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Autophagy is associated with the cytoprotection of physiolog-
ical processes against inflammation and oxidative stress. Salvia
miltiorrhiza possesses cardiovascular protective actions and has
powerful anti-oxidative and anti-inflammatory effects; howev-
er, whether and how Salvia miltiorrhiza-derived microRNAs
(miRNAs) protect vascular smooth muscle cells (VSMCs) by
inducing autophagy across species are unknown. We first
screened and identified Sal-miR-58 from Salvia miltiorrhiza
as a natural autophagy inducer. Synthetic Sal-miR-58 sup-
presses chronic angiotensin II (Ang II) infusion-induced
abdominal aortic aneurysm (AAA) formation in mice, as well
as induces autophagy in VSMCs and attenuates the inflamma-
tory response elicited by Ang II in vivo and in vitro. Mechanis-
tically, Sal-miR-58 downregulates Krüppel-like factor 3 (KLF3)
expression through direct binding to the 30 UTR of KLF3,
which in turn relieves KLF3 repression of E3 ubiquitin ligase
neural precursor cell-expressed developmentally downregu-
lated 4-like (NEDD4L) expression, whereas NEDD4L upregula-
tion increases the ubiquitination and degradation of the
platelet isoform of phosphofructokinase (PFKP), subsequently
leading to a decrease in the activation of Akt/mammalian target
of rapamycin (mTOR) signaling and facilitating VSMC auto-
phagy induced by Sal-miR-58 in the context of chronic Ang
II stimulation and aneurysm formation. Our results provide
the first evidence that plant-derived Sal-miR-58 induces auto-
phagy and attenuates inflammation in VSMCs through cross-
species modulation of the KLF3/NEDD4L/PFKP regulatory
pathway.
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INTRODUCTION
Autophagy and inflammation are two fundamental biological pro-
cesses that are present in a number of physiological and pathological
conditions.1 Autophagy selectively degrades damaged proteins and
removes dysfunctional organelles under basal conditions, maintain-
ing normal cellular homeostasis and energy balance.2 Under patho-
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logical conditions, autophagy can be activated or inhibited in most
tissues by multiple stimuli and various stresses, including metabolic
stress, reactive species, cytokines, and drugs.3 In the vasculature,
defective autophagy has been implicated in a variety of vascular dis-
eases, including hypertension, vascular aging, atherosclerosis, and in-
terventional restenosis.2 Activation of inflammation has been shown
to promote the recruitment of immune cells and secretion of cyto-
kines and chemokines, which in turn help recruit other immune cells
for activation of adaptive immune responses, thus playing defense
against microorganisms and other pathogens.1 However, chronic
inflammation is associated with multiple vascular diseases such
as atherosclerosis, restenosis, and abdominal aortic aneurysm
(AAA).4,5 Emerging evidence has shown that autophagy has impor-
tant effects on the inflammatory reaction. In atherosclerosis, exces-
sively stimulated autophagy can lead to endothelial cell death that
can result in plaque destabilization, maintaining the inflammatory
status of the plaque.6 A recent study demonstrated that autophagy
deficiency in vascular smooth muscle cells (VSMCs) promotes
atherosclerosis at least in part through enhancing the inflammatory
response.2 These data suggest that autophagy plays a critical role in
vascular diseases through regulating vascular cell functions, and the
induction of autophagy can be beneficial in decreasing the inflamma-
tory response in arteries. Therefore, manipulating autophagy through
pharmacological approaches represents an attractive strategy to treat
or prevent arterial diseases.

An increasing number of studies have shown that most nutritional
and pharmacological approaches that are known to extend lifespan
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induce autophagy, and thus autophagy seems to be a causal effector of
pro-longevity drugs, such as phytochemical resveratrol,7 rapamycin,
metformin, and nicotinamide adenine dinucleotide (NAD+) precur-
sors.8 These longevity drugs lose their efficacy when autophagy is sup-
pressed.9 These results indicate that autophagy is closely associated
with general cytoprotection properties and overall health. Recently,
Carmona-Gutierrez et al.10 identified flavonoid 4,40-dimethoxychal-
cone (DMC) as a natural compound with anti-aging properties in
Asian traditional medicine and demonstrated that DMC promotes
autophagy-dependent longevity across species.

Salvia miltiorrhiza (Danshen) is a well-known medicinal herb that
possesses broad cardiovascular protective actions and has been widely
used in Asian countries. The chemical components of Salvia miltior-
rhiza identified to date include twomain types, that is, lipophilic com-
pounds that have a diterpene quinone structure, and hydrophilic
compounds that mainly have a phenolic acid structure.11 Accumu-
lating evidence suggests that this multi-component cardiovascular
herbal medicine has pleiotropic effects including anti-inflammation,
anti-oxidation, anti-thrombosis, lipid lowering, and improvement
of endothelial function.12,13 Previous studies have shown that there
are many microRNAs (miRNAs) unique to Salvia miltiorrhiza, and
these miRNAs regulate the biosynthesis of major medicinal compo-
nents and development and responses to abiotic stress.14 However,
it is still unclear whether miRNAs derived from Salvia miltiorrhiza,
as the effective components, participate in the regulation of cardiovas-
cular diseases, especially autophagy and inflammation. Remarkably,
Zhang et al.15 found plant-derived miRNAs in human serum and tis-
sues, and they reported that exogenous plant miR168a can regulate
the expression of low-density lipoprotein receptor adaptor protein
1 (LDLRAP1) in humans and mice, revealing an evidence of cross-
kingdom regulation by miRNAs. Plant miRNAs are 20-O-methyl
modified on their terminal nucleotide,16 and thus they were more sta-
ble than mammalian miRNAs.15 Therefore, it is of great significance
to identify Salvia miltiorrhiza-derived miRNAs with cardiovascular
protection properties and to investigate the mechanism underlying
the induction of autophagy by Salvia miltiorrhiza-derived miRNAs.

Autophagy is tightly controlled by a family of autophagy regulators,
autophagy-related proteins (Atgs), and their homologs and regulated
by different signaling pathways such as mitogen-activated protein ki-
Figure 1. Sal-miR-58 May Enter the Mouse Body and Induces VSMC Autophag
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nase (MAPK), phosphatidylinositol 3-kinase (PI3K), andmammalian
target of rapamycin (mTOR),17,18 which coordinate autophagy
through regulating autophagosome formation and autophagosome-
lysosome fusion. In this study, we screened and identified miRNAs
from Salvia miltiorrhiza and investigated whether and, if so, how
the identified miRNA regulates autophagy in angiotensin II (Ang
II)-stimulated VSMCs and mouse AAA models. In this study, we
report the identification of Sal-miR-58 as a natural autophagy inducer
and show that Sal-miR-58 induces autophagy and attenuates inflam-
mation in VSMCs through cross-species modulation of the Krüppel-
like factor 3 (KLF3)/neural precursor cell-expressed developmentally
down-regulated 4-like (NEDD4L)/platelet isoform of phosphofructo-
kinase (PFKP) regulatory pathway.

RESULTS
Sal-miR-58 Specifically Present inSalviamiltiorrhizaMight Enter

the Mouse Body after Exogenous Administration to Mice

We first used a high-throughput sequencing method to identify the
miRNAs highly expressed in Salvia miltiorrhiza. As a result, 187 miR-
NAs, including ppt-miR-414, hbr-miR-156, gra-miR-172b-5p, and Sal-
miR-58, were identified from sequence data. Among them, 41miRNAs
were specifically present in Salvia miltiorrhiza, and Sal-miR-58 was the
most highly enriched miRNA compared with other miRNAs (Figures
1A and 1B). Moreover, sequence analysis revealed no significant ho-
mology between the Sal-miR-58 and mammalian miRNAs, and the
expression of Sal-miR-58 was undetectable in mouse VSMCs (Fig-
ure 1B). In order to determine whether the miRNAs derived from
Salvia miltiorrhiza could be absorbed in mice, Salvia miltiorrhiza was
intragastrically administered to mice, and the expression of Sal-miR-
58 in different tissues of mice was measured 6 h later. The results
showed that Sal-miR-58 was detected in the blood vessels, liver, spleen,
stomach, and small intestine of mice (Figure 1C). Because Sal-miR-58
is the most abundant miRNA in Salvia miltiorrhiza (Figure 1A), and it
is widely distributed after oral administration in many tissues and or-
gans of mice (Figure 1C), we therefore focused on the roles of Sal-miR-
58 in all subsequent experiments.

Synthetic Sal-miR-58 Induces VSMC Autophagy and Inhibits the

Inflammatory Response in AAA

One of the important mechanisms underlying the beneficial effects of
Salvia miltiorrhiza is its anti-inflammation.19 To determine whether
y and Inhibits the Inflammatory Response in a Mouse AAA Model
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Figure 2. Sal-miR-58 Inhibits Ang II-Induced Inflammation in VSMCs

(A) Western blot analysis for NF-kB p50 expression. (B)Western blot analysis for NF-kB p65 expression.(C) Relative expression of IL-6, TNF-a, and IL-1b mRNA was

examined by qRT-PCR and presented after normalizing to 18S rRNA (mean ± SEM; n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus 0 h Ang II. (D) Relative expression of IL-6,
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analysis of IL-1b, IL-6, or TNF-a in the culture medium of VSMCs. **p < 0.01, ***p < 0.001 versus 0 h Ang II (n = 3). (F) ELISA analysis of IL-1b, IL-6, or TNF-a in the culture

medium of VSMCs. **p < 0.01, ***p < 0.001 versus 0MAng II (n = 3). (G) Sal-miR-58was determined by qRT-PCR in VSMCs transfected with Sal-miR-58. ***p < 0.001 versus
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Sal-miR-58 exerts a vasoprotective effect by anti-inflammation, apoli-
poprotein E (ApoE)�/� mice were infused with Ang II (1,000 ng/kg/
min) for 4 weeks to induce AAA formation. First, we demonstrated
that high levels of Sal-miR-58 could be detected in the serum of
ApoE�/� mice regardless of treatment with Ang II (Figure 1D) and
showed that Sal-miR-58 was a genuine plant miRNA, as evidenced
by the fact that Sal-miR-58 isolated from mouse serum was resistant
to sodium periodate (oxidizing agent) (Figure 1E), which is character-
istic of plant miRNAs.16 Then, we found that compared with saline-
infused control mice, infusion of Ang II for 4 weeks resulted in a sig-
nificant increase in the diameter of the abdominal aortas above the
renal artery (diameter of abdominal aortas, 2.383 ± 4.721 mm versus
1.042 ± 3.103 mm, ***p < 0.001); however, the abdominal aorta diam-
eter of AAA in ApoE�/� mice treated with synthetic Sal-miR-58 was
significantly lower than that of the ApoE�/� mice infused with Ang II
alone (diameter of abdominal aortas, 1.832 ± 5.176 mm versus
2.383 ± 4.721 mm, ###p < 0.001), as seen by ultrasound as well as
by the naked eye (Figure 1F). The mean expansion rate of AAA in
ApoE�/� mice treated with synthetic Sal-miR-58 was significantly
lower than that of the ApoE�/� mice infused with Ang II alone
(expansion rate, 25.620% ± 1.789% versus 69.924% ± 2.143%,
###p < 0.001) (Figure 1G). These findings suggest that Salvia miltior-
rhiza-derived Sal-miR-58 may suppress chronic Ang II infusion-
induced AAA formation in mice. Because AAA pathogenesis is
known to be a multifactorial inflammatory process,20 we determined
whether Sal-miR-58 inhibits Ang II infusion-induced AAA formation
through its anti-inflammation action. Thus, we examined the effect of
Sal-miR-58 on nuclear factor kB (NF-kB) p65 and p50, which play an
essential role in the inflammatory response through regulation of
genes encoding inflammatory cytokines (interleukin 1b [IL-1b], tu-
mor necrosis factor a [TNF-a], IL-6).21,22 The results showed that
the expression levels of NF-kB p65 and p50 in the aortas of Ang II-
infused ApoE�/� mice were significantly higher than those in control
mice, while Sal-miR-58 treatment significantly reduced the expres-
sion of NF-kB p65 and p50 (Figure 1H). Consistently, compared
with Ang II-infused ApoE�/� mice, the serum levels of inflammatory
factors IL-1b, IL-6, and TNF-a also declined significantly after Sal-
miR-58 administration to Ang II-infused ApoE�/� mice, as detected
by ELISA (Figure 1I).

Because autophagy is closely related to inflammatory response, and
loss of autophagy is a crucial factor in triggering inflammatory
response,23 we investigated the effect of Sal-miR-58 on autophagy.
We found that the expression of autophagy-related genes Atg5
and Beclin1 was clearly reduced in the aortas of Ang II-infused
ApoE�/� mice, whereas treating Ang II-infused ApoE�/� mice with
Sal-miR-58 markedly upregulated the expression levels of these two
genes. Moreover, the ratio of LC3BII/LC3BI was significantly
miR-Ctl (n = 3). (H) qRT-PCR detected Sal-miR-58 in VSMCs transfectedwith Sal-miR-58

3). (I) VSMCs were treated with Ang II alone or combined with Sal-miR-58 for 24 h, and t

expression of IL-6, TNF-a, and IL-1b mRNA was determined by qRT-PCR in VSMCs tre

versus miR-Ctl; ###p < 0.001 versus miR-Ctl+Ang II (n = 3). (K) Levels of IL-1b, IL-6, and

**p < 0.01, ***p < 0.001 versus miR-Ctl; ##p < 0.01, ###p < 0.001 versus miR-Ctl+Ang
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increased following Sal-miR-58 treatment (Figure 1H). Furthermore,
we used a VSMC marker (smooth muscle a-actin [a-SMA]) to label
VSMCs in the injured aortas to observe the localization of Beclin1 and
LC3B in VSMCs. Immunofluorescence staining showed that Beclin1
(red) and LC3B (red) co-localized with a-SMA in the aortic VSMCs
injured by Ang II, and the fluorescence intensity of Beclin1 and LC3B
was significantly increased after Sal-miR-58 treatment compared with
that injured by Ang II alone (Figures 1J and 1K). These results suggest
that Sal-miR-58 induces autophagy in ApoE�/� mouse aortas injured
by chronic Ang II infusion.

Sal-miR-58 Inhibits Ang II-Induced Inflammation in VSMCs

We next investigated whether Sal-miR-58 also has an anti-inflamma-
tory effect on the cultured VSMCs. First, we used Ang II to treat
mouse VSMCs and assessed Ang II-induced inflammation via the
production of pro-inflammatory factors. Western blot analysis
showed that Ang II treatment obviously enhanced the expression of
NF-kB p65 and p50 in a time- and concentration-dependent manner
(Figures 2A and 2B). Correspondingly, in Ang II-treated VSMCs, NF-
kB-regulated inflammatory genes IL-1b, IL-6, and TNF-a were also
upregulated at the transcriptional level in a concentration- and
time-dependent manner (Figures 2C and 2D). Moreover, parallel
with alterations in their mRNAs, Ang II time- and concentration-
dependently increased the levels of IL-1b, IL-6, and TNF-a proteins
in the medium (Figures 2E and 2F). We then transfected VSMCs
with Sal-miR-58 and confirmed that Sal-miR-58 was successfully
transduced into cells and was resistant to oxidation by sodium period-
ate (Figures 2G and 2H). Transfecting VSMCs with Sal-miR-58
before Ang II stimulation largely abrogated the upregulation of the
above-mentioned inflammatory genes induced by Ang II, as shown
by western blotting, qRT-PCR, and ELISA assays (Figures 2I–2K).
Also, immunofluorescence staining revealed that the fluorescence in-
tensity of IL-1b, IL-6, and TNF-a was strengthened in Ang II-treated
VSMCs, whereas Ang II-induced upregulation of the inflammatory
factors was attenuated by Sal-miR-58 transfection (Figures S1A–
S1C). These data suggest that Sal-miR-58 suppresses Ang II-induced
inflammatory response in VSMCs.

Sal-miR-58-Induced Autophagy Attenuates VSMC Inflammation

Elicited by Ang II

Because it has been demonstrated that autophagy has important ef-
fects on the induction of the inflammatory reaction,6,24 we investi-
gated the relationship between Sal-miR-58-induced autophagy and
inflammation in Ang II-treated VSMCs. Western blot analysis
showed that treating VSMCs with Ang II clearly reduced the expres-
sion of Beclin1 and Atg5, which was reversed by Sal-miR-58 transfec-
tion, as evidenced by increased expression of Beclin1 and Atg5 as well
as by enhanced conversion of LC3BI to LC3BII (Figure 3A). To
after treatment with sodium periodate. ***p < 0.001 versusmiR-Ctl+Unoxidized (n =

he expression of NF-kB p65 and p50 was examined by western blotting. (J) Relative

ated as in (I) and presented after normalizing to 18S rRNA. **p < 0.01, ***p < 0.001

TNF-a were determined by ELISA in the culture medium of VSMCs treated as in (I).

II (n = 5).
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further validate these results, we infected VSMCs with red fluorescent
protein (RFP)-green fluorescent protein (GFP)-LC3B double-labeled
adeno-associated virus (AAV) to label autophagosomes and their
maturation to autolysosomes and examined GFP-LC3B (green
puncta) and mRFP-LC3B (red puncta) formation by a fluorescence
microscope. The results showed that autophagy was markedly
increased in Sal-miR-58-transfected VSMCs regardless of treatment
with Ang II, as shown by increased bright fluorescent spots (Fig-
ure 3B), indicating that LC3B protein is translocated to the lysosomal
membrane and showing that Sal-miR-58 induces VSMC autophagy.

In the further experiments, we used rapamycin, an inducer of auto-
phagy, to treat VSMCs and confirmed that rapamycin (25 nM) treat-
ment for 2 h markedly upregulated Beclin1 and Atg5 expression and
promoted the conversion of LC3BI to LC3B II (Figure 3C). Also, in
RFP-GFP-LC3B double-labeled AAV-infected VSMCs, rapamycin
treatment clearly increased the formation of autolysosomes (Fig-
ure 3D). Remarkably, rapamycin largely abrogated the upregulation
of NF-kB and its downstream genes IL-1b, IL-6, and TNF-a by
Ang II, as shown by western blotting and ELISA analysis (Figures
3E and 3F). These results indicate that the autophagy triggered by ra-
pamycin decreases the inflammatory response induced by Ang II in
VSMCs. In addition, we showed that treating VSMCs with autopha-
gic inhibitors bafilomycin A1 (25 nM) or chloroquine (50 mM) could
abolished the inducing effect of Sal-miR-58 on VSMC autophagy, as
shown by decreased Beclin1 and Atg5 expression as well as by the
reduced ratio of LC3BII/LC3BI and LC3B-positive vesicles (Figures
3G and 3H). Correspondingly, bafilomycin A1 or chloroquine treat-
ment largely abrogated the inhibitory effects of Sal-miR-58 on the
expression of NF-kB and its downstream genes IL-1b, IL-6, and
TNF-a (Figures 3I and 3J). Taken together, these results indicate
that Sal-miR-58-induced VSMC autophagy is accompanied by
decreased inflammation in VSMCs.

Sal-miR-58 Inhibits Ang II-Induced Inflammation by

Downregulating KLF3 in VSMCs

Because plant-derived miRNAs, through dietary intake, could regu-
late mammalian gene expression by binding to the 30 UTR of
mammalian target genes,15,25 we used the bioinformatics databases
miRanda, TargetScan, and RNAhybrid to predict Sal-miR-58 tar-
gets. The results showed that the transcriptional factor KLF3 con-
Figure 3. Sal-miR-58-Induced Autophagy Attenuates VSMC Inflammation Elici

(A) VSMCs were treated with Ang II alone or combined with Sal-miR-58 for 24 h, and the

treated as in (A) were infected with RFP-GFP-LC3B double-labeled adeno-associated

microscope. Yellow fluorescent spots indicate autophagosome, and red fluorescent s

pamycin (25 nM) and/or Ang II for 24 h, and the protein was harvested from VSMCs and

VSMCs were treated as in (C) and infected with RFP-GFP-LC3B double-labeled adeno-

Scale bar, 25 mm. (E) VSMCs were treated as in (C), and the expression of NF-kB p65 an

expression of IL-1b, IL-6, and TNF-a was examined by ELISA in the culture medium of V

versus miR-Ctl+Ang II, n = 5. (G) VSMCs were treated with Sal-miR-58 and Ang II or co

Beclin1, Atg5, or LC3B was examined by western blotting. (H) VSMCs were treated wit

double-labeled adeno-associated virus to detect autophagosomes and autolysosomes

and the expression of NF-kB p50 and p65 was examined by western blotting. (J) VSMCs

ELISA in the culture medium of VSMCs. *p < 0.05 versus miR-Ctl; ##p < 0.01, ###p < 0
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tains a potential Sal-miR-58-binding site in its 30 UTR. Next, we
tested whether Sal-miR-58 regulates the expression of KLF3 and
found that although the mRNA expression of KLF3 and other mem-
bers of the KLF family, such as KLF4 and KLF5, had no significant
change in Sal-miR-58-transfected VSMCs (Figure 4A), the protein
level of KLF3 was significantly downregulated, as shown by western
blotting. The specificity of Sal-miR-58-targeting KLF3 was
confirmed by the fact that transfecting VSMCs with Sal-miR-58
did not affect the protein level of KLF4 and KLF5, both of which
play important roles in the regulation of VSMC function (Figure 4B).
Also, immunofluorescence staining showed that the fluorescence in-
tensity of KLF3 in Sal-miR-58-transfected VSMCs was significantly
attenuated, and Sal-miR-58 transfection abrogated the translocation
of KLF3 to the nucleus (Figure 4C). These results suggest that KLF3
may be a direct target of Sal-miR-58. Furthermore, a dual luciferase
reporter assay was performed and showed that Sal-miR-58 signifi-
cantly attenuated the luciferase activity mediated by wild-type
KLF3 30 UTR but had no significant effect on the luciferase activity
mediated by its mutants (Figure 4D). The above results indicate that
Sal-miR-58 directly targets the 30 UTR of KLF3.

We next investigated the relationship between KLF3 expression and
Ang II-induced inflammation in VSMCs and found that Ang II treat-
ment concentration-dependently upregulated the expression of KLF3
both at the mRNA (Figure 4E) and protein (Figures 4F and 4G) levels,
with translocation of KLF3 from the cytoplasm to the nucleus, as re-
vealed by increased KLF3 nuclear localization (Figures 4G and 4H).
Importantly, overexpression of KLF3 in VSMCs dramatically upregu-
lated the expression of NF-kB p65, p50, IL-1b, IL-6, and TNF-a,
which was largely abolished by Sal-miR-58 transfection (Figures 4I
and 4J). These findings suggest that Sal-miR-58 inhibits the inflam-
matory response by downregulating KLF3 protein expression.

Sal-miR-58 Induces VSMC Autophagy by Relieving KLF3

Repression of NEDD4L Expression

Using a transcription factor prediction database, we predicted the
target genes regulated by KLF3 and found that there exist putative
KLF3 binding sites in the proximal promoter region of E3 ubiquitin
(Ubi) ligase NEDD4L, which is closely related to autophagy and
inflammation.26 Chromatin immunoprecipitation (ChIP) with
KLF3 antibodies followed by qPCR showed that KLF3 was recruited
ted by Ang II

expression of Belin1, Atg5, and LC3B was examined by western blotting. (B) VSMCs

virus, and autophagosomes and autolysosomes were observed by a fluorescence

pots indicate autolysosome. Scale bar, 100 mm. (C) VSMCs were treated with ra-

analyzed by western blotting using antibodies against Beclin1, Atg5, and LC3B. (D)

associated virus, and autophagosomes and autolysosomes were observed as in (B).

d p50 was examined by western blotting. (F) VSMCs were treated as in (C), and the

SMCs. **p < 0.01, ***p < 0.001 versus miR-Ctl; #p < 0.05, ##p < 0.01, ###p < 0.001

mbined with chloroquine (50 mM) or bafilomycin A1 (25 nM), and the expression of

h Sal-miR-58 or bafilomycin A1 alone or together and infected with RFP-GFP-LC3B

by amethod described as in (B). Scale bar, 100 mm. (I) VSMCs were treated as in (G),

were treated as in (G), and the expression of IL-1b, IL-6, or TNF-awas examined by

.001 versus Sal-miR-58+Ang II (n = 5).



Figure 4. Sal-miR-58 Inhibits Ang II-Induced Inflammation by Downregulating KLF3 in VSMCs

(A) mRNAs for KLF3, KLF4, and KLF5 were determined by qRT-PCR in VSMCs transfected with Sal-miR-58. nsp > 0.05 versus miR-Ctl (n = 3). ns, not significant. (B) Western

blot analysis of KLF3, KLF4, and KLF5 in VSMCs transfected with Sal-miR-58 or miR-Ctl. (C) Immunofluorescence staining of KLF3 (red) and the nucleus (DAPI; blue) in

(legend continued on next page)
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to the –380 to +34 bp region of the NEDD4L promoter in KLF3-over-
expressing VSMCs (Figure 5A). The dual luciferase reporter assay re-
vealed that KLF3 significantly inhibited the transcription of NEDD4L
gene, as evidenced by decreased luciferase activity in KLF3-overex-
pressing cells (Figure 5B). To further clarify whether NEDD4L plays
a role in Sal-miR-58-regulated VSMC autophagy and inflammatory
responses, we examined the effect of Sal-miR-58 on NEDD4L expres-
sion in VSMCs. The results showed that Ang II reduced, whereas Sal-
miR-58 upregulated, the mRNA (Figure 5C; Figure S2A) and protein
(Figure 5D; Figure S2B) level of NEDD4L. Moreover, the upregula-
tion of NEDD4L by Sal-miR-58 was partly abrogated by Ang II
treatment, as shown by qRT-PCR (Figure 5C), western blotting (Fig-
ure 5D), and immunofluorescence staining (Figure 5E). Knockdown
of KLF3 expression by si-KLF3 resulted in changes similar to those
seen in Sal-miR-58-transfected VSMCs (Figures S2C, S2D, and
S2F–S2H), whereas enforced expression of KLF3 in VSMCs had
opposite effects on NEDD4L expression (Figures S2C and S2E). These
results clearly suggest that Sal-miR-58 exerts an inhibitory effect
on the expression of KLF3, which in turn relieves KLF3 repression
of the expression of NEDD4L and thus elevates the NEDD4L expres-
sion level.

To provide additional evidence that Sal-miR-58 upregulated the
expression of NEDD4L by downregulating KLF3, we observed the
effect of KLF3 overexpression alone or combined with Sal-miR-58
transfection on NEDD4L expression. The results showed that over-
expression of KLF3 partially abolished the upregulation of NEDD4L
induced by Sal-miR-58 both at the mRNA and protein levels (Fig-
ures 5F and 5G). NEDD4L plays a key role in the early stage of auto-
phagy induction through ubiquitinating autophagy-regulated pro-
teins.27 To further investigate whether NEDD4L participates in
the induction of autophagy in Ang II-treated VSMCs, we forcedly
expressed NEDD4L in VSMCs and found that NEDD4L overexpres-
sion significantly increased the expression of Beclin1, Atg5, and
LC3B at the levels of transcription and translation, accompanied
by enhanced conversion of LC3BI to LC3BII regardless of treatment
with Ang II (Figures 5H and 5I). Similarly, immunofluorescence
staining of VSMCs infected with RFP-GFP-LC3B double-labeled
AAV showed that enforced expression of NEDD4L in VSMCs facil-
itated the formation of autophagosomes and autolysosomes, as re-
vealed by increased bright fluorescent spots (Figure 5J). In contrast,
knockdown of NEDD4L partially abolished VSMC autophagy
induced by Sal-miR-58, as evidenced by western blotting (Figure 5K)
and immunofluorescence staining (Figure 5L). These results indi-
VSMCs treated with Sal-miR-58 or Sal-miR-58+Ang II. Scale bar, 100 mm. (D) Luciferas

and awild-type ormutant KLF3 30 UTR-luciferase reporter. *p < 0.05 versusmiR-Ctl; ##p

the mutated sites are shown in red. (E) Relative expression of KLF3 mRNA was examin

normalizing to 18S rRNA (mean ± SEM; n = 3). *p < 0.05 versus 0 M Ang II. (F) VSMC

examined by western blotting. (G) Expression of KLF3 in Ang II-treated VSMCswas exam

nuclei, respectively. Scale bar, 100 mm. (H) VSMCs were treated with different doses

examined by western blotting. (I) VSMCs were transfected with Sal-miR-58 or pcDNA

determined by western blotting. (J) VSMCs were transfected as in (I), and levels of IL-1b,

0.001 versus pcDNA3.1; #p < 0.05 versus pcDNA3.1-KLF3.
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cate that NEDD4L plays an important role in Sal-miR-58-induced
VSMC autophagy by a mechanism whereby Sal-miR-58 relieves
KLF3 repression of the expression of NEDD4L.

NEDD4L Ubiquitinates PFKP

To determine which substrates regulated by NEDD4L are involved in
Sal-miR-58-induced autophagy, NEDD4L was knocked down or
overexpressed in VSMCs, and label-free quantitative analysis of ubiq-
uitylation in these two cells was performed according to the strategy
shown in Figure 6A. As a result, 3,391 ubiquitination sites located on
1,456 proteins were identified in the protein extract of VSMCs, of
which 2,689 sites of 983 proteins contained quantitative information.
Compared with NEDD4L-knocked down cells, the levels of ubiquiti-
nation at 142 sites were upregulated, and 78 sites were downregulated
in NEDD4L-overexpressed cells (Figure 6B). Based on the above data,
we performed a systematic bioinformatics analysis of proteins con-
taining quantitative information sites, including protein annotation,
functional classification, functional enrichment, and enrichment-
based clustering analysis (Figures 6C–6E), and selected five candidate
proteins, including PFKP, eEF1A1, MYH9, VDAC3, and integrin b1,
to further investigate the effects of NEDD4L on their expression.
Western blot analysis showed that the knockdown of NEDD4L signif-
icantly upregulated the protein level of PFKP, whereas the overex-
pression of NEDD4L had the opposite effects compared with their
corresponding control, but there was no significant effect of NEDD4L
knockdown or overexpression on the expression of eEF1A1, MYH9,
VDAC3, and integrin b1 (Figures S3A and S3B). Also, NEDD4L
knockdown or overexpression did not significantly affect PFKP
mRNA level (Figures S3C and S3D).

Furthermore, we examined PFKP stability by a cycloheximide (CHX)
chase experiment. Treatment with CHX reduced the protein level of
PFKP in a time-dependent manner, and the half-life of PFKP in
VSMCs was about 6 h. However, pretreatment of VSMCs with the
proteasome inhibitor MG132 led to prolonged PFKP protein stability
(Figure 6F), implying that PFKP undergoes ubiquitin-mediated
degradation in VSMCs. To further confirm that there exists a physical
interaction between NEDD4L and PFKP, co-immunoprecipitation
(coIP) experiments were carried out, and we found that the NEDD4L
was co-immunoprecipitated by anti-PFKP antibody. Likewise, a
similar result was obtained by reciprocal immunoprecipitation with
anti-NEDD4L antibody, indicating that there is an interaction be-
tween NEDD4L and PFKP in VSMCs (Figure 6G). The specificity
of this interaction was confirmed by decreased association of
e reporter assays were performed in HEK293 cells co-transfected with Sal-miR-58

< 0.01 versus Sal-miR-58+wild-type. The Sal-miR-58-binding site is shown in green;

ed by qRT-PCR in VSMCs treated with different doses of Ang II and presented after

s were treated with different doses of Ang II for 24 h, and expression of KLF3 was

ined by immunofluorescence staining. Red and blue stainings indicate KLF3 and the

of Ang II for 24 h, and expression of KLF3 in the nucleus and the cytoplasm was

3.1-KLF3 alone or together for 24 h, and expression of NF-kB p50 and p65 was

IL-6, and TNF-a in the culture medium were determined by ELISA. **p < 0.01, ***p <
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NEDD4L with PFKP in NEDD4L-knocked down cells (Figure 6G).
Furthermore, confocal immunofluorescence staining of NEDD4L
and PFKP showed that PFKP and NEDD4L were co-localized in
the cytoplasm of VSMCs, and the upregulation of NEDD4L by Sal-
miR-58 clearly reduced PFKP expression (Figure 6H). To further
examine whether NEDD4L downregulates the protein level of
PFKP by promoting ubiquitination of PFKP, we co-transfected
HEK293 cells with hemagglutinin (HA)-PFKP and Flag-NEDD4L
expression plasmids and showed that PFKP was detected in the sedi-
ment precipitated by anti-Flag antibody (Figure 6I), again suggesting
that there is an interaction between NEDD4L and PFKP. We further
determined the effects of NEDD4L knockdown or overexpression on
PFKP ubiquitination. As expected, overexpression of NEDD4L obvi-
ously increased the level of ubiquitinated PFKP and thus attenuated
the protein level of PFKP (Figures 6J and 6K). Reversely, NEDD4L
knockdown by small interfering RNA (siRNA) decreased the level
of ubiquitinated PFKP and increased PFKP stability (Figure 6L). In
addition, we co-transfected HEK293 cells with Flag-NEDD4L and
HA-PFKP expression plasmids and confirmed that co-expression of
NEDD4L and PFKP markedly promoted the ubiquitination of
PFKP. The proteasome inhibitor MG132 suppressed ubiquitin-medi-
ated degradation of PFKP and enhanced the accumulation of ubiqui-
tinated PFKP (Figure 6M). Collectively, these findings suggest that
NEDD4L interacts with and ubiquitylates PFKP, leading to
NEDD4L-mediated ubiquitination and degradation of PFKP.

PFKP Mediates Sal-miR-58/KLF3/NEDD4L-Induced Autophagy

and Anti-inflammatory Effects in VSMCs

The above results demonstrated that NEDD4L mediates the ubiquiti-
nation and degradation of PFKP and is involved in Sal-miR-58-
induced autophagy. We next investigated whether PFKP plays a
role in Sal-miR-58-mediated autophagy and anti-inflammatory ef-
fects. First, we showed that although Sal-miR-58 transfection did
not significantly affect PFKP mRNA levels regardless of treatment
with Ang II (Figure 7A), the level of PFKP protein was dramatically
downregulated in Sal-miR-58-transfected VSMCs (Figure 7B). More-
over, knockdown of PFKP (Figures S4A and S4B) significantly
induced VSMC autophagy, as shown by increased Beclin1 and Atg5
Figure 5. Sal-miR-58 Induces VSMC Autophagy by Relieving KLF3 Repression

(A) Schematic representation of the�1880 to +34 bp region of the NEDD4L promoter an

of KLF3 binding to the NEDD4L promoter was performed in VSMCs transfected with pcD

luciferase reporter controlled by the NEDD4L promoter was transfected into 293A cells a

dual luciferase reporter assay system. Data represent the relative NEDD4L promoter act

treated with Ang II or Sal-miR-58 (100 nM) alone or together, and the total RNA was har

versus 0MAngII+Sal-miR-58. (D) VSMCswere treated as in (C), and the protein was harv

(E) Expression of KLF3 and NEDD4L in VSMCs treated as in (C) was examined by immun

the nuclei, respectively. Scale bar, 100 mm. (F and G) VSMCs were transfected with Sal

NEDD4L was determined by (F) qRT-PCR and (G) western blot analysis. *p < 0.05 versu

with pcDNA3.1-NEDD4L and treated with/without Ang II, the total RNAwas harvested, a

**p < 0.01 versus pcDNA3.1. (I) VSMCs were treated as in (H), and the protein was harve

(J) VSMCs were treated as in (H) and infected with RFP-GFP-LC3B double-labeled ade

described above. Scale bar, 100 mm. (K) VSMCs were transfected with Sal-miR-58 or si-

determined by western blotting. (L) VSMCs were treated as in (K) and infected with R

autolysosomes were examined as described above. Scale bar, 100 mm.
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expression and conversion of LC3BI to LC3BII (Figure 7C) as well
as by increased formation of autolysosomes (Figure 7D). Correspond-
ingly, the upregulation of IL-1b, IL-6, and TNF-a induced by Ang II
was greatly abrogated by PFKP knockdown (Figure 7E). Therefore, it
can be concluded that PFKP is at least partially responsible for Sal-
miR-58-mediated autophagy and anti-inflammatory effects.

Among signaling pathways that regulate autophagy and inflamma-
tory response, the PI3K-Akt-mTOR pathway is one of the most
important signaling pathways.28 Thus, we knocked down PFKP in
VSMCs and detected the activity of Akt/mTOR signaling. The results
showed that knockdown of PFKP significantly decreased the phos-
phorylation of Akt and mTOR, but had no significant effect on extra-
cellular signal-regulated kinase 1/2 (ERK1/2) (Figures 7F, 7I, and
S4C). To further examine whether Akt/mTOR signaling is required
for PFKP downregulation-induced autophagy, we used Akt/mTOR
signaling activators SC-79 (10 mM) and MHY1485 (10 mM) to pre-
treat the PFKP-knocked downVSMCs for 2 h, and we found that acti-
vation of Akt/mTOR signaling by SC-79 or MHY1485 partially abol-
ished VSMC autophagy induced by knockdown of PFKP, as
evidenced by decreased Beclin1 and Atg5 expression and conversion
of LC3BI to LC3BII as well as by reduced formation of autolysosomes
(Figures 7F, 7G, 7I, and 7J), with corresponding changes in the
expression of IL-1b, IL-6, and TNF-a (Figures 7H and 7K).

Altogether, these results indicate that Sal-miR-58 downregulates
PFKP protein level through modulating KLF3 and then NEDD4L
expression, which in turn decreases activation of Akt/mTOR
signaling and thus facilitates VSMC autophagy induced by Sal-
miR-58 in the context of chronic Ang II stimulation and aneurysm
formation (Figure 8).

DISCUSSION
Polyphenols, most prominently flavonoids derived from medicinal
plants, have been shown to exert anti-inflammatory, antioxidant,
anti-neurodegenerative, and cytoprotective actions.10,29 The active
ingredients of Salvia miltiorrhiza, such as phenolic acids and diter-
pene quinones, have anti-inflammatory and anti-oxidative
of NEDD4L Expression

d primers for amplifying the different regions of the NEDD4L promoter. ChIP analysis

NA3.1-KLF3. Data are the mean ± SEM (n = 3). ***p < 0.001 versus pcDNA3.1. (B) A

long with pcDNA3.1 or pcDNA3.1-KLF3. Luciferase activity wasmeasured using the

ivity normalized to pRL-TK activity. ***p < 0.001 versus pGL3-basic. (C) VSMCs were

vested and analyzed by qRT-PCR. *p < 0.05 versus 0 M Ang II or miR-Ctl; #p < 0.05

ested and analyzed by western blotting using anti-KLF3 or anti-NEDD4L antibodies.

ofluorescence staining. Green, red, and blue staining indicates NEDD4L, KLF3, and

-miR-58 or pcDNA3.1-KLF3 alone or together for 24 h, and expression of KLF3 and

s pcDNA3.1; #p < 0.05 versus pcDNA3.1+Sal-miR-58. (H) VSMCs were transfected

nd Atg5, Beclin1, and LC3B expression levels were analyzed by qRT-PCR. *p < 0.05,

sted and analyzed by western blotting using anti-Beclin1, anti-Atg5, and anti-LC3B.

no-associated virus, and autophagosomes and autolysosomes were examined as

NEDD4L alone or together for 24 h, and expression of Beclin1, Atg5, and LC3B was

FP-GFP-LC3B double-labeled adeno-associated virus, and autophagosomes and
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effects.12,13,30 Although plant-derived miRNAs are well known to
have cross-kingdom regulatory effects on mammalian target
genes,12,31,32 it remains unknown whether Salvia miltiorrhiza-derived
miRNAs may regulate autophagy and inflammation in mammalian
VSMCs. The important findings of the present study are that (1)
Sal-miR-58 specifically present in Salvia miltiorrhiza inhibits the for-
mation of AAA by inducing VSMC autophagy and suppressing the
inflammatory response in a mouse AAA model; (2) Sal-miR-58 re-
duces KLF3 expression via direct binding to the 30 UTR of KLF3
mRNA and thus relieves KLF3 repression of NEDD4L transcription;
(3) NEDD4L upregulation elicited by KLF3 deficiency in VSMCs in-
creases the ubiquitination and degradation of PFKP by NEDD4L; and
(4) decreased activation of Akt/mTOR signaling by PFKP facilitates
VSMC autophagy induced by Sal-miR-58.

A previous study demonstrated that tanshinone IIA, a main active
ingredient of Salvia miltiorrhiza, inhibited the development of elas-
tase-induced experimental AAAs by suppressing proteolysis, inflam-
mation, and oxidative stress, thus preserving VSMCs.30 Moreover,
tanshinone IIA attenuated elastase-induced AAA in rats via the inhi-
bition of myeloid differentiating factor 88 (MyD88)-dependent TLR-
4 signaling.33 In this study, we screened and identified Sal-miR-58
from Salvia miltiorrhiza as a novel effective component. We found
that exogenous administration of Sal-miR-58 to Ang II-induced
mouse AAA models could effectively inhibit the formation of
AAAs. These findings suggest that multiple ingredients in Salvia mil-
tiorrhizamay act on different targets, which in turn generates a range
of actions that prevent the development of AAAs throughmultiple ef-
fects. Overall, the present study further extended the active compo-
nent of Salvia miltiorrhiza. Sal-miR-58 may represent a novel series
of universal modulators that play a vital role in mediating plant-ani-
mal interactions at the molecular level.

It is well known that miRNAs regulate gene expression at the post-
transcriptional level by promoting mRNA degradation or by inhibit-
ing mRNA translation. However, some miRNAs can also regulate
gene expression post-transcriptionally only by inhibiting mRNA
translation. In this study, we found that KLF3 expression was regu-
lated by Sal-miR-58 only via inhibiting translation, which reduces
Figure 6. NEDD4L Interacts with and Ubiquitylates PFKP

(A–E) VSMCs were transfected with pcDNA3.1-NEDD4L or si-NEDD4L, and label-free

expressed genes (B and C) and the results of functional enrichment analysis (D and E) ar

with HA-PFKP or treated with MG132 for 24 h. (G) VSMCs were transfected with si-NE

PFKP antibodies and the resulting precipitates were analyzed by western blotting using

with Sal-miR-58 or Ang II alone or together were examined by immunofluorescence

respectively. Yellow staining indicates co-localization of NEDD4L with PFKP. Scale bar, 1

The cell lysates were immunoprecipitated with anti-Flag antibody, and the resulting preci

(J) VSMCs were transfected with pcDNA3.1-NEDD4L and/or treated with MG132 fo

antibody and the resulting precipitates were analyzed by western blotting using anti-P

NEDD4L or HA-PFKP and treated with MG132 for 24 h. The cell lysates were immunop

western blotting using anti-Ubi or anti-PFKP antibody. (L) VSMCs were transfected wit

immunoprecipitated with anti-PFKP antibody and the resulting precipitates were analyze

HA-Ubi and treated with/without MG132 for 24 h. The cell lysates were immunoprecipit

blotting using anti-PFKP antibody.
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the protein level of KLF3, but does not affect its mRNA level. It has
been shown that KLF3 serves as a transcriptional repressor through
its interaction with the co-repressor carboxyl-terminal binding pro-
tein (CtBP),34 and it plays diverse and important roles in cardiovas-
cular development and function in mice.35 In cultured VSMCs, we
confirmed that KLF3 was a direct target of Sal-miR-58 and was nega-
tively regulated by Sal-miR-58, as evidenced by a luciferase reporter
assay, western blotting, and immunofluorescence staining. Treating
VSMCs with Sal-miR-58 induced autophagy by downregulating
KLF3 expression, which may be the basis of cardiovascular protection
by Sal-miR-58. Previous studies showed that transcriptional activa-
tors KLF4 and KLF5 participated in the development and progression
of AAAs. For example, Salmon et al.36 reported that KLF4 plays a crit-
ical role in aortic aneurysm formation by regulating VSMC pheno-
typic switching and could be a potential therapeutic target for AAA
disease. Our recent study indicated that myeloid-specific KLF5
knockout resulted in decreased aortic aneurysm formation by inhibi-
tion of macrophage infiltration and migration.5 To our knowledge,
this is the first study to demonstrate that transcriptional repressor
KLF3 was involved in AAA formation, showing that downregulation
of KLF3 by Sal-miR-58 is directly correlated with the inhibitory effect
of Sal-miR-58 on Ang II-induced inflammation. KLF family members
mainly bind to CACCC box sequences in enhancers or promoters of
target genes and regulate the transcription of multiple genes.37 In the
present study, we found that the proximal promoter region of
NEDD4L contains putative KLF3 binding sites (CACCC motif).
Because NEDD4L is an important E3 ubiquitin ligase involved in au-
tophagic activation,38 we investigated whether KLF3 regulates
NEDD4L expression. ChIP with KLF3 antibodies followed by qPCR
indicated that KLF3 directly bound to upstream sequences of the
NEDD4L promoter region, and repressed the NEDD4L gene expres-
sion at the transcription level. Thus, we identified KLF3 as a novel
regulator of NEDD4L expression.

NEDD4L belongs to the NEDD4 family of E3 ubiquitin ligases and is
the closest homolog to NEDD4 and is widely expressed in many tis-
sues.39 Previous studies showed that NEDD4-1 expression is regu-
lated at the translational level by mTOR complex 1 (mTORC1),40

and is transcriptionally upregulated by the forkhead box protein
quantitative ubiquitylation analysis was performed (A). The numbers of differentially

e shown. (F) Western blot analysis detected PFKP expression in VSMCs transfected

DD4L for 24 h, and cell lysates were immunoprecipitated with anti-NEDD4L or anti-

anti-PFKP or anti-NEDD4L antibodies. (H) NEDD4L and PFKP in the VSMCs treated

staining. Green, red, and blue staining indicates NEDD4L, PFKP, and the nuclei,

00 mm. (I) HEK293 cells were transfected with HA-PFKP and Flag-NEDD4L for 24 h.

pitates were analyzed by western blotting using anti-PFKP or anti-NEDD4L antibody.

r 24 h. The cell lysates were immunoprecipitated with anti-NEDD4L or anti-PFKP

FKP or anti-ubiquitin (Ubi) antibody. (K) VSMCs were transfected with pcDNA3.1-

recipitated with anti-PFKP antibody, and the resulting precipitates were analyzed by

h si-NEDD4L or HA-PFKP and treated with MG132 for 24 h. The cell lysates were

d as indicated in (K). (M) VSMCswere transfected with Flag-NEDD4L, HA-PFKP, and

ated with anti-Ubi antibody and the resulting precipitates were analyzed by western
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M1B (FoxM1B).41 In this study, we showed that Sal-miR-58 could
significantly upregulate the expression of NEDD4L by relieving
KLF3 repression of NEDD4L expression, thus leading to the induc-
tion of VSMC autophagy. Consistent with our finding, Wang
et al.26 reported that knockdown of NEDD4L in mouse embryonic fi-
broblasts suppressed both basal autophagy and endoplasmic reticu-
lum (ER) stress-induced autophagy, whereas overexpression of
NEDD4L induced autophagy. Moreover, deletion of NEDD4L in
lung epithelia caused massive inflammation and cystic fibrosis-like
lung disease.42 Taken together, these results suggest that NEDD4L
plays an indispensable role in autophagy and inflammation in a cell
type-dependent manner. Sal-miR-58 induced VSMC autophagy
through upregulating NEDD4L expression, which is repressed by
KLF3 in the absence of Sal-miR-58.

NEDD4L negatively regulates the stability of its target proteins at the
post-translational level by the ubiquitin-mediated proteasomal degra-
dation pathway. For example, NEDD4-1 can ubiquitinate PTEN and
thus target PTEN for proteasomal degradation.43 NEDD4 interacts
with and ubiquitylates SQSTM1 for inclusion body autophagy.38 In
this study, we used quantitative ubiquitylation analysis to identify sub-
strates regulated byNEDD4L in Ang II-stimulated VSMCs. Using coIP
experiments and proteasome inhibitor, we showed thatNEDD4L inter-
acted with and ubiquitylated PFKP, leading toNEDD4L-mediated pro-
teasomal degradation of PFKP. PFKP is a rate-controlling enzyme of
the glycolytic pathway.44 Previous studies showed that PFKP is signif-
icantly upregulated in tumor tissues,45,46 and KLF4 plays an essential
role in maintenance of high glycolytic metabolism by transcriptional
activation of the PFKP gene in breast cancer cells.47 Moreover, stabili-
zation of PFKP by Akt promotes tumorigenesis in human glioblastoma
development.48 Remarkably, a recent study reported that the knock-
down of PFKP in oral squamous cell carcinoma dramatically inhibited
the expression of LC3-II and Atg5, as well as decreased starvation-
mediated glycolysis and autophagy, indicating that PFKP is necessary
for starvation-mediated autophagy and glycolysis.49 Differently, in
this study, we found that transfecting VSMCs with Sal-miR-58 signif-
icantly attenuated the level of PFKP protein, and downregulation of
PFKP induced VSMC autophagy. This discrepancy in the effect of
PFKP on autophagy between the studies might be due to differences
in the context of autophagy between cancer cells and VSMCs used in
the experiments.
Figure 7. PFKP Mediates Sal-miR-58/KLF3/NEDD4L-Induced Autophagy and A

(A) VSMCs were transfected with Sal-miR-58 and treated with/without Ang II for 24

normalizing to 18S rRNA (mean ± SEM; n = 3). (B) VSMCswere treated as in (A), and expr

si-PFKP and treated with/without Ang II, and expression of Beclin1, Atg5, and LC3B wa

RFP-GFP-LC3B double-labeled adeno-associated virus, and autophagosomes and au

VSMCs were treated as in (C), and levels of IL-1b, IL-6, and TNF-a in the culture medium

II. (F and I) Expression levels of Beclin1, Atg5, LC3B, phosphorylated (p-)Akt, Akt, p-mTO

were treated with Ang II and SC-79 (F) or MHY1485 (I) for 24 h. (G) RFP-GFP-LC3B

autolysosomes after PFKP-knocked down VSMCs were treated with Ang II and SC-79.

used to detect autophagosomes and autolysosomes after PFKP-knocked down VSMCs

and TNF-a in the culture medium were examined by ELISA after PFKP-knocked down V

versus si-PFKP+Ang II. (K) Levels of IL-1b, IL-6, and TNF-a in the culture medium were

MHY1485. *p < 0.05 versus si-Ctl+Ang II; #p < 0.05 versus si-PFKP+Ang II.
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Considering that phosphorylated (phospho-)PFKP can activate
PI3K/Akt signaling,50 and the PI3K/Akt/mTOR signaling pathway
participates in the process of autophagy triggered by different stim-
uli,51,52 as well as that all kinds of active ingredients in Salvia miltior-
rhiza, such as cryptotanshinone, tanshinol, and tanshinone IIA,
inhibit the growth and invasion of cancer cells by modulating the
PI3K/Akt/mTOR signaling,53,54 we hypothesized that Sal-miR-58
might induce VSMC autophagy via blocking the PFKP-mediated
PI3K/Akt/mTOR regulatory pathway. Consistent with our hypothe-
sis, we observed that knockdown of PFKP significantly reduced the
phosphorylation level of Akt and mTOR, and activation of Akt/
mTOR signaling partially abolished autophagy induced by knock-
down of PFKP. These results suggest that PFKP mediates Sal-miR-
58-induced autophagy and anti-inflammatory effects by inhibiting
the Akt/mTOR signaling pathway. However, how PFKP regulates
the Akt/mTOR signaling needs to be addressed in future studies.

In summary, our studies identified Salvia miltiorrhiza-derived Sal-
miR-58 as a novel vasoprotective agent, and this is the first study to
demonstrate that Sal-miR-58 induces autophagy and attenuates
inflammation in VSMCs through cross-species modulation of the
KLF3/NEDD4L/PFKP regulatory pathway.

MATERIALS AND METHODS
Total RNA Isolation from Salvia miltiorrhiza

Salvia miltiorrhiza total RNA was isolated with a plant RNA kit
(Omega Bio-tek, R6827-01) according to the manufacturer’s instruc-
tions. The eluted RNA was stored at�80�C. RNA contamination and
degradation were detected on 1% agarose gels, and RNA purity was
examined using a NanoDrop 2000 spectrophotometer from Thermo
Scientific. Reverse transcription and qRT-PCR were run on an ABI
7500 Fast system (Life Technologies) using a DNeasy plant mini kit
(QIAGEN, 69106). The reference gene U6 was used as an internal
control according to the manufacturer’s instructions and calculated
using the 2�DDCt method as previously described.55 All primer se-
quences are listed in Table S1.

High-Throughput Sequencing and Bioinformatics Approaches

High-throughput sequencing and bioinformatics for Salvia miltior-
rhiza were performed in Novogene in Beijing, China. A total amount
of 3 mg of total RNA was used for input material for the plant miRNA
nti-inflammatory Effects

h. Expression of PFKP mRNA was determined by qRT-PCR and presented after

ession of PFKPwas examined by western blotting. (C) VSMCswere transfected with

s examined by western blotting. (D) VSMCs were treated as in (C) and infected with

tolysosomes were observed by a fluorescence microscope. Scale bars, 50 mm. (E)

were examined by ELISA. ***p < 0.001 versus si-Ctl; ###p < 0.001 versus si-Ctl+Ang

R, andmTORwere examined by western blotting after PFKP-knocked down VSMCs

double-labeled adeno-associated virus was used to detect autophagosomes and

Scale bars, 50 mm. (J) RFP-GFP-LC3B double-labeled adeno-associated virus was

were treated with Ang II and MHY1485. Scale bars, 50 mm. (H) Levels of IL-1b, IL-6,

SMCs were treated with Ang II and SC-79. *p < 0.05 versus si-Ctl+Ang II; #p < 0.05

examined by ELISA after PFKP-knocked down VSMCs were treated with Ang II and



Figure 8. Proposed Model for Sal-miR-58-Induced Autophagy and Anti-

inflammation in VSMCs

Sal-miR-58 enters VSMCs after exogenous administration and downregulates

KLF3 expression through direct binding to the 30 UTR of KLF3 mRNA, which in turn

relieves KLF3 repression of NEDD4L expression, rendering upregulated NEDD4L

expression. Increased NEDD4L facilitates the ubiquitination and degradation of

PFKP, leading to a decrease in the activation of Akt/mTOR signaling and thus re-

sulting in induction of VSMC autophagy.
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database. A sequencing database was generated using the NEBNext
multiplex small RNA library prep set for Illumina (NEB, USA)
following the manufacturer’s recommendations, and index codes
were added to attribute sequences of each sample. The small RNA
tags were mapped to the reference sequence by Bowtie without
mismatch to analyze their expression, and the characteristics of hairpin
structure ofmiRNAprecursor can be used to predict novelmiRNAs. At
the same time, custom scripts were used to obtain the identified
miRNA counts as well as base bias on the first position with certain
length and on each position of all identified miRNAs, respectively.
High-throughput sequencing and bioinformatics for Salvia miltior-
rhiza were independently repeated and verified by qRT-PCR.

Animals

All animal studies were approved by the Ethics Review Committee for
Animal Experimentation at HeBei Medical University (approval ID:
HebMU 20080026). ApoE�/� mice were purchased from the Depart-
ment of Laboratory Animal Science, Vital River, Beijing, China. Gen-
otyping was identified by qRT-PCR.

Ang II-Induced Mouse AAA Model

The Ang II-induced AAA model in ApoE�/� mice was generated as
described previously.56 Briefly, Ang II (1,000 ng/kg/min) was
administered subcutaneously via an Alzet osmotic minipump (Alzet
Scientific Products, model 2004) implanted into ApoE�/� mice of
8–10 weeks of age under anesthesia with 1.5% isoflurane. The Alzet
osmotic minipump was placed into the subcutaneous space of the
mice through a small incision for 28 d (five mice per group). Sal-
miR-58 (10 mg/kg) was administered by intraperitoneal injection to
ApoE�/�mice treated with or without Ang II 3 times/week for 4 weeks
(five mice per group). At the endpoint of the experiments, all exper-
imental mice had survived. Following 4 weeks, the abdominal aortas
were examined by ultrasound to measure the maximum external di-
ameters. Blood samples of mice were collected, and the abdominal
aortas were harvested for analysis of RNA, protein, histology, and
immunofluorescence staining.
Cell Culture and Treatment

Mouse VSMCs (ATCC, no. CRL-2797TM) were cultured in low-
glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
31600-034) containing 10% fetal bovine serum (FBS) (Gemini, 900-
108), 100 U/mL penicillin, an 100 mg/mL streptomycin, in a humid-
ified incubator at 37�C and 5% CO2. The cells at passages 3–5 were
used in all of the experiments. For the functional tests of Sal-miR-
58 in vitro, 1 � 106 cells/well were transiently transfected with Sal-
miR-58. 2 � 10�7 M Ang II (MedChemExpress, 30553) was used
to stimulate VSMCs for 24 h. Before stimulation with Ang II, 1 �
106 cells/well VSMCs were incubated in serum-free medium for 24
h. Human embryonic kidney 293A cells were obtained from ATCC
and cultured in high-glucose DMEM with 10% FBS.
RNA Extraction from the Tissues, Serum, or Cells and PCR

Total RNA was extracted from mouse tissues or cells with TRIzol re-
agent (QIAGEN, 10296-028) according to the manufacturer’s in-
structions, and a miRNeasy mini kit was use to extract RNA of tissues
or cells, and amiRNeasy serum/plasma kit was used to extract RNA of
serum. The quality of the RNAwas measured using a NanoDrop 2000
spectrophotometer from Thermo Scientific. Reverse transcription
and qRT-PCR were run on an ABI 7500 Fast system (Life Technolo-
gies) using miRNA detection kits by GenePharma (Shanghai, China)
or a DNeasy plant mini kit (QIAGEN, 69106). The reference gene U6
was used as an internal control according to the manufacturer’s in-
structions and calculated using the 2�DDCt method as previously
described.55 All primer sequences are listed in Table S1.
Oxidation of Small RNAs with Periodate

Periodate oxidation was performed as previously described with slight
modifications.16 Briefly, total RNA was extracted from mouse serum,
Salvia miltiorrhiza, or mouse tissues using TRIzol reagent according
to the manufacturer’s instructions. A 100-mL mixture consisting of
20 mg of small RNA fraction and 10 mM NaIO4 was incubated at
0�C for 40 min in the dark. The oxidized RNA was precipitated twice
by ethanol, rinsed once with 80% ethanol, aired dried, dissolved in
double-distilled H2O (ddH2O), and then subjected to Solexa
sequencing or a qRT-PCR assay. The qRT-PCR assay was conducted
using the miScript PCR system (QIAGEN, 218161) according to the
manufacturer’s instructions.
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Western Blot Analysis

Protein was extracted from abdominal aortas and cultured VSMCs as
previously described.57 Equal amounts of protein were electrophor-
esed on SDS-PAGE and electrotransferred to a polyvinylidene fluo-
ride membrane (Millipore). The membranes were blocked with 5%
milk in Tris-buffered saline with Tween 20 (TBST) for 2 h at room
temperature and incubated overnight at 4�C with the following pri-
mary antibodies: anti-Atg5 (1:1,000, Abcam, ab108327), anti-Beclin1
(1:1,000, Abcam, ab207612), anti-NF-kB p50 (1:1,000, Abcam,
ab32360), anti-NF-kB p65 (1:1,000, Abcam, ab16502), anti-LC3B
(1:1,000, Abcam, ab48394), anti-mTOR (1:1,000, Abcam, ab2732),
anti-phospho-mTOR (1:1,000, Abcam, ab109268), anti-KLF3
(1:1,000, Santa Cruz Biotechnology, sc-514500), anti-b-tubulin
(1:1,000, Abcam, ab6046), anti-NEDD4L (1:1,000, Abcam,
ab46521), anti-PFKP (1:1,000, Abcam, ab204131), anti-b-actin
(1:1,000, Santa Cruz Biotechnology, sc-47778), anti-eEF1A1
(1:1,000, Abcam, ab157455), anti-MYH9 (1:1,000, Abcam,
ab75590), anti-VDAC3 (1:1,000, Proteintech, 14451-1-AP), anti-in-
tegrin b1 (1:1,000, Abcam, ab179471), anti-HA tag (1:1,000, Abcam,
ab9110), anti-Flag tag (1:1,000, Proteintech, 20543-1-AP), anti-Erk1/
2 (1:1,000, Abcam, ab17942), anti-phospho-Erk1/2 (Thr202/Tyr204)
(1:1,000, Cell Signaling Technology, 4370), anti-Akt (1:1,000, Cell
Signaling Technology, 2920), and anti-phospho-Akt (Ser473)
(1:1,000, Cell Signaling Technology, 4060). Then, membranes were
washed, and after incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody (1:5,000, Rockland Immunochemi-
cals, KOA0136) for 1 h at room temperature, protein blots were
treated with the Immobilon western chemiluminescent HRP sub-
strate (Millipore) and detected by ECL (enhanced chemilumines-
cence) Fusion Fx (Vilber Lourmat). Images were captured and pro-
cessed by FusionCapt Advance Fx5 software (Vilber Lourmat). All
experiments were replicated three times.

ELISA

The concentrations of IL-1b, IL-6, and TNF-a were determined in
the culture supernatants from 1 � 107 cells/well VSMCs treated
with the different stimuli using a commercial ELISA kit (Proteintech,
KE1002, KE1003, KE1007) according to the manufacturer’s instruc-
tions. The absorbance at 450 nm was detected with a Multiskan
Ascent (SPECTRAFluor Plus, Tecan).

Immunofluorescence Staining

Immunofluorescence staining was performed with 4-mm paraffin
cross-sections from mouse abdominal aorta as well as with parafor-
maldehyde-fixed cells. After deparaffinization with xylene and rehy-
dration, the slides were blocked by pre-incubation with 10% normal
goat serum (KPL, 710027) for 1 h. Paraformaldehyde-fixed VSMCs
were permeabilized by incubation with 0.1% Triton X-100 in phos-
phate-buffered saline (PBS) for 30 min. Then, the tissue section or
cells were incubated overnight at 4�C with the following primary an-
tibodies: anti-a-SMA (1:50, Santa Cruz Biotechnology, sc-130617),
anti-Beclin1 (1:100, Abcam, ab207612), anti-LC3B (1:100, Abcam,
ab48394), anti-KLF3 (1:50, Santa Cruz Biotechnology, sc-514500),
anti-NEDD4L (1:100, Abcam, ab46521), and anti-PFKP (1:100, Ab-
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cam, ab204131). Secondary antibodies were rhodamine-labeled anti-
body to rabbit immunoglobulin G (IgG) (1:50, KPL, 031506) and
fluorescein-labeled antibody to mouse IgG (1:50, KPL, 021815), or
rhodamine-labeled antibody to mouse IgG (1:50, KPL, 031806) and
fluorescein-labeled antibody to rabbit IgG (1:50, KPL, 021516), and
40,6-diamidino-2-phenylindole (DAPI) (1:50, MP Biomedicals,
157574) was used to stain nuclei in each experiment. Images were
captured by confocal microscopy (DM6000 CFS, Leica Microsys-
tems) and processed by LAS AF software.
CoIP Assays

coIP was carried out as described previously.58 Briefly, the proteins
from 1 � 107 cells/well VSMCs were first immunoprecipitated with
3 mg of anti-NEDD4L, anti-PFKP, and anti-ubiquitin antibodies,
respectively, for 1 h at 4�C, followed by incubation with protein A-
agarose overnight at 4�C. The complexes of protein A-agarose-anti-
gen-antibody were pelleted by centrifugation at 12,000 rpm for
2 min at 4�C. Then, the collections were washed with 600 mL of
IPH buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM
EDTA, 0.5% Nonidet P-40 [NP-40], and 0.1 mM phenylmethylsul-
fonyl fluoride) for 20 min at 4�C for five times. The bound proteins
were resolved by SDS-PAGE, followed by western blotting with anti-
bodies against PFKP, NEDD4L, Flag, HA, and Ubi.
ChIP Assays

The ChIP assay was carried out as described previously.58 In brief, 1%
formaldehyde was used to treat VSMCs for 10 min to cross-link pro-
teins with DNA. The cross-linked chromatin was then prepared and
sonicated to an average size of 400–600 bp. The DNA fragments were
immunoprecipitated overnight at 4�C with the antibodies against
KLF3 (Santa Cruz Biotechnology, sc-514500) and anti-IgG (as a nega-
tive control). After reversal of cross-linking, KLF3 occupancy on the
NEDD4L gene promoter (the region between –380 and +34 bp) was
examined by PCR with the primers listed in Table S2 for ChIP, and a
negative control region upstream of the NEDD4L promoter (the re-
gion between –1880 and –1040 bp) was also amplified. All experi-
ments were replicated at least three times.
Luciferase Assays

Human embryonic kidney 293A cells were maintained in high-
glucose DMEM supplemented with 10% FBS as previously
described.59 For luciferase assays, 3 � 104 cells/well were seeded in
a 24-well plate and grown for 24 h prior to co-transfection with a
Sal-miR-58 (GenePharma) or negative control (NC)mimic combined
with 100 ng of wild-type KLF3 30 UTR reporter plasmids or mutant
KLF3 30 UTR reporter plasmids. 293 cells were also transfected
with a luciferase-harboring NEDD4L promotor (KLF3 binding
site), pcDNA3.1-KLF3, empty vector, and the pTK-RL plasmid using
Lipofectamine 2000 reagent (Invitrogen, 11668019) according to the
manufacturer’s instructions. Luciferase assays were performed using
a Dual-Glo luciferase assay system (Promega, Madison, WI, USA)
24 h after transfection. Specific promoter activity was expressed as
the relative activity ratio of firefly luciferase to Renilla luciferase. All
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transfected constructs were evaluated in at least three separate wells
per experiment.
Analysis of Autophagic Flux in VSMCs Infected withmRFP-GFP-

LC3 Double-Labeled AAV

Analysis of autophagic flux in VSMCs infected with mRFP-GFP-LC3
was performed as previously described.60 Briefly, 2 � 104 cells/well
were infected with Adv-mRFP-GFP-LC3 (Hanbio Biotechnology) at
an MOI of 20. After the culture media containing adenoviral particles
were replaced with fresh media, the cells were cultured for another 24
h. The collected cells were washed with PBS, fixed with 4% parafor-
maldehyde, and images were captured by confocal microscopy
(DM6000 CFS, Leica Microsystems) and processed by LAS AF
software.
Protein Extraction and Label-Free Quantitative Analysis of

Ubiquitylome

VSMCs were sonicated three times on ice using a high-intensity ultra-
sonic processor (Scientz Biotechnology) in lysis buffer (8 M urea, 1%
protease inhibitor cocktail). The remaining debris was removed by
centrifugation at 12,000 � g at 4�C for 10 min. Finally, the superna-
tant was collected and the protein concentration was determined with
a bicinchoninic acid (BCA) kit according to the manufacturer’s in-
structions. Ubiquitylome analysis by label-free quantification was
performed in PMT Biolabs in Hangzhou, China. For liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis, the
NEDD4L-modified peptides were desalted with C18 ZipTips (Milli-
pore) according to the manufacturer’s instructions. The resulting
MS/MS data were processed using a MaxQuant search engine
(v1.5.2.8). Tandem mass spectra were searched against the database
concatenated with the reverse decoy database. Ubiquitylome analysis
(label-free) was independently repeated and verified by western blot
analysis.
siRNA Transfection

siRNAs targeting mouse KLF3 (si-KLF3), PFKP (si-PFKP), and
NEDD4L (si-NEDD4L) were designed and synthesized by Gene-
Pharma (Shanghai, China). Non-specific siRNA (si-Ctl) was pur-
chased from Santa Cruz Biotechnology. Transfection was performed
using Lipofectamine 2000 reagent according to the manufacturer’s in-
structions. Twenty hours following transfection, VSMCs were treated
with Ang II (10�7 M). Cells were then harvested and lysed for western
blotting. All the sequences of siRNAs are listed as Table S3.
Statistical Analysis of Experimental Data

All statistical analyses were performed using GraphPad Prism 5 soft-
ware (GraphPad, La Jolla, CA, USA). The data presented as bar
graphs are the means ± SEM of at least three independent experi-
ments. Differences between two groups were assessed using analysis
of variance followed by a Student’s t test. For multiple comparisons
or repeated measurements, ANOVA or repeated ANOVA followed
by a Tukey’s post hoc test was used. A p value of <0.05 was considered
statistically significant.
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