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Impaired autophagy function and enhanced ARG2 (arginase 2)-MTOR (mechanistic target of rapamycin) crosstalk are
implicated in vascular aging and atherosclerosis. We are interested in the role of ARG2 and the potential underlying
mechanism(s) in modulation of endothelial autophagy. Using human nonsenescent “young” and replicative senescent
endothelial cells as well as Apolipoprotein E-deficient (apoe¡/¡Arg2C/C) and Arg2-deficient apoe¡/¡ (apoe¡/¡arg2¡/¡)
mice fed a high-fat diet for 10 wk as the atherosclerotic animal model, we show here that overexpression of ARG2 in
the young cells suppresses endothelial autophagy with concomitant enhanced expression of RICTOR, the essential
component of the MTORC2 complex, leading to activation of the AKT-MTORC1-RPS6KB1/S6K1 (ribosomal protein S6
kinase, 70kDa, polypeptide 1) cascade and inhibition of PRKAA/AMPK (protein kinase, AMP-activated, a catalytic
subunit). Expression of an inactive ARG2 mutant (H160F) had the same effect. Moreover, silencing RPS6KB1 or
expression of a constitutively active PRKAA prevented autophagy suppression by ARG2 or H160F. In senescent cells,
enhanced ARG2-RICTOR-AKT-MTORC1-RPS6KB1 and decreased PRKAA signaling and autophagy were observed, which
was reversed by silencing ARG2 but not by arginase inhibitors. In line with the above observations, genetic ablation of
Arg2 in apoe¡/¡ mice reduced RPS6KB1, enhanced PRKAA signaling and endothelial autophagy in aortas, which was
associated with reduced atherosclerosis lesion formation. Taken together, the results demonstrate that ARG2 impairs
endothelial autophagy independently of the L-arginine ureahydrolase activity through activation of RPS6KB1 and
inhibition of PRKAA, which is implicated in atherogenesis.

Introduction

Autophagy, the mechanism of lysosomal proteolysis aiming to
remove harmful proteins in the cells, is implicated in maintaining
the healthy status of an organism under stress conditions.1 Adequate
functions of autophagy in a cell involve the formation of characteris-
tic double-membrane vesicles, called autophagosomes, in which

cytoplasmic material is sequestered.1 The autophagosomes fuse with
lysosomes to form autolysosomes with degradative capacity. The
dysfunctional cellular substances or organelles are degraded in the
autolysosomes and the degraded components are then released to
the cytosol for recycling or reuse for anabolic pathways, so that the
cells can be protected from accumulation of nonfunctional or dys-
functional substances which may cause cellular damage.1 Numerous
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proteins are identified to participate in autophagosome formation
and autophagy functions.2 Among them, the protein MAP1LC3/
LC3 (microtubule-associated protein 1 light chain 3) undergoes
changes upon autophagy induction, i.e., proteolytic processing and
lipidation with phosphatidylethanolamine, resulting in formation of
the phagophore membrane-bound form LC3-II, which leads to the
elongation of the phagophore membrane.3 A portion of the LC3-II
remains associated with the completed autophagosome and is there-
fore the most widely used autophagy marker.4 Since the ATG12–
ATG5 conjugate is involved in LC3 lipidation (conversion of the
proteolytically processed LC3-I form to LC3-II), it therefore serves
as another marker for autophagosome formation.5 The receptor pro-
tein SQSTM1/p62 (sequestosome 1) targets ubiquitinated protein
aggregates for lysosomal degradation and is selectively degraded via
autophagy; it is thus used along with LC3 to monitor autophagic
degradation/flux.6 Accumulation of SQSTM1 reflects impaired
degradation in the autolysosome, whereas low SQSTM1 levels may
indicate active degradation. Combinatory detection of LC3-II,
ATG12–ATG5 conjugate, and SQSTM1 thus monitors both auto-
phagosome formation and autophagic flux.

Endothelial senescence is involved in acceleration of the ath-
erosclerotic process.7 Vascular aging exhibits decreased autoph-
agy function, whereas autophagy induction in aging arteries is
able to enhance endothelial function.8 Impairment of autophagy
occurs in atherosclerosis and contributes to plaque development
and vulnerability.9 Although the function of autophagy in ath-
erosclerosis is not entirely clear, recent studies provide evidence
suggesting that adequate induction of autophagy protects against
cellular injury in endothelial and smooth muscle cells and forma-
tion of foam cells, resulting in anti-atherosclerotic effects.8-10

Autophagy is regulated by numerous signaling pathways such
as those regulated by MTOR (mechanistic target of rapamycin),
PRKAA, and TP53/p53 (tumor protein 53).1 Compelling evi-
dence demonstrates that MTOR is a dominant signaling kinase
inhibiting autophagy.11 Depending on its binding partners,
MTOR forms 2 different protein complexes, namely MTORC1
and MTORC2,12 which are large complexes consisting of 6 and
7 known protein components, respectively. Among the multipro-
tein components, RPTOR (regulatory associated protein of
MTOR, complex 1) and RICTOR (RPTOR independent com-
panion of MTOR, complex 2) are characteristic components of
MTORC1 and MTORC2, respectively.13 MTORC1 negatively
regulates autophagy by directly phosphorylating ATG proteins,
such as ULK1 (unc-51 like autophagy activating kinase 1) and
ATG13.14 Many signaling pathways such as PRKAA and AKT
that regulate autophagy converge on MTORC1.15,16 In line with
the negative regulatory role of MTORC1 in autophagy, PRKAA
which inhibits MTORC1 signaling, promotes autophagy,16 while
AKT which is a downstream effector of MTORC2 and upstream
activator of MTORC1,13 suppresses autophagy.14,17 In contrast
to MTORC1, the function of its best-characterized downstream
effector, RPS6KB1, is controversial. RPS6KB1 has been shown to
stimulate autophagy in mammals,18,19 whereas, Sch9, a putative
yeast homolog of RPS6KB1, inhibits autophagy in yeast.20

ARG2, an L-arginine ureahydrolase metabolizing L-arginine to
urea and L-ornithine, has been implicated in NOS3/eNOS (nitric

oxide synthase 3 [endothelial cell]) dysfunction in vascular aging
and pathogenesis of atherosclerosis.21 Our recent studies demon-
strate that ARG2 positively regulates RPS6KB1 signaling, which
promotes endothelial cell senescence and inflammation,22 and
causes vascular smooth muscle cell senescence and apoptosis inde-
pendently of its enzymatic activity.23 ARG2 also promotes macro-
phage pro-inflammatory responses in atherosclerosis and type II
diabetes.24 Given that impaired autophagy is implicated in vascular
aging and atherosclerosis, we investigated here the role of ARG2
and the signaling mechanisms in regulation of endothelial autoph-
agy and its contribution to the pathogenesis of atherosclerosis.

Results

ARG2 impairs autophagy independently of its enzymatic
activity in endothelial cells

In the nonsenescent human umbilical vein endothelial cells
(HUVECs), serum-starvation on its own increased LC3-II levels
both in the absence (Fig. 1A, lane 4 vs. lane 1) and presence of
bafilomycin A1 (Baf A1, 20 nmol/L, 60 min), a vacuolar HC-
ATPase inhibitor that inhibits autophagosome fusion with lyso-
somes,25,26 (Fig. 1A, lane 10 vs. lane 7), demonstrating that the
increase in LC3-II results from induced LC3-II/autophagosome
formation, but not from reduced degradation of LC3-II via lyso-
somal turnover upon serum-starvation. Adenovirus-mediated over-
expression of either wild-type (WT) or inactive ARG2 (H160F)
decreased LC3-II levels both in the absence (Fig. 1A, lanes
2–3 vs. lane 1; lanes 5–6 vs. lane 4) and presence (Fig. 1A, lanes
8–9 vs. lane 7; lanes 11–12 vs. lane 10) of Baf A1, under both
serum-growth (Fig. 1A, lanes 1–3 and 7–9) and serum-starvation
(Fig. 1A, lanes 4–6 and 10–12) conditions. The lack of the L-
arginine ureahydrolase activity of H160F and its inability to cause
NOS3-uncoupling were demonstrated previously.22 Moreover, the
alteration of another autophagosome formation marker, the
ATG12–ATG5 conjugate, revealed the same pattern as that of
LC3-II. In line with the inhibition of autophagosome formation
as indicated by a decrease in LC3-II and ATG12–ATG5 conjugate
formation, the SQSTM1 level was increased by WT or inactive
ARG2 under all 4 of the experimental conditions, which is indica-
tive of reduced autophagic flux (Fig. 1A). Furthermore, immuno-
fluorescence confocal microscopy revealed a punctate pattern of
LC3-I/-II staining in the cytosol of the control cells (Fig. 1B),
which is indicative of LC3-I/-II accumulation in the lysosomes
and an active autophagic response in the cells. Overexpression of
ARG2 or the H160F mutant in the cells caused a diffuse distribu-
tion of LC3 throughout the cells (Fig. 1B), suggesting an inhibi-
tion of the autophagic response. Similar results were obtained in
human aortic endothelial cells (HAEC; Fig. S1). These results pro-
vide firm evidence that ARG2 inhibits endothelial autophagy inde-
pendently of its L-arginine ureahydrolase activity.

ARG2 enhances TP53, and MTOR signaling and impairs
the PRKAA signaling pathway independently of its enzymatic
activity

The signaling transduction mechanisms that are involved in
the regulation of autophagy were further investigated in
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Figure 1. ARG2 impairs autophagy independently of its enzymatic activity in endothelial cells. Young HUVECs were transduced with empty vector rAd/
CMV-V5 as control (V5), rAd/CMV-Arg2 (Arg2) or rAd/CMV-Arg2-H160F (H160F, an inactive ARG2 mutant). Forty-8 h post transduction, cells were either fur-
ther incubated in serum-growth medium or in serum-starvation medium for 16 h as indicated. During the last 1 h of incubation prior to the experiment,
the cells were either untreated or treated with Baf A1 (20 nmol/L, 1 h) as indicated. Sixty-4 h post-transduction, the cells were subjected to (A) immuno-
blotting analysis for detection of ARG2, H160F, LC3-I/-II, ATG12–ATG5, and SQSTM1 protein levels. Tubulin served as the loading control. The bar graph
presents the quantification of the signals (n D 4). *P < 0.05, **P < 0.01 vs. V5-control group within the corresponding experimental condition. #P < 0.05,
##P < 0.01 vs. lane 1. yP < 0.05, yyP < 0.01 vs. lane 7. To be clearer for the readers, the 4 different experimental conditions, i.e., serum-growth medium
C/¡Baf A1, and serum-starvation medium C/¡Baf A1 were separated by dotted lines on the western blot, but all samples were run on the same gel. (B)
Representative images showing the immunofluorescence staining of LC3-I/-II (red) in HUVECs followed by counterstaining with DAPI (blue). The merged
images are also shown. The cells were transduced and treated as in (A) where cells were serum-starved during the last 16 h without treatment with Baf
A1. Scale bar D 0.1 mm.
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endothelial cells. Along with the assays of autophagy, we exam-
ined signaling events with 4 experimental conditions, i.e., serum-
growth medium C/¡Baf A1, and serum-starvation medium
C/¡Baf A1) for each of the parameters (control, ARG2 and
H160F) with all conditions run on the same gel in order to make
direct comparisons. Similar to the effect on autophagy, serum-
starvation on its own increased basal levels of the PRKAA-T172/
PRKAA ratio (Fig. 2A and B) while it decreased basal levels of
the RPS6-S235/236:RPS6 ratio (Fig. 2A and C) in the absence
(lane 4 vs. lane 1) and presence of Baf A1 (lane 10 vs. lane 7).
The basal levels of RICTOR (Fig. 2A and D), AKT-S473/AKT
(Fig. 2A and E) and TP53-S15/TP53 (Fig. 2A and F) were not
significantly affected by serum-starvation. Although the basal lev-
els of these readouts may be different under the 4 experimental
conditions, the effects of ARG2 and H160F on these proteins
revealed a similar pattern under all 4 conditions, i.e., overexpres-
sion of either WT or the inactive ARG2 reduced PRKAA-T172/
PRKAA while it enhanced RICTOR, AKT-S473/AKT, RPS6-
S235/236: RPS6 and TP53-S15/TP53 [Fig. 2A, the 2nd and
3rd lanes (2–3, 5–6, 8–9, 11–12) vs. the corresponding 1st lane
(1, 4, 7, 10, respectively)] under each experimental condition.
Similar results were obtained in HAEC (Fig. S1).

The role of TP53, RPS6KB1, and PRKAA in ARG2-
mediated inhibition of autophagy

The role of TP53, RPS6KB1 and PRKAA in ARG2-induced
inhibition of autophagy was further studied in the endothelial
cells overexpressing ARG2 or H160F. In the young cells, overex-
pression of either ARG2 (Fig. 3A, left) or H160F (Fig. 3A, right)
decreased LC3-II and ATG12–ATG5 conjugate levels while they
increased SQSTM1 levels, reduced activation of PRKAA
(PRKAA -T172/PRKAA ratio), and activated TP53 (increase
TP53-S15:TP53 ratio), and enhanced RPS6KB1 activity (RPS6-
S235/236:RPS6 ratio). Silencing TP53 or RPS6KB1 as con-
firmed by immunoblotting (Fig. 3B) independently prevented
the effects of ARG2 or H160F on the decrease in LC3-II and
ATG12–ATG5 conjugate levels, the increase in SQSTM1 levels,
and the inhibition of PRKAA (Fig. 3A). Of note, silencing TP53
or RPS6KB1 did not affect the activity of each other (Fig. 3A),
indicating that the 2 pathways are stimulated by ARG2 in paral-
lel. Moreover, overexpression of a HA-tagged constitutively
active PRKAA1 (HA-PRKAA1/ prevented the suppressing effect
of ARG2 or H160F on LC3-II and the ATG12–ATG5 conju-
gate as well as the accumulation of SQSTM1 (Fig. 4A and B).
These results suggest that activation of TP53 and RPS6KB1 by
ARG2 or H160F causes inhibition of PRKAA leading to sup-
pression of autophagy.

Inhibition of autophagy promotes endothelial senescence
To evaluate the functional role of autophagy in endothelial

cell fate or senescence, autophagy of the young endothelial cells
was pharmacologically inhibited with an autophagy inhibitor,
3-methyladenine (3-MA; 5 mmol/L, 4 d), one of the most
widely used inhibitors of autophagic sequestration of cytoplasmic
materials that acts by blocking the class III phosphatidylinositol
3-kinase (PtdIns3K) that is critical during the early stage of

autophagy.27,28 The inhibition of autophagy by 3-MA is revealed
in Fig. 5A. Fig. 5B shows that inhibition of autophagy increased
SA-b-gal-positive endothelial cells, implying that inhibition of
autophagy promotes endothelial senescence. This conclusion was
further confirmed by the experiments showing that genetic
silencing of various autophagy-related genes such as LC3, ULK1,
or BECN1 (the efficiency and specificity are shown in Fig. 5C,
left) inhibited autophagy (reflected by increased SQSTM1 levels,
Fig. 5C, left) and increased SA-b-gal-positive endothelial cells
(Fig. 5C, right).

Silencing ARG2 in senescent endothelial cells augments
autophagy

Our previous study showed a positive hyperactive crosstalk
between ARG2 and RPS6KB1 in endothelial aging.22 Our present
study further demonstrated an impaired autophagy in the senescent
endothelial cells (Fig. 6). The cell senescence was confirmed by SA-
b-gal staining (Fig. 6A). The decreased autophagosome formation
in senescent cells was visualized by immunofluorescence confocal
microscopy showing disappearing of the punctate pattern of LC3
staining (Fig. 6B). Moreover, impaired autophagy in senescent cells
was also revealed by immunoblotting analysis showing decreased
LC3-II protein and ATG12–ATG5 conjugate levels as well as
enhanced SQSTM1 levels as compared to young cells under 4
experimental conditions, i.e., serum-growth medium C/¡ Baf A1,
and serum-starvation medium C/¡ Baf A1) (Fig. 6C). Consistent
with the previous study, elevated ARG2 protein levels and enhanced
RPS6KB1 activity were detected in senescent endothelial cells
(Fig. 6C), whereas ARG1 was not detectable in young nor in senes-
cent HUVECs using human ARG1 expressed from plasmid
pBudCE4.1-hARG129 as a positive control (Fig. S2). In addition,
an elevated RICTOR protein level and decreased PRKAA activation
were also observed in the senescent cells (Fig. 6C). Moreover,
knocking down ARG2 in the senescent cells significantly enhanced
autophagy as reflected by the increased punctate pattern of the
immunostaining of LC3 (Fig. 7A), the augmented LC3-II and
ATG12–ATG5 levels and reduced SQSTM1 levels (Fig. 7B), which
was accompanied by enhanced PRKAA activation and decreased
RPS6KB1 signaling (Fig. 7B). Furthermore, silencing ARG2 in the
senescent endothelial cells reduced the MTORC2 component RIC-
TOR levels and its downstream effector AKT activation (AKT-
S473 levels, Fig. 7C). In contrast to silencing ARG2, treatment of
senescent cells with the arginase inhibitor S-12 bromoethyl-L-cys-
tine-HCl (BEC) or nor-NOHA did not affect autophagy markers
or signaling (Fig. S3), demonstrating that ARG2 activates
MTORC2-AKT-MTORC1-RPS6KB1 signaling, resulting in inac-
tivation of PRKAA and suppression of autophagy in the senescent
cells, which is independent of its L-arginine ureahydrolase activity
and reinforce our finding with overexpression of the inactive ARG2
mutant H160F.

Crosstalk between RICTOR and ARG2 in regulation
of autophagy in senescent cells

Interestingly, in senescent endothelial cells, silencing RICTOR
enhanced the autophagy marker LC3-II and ATG12–ATG5 lev-
els, while it decreased SQSTM1 levels, along with increased
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Figure 2. ARG2 enhances TP53, and MTORC2-AKT-MTORC1-RPS6KB1 and impairs PRKAA signaling independently of its enzymatic activity. Young
HUVECs were transduced as in Fig.1A. Sixty-4 h post transduction, cell lysates were prepared and subjected to (A) immunoblotting analysis of RICTOR,
PRKAA-T172, and PRKAA, AKT-S473, and AKT, TP53-S15 and TP53, RPS6-S235/236 and RPS6, and tubulin. ((B)to F) Quantification of the signals is also
shown (n D 4 as indicated in the figure). *P < 0.05, **P < 0.01, vs. V5-control group within the corresponding experimental condition. #P < 0.05, ##P <

0.01 vs. lane 1. yP < 0.05 vs. lane 7. To be clearer for readers, the 4 different experimental conditions were separated by dotted lines on the protein gel
blot, but all conditions were run on the same gel.
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Figure 3. Silencing RPS6KB1 or TP53 in young HUVECs attenuates ARG2-induced inhibition of PRKAA signaling and autophagy suppression. Young
HUVECs were first transduced either with rAd/U6-LacZshRNA as control, rAd/U6-RPS6KB1shRNA or rAd/U6- TP53shRNA. Twenty-4 h after the 1st transduction
with the rAd/U6-shRNAs, the cells were then transduced either with rAd/CMV as control (Con), or with rAd/CMV-Arg2 or rAd/CMV-H160F to overexpress
ARG2 or H160F, respectively. Experiments were performed 64 h (serum-free during the last 16 h) post the 2nd transduction. Shown are immunoblotting
analyses of LC3-I/-II, ATG12–ATG5, SQSTM1, PRKAA-T172, and PRKAA, TP53-S15 and TP53, RPS6-S235/236 and RPS6, ARG2 and tubulin, which served as a
loading control. Quantification of the signals is shown in the bar graphs below (n D 5). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05, ##P <

0.01 vs. Arg2-cDNA C LacZshRNA.
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Figure 4. Overexpression of PRKAA1 in young HUVECs ameliorates ARG2-induced autophagy suppression. Young HUVECs were first transduced either
with rAd/CMV as control or rAd/CMV-PRKAA1. Twenty-4 h after the 1st transduction, the cells were then transduced either with rAd/CMV as control
(Con), rAd/CMV-Arg2 or rAd/CMV-H160F. Cell lysates were prepared 64 h (serum-free during the last 16 h) post the 2nd transduction for (A) immunoblot-
ting analyses of PRKAA-T172 and PRKAA, LC3-I/-II, ATG12–ATG5, SQSTM1, and ARG2. Tubulin served as a loading control. (B) Quantification of the signals
is shown in the bar graphs below (n D 4). **P < 0.01 vs. control; #P < 0.05, ##P< 0.01 vs. Arg2-cDNA C rAd/CMV.
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activation of PRKAA (Fig. 8A) and decreased activation of AKT
and RPS6KB1 as expected (Fig. 8B). In contrast, TP53-S15 lev-
els reflecting TP53 activation were not affected by silencing RIC-
TOR in the senescent cells (Fig. 8B). ARG2 expression was also

strongly inhibited upon RIC-
TOR silencing (Fig. 8B). The
results from Fig. 7 and 8
demonstrate a feed-forward
regulation between MTOR
signaling and ARG2 in senes-
cent endothelial cells.

Arg2 deficiency in mouse
enhances endothelial
autophagy in atherosclerosis

Deficiency in the Arg2
gene in the atherosclerosis-
prone apoe¡/¡ mice
(apoe¡/¡arg2¡/¡) resulted in
decreased atherosclerotic
lesion formation (Fig. 9A)
and reveals more stable pla-
que features as previously
shown by our study.24 In the
current study, immunofluo-
rescence confocal microscopy
revealed an increase in LC3-II
staining in the aortic roots,
which colocalized with VWF-
expressing endothelial cells in
the aortas from the apoe¡/

¡arg2¡/¡ mouse (Fig. 9B).
This result demonstrates that
endothelial cells have
increased levels of autophago-
somes in the apoe¡/¡arg2¡/¡

mice as compared to the con-
trol apoe¡/¡Arg2C/C animals.
Consistent with the immu-
nostaining data, immuno-
blotting displayed enhanced
levels of the autophagosome
marker LC3-II and ATG12–
ATG5 levels while there were
decreased SQSTM1 levels,
along with increased levels of
the activated T172-PRKAA
as well as total PRKAA
(Fig. 10A).

Discussion

Emerging evidence suggests
that functional autophagy pro-
tects against damaging signals

imposed by various stressors in aging and age-associated cardiovas-
cular diseases.30 Pharmacological or genetic inhibition of autophagy
increases cardiomyocyte death, whereas upregulation of autophagy
enhances cell survival after ischemia/reperfusion injury.31,32

Figure 5. Inhibition of autophagy promotes endothelial senescence. Young HUVECs were cultured in serum-
growth medium in the absence (Con) or presence of the autophagy inhibitor 3-MA (5 mmol/L) for 5 d. The cells
were then subjected to (A) immunoblotting analyses of LC3-I/-II, ATG12–ATG5, SQSTM1, and tubulin, which served
as a loading control. (B) SA-b-gal staining. (C) The young HUVECs were transduced either with rAd/U6-LacZshRNA as
control or rAd/U6-LC3shRNA or rAd/U6-ULK1shRNA or rAd/U6-BECN1shRNA. Five d post transduction, cells were sub-
jected to immunoblotting analyses of LC3, ULK1, BECN1, SQSTM1, and tubulin (left) and senescence-associated
(SA)-ß-gal staining (right). Quantification of the signals is shown in the bar graphs in the corresponding panels (n
D 3 or n D 4 as indicated in the figures). **P < 0.01, *** < 0.001 vs. control (Con) or LacZshRNA.

2230 Volume 10 Issue 12Autophagy



Adequate autophagy induc-
tion reduces atherosclerosis,
which is attributable to protec-
tion of endothelial and smooth
muscle cell damage and foam
cell formation.9,10 Our recent
studies provide evidence that
the enzyme ARG2 accelerates
endothelial senescence and
adhesion molecule expression
in vascular aging through
NOS3-uncoupling22 and pro-
motes macrophage pro-
inflammatory responses in ath-
erosclerosis and obesity.24

Most recently, a pleiotropic
effect of ARG2 in smooth
muscle cell apoptosis and
senescence in atherosclerosis,
which is notably independent
of its L-arginine ureahydrolase
activity, has been described by
our group.23 In line with these
results, our current study fur-
ther explored the potential reg-
ulatory function of ARG2 in
endothelial autophagy forma-
tion in advanced atherosclero-
sis. The results show that
ARG2 suppresses autophagy
in endothelial cells under both
serum-growth and serum-star-
vation conditions, which is
also independent of the L-argi-
nine ureahydrolase activity,
since overexpression of the
inactive ARG2 in young endo-
thelial cells suppresses autoph-
agy as the WT ARG2 does.
Moreover, pharmacological
inhibition of arginase activity
in senescent cells does not
affect autophagy, whereas
silencing ARG2 enhances
autophagy in senescent
cells. Given that the inac-
tive mutant H160F does
not cause NOS3-uncou-
pling in endothelial cells as
demonstrated by our previ-
ous study,22 these results
demonstrate that the effects
of ARG2 on autophagy as
shown in the current study are not due to reduced NO pro-
duction. Moreover, we showed in the current study that
knocking out the Arg2 gene in atherosclerosis-prone Apoe-

deficient mice enhances autophagy in the aortas, which is
associated with reduced atherosclerotic lesions and a more
stable plaque characteristic as previously shown.24

Figure 6. Senescent HUVECs exhibit impaired autophagy, associated with elevated ARG2 and MTORC2-RPS6KB1,
and decreased PRKAA1 signaling. Young and senescent HUVECs were subjected to (A) SA-b-gal staining to confirm
the cell senescence. (B) The immunostaining for LC3-I/-II (red) and DAPI (blue). Shown are representative merged
images from 6 independent experiments. Scale bar D 0.1 mm. (C) Young and senescent cells were cultured in
serum-growth or serum-starvation medium for 16 h in the absence or presence of Baf A1 (20 nmol/L) for the last
1 h as indicated, followed by immunoblotting analysis of LC3-I/-II, ATG12–ATG5, SQSTM1, RICTOR, PRKAA-T172,
and total PRKAA, RPS6-S235/236 and total RPS6, ARG2 levels and tubulin, which served as a loading control. Quan-
tification of the signals is shown in the bar graphs (n D 4). * < 0.05, **P < 0.01 vs. young within each correspond-
ing experimental condition.
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It is noteworthy that
the role of autophagy in
atherosclerosis is still
unclear and currently
under intensive investiga-
tion. Both beneficial and
detrimental roles of
autophagy in atheroscle-
rosis have been reported,
which are associated with
the extent of autophagy
activity.9 Evidence is
accumulating that ade-
quate activated autophagy
in vascular cells including
endothelial and smooth
muscle cells (SMC) pro-
tects against endothelial
and SMC injury/death by
risk factors, contributing
to plaque stability, while
inhibition of autophagy
accelerates apoptosis,
necrosis, and senescence
conferring plaque vulner-
ability.9 In contrast,
excessive activation of
autophagy by overwhelm-
ing or continuous cellular
stress causes an authopha-
gic type of cell death,
which is obviously detri-
mental.9 Our in vitro
data using an autophagy
inhibitor or genetic
silencing of components
that are essential for
autophagosome formation
reveals that suppression
of autophagy promotes
endothelial senescence.
Moreover, the data from
an animal model in our
current study also reveal
a positive correlation
between augmentation of
autophagy and the more
stable plaque phenotype
in apoe¡/¡arg2¡/¡ mice,
which supports the afore-
mentioned notion about
the role of autophagy in
atherosclerosis and indi-
cates that the augmenta-
tion of autophagy by
Arg2-deficiency is not

Figure 7. Silencing ARG2 in senescent HUVECs augments autophagy and PRKAA signaling while inhibiting RICTOR
expression and activation of AKT and RPS6KB1. The senescent HUVECs were transduced either with rAd/U6-LacZshRNA

as control or rAd/U6-ARG2shRNA. Eighty-8 h (serum-free during the last 16 h) post transduction, cells were subjected
to (A) immunostaining of LC3-I/-II (red) followed by DAPI staining (blue). Shown are representative merged images
from 6 independent experiments. Scale bar D 0.1 mm. ((B)and C) Immunoblotting analysis LC3-I/-II, ATG12–ATG5,
SQSTM1, PRKAA-T172, and total PRKAA, RPS6-S235/236 and total RPS6. RICTOR and tubulin, AKT-S473 and total AKT.
Quantification of the immunoblotting signals is shown in the bar graphs in the right panels (n D 3 to 6 as indicated
in the figures). *P < 0.05, **P < 0.01 vs. LacZshRNA control.
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excessive and thus protec-
tive. However, a definite
role of endothelial autoph-
agy in atherosclerosis
awaits studies by generat-
ing atherosclerosis-prone
mice genetically deficient
in endothelial autophagy.

The expected alterations
resulting from increased
arginase activity upon
ectopic WT ARG2 expres-
sion, including decrease in
L-arginine, increased poly-
amine as well as decreased
NO production, have been
reported to enhance autoph-
agy by numerous other stud-
ies.33-36 However, our
current study demonstrates
that the net effect of ARG2
overexpression is inhibition
of autophagy, which is
attributable to the activation
of MTORC1-RPS6KB1
and inhibition of PRKAA
signaling independently of
its L-arginine ureahydrolase
activity. Taking into account
the other studies, our current
study suggests that the enzy-
matic activity-independent
inhibitory effect of ARG2 on
autophagy is dominant over
the stimulatory effects on
autophagy resulting from its
activity-dependent decrease
in L-arginine, increase in
polyamine, and/or regula-
tion of NO production.

The mechanisms under-
lying the pleiotropic and
enzymatic activity-indepen-
dent suppressing effects on
autophagy in endothelial
cells are mediated through
inhibition of PRKAA sig-
naling, since ectopic expres-
sion of ARG2 or the
inactive mutant H160F in
young endothelial cells
reduced PRKAA activation,
and expression of a constitutive active PRKAA mutant rescued
the autophagy in the endothelial cells, demonstrating that ARG2
decreases autophagy in endothelial cells through inhibition of
PRKAA. This conclusion was further confirmed by the fact that

in the senescent endothelial cells in which the ARG2 expression
was increased autophagy levels and PRKAA activation were
decreased, while silencing ARG2 enhanced PRKAA activation
and also autophagy as assessed by combinatory detection of the

Figure 8. Silencing RICTOR in senescent HUVECs enhances autophagy and PRKAA signaling while reducing ARG2
protein level and signaling of TP53, AKT, and RPS6KB1. The senescent HUVECs were transduced either with rAd/U6-
LacZshRNA as control or rAd/U6- RICTORshRNA. Eighty-8 h (serum-free during the last 16 h) post transduction, cells
were subjected to immunoblotting analysis of RICTOR, LC3-I/-II, ATG12–ATG5, SQSTM1, and tubulin, AKT-S473 and
total AKT, RPS6-S235/236 and total RPS6, PRKAA-T172 and total PRKAA, TP53-S15 and total TP53, ARG2 and tubulin.
Quantification of the immunoblotting signals is shown in the bar graphs in the right panels (n D 3 to 4 as indicated
in the figures). *P < 0.05, **P < 0.01, ***P < 0.001 vs. LacZshRNA control.
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autophagosome formation markers LC3-II and the ATG12–
ATG5 conjugate, along with SQSTM1. In contrast to silencing
ARG2, treatment of senescent cells with the arginase inhibitor
BEC or nor-NOHA did not affect autophagy markers or signal-
ing. These results suggest that ARG2, independently of its L-argi-
nine ureahydrolase activity, decreases endothelial autophagy

through inhibition of
PRKAA signaling. Impor-
tantly, knockout of the Arg2
gene in apoe¡/¡ mice
increased PRKAA activation
as well as endothelial
autophagy in the aortas,
demonstrating a critical role
of ARG2-induced suppres-
sion of PRKAA and autoph-
agy in atherogenesis.

PRKAA has been shown
to enhance autophagy forma-
tion at least by 2 mecha-
nisms: a direct activation of
the key autophagy kinase
ULK1 through phosphoryla-
tion at S317, which is
involved in nucleation of the
phagophore membrane11

and an indirect activation of
autophagy through inhibi-
tion of MTORC1 signaling,
which is known as a suppres-
sor of autophagy.11 Our pre-
vious study and also our
current work showed that
ARG2 activates the
MTORC1-RPS6KB1 path-
way, resulting in accelerated
endothelial aging.22 The neg-
ative relationship between
MTORC1-RPS6KB1 activ-
ity and PRKAA activation
regulated by ARG2 as shown
in this study raises the ques-
tion of whether PRKAA is an
upstream target of
MTORC1 in mammals as
shown in the literature.16,37

To our surprise, silencing
RPS6KB1 prevented ARG2s
inhibitory effect on PRKAA
activation. This result dem-
onstrates for the first time
that in human endothelial
cells MTORC1-RPS6KB1
acts upstream of PRKAA
and inhibits its activity. Simi-
lar findings are also reported

in yeast, which show that Snf1 (yeast homolog of PRKAA) can be
inhibited by TORC1.38 The exact mechanisms of how MTORC1
inhibits PRKAA in the endothelial cells require further
investigation.

A further important finding of our study is that senescent
endothelial cells as compared to the young cells express higher

Figure 9. Ablation of Arg2 in atherosclerosis-prone apoe¡/¡ mice enhances autophagy in endothelial cells in the
aortas. apoe¡/¡Arg2C/C and apoe¡/¡arg2¡/¡ mice were fed a high-fat diet for 10 wk. AR cryosections (7 mm) in adja-
cent samples were subjected to (A) hematoxylin and eosin staining. (ii) Is the enlargement of the insert in (i). Scale
barsD 0.2 mm. (B) immunofluorescence costaining of the LC3-I/-II (red) and endothelial cell marker VWF (green) fol-
lowed by counterstaining with DAPI for nuclei (blue). Representative images from 6 individual animals of each geno-
type are shown. The merged images are also shown. Images in panels (i) correspond to the images in (Aii) of the
corresponding genotype. Panels (ii) are the enlargement of the inserts in the corresponding (Bi). Scale bars D
0.2 mm.
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Figure 10. Ablation of Arg2 in atherosclerosis-prone apoe¡/¡ mice enhances PRKAA signaling and autophagy in the aortas. apoe¡/¡Arg2C/C and apoe¡/

¡arg2¡/¡ mice were fed a high-fat diet for 10 weeks. (A) Aortas from mice of both genotypes were cleaned of perivascular tissues and subjected to
immunoblotting analysis of LC3-I/-II, ATG12–ATG5, SQSTM1, PRKAA-T172 and total PRKAA, ARG2, and TUBULIN. Quantification of the signals is shown in
the corresponding lower panels (n D 8 each group). *P < 0.05, **P < 0.001 vs. apoe¡/¡Arg2C/C. (B) Schematic summary of the major findings of this
study. A feed-forward crosstalk between elevated ARG2 expression and RICTOR activates the MTORC2-AKT-MTORC1-RPS6KB1 signaling cascade, which
leads to inhibition of PRKAA and subsequently inhibition of endothelial autophagy in senescent endothelial cells. ARG2 can also activate the TP53 path-
way in parallel with MTOR signaling, resulting in inhibition of PRKAA and suppression of autophagy. ARG2 exerts these effects independently of its L-argi-
nine ureahydrolase activity. The reduced PRKAA activation by ARG2 results in impairment of endothelial autophagy and acceleration of endothelial
senescence and atherosclerosis.
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levels of RICTOR, a key component of the MTORC2 complex.
Silencing ARG2 in the cells is able to inhibit its downstream sig-
naling, including AKT, MTORC1, and RPS6KB1 and to restore
PRKAA activation and autophagy. Interestingly, silencing RIC-
TOR also inhibits ARG2 expression and enhances PRKAA acti-
vation as well as autophagy. These results demonstrate that a
positive crosstalk between ARG2 and RICTOR leads to activa-
tion of MTORC2, and subsequently AKT, MTORC1, and
RPS6KB1, resulting in inhibition of PRKAA and autophagy in
endothelial cells, contributing to atherosclerosis. This finding
explains our previous observation of the positive regulation of
ARG2 and RPS6KB1 in endothelial aging.22 Future experiments
shall investigate the mechanisms of ARG2-induced activation of
MTORC2, i.e., upregulation of RICTOR expression.

TP53, the tumor suppressor, is a well-characterized stress-
responsive transcription factor.39 The function of TP53 in regu-
lation of autophagic flux is complex and to some degree is context
dependent. Both stimulation and suppression of autophagy have
been demonstrated.39 In nematodes, mice and human cells, phar-
macological or genetic inhibition of TP53 triggers a canonical
autophagic pathway.40 We have previously shown that TP53 is
activated by ARG2 in human smooth muscle cells and is involved
in the regulation of cell senescence and apoptosis.23 Similar to the
smooth muscle cells, we show here that in endothelial cells,
ARG2 also activates TP53 independently of its ureahydrolase
activity, resulting in inhibition of PRKAA signaling and subse-
quently inhibition of autophagy. This effect of TP53 is indepen-
dent of MTOR-RPS6KB1 signaling, since silencing TP53 or
RPS6KB1 did not influence each other in young cells overex-
pressing ARG2. In the senescent endothelial cells, in which
ARG2 and RPS6KB1 signaling are upregulated, silencing RIC-
TOR was able to decrease its downstream signaling, i.e., activa-
tion of AKT, MTORC1, and RPS6KB1, as well as ARG2.
However, it did not affect TP53 activation, suggesting that acti-
vation of the TP53 pathway in the senescent cells is mainly main-
tained by other pathways, which are independent of
ARG2-MTOR2 signaling. The results also illustrate that the
MTORC2-AKT-MTORC1-RPS6KB1 signaling cascade is the
major pathway in inhibition of PRKAA and autophagy in senes-
cent cells.

In conclusion, our current study provides evidence that ARG2
impairs endothelial autophagy independently of the L-arginine
ureahydrolase activity through a feed-forward interaction with
MTORC2 signaling, leading to reduced PRKAA activation and,
subsequently, inhibition of autophagy in atherosclerosis
(Fig. 10B). Modulation of autophagy function by targeting
ARG2 gene expression may have strong implications for treat-
ment of atherosclerotic coronary artery disease.

Materials and Methods

Materials and chemicals
All chemicals, if not specifically indicated, including those

used for immunoblotting (mouse anti-tubulin monoclonal anti-
body) were obtained from Sigma. Bafilomycin A1 (19–148) was

obtained from Millipore; BEC (cay-10170–5) was from Cayman
Adipogen; Nor-NOHA (399275) was from Calbiochem. Rabbit
antibodies against phospho-RPS6-S235/236 (2211s), RPS6
(2217s), phospho-AKT-S473 (9271s), AKT (9272s), phospho-
TP53-S15 (9284s), phospho-PRKAA-T172 (2535s), PRKAA
(2793s), LC3A/B (4108s), mouse anti-TP53 (2524s) and anti-
ATG12 (4180s) were from Cell Signaling Technology; mouse
anti-RPS6KB1 (611260) was from BD Transduction Laborato-
ries; rabbit anti-ARG2 (sc-20151), rabbit anti-TP53 (sc-6243),
mouse anti-RICTOR (sc-271081), rabbit anti-ULK1 (sc-
33182), mouse anti-BECN1 (sc-48381) and goat anti-LC3A/B
(sc-16756) were from Santa Cruz Biotechnology; rabbit anti-
VWF/von Willebrand factor (ab6994) and anti-SQSTM1
(ab109012) were from Abcam. Alexa Fluor 680-conjugated anti-
mouse IgG (A21057), Alexa Fluor 488-conjugated goat anti-rab-
bit IgG (A-11008) and Alexa Fluor 594-conjugated donkey
anti-goat IgG (HCL) (A-11058) were from Molecular Probes/
Invitrogen; IRDye800-conjugated anti-rabbit IgG (926–32211)
was from LI-COR Biosciences; all cell culture media and materi-
als were purchased from Gibco BRL. The plasmid pBudCE4.1-
hARG1 (human) was kindly provided by Prof. Nan-Hong Tang
(Union Hospital, Fujian Medical University, China).29

Recombinant adenovirus (rAd)
Generation of rAd-expressing shRNA targeting human

RICTOR driven by the U6 promoter (rAd/U6-RIC-
TORshRNA), and a HA-tagged constitutively active PRKAA1
driven by the CMV promoter (rAd/CMV-HA-PRKAA1) were
carried out with Gateway Technology (Invitrogen Life Tech-
nologies) according to the manufacturer’s instructions.41,42

The targeting sequences for RICTOR-shRNA, LC3-shRNA,
ULK1-shRNA, and BECN1-shRNA are indicated in boldface
below (only the sense strand is shown): ACTTGTGAA-
GAATCGTATCTT, GCTTACAGCTCAATGCTAATC,
GCAGAACTACCAGCGCATTGA and GCTCAGTATCA-
GAGAGAATAC, respectively. The gene encoding constitu-
tively active HA-PRKAA1 was amplified by polymerase chain
reaction from the expression plasmid pEBG-PRKAA1 (1–
312)43 which was purchased from Addgene, using the HA-
tagged forward primer:

50-GGGGTACCCCATGTACCCATAC GATGTTCCAGA
TTACGCTGCCGAGAAGCAG

AAGCACGAC-30 and the reverse primer:
50-AAGGAAAAAAGCGGCCGCTTACTGTGCAA-

GAATTTTAATTAG-30.
rAd/U6-LacZshRNA, rAd/U6-ARG2shRNA, rAd/U6-

RPS6KB1shRNA, rAd/U6-TP53shRNA, rAd/CMV empty vector,
rAd/CMV-Arg2 and rAd/CMV-Arg2-H160F (a L-arginine urea-
hydrolase inactive mutant of Arg2) were generated and character-
ized as previously described.22,23

Cell culture
Preparation of young and senescent HUVECs, and transduc-

tion of HUVECs by recombinant adenovirus were carried out as
previously described.22,44 Briefly, cells of passage 1 to 3 (P1 to
P3) were used as young cells. For preparation of senescent cells,
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the cells were further split in a ratio of 1:3 continuously over a
period of several weeks till replicative senescence was reached as
assessed by senescence-associated (SA)-ß-gal staining (P9 to
P12). In the manuscript, nonsenescent endothelial cells are
referred to as “young” cells. HAEC were purchased from Promo-
Cell (C-12271) and cultured the same as HUVEC.

Animals
The apoe¡/¡Arg2C/C mice from Jackson Laboratory and the

generation of the apoe¡/¡arg2¡/¡ mice, both in the C57BL/6J
background, as well as the animal experimental procedures were as
previously described.24 Briefly, to accelerate the atherosclerotic
lesion formation, 10-wk-old male apoe¡/¡Arg2C/C and apoe¡/

¡arg2¡/¡ mice were fed a high-fat diet (HF; energy content: 55%
fat, 21% protein, and 24% carbohydrate; Harlan Teklad,
TD.93075) for 10 wk. At 20 wk of age, animals were anesthetized
with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.), the
entire aorta from the heart to the iliac bifurcation were removed
and dissected free from fat and adhering perivascular tissue for
immunoblotting analysis. For immunostaining, the aortic roots
(AR) were snap frozen in Optimal Cutting Temperature com-
pound (Sakura Finetek, 4583) and the 7-mm thick cryosections of
the AR were prepared. Housing and animal experimentation were
approved by the Service de la s�ecurit�e alimentaire et des affaires
v�et�erinaires, Etat de Fribourg.

Immunofluorescence staining of AR and endothelial cells
AR-cryosections (7 mm) were fixed with 4% paraformalde-

hyde and blocked with 2% bovine serum albumin (BSA; Fluka,
05479) in phosphate-buffered saline (137 mmol/L NaCl,
2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L
KH2PO4,) for 30 min. To assess the changes of LC3-I/-II levels
in endothelial cells, costaining of LC3-I/-II with VWF was per-
formed. The sections were first incubated for 2 h with both goat
anti-LC3-I/-II and rabbit anti-VWF. After washing, the sections
were incubated with Alexa Fluor 594-conjugated donkey anti-
goat IgG and Alexa Fluor 488-conjugated goat anti-rabbit IgG
(HCL) at room temperature for 1 h. The sections were finally
counterstained with 300 nmol/L DAPI (Invitrogen, D-1306) for
2 min. The immunofluorescence signals were visualized using a
Leica DIM6000 confocal microscope. The same procedure was
applied for the immunostaining of the HUVECs that were cul-
tured on a coverslip, except that the cells were incubated with
anti-LC3-I/-II antibody.

Immunoblotting
Cell or tissue lysate preparation, SDS-PAGE, and transfer of

SDS gels to Immobilon-P membranes (Millipore, IPFL00010)
were performed as previously described.44 The resultant mem-
brane was first incubated with the corresponding primary anti-
body at room temperature for 2 h with gentle agitation after
blocking with 5% skim milk. The blot was then further incu-
bated with a corresponding anti-mouse (Alexa Fluor 680 conju-
gated) or anti-rabbit (IRDye 800 conjugated) secondary
antibody. Signals were visualized using the Odyssey Infrared
Imaging System (LI-COR Biosciences). Quantification of the
signals was performed using NIH Image 1.62 software (U. S.
National Institutes of Health).

Statistical analysis
Data are given as mean§ SEM. In all experiments, n repre-

sents the number of experiments or animals. Statistical analysis
was performed with the Student unpaired t-test or analysis of var-
iance (ANOVA) with Bonferroni post test. Differences in mean
values were considered significant at 2-tailed P � 0.05. The num-
ber of treatment groups in each set of experiments and the n
number (the number of repeated set of in vitro experiments con-
ducted with cells or the number of animals of each genotype
used) are indicated in each figure.
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