirus control (Ad.Control) or adenovirus containing human SQSTM1 gene (Ad.SQSTM1) for ROS measurements (E) and SA-GLB1 activity
using FDG (F). Ppargc1a+/+ and ppargc1a−/- VSMCs infected with Ad.Control or Ad.SQSTM1 were lysed for analysis of SQSTM1 and LC3-II expression. (G-I). Expression
was expressed as fold change compared with siControl-transfected cells. Aortas of 2-month-old mice Sqstm1+/+, Sqstm1± and sqstm1−/- in the C57Bl/6 background (8
males each) were cleaned, fixed and tested for SA-GLB1 activity using FDG (J). Fluorescence was adjusted by the weight of aortas. * denotes p < 0.01. Body weight
for each genotype is expressed in grams (g) (K). Aortas of each genotype (2-month-old, males) were cleaned of periadventitial fat, lysed and 80 μg of total extracts
were separated in a 4–20% precast Criterion gels (L). Quantification of TRP53 and LC3-II adjusted by ACTB is shown in M and N, respectively. * denotes p < 0.05.
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these cells, as measured by the increased and reduced accu-
mulation of NBR1 and LC3-II, respectively, in response to
Chl treatment (Figure 8H-J).

Altogether these data demonstrate that downregulation of
SQSTM1 mediates Ppargc1a deficiency-induced senescence
and that PPARGC1A and SQSTM1 have opposite effects in
MTOR function.

Discussion

PPARGC1A is a well-known regulator of mitochondrial bio-
genesis and antioxidant capacity among other functions.
However, little is known about the role of PPARGC1A in
autophagy in the cardiovascular system. Here, we report that
Ppargc1a deficiency causes defective autophagy, which was
associated with reduced LC3-I to II conversion, LC3-II levels,
SQSTM1 expression (protein and mRNA levels), autophago-
some number, autophagic flux, and with accumulation of
NBR1 in VSMCs in culture. Reduced SQSTM1 expression
and the presence of abnormal autophagosome-like structures
were also observed in VSMCs in aortas of ppargc1a−/- mice
in vivo. As we previously reported [6], Ppargc1a deficiency
reduced cell proliferation and increased ROS levels and

senescence. Our data suggest that impaired autophagy pro-
moted the senescence phenotype of Ppargc1a depleted cells
since inhibition of autophagy by 3-MA, spautin-1 or Atg5
siRNA caused senescence. The upregulation in SA-GLB1 seen
in ppargc1a−/- cells was further increased by spautin-1 and Atg5
depletion. This effect is consistent with the observation that
autophagic flux is reduced, but not completely inhibited, in
ppargc1a−/- cells. Thus, blockade of that residual autophagy by
spautin-1 and Atg5 siRNA upregulated senescence even further.

Interestingly, senescence induced by Atg5 depletion was
partially rescued by rapamycin in WT, but not in
ppargc1a−/- VSMCs cells. These data suggest that MTOR
also regulates senescence by a mechanism different from its
effect on autophagy. For instance, MTOR activates NFKB/NF-
κB (nuclear factor of kappa light polypeptide gene enhancer in
B cells) [35], a major driver of the SASP [36]. We have
demonstrated that activation of NFKB mediates the upregula-
tion of NOX1 (NADPH oxidase 1) leading to increased ROS
levels that promoted senescence of VSMCs [32]. Thus, inhibi-
tion of MTOR by rapamycin could also inhibit senescence by
reducing oxidative stress. It is unknown, however, whether
NADPH oxidases are upregulated by Ppargc1a deficiency. The
fact that rapamycin was unable to rescue senescence induced
by Atg5 siRNA in ppargc1a−/- cells could be related with the

Figure 8. Sqstm1 deficiency increases ROS levels and senescence and reduces autophagic flux. WT and sqstm1−/- VSMCs were cultured in DMEM with 10% FBS for cell
proliferation experiments (A) (triplicates in 3 independent experiments), analysis of SA-GLB1 activity (B and C), and hydrogen peroxide (D) and superoxide (E) levels,
or for analysis of protein expression (F). Expression of markers in F was adjusted by GAPDH and expressed as fold change, compared with WT cells (G). WT and
sqstm1−/- VSMCs were treated with 50 μM Chl for 2 to 8 h for the analysis of autophagic flux (H). The expression of NBR1 (I) and LC3-II (J) levels was adjusted by
TUBG1. The value of untreated cells was calculated as 1. Fold change compared with untreated cells was then calculated for each genotype. * denoted p < 0.05. Bar:
100 μm in B.
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higher levels of ROS in the knockout cells. Multiple sources of
ROS can contribute to this elevated oxidative stress since
PPARGC1A regulates the expression of several antioxidant
enzymes, including SOD1, SOD2 and CAT, while regulating
mitochondrial function. We demonstrated that downregula-
tion of CAT increased ROS levels and senescence of
VSMCs [28].

We hypothesized that SQSTM1 downregulation mediated
the effect of Ppargc1a deficiency. In support of this hypoth-
esis, we found that sqstm1−/- cells mimicked the phenotype of
Ppargc1a deficiency by presenting reduced proliferation,
increased ROS levels, reduced LC3-II expression and autop-
hagic flux and increased levels of NBR1 and senescence. In
contrast to ppargc1a−/-, sqstm1−/- cells expressed higher levels
of MTOR and its phosphorylated form, compared with WT
cells. Further, in vivo, aortas of sqstm1−/- mice showed more
senescence and reduced levels of LC3-I.

Thus, altogether our data summarized in Figure 9 suggest
that PPARGC1A upregulates autophagy by controlling the
expression of SQSTM1 and that upregulation of mitochon-
drial biogenesis and autophagy reduces senescence of VSMCs.
These findings are in part in line with previous observations
in skeletal muscle. Brandt et al. recently showed that low and
moderate intensity exercise training increased LC3-II:I ratio
in WT, but not in ppargc1a−/- mice [37]. However, only low-
intensity exercise training showed reduced SQSTM1 levels in
ppargc1a−/- muscle. These observations suggest that
PPARGC1A is required for the upregulation of autophagy in
response to exercise in skeletal muscle; however, no differ-
ences in LC3-II:I ratio or in SQSTM1 levels were observed
between untrained control WT and ppargc1a−/- mice. In
a skeletal muscle-specific Ppargc1a transgenic mouse,
Halling et al. showed upregulated LC3-II:I ratio at rest and
after exercise, compared with WT mice [38]. Interestingly,

SQSTM1 level was strongly downregulated in the transgenic
animal, suggesting that the upregulation of autophagy caused
SQSTM1 degradation. Further, Vainshtein et al. showed that
exercise training upregulated Sqstm1 mRNA levels in skeletal
muscle of WT, but not in ppargc1a−/- mice [39]. No difference
at the mRNA level was observed in skeletal muscle of WT and
ppargc1a−/- mice in untrained control conditions [39]. In
contrast to these studies, SQSTM1 protein and mRNA levels,
as well as LC3 conversion, were significantly downregulated
by Ppargc1a deficiency in VSMCs in our study. Although no
difference in LC3-II:I ratio was observed in aortas of both
genotypes in vivo, cargo containing autophagosome-like
structures of various sizes were identified in VSMCs, as well
as in the extracellular space of the media of the aorta.
Accumulation of these structures suggests that the fusion
with lysosomes and/or degradation in autolysosomes, but
not the formation of autophagosomes, is inhibited in the
absence of Ppargc1a in vivo. With respect to extracellular
autophagosomes, it is possible that vesicle compartments con-
taining autophagosome-like structures can fuse with the
plasma membrane releasing autophagosomes into the extra-
cellular media. In fact, autophagosomes can fuse with the
plasma membrane under starvation conditions, a process
that is regulated by the SNARE protein VAMP7 (vesicle-
associated membrane protein 7) and is associated with the
release of ATP [40]. Autophagosomes can also fuse with
multivesicular bodies, organelles containing internal vesicles
and exosomes, that fuse with the plasma membrane, releasing
these vesicles into the extracellular media [41]. Furthermore,
extracellular vesicles, including exosomes, can be secreted by
senescent cells as part of the SASP [42]. Thus, increased
accumulation of EM and the presence of extracellular vesicles
in aortas of ppargc1a−/- mice suggest that the SASP may
contribute to tissue dysfunction in vivo. Whether

Figure 9. Model of the role of PPARGC1A and SQSTM1 in autophagy and senescence. Our data suggest that PPARGC1A regulates SQSTM1 expression leading to the
upregulation of LC3-II and the stimulation of autophagy. Downregulation of PPARGC1A or SQSTM1 reduces LC3-II levels, autophagic flux, and cell proliferation and
increases ROS levels and senescence. Elevated PPARGC1A expression or SQSTM1 deficiency increases MTOR phosphorylation creating a regulatory loop that may
restrain excessive autophagy. It is unknown whether lysosomal dysfunction seen in PPARGC1A deficient cells also contributes to impaired autophagy. Altogether, the
known functions of PPARGC1A, as a regulator of mitochondrial function and antioxidant capacity, together with its novel role, as a regulator of autophagy, contribute
to reduced oxidative stress and senescence of VSMCs.
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PPARGC1A regulates the secretion of extracellular vesicles
remains to be elucidated.

In addition to the aorta tissue, SQSTM1 and LC3 expres-
sion was also downregulated in brain samples of Ppargc1a-
deficient mice and in old compared with young C57BL/6 WT
mice. TFRC and SOD2, two genes regulated by PPARGC1A
in VSMCs, were also significantly reduced by the lack of
Ppargc1a in the brain. Reduced protein expression of these
genes during aging correlated with reduced mRNA levels.
Brain samples from 1-year-old mice showed lower levels of
Sqstm1, Lc3 and Ppargc1a mRNA, compared with brains of
6-month-old animals. Interestingly, PPARGC1A is downre-
gulated in postmortem brain samples of patients with
Alzheimer disease and in neurons of the Tg2576 Alzheimer
disease animal model [43]. Overexpression of PPARGC1A in
these neurons reduced the formation of β-amyloid [43]. Our
data suggest that secretion of autophagosomes and/or exo-
somes containing pathological aggregates, by reduced
PPARGC1A expression, may contribute to the progression
of Alzheimer disease. Thus, it is tempting to speculate that
PPARGC1A could be protective to the brain, not only by
maintaining mitochondrial function and the antioxidant capa-
city, but also by upregulating autophagy.

SQSTM1 protein expression was downregulated by
Ppargc1a deficiency and upregulated by PPARGC1A overex-
pression, suggesting that SQSTM1 is a direct target of
PPARGC1A; however, the molecular mechanism of this effect
is unknown. Sqstm1 transcription is regulated by NFE2L2
[44], a transcription factor co-activated by PPARGC1A [45],
and by TFEB [14], a central regulator of lysosomal biogenesis
[15]. The fact that ppargc1a−/- VSMCs show reduced expres-
sion of the lysosomal proteins LAMP2 and CTSD and
enlarged lysosomes suggests that TFEB may regulate both
autophagy and lysosome biogenesis in VSMCs and that the
function of TFEB may be altered by the absence of Ppargc1a.
Interestingly, in SH-SY5Y neuroblastoma cells, overexpres-
sion of TFEB increased PPARGC1A expression leading to
upregulation of mitochondrial biogenesis [46]. Similarly in
skeletal muscle, exercise upregulated TFEB in a PPARGC1A-
dependent manner [47], suggesting that TFEB and
PPARGC1A can regulate each other. In this scenario, it is
possible that upregulation of TFEB by PPARGC1A may upre-
gulate autophagy by increasing SQSTM1 expression leading to
LC3 conversion and may increase autophagic flux by increas-
ing lysosome biogenesis, as suggested in our model (Figure 9).
However, no changes in mRNA levels for lysosomal genes
(Lamp2 and Ctsd), or autophagy genes (Lc3, Becn1 and Nbr1)
were observed in ppargc1a−/- cells. Only Sqstm1 mRNA was
significantly downregulated in these cells, suggesting that
TFEB is likely not involved in this pathway.

ppargc1a−/- cells also showed reduce expression of CTSD
and LAMP2 and enlarged lysosomes, suggesting that lysoso-
mal function may be impaired. Interestingly, treatment of
both WT and ppargc1a−/- cells with Chl, a drug that raises
the pH of lysosomes [48], reduced CTSD protein levels. It is
unknown whether changes in lysosome acidification may
cause lysosomal dysfunction and/or reduced expression of
CTSD and LAMP2 in cells lacking Ppargc1a. In fact, activa-
tion of the DNA damage response stimulates senescence [49]

and mediates the phosphorylation and inactivation of the
vacuolar ATPase [50] leading to reduced lysosomal acidifica-
tion. Increased DNA damage and telomere shortening were
observed in ppargc1a−/- VSMCs [7], suggesting that impaired
function of the vacuolar ATPase could cause defective lyso-
somal function in these cells.

Lysosome dysfunction could be also caused by defective
mitochondrial function, as suggested by Demers-Lamarche
et al. Inhibition of mitochondrial function in this study resulted
in impaired lysosome function and enlarged lysosomes [27]. It
is also possible that reduced expression of lysosomal enzymes,
like CTSD, can be caused by secretion of the enzyme. In fact,
CTSD is secreted at low levels in physiologic conditions [51]
and at high levels in cancer cells [52].

Autophagy is a protective process critically involved in
VSMC function [53] that has been shown to reduce senes-
cence of VSMCs [54,55] and to limit atherosclerosis [56]. We
showed that inhibition of autophagy by 3-MA or spautin-1
induces senescence, while upregulation of autophagy by rapa-
mycin reduces senescence induced by AGT II, a known indu-
cer of cellular senescence in VSMCs [28,57]. However,
overexpression of PPARGC1A significantly upregulated
MTOR phosphorylation preventing LC3 conversion. In con-
trast, Sqstm1 deficiency promoted a robust upregulation of
MTOR. Thus, PPARGC1A and SQSTM1 seem to regulate
a feedback loop mechanism, as shown in Figure 9, to maintain
MTOR function and autophagy at physiological levels. This
mechanism could be of importance to reduce autophagy and
prevent autophagic cell death.

SQSTM1 is an autophagy receptor involved in the targeting
of ubiquitinated proteins and organelles, like mitochondria, to
autophagosomes for degradation. sqstm1−/- mice have
increased mitochondrial oxidative stress, decreased lifespan
[17], mature-onset obesity and insulin resistance [18] and
features of neurodegeneration [58]. Also, Sqstm1 mutations
are associated with Paget bone disease [59] and were also
found in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis [60]. Here, we demonstrated that lack of
Sqstm1 is also associated with vascular senescence and that
SQSTM1 downregulation mediates senescence caused by
Ppargc1a deficiency. SQSTM1 downregulation by siRNA
increased ROS levels, CDKN1A expression and SA-GLB1
activity basally and in response to AGT II and zinc overload,
while SQSTM1 overexpression reduced ROS levels and SA-
GLB1 activity in ppargc1a−/- VSMCs. Also, overexpression of
SQSTM1 upregulated LC3-II levels in WT and ppargc1a−/-

cells, suggesting that LC3 conversion is downstream of
SQSTM1. Interestingly, lower levels of overexpressed
SQSTM1 protein were observed in ppargc1a−/- cells.
Endogenous and overexpressed SQSTM1 accumulated at
a similar level in ppargc1a−/- cells treated with Chl (data not
shown), suggesting that SQSTM1 is degraded by a lysosome-
independent pathway.

Sqstm1 deficiency induces mature-onset obesity and insu-
lin resistance at about 5 months of age [18]. Our observation
that 2-month-old sqstm1−/- male mice showed increased
senescence in the aorta tissue suggests that senescence is not
a consequence of the obesity phenotype of this animal model.
Recently, increased atherosclerosis was also observed in
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2-month-old apoe−/-sqstm1−/-, compared with apoe−/- mice fed
high fat diet [19]. It is unknown, however, whether acceler-
ated aging by the lack of Sqstm1 promotes atherosclerosis. It is
also unknown whether the molecular mechanism involved in
Sqstm1 deficiency-induced senescence depends mainly on the
inhibition of autophagy. Since SQSTM1 overexpression
reduces ROS levels in ppargc1a−/- VSMCs and sqstm1−/- cells
showed increased ROS levels, it is likely that other mechan-
isms are also involved.

Telomere dysfunction causes mitochondrial dysfunction by
a TRP53-dependent downregulation of PPARGC1A and
PPARGC1B leading tomitochondrial dysfunction and increased
ROS production [61]. This evidence supports a unified view of
aging in which DNA damage to telomeres induces metabolic
and mitochondrial compromise leading to accelerated aging
[62,63]. PPARGC1A is central to this regulatory network [64]
by regulating mitochondrial function, the expression of antiox-
idant enzymes, and as shown here, autophagy.

Altogether, our data demonstrate that senescence induced by
Ppargc1a deficiency is mediated by impaired autophagy caused
by SQSTM1 downregulation. The phenotype of sqstm1−/- and
ppargc1a−/-mice is similar in terms of accelerated vascular aging
and atherosclerosis. Our data also suggest that measurements of
SQSTM1 protein expression, as an indicator of successful
autophagy, should be evaluated carefully since in our study
reduced SQSTM1 expression was associated with defective
autophagy, but not with upregulation of autophagic flux.

Materials and methods

Antibodies and reagents

Rabbit antibodies against LC3 (2765), BECN1 (3738), phos-
phorylated MTOR (Ser2448, 2971) and MTOR (2983) were
from Cell Signaling Technology. Goat anti-CTSD (C-20, sc-
6486), and rabbit anti-SQSTM1 (H290, sc-25575) and anti-
CDKN1A (sc397) were from Santa Cruz Biotechnology.
Rabbit antibodies against LAMP2 (L0668), CAT (219010)
and ATG5 (A0856), and mouse antibodies against TUBG1
(T5326), ACTB (A5441), and ACTA2 (A5228) were from
Sigma-Aldrich. Mouse TRP53 (BML-SA293-0050) and rabbit
SOD2 (ADI-SOD-110) antibodies were from Enzo Life
Science. Mouse TFRC antibody was from Invitrogen
(136800). Rabbit CTSD (ab75852) and mouse SQSTM1
(ab56416) and NBR1 (ab55474) antibodies were from
Abcam. Mouse (MA5-15738) and rabbit (PA1-988) GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) antibodies were
from Thermo Fisher Scientific. PPARGC1A antibody was
from Dr. D. Kelly (Perelman School of Medicine, University
of Pennsylvania), as described previously [33].

AGT II (A6402), 3-MA (M9281), Chl (C6628), rapamycin
(553210), spautin-1 (SML0440-5MG) and protease inhibitor
cocktail (P340-5ML) were from Sigma-Aldrich. Fetal bovine
serum (FBS, 97,068–075) was from Seradigm. 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA, C6827) and
dihydroethidium (DHE, D11347) were from Invitrogen.
Fluorescein-di-β-D-galactopyranoside (FDG, MO250) was
from Marker Gene Technologies. Collagenase type 2
(LS004204) and elastase (LS006363) were from Worthington

Biochemical Corporation. Adenovirus containing PPARGC1A
was obtained from Dr. Wayne Alexander at Emory University
[33]. Adenovirus containing HA-tagged human SQSTM1 (4
x 1010 plaque-forming units [PFU]/ml) was fromVector Biolabs.

Mice

Animal experiments using Ppargc1a+/+ and ppargc1a−/-

(obtained from Dr. Wayne Alexander at Emory University
[6]) and sqstm1−/- mice in the C57BL/6 background (obtained
from Dr. Toru Yanagawa at the University of Tsukuba, Japan
[65]) were performed in compliance with the Institutional
Animal Care and Use Committee of Emory University and
Florida State University, respectively. Animals were eutha-
nized using CO2 and aortas were isolated for measurements
of protein expression or for isolation of VSMCs.

Isolation of vsmcs, cell culture and adenovirus
transduction

RASMs were isolated by enzymatic digestion as previously
described [66]. Briefly, aortas from 5 male Sprague-Dawley
rats (2-month-old) were cleaned from periadventitial fat,
washed in Hanks balanced salt buffer (Corning, 21–021-
CV) and digested with 175 units/ml collagenase for
30 min at 37°C to remove the adventitial layer. The
endothelium was removed using a sterile cotton swab and
aortas were incubated in DMEM (Corning, 10–014-CV)
overnight, and then digested with 175 units/ml collagenase
and 0.5 mg/ml elastase for 1 h at 37°C. VSMCs released
after digestion were centrifuged and cell pellets resuspended
in DMEM media. Isolation of MASMs was performed using
a similar protocol, with the exception that after collagenase
digestion and overnight incubation, aortas were cut into
small pieces, which were allowed to attach to culture plates
for at least 3 d. Both RASMs and MASMs were cultured in
DMEM containing 1 g/L glucose, 100 U/ml penicillin,
100 mg/ml streptomycin, 2 mM glutamine (Corning,
30–009-CI) and 10% FBS at 37ºC in a 5% CO2 incubator.
Contamination of cell cultures with fibroblasts was assessed
by immunofluorescence using fibroblast antigen antibodies,
as shown in Fig. S4. Cells were used for experiments
between passages 4 and 12, as we previously reported
[6,28,34]. For AGT II and zinc treatment, cells were starved
in DMEM containing 0.5% FBS for 24 h and then incubated
in the same media with 100 nM AGT II or 50 μM zinc
(Sigma-Aldrich, Z0251) for 3 d, as previously described [67].
Cells were treated with 50 μM Chl, 10 mM 3-MA, 100 nM
rapamycin or 10 μM spautin-1 in DMEM 0.5% FBS.

For adenovirus infection, cells were incubated with adeno-
virus containing PPARGC1A (Ad.PGC1A), SQSTM1 (Ad.
SQSTM1) or empty adenovirus for 1 h in plain DMEM
medium. Cells were allowed to recover in complete medium
for 48 h prior to experimental treatment.

Transmission electron microscopy (TEM)

Immediately after CO2 euthanasia, mice were perfused from
the left ventricle and aortas prepared for TEM analysis, as
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previously reported [68]. Aorta samples were fixed overnight
in 2.5% glutaraldehyde (Electron Microscopy Sciences,
111–30-8) in 0.1 M sodium cacodylate (Electron Microscopy
Sciences, 12300) buffer, followed by postfixation in 1%
osmium tetroxide (Electron Microscopy Sciences, 19112) in
0.1 M sodium cacodylate buffer, dehydration in a graded
ethanol series followed by propylene oxide (Electron
Microscopy Sciences, 20410), and embedding in Epon-812
resin (Sigma-Aldrich, 45345). Semi-thin transverse sections
were stained with 0.5% aqueous Toluidine Blue O (Sigma-
Aldrich, 89640) and brightfield images were taken with a Zeiss
Axioskop equipped with an RT Slider Spot Camera. Ultrathin,
transverse sections were poststained with uranyl acetate and
lead citrate. Images were taken on a Hitachi H-7500 electron
microscope operated at 75 kV in the Robert P. Apkarian
Integrated Electron Microscopy Core at Emory University.
The images were imported into Image-Pro Plus v. 6.2 software
(MediaCybernetics, 41N51000-LUSB) for morphometric area
measurements of EM.

Morphometric measurements

Area measurements of aortic images were performed using
Image-Pro Plus 6.2 software. First, using the Measurements/
Create Polygon feature of the software, total area between two
elastin lamellae (total interlamellar area) was traced and was
measured.Within these interlamellar zones, fibrillar/amorphous
areas of EMwere also measured. These area measurements were
expressed in μm2. The EM areas were divided by the total medial
layer area and expressed as % EM in the medial layers.

Senescence associated GLB1/β-galactosidase (SA-GLB1)
staining

SA-GLB1 activity was determined as previously described
[34]. Cells were washed with PBS (Corning, 21–40-CV) and
then fixed with 0.2% glutaraldehyde in PBS for 10 min at
room temperature. After fixation, cells were washed with PBS
and were incubated overnight at 37°C in 40 mM phosphate
buffer (4.8 mM Na2HPO4, 35.2 NaH2PO4, pH 6.0) supple-
mented with 1 mg/ml X-Gal (Amresco, X1205), 2 mM MgCl2,
150 mM NaCl, 5 mM K4Fe(CN)6 (Sigma-Aldrich, P3289) and
5 mM K3Fe(CN)6 (Sigma-Aldrich, P8131). Images were taken
using an Axio Observer.A1 microscope (Carl Zeiss) using
a 10× objective. SA-GLB1-positive cells were expressed as
a percentage of total cell number. In addition, FDG (Ex/Em:
485/515 nm), a fluorescent analog of X-gal, was used to
measure SA-GLB1 using a Synergy H1 multi-mode plate
reader (BioTek Instruments).

Immunofluorescence

Immunofluorescence was performed in cells fixed with 4%
paraformaldehyde (PFA) (Sigma-Aldrich, P6148), as pre-
viously described [69]. Coverslips were washed with PBS
and permeabilized in buffer containing 2% BSA (Sigma-
Aldrich, A7906), 1% fish skin gelatin (Sigma-Aldrich,
G7041), 0.02% saponin (Sigma-Aldrich, S4521) and 15%
horse serum (Corning, 35–030-CV) in PBS. Secondary

antibodies included Alexa Fluor® 568 and Alexa Fluor® 488
(Molecular Probes). 4ʹ,6ʹ-diamidino-2phenylindole (DAPI)
(Biotium, 40,011) was used to stain the nuclei. Images were
acquired using the 488- and 543-nm lines of the argon ion as
well as green HeNe lasers with 515/30-nm band pass and 585-
nm-long pass filters, respectively, in a confocal imaging sys-
tem (Zeiss LSM 510 META) in the Department of Medicine at
Emory University. Quantification of LC3 and SQSTM1
puncta was performed using ImageJ software (NIH). Briefly,
each cell was traced, and the image was converted into an
8-bit grayscale. Then, using the edit/clear outside feature of
the software, background was removed and the image was
inverted to quantify puncta as black dots. A threshold was
then applied, the size of the particles to be quantified was set
and the number of puncta was determined using the analyzed
particle feature of the software.

Reactive oxygen species measurements

ROS levels were measured using H2DCFDA and DHE, which
were described previously [34]. Cells were washed once with
DPBS (Dulbecco’s phosphate-buffered saline, Corning,
21–030-CV) and incubated with 10 μM H2DCFDA or DHE
in DPBS for 30 min at 37°C. Fluorescence intensity for DHE
(Ex/Em: 500/530 nm) and for H2DCFDA (Ex/Em: 492/
520 nm) was determined using a Synergy H1 multi-mode
plate reader (BioTek Instruments).

Western blotting

VSMCs were lysed in buffer A (50 mMHEPES, pH 7.4, 150 mM
NaCl, 1 mM EGTA, 0.1 mM MgCl2) supplemented with 1%
Triton X-100 (Sigma-Aldrich, X100-500ML), 2 mM sodium
orthovanadate (Enzo Life Sciences, 400–032-G025), 10 mM
sodium pyrophosphate (Sigma-Aldrich, 221368), 10 mM
sodium fluoride (J. T. Baker, 3688–01), and protease cocktail
inhibitor for 30 min on ice. Aortas were homogenized with 15
strokes of a Teflon/glass homogenizer in buffer A. Cell extracts
were sonicated and equal amounts of protein from total extracts
were separated using 10% SDS-PAGE gels or 4–20% Criterion
precast gels (Bio-Rad, 5671094). Gels were transferred to PVDF
(Thermo Scientific, PI88518) membranes and blocked for
20 min with 1% non-fat dry milk (Bio-Rad, 170–6404) in TBS
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4) supplemented
with 0.05% Triton X-100 (TBS-T). Membranes were incubated
with primary antibodies in PBS containing 3% BSA, washed 3
times with TBS-T 10 min each and incubated with HRP-
conjugated secondary antibodies (Invitrogen, G-21234 [goat
anti rabbit], R-21459 [rabbit anti goat], G-21040 [goat anti
mouse]). After 3 washes with TBS-T, membranes were devel-
oped by enhanced chemiluminescence. Quantification of bands
in western blots, including loading controls, within the linear
range was performed using ImageJ software.

Reverse transcription PCR (RT-PCR) and RNA interference

Total RNA was extracted using the RNeasy kit (Qiagen, 74104)
according to the manufacturer’s instructions. The SuperScriptTM

One Step RT-PCR system (Invitrogen, 109280) was used to
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measure the mRNA levels of Ppargc1a, Ppargc1b, Sqstm1, Nbr1,
Becn1, Optn, Ctsd, Lamp2, Lc3 and Gapdh. Oligonucleotides,
listed in Table S1, were obtained from Sigma-Aldrich.

Downregulation of rat Sqstm1 in RASM cells was achieved
using the following siRNA duplex from Invitrogen:
CGGUGAAGGCCUAUCUACUGGGCAA and UUGCCCAG
UAGAUAGGCCUUCACCG. Cells were transfected using the
basic Nucleofector® kit for smooth muscle cells from Amaxa
Biosystems. Downregulation of mouse Atg5 in MASMs was
done using siRNAControl#1 and siAtg5 from Thermo Fisher
Scientific (GGUUAUGAGACAAGAAGAUtt and AUCUU
CUUGUCUCAUAACCtt).

Cell proliferation

Ppargc1a+/+ and ppargc1a−/- MASMs (5,000 cells/per well)
were grown in complete media at 37°C for 2 d. Cells were
starved for 48 h in DMEM supplemented with 0.5% FBS and
then incubated in complete media with 10% FBS and counted
every day for 4 d.

Statistical analysis

Data were analyzed by student’s T-test and one-way analysis
of variance (ANOVA). Values were expressed as mean ±
standard deviation (SD). p ≤ 0.05 was considered as statisti-
cally significant. For western blots, protein expression was
adjusted by the level of loading controls (TUBG1, GAPDH
or ACTB) in at least 3 independent experiments.
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