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MiR-216a: a link between endothelial dysfunction
and autophagy

R Menghini1, V Casagrande1, A Marino1, V Marchetti1, M Cardellini1, R Stoehr1, S Rizza1, E Martelli2, S Greco3, A Mauriello2,
A Ippoliti2, F Martelli3, R Lauro1 and M Federici*,1

Endothelial dysfunction and impaired autophagic activity have a crucial role in aging-related diseases such as cardiovascular
dysfunction and atherosclerosis. We have identified miR-216a as a microRNA that is induced during endothelial aging and,
according to the computational analysis, among its targets includes two autophagy-related genes, Beclin1 (BECN1) and ATG5.
Therefore, we have evaluated the role of miR-216a as a molecular component involved in the loss of autophagic function during
endothelial aging. The inverse correlation between miR-216a and autophagic genes was conserved during human umbilical vein
endothelial cells (HUVECs) aging and in vivo models of human atherosclerosis and heart failure. Luciferase experiments
indicated BECN1, but not ATG5 as a direct target of miR-216a. HUVECs were transfected in order to modulate miR-216a
expression and stimulated with 100 lg/ml oxidized low-density lipoprotein (ox-LDL) to induce a stress repairing autophagic
process. We found that in young HUVECs, miR-216a overexpression repressed BECN1 and ATG5 expression and the ox-LDL
induced autophagy, as evaluated by microtubule-associated protein 1 light chain 3 (LC3B) analysis and cytofluorimetric assay.
Moreover, miR-216a stimulated ox-LDL accumulation and monocyte adhesion in HUVECs. Conversely, inhibition of miR-216a in
old HUVECs rescued the ability to induce a protective autophagy in response to ox-LDL stimulus. In conclusion, mir-216a
controls ox-LDL induced autophagy in HUVECs by regulating intracellular levels of BECN1 and may have a relevant role in the
pathogenesis of cardiovascular disorders and atherosclerosis.
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Aging represents a major risk factor for cardiovascular
diseases including heart failure and atherosclerosis.1 Among
the age-associated functional and structural changes, of
particular note, is the decline in endothelial function and
endothelial dysfunction has been demonstrated to be an early
step in the development of atherosclerosis, contributing to the
formation, progression and complications of atherosclerotic
plaques.2 Therefore, the study of new target therapies to
prevent or reverse this process represents a field of great
interest. Autophagy an evolutionary conserved process
involved in the degradation of long-lived proteins and excess
of dysfunctional organelles, has recently been considered as
a protective mechanism during the development of athero-
sclerosis because of its ability to stabilize plaques through the
processing of oxidatively modified proteins, whereas acquired
defects in plaques autophagy exacerbate atherosclerosis.3

Moreover, recent evidence suggests a role for autophagy in
the maintenance of cardiac homeostasis and an imbalance in
the autophagy regulation leads to the progression of heart
failure.4 The age-associated reduction of autophagic activity
has been reported5 and recent studies have revealed that the

same signaling factors regulate both aging and autophago-
cytosis, thus highlighting the role of autophagy in the
regulation of aging and age-related diseases.6 However, the
underlying molecular mechanisms linking autophagy to
endothelial dysfunction, atherosclerosis and myocardial
infarction has not been fully explored. Oxidized low-density
lipoprotein (ox-LDL) contributes greatly to the development
and progression of atherosclerosis7 and previous studies
found that ox-LDL can activate autophagy as a protective
mechanism, leading to the degradation of ox-LDL through
lysosomes in endothelial cells, vascular cells and macro-
phages.8–10 Cellular aging is a complex cell phenotype tightly
controlled by specific gene expression programs11 and a
prominent class of post-transcriptional regulators, defined
microRNAs (miRNAs), has emerged in recent years. MiRNAs,
a class of small, non-coding RNAs which interact with
selected target mRNAs, repressing their expression, regulate
endothelial dysfunction. To date, several miRNAs involved in
endothelial cell function have been identified.12 MiRNAs have
also been implicated in the full range of processes of cellular
senescence, inflammation and cardiovascular diseases.13
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We recently showed that miR-217 and miR-146a regulate
senescence in human umbilical vein endothelial cells
(HUVECs).14,15 In the present study, we hypothesized that
miR-216a, an miRNA induced during endothelial aging, also
represents a new autophagy-related miRNA, acting through
the regulation of its autophagy-promoting gene target, Beclin1
(BECN1). In particular, we aimed to evaluate whether miR-
216a may inhibit ox-LDL-induced autophagy in HUVECs,
leading to an impairment in ox-LDL degradation and
implementing miR-216a as being crucial in atherogenesis
and cardiovascular diseases.

Results

MiR-216a is upregulated and autophagy is impaired in
aging HUVECs. In a previous work, we have profiled the
miRNA signature during HUVECs aging using a DNA
Microarray approach, comparing samples from young cells
(population doubling levels (PDLs) 8) versus old cells
(PDLs44), according to an established endothelial senes-
cence model. Obtained results indicated miR-216a as one of
the miRNAs most induced with aging, and quantitative
RT-PCR analyses confirmed the increase of miR-216a
expression in old cells (n¼ 10 per group) (Figure 1a).14

Computational miRNAs target analysis identified miR-216a
potential target sequences in the 30UTR regions of two
essential autophagy genes: BECN1 and ATG5 (Supplementary
Figure 1A), whose expression was accordingly downregulated
in old HUVECs, as assessed by RT-PCR and western blot
(Figures 1a and b). Moreover, the protein expression of
the vesicle-associated form of the autophagic gene LC3B
(microtubule associated protein 1 light chain 3) (LC3B-II), an

important marker of autophagy, is reduced in older cells
(Figure 1b), indicating that autophagic function decreases
during endothelial senescence. To check whether sequences
in BECN1- and ATG5-30UTR are responsive to miR-216a,
we used pGL3-BECN1-30-UTR or pGL3-ATG5-30UTR
luciferase reporter vectors. Co-transfection of pre-miR-216a
(miR216a), a specific RNA precursor which mimics mature
miR-216a, with BECN1-30-UTR reporter in HEK293 cells
significantly decreased the relative luciferase activity
compared with samples transfected with one reporter gene
vector containing mutations in the predicted consensus
sequences for miR-216a (1819–1825 bases in the sequence
NM003766.3) (pGL3-BECN1mut-30-UTR) (Supplementary
Figure 1A). As expected, the nontargeting control scramble
oligonucleotide did not have any effect on the reporter activity
of both vectors (Figure 1c). These results demonstrated that
the miR-216a binding sequences in the BECN1-30-UTR is the
region required for the miR-216a-mediated inhibition of
BECN1 expression. On the contrary, in HEK293 cells
transfected with ATG5-30UTR reporter, there were no
significant differences in the relative luciferase activities
between cells co-transfected with miR216a or control
oligonucleotide (Supplementary Figure 1B). In summary,
these findings suggest that BECN1, but not ATG5, repre-
sents a direct target of miR-216a.

The inverse correlation between miR-216a and autophagic
genes is conserved in vivo in human cardiovascular
diseases. Marker proteins of autophagy have been
detected in atherosclerotic plaques and autophagy becomes
dysfunctional with plaques progression.16 Therefore, we first
analyzed 10 stable and 10 unstable atherosclerotic plaques

Figure 1 Autophagy is impaired in HUVECs during aging. (a) RT-PCR of endogenous miR-216a (n¼ 10 per group), BECN1 and ATG5 mRNA levels (n¼ 6) and
(b) BECN1, ATG5 and LC3B protein levels (n¼ 4) in HUVECs aging model. (**Po0.005, ***Po0.0005. Student’s t-test, data are mean ± S.E.M.). (c) miR-216a
dose-dependent suppression of luciferase activity in HEK293 cells transfected with pGL3-BECN1-30UTR vector containing miR-216a consensus binding sequences in the
BECN1-30-UTR, or pGL3-BECN1mut-30UTR vector containing mutated miR-216a consensus binding sequences in the BECN1-30-UTR (n¼ 4). (**Po0.005, ***Po0.0005
miR-216a transfected cells compared with controls) by one-way ANOVA. Data are mean ± S.E.M.
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from a previous study14 observing increased expression of
miR-216a in unstable compared with stable plaques (n¼ 10
per group) (Figure 2a); we next, investigated whether the
miR-216a increase is associated with inhibition of autophagy
during atherogenesis in vivo. To this end, we analyzed the
expression of miR-216a and autophagic markers in a larger
sample of human atherosclerotic plaques (n¼ 65).

Our results confirmed the negative correlation that we had
found in HUVECs, between miR-216a and both BECN1 and
ATG5 mRNA level (Figure 2b). To identify factors associated
with miR-216a, we performed a linear regression analysis
by including waist, sex, age and the use of statins as
independent variables in the model. Among the variables
included in the analysis, only LDL cholesterol levels (b¼ 0.07,
CI 95%¼ 0.01–0.13, P¼ 0.028) emerged as an indepen-
dent and significant correlation factor (Table 1). Moreover,
dividing patients into tertiles of plasma cholesterol LDL, we
also found that miR-216a expression in atherosclerotic
plaques is significantly increased in patients with higher LDL
level compared with individuals with lower LDL levels
(Figure 2c).

Greco et al.17 have recently shown that miR-216a,
detectable in human endothelial cells but not in isolated
mouse cardiac myocytes and fibroblasts, is significantly
increased in myocardial biopsies from heart failure (HF)
patients (n¼ 13) compared with normal subjects (n¼ 12).
Here we show that in the same samples the mRNA expression

of both BECN1 and ATG5 is reduced with HF (Figure 2d) and
is negatively correlated with miR-216a level (Figure 2e),
suggesting a role for endothelial miR-216a in regulating
autophagy genes during HF.

The results of these experiments indicate that alterations in
miR-216a expression can cause corresponding changes in
autophagy in vivo in both atherosclerosis and myocardial
infarction.

MiR-216a negatively regulates endogenous BECN1
expression in HUVECs. To obtain further experimental
evidences supporting BECN1 as a target for miR-216a in
endothelial cells, we examined the effect of miR-216a
modulation on BECN1 expression. We found that

Figure 2 miR-216a and autophagy-related genes in atherosclerosis and heart failure. (a) Expression of miR-216a in unstable compared with stable plaques (n¼ 10 per
group) (*P¼ 0.02. Student’s t-test, data are mean ± S.E.M.). (b) Correlation between miR-216a and BECN1 and ATG5 mRNA expression in human atherosclerotic plaques
(n¼ 65) (Spearman’s correlation test). (c) miR-216a expression in patients divided upon circulating LDL tertiles (LSD post-hoc analysis) D, BECN1 and ATG5
mRNA expression in myocardial biopsies from heart failure (HF) patients (n¼ 13) compared with normal subjects (n¼ 12) (*Po0.05, **Po0.01.Student’s t test, data are
mean ± S.E.M.). (e) Correlation between miR-216a and BECN1 and ATG5 mRNA expression in myocardial biopsies (n¼ 25) (Spearman’s correlation test)

Table 1 Linear regression analysis to identify factors associated with miR-216a
in atherosclerotic plaques

Independent variables P b 95% CI for b

Lower Upper

Age 0.512 0.01 �0.02 0.04
Sex (male/female) 0.381 �0.16 �0.531 0.211
Waist 0.493 0.05 �0.09 0.18
LDL cholesterol 0.028 0.07 0.01 0.13

Dependent variable: Mir216. This model is statistically significant (adjusted
R2: 0.11, P¼ 0.01)
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overexpression of miR-216a in PDLs8 HUVECs significantly
inhibited BECN1 expression both at mRNA and protein levels
(Figures 3a and b). Interestingly, an indirect effect is also
observed on ATG5 regulation; in fact ATG5 mRNA and
protein expressions are reduced in miR-216a transfected
cells compared with cells transfected with Co (Figures 3a and b).
After transfection, miR-216a levels were determined by
RT-PCR (Supplementary Figure 1C). Gene-expression
studies revealed that miR-216a is also able to downregulate
BECN1 in other models of endothelial cells such as HAEC
and HCAEC (Figure 3c). Knockdown of endogenous
miR-216a with a specific antisense miR-oligonucleotide
(A216a) in PDLs44 significantly increased BECN1 and
ATG5 mRNA and protein expression (Figures 3d and e).
Autophagy activation, evaluated by LC3B analysis is not
affected by miR-216a modulation in both young and old cells
(data not shown).

MiR-216a overexpression inhibits ox-LDL-induced
autophagy in HUVECs. BECN1 has an essential role in
activating autophagy. To determine the functional conse-
quence of its modulation by miR-216a in HUVECs, we tested
the effect of miR-216a on autophagic response to stress-
induced endothelial dysfunction in young endothelial cells.
Ox-LDL is a major risk factor in the development of
atherosclerosis and plasma level of ox-LDL shows a good

correlation with HF severity and mortality. Oxidized lipids
have been demonstrated to trigger autophagy in endothelial
cells as a protective mechanism to prevent early processes
of atherosclerosis.7,8,18 Therefore we investigated whether
miR-216a expression may interfere with the autophagy
activity induced by ox-LDL treatment in PDLs8 HUVECs.
First, we found that in PDLs8 HUVEC ox-LDL (100 mg/ml,
16 h) stimulated cells, miR-216a expression is significantly
downregulated compared with control cells (Figure 4a).
Moreover our results confirmed that treatment of young cells
with ox-LDL is able to activate autophagy, as evidenced by
the increases in BECN1, ATG5, LC3B mRNA and protein
amounts (Figures 4b and c). Notably, PDLs8 HUVECs
transfected with miR-216a showed a blunted autophagic
response to ox-LDL, as evaluated by a significant reduction
in BECN1, ATG5, LC3B mRNA and protein expressions
(Figures 4b and c). To establish the relevance of the
present findings to other endothelial models, we analyzed
the expression of miR-216a during aging in human aortic
endothelial cells (HAECs) finding an increase of miR-216a in
PDLs44 HAECs compared with PDLs8 cells (Supplementary
Figure 2A). In young HAECs, miR-216a expression is also
downregulated in ox-LDL treated cells (Supplementary
Figure 2B) and the overexpression of miR-216a leads to a
reduction of BECN1, ATG5 and LC3B mRNA in the presence
of ox-LDL (Supplementary Figure 2C), suggesting that the

Figure 3 miR-216a regulates the expression of BECN1 in endothelial cells. (a) BECN1 and ATG5 mRNA and (b) protein expression in PDLs8 HUVECs transfected
with miR216a or scramble M control (n¼ 4). (c) BECN1 mRNA expression in PDLs8 HAECs and HCAEC transfected with miR-216a or scramble M oligo (n¼ 4).
(d) BECN1 and ATG5 mRNA and e, protein expression in PDLs44 HUVECs transfected with A216a or scramble A control (n¼ 4). (*Po0.05, **Po0.01. Student’s t-test, data
are mean ± S.E.M.)
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mechanism of miR-216a regulation of autophagy is
conserved in different models of endothelial cells.

To confirm the inhibition of ox-LDL-induced autophagy by
miR-216a, we analyzed the autophagic activity in live cells by
a flow cytometric assay and found that in ox-LDL-exposed
PDLs8 HUVECs, miR216a overexpression reduced the
percentage of autophagy by almost 40% compared with the
ox-LDL cells transfected with the control scramble oligo
(Figure 5a). To further confirm this result, we analyzed LC3B
processing and LC3B-II accumulation in young HUVECs.
Fluorescence microscopy revealed a punctuate pattern of
endogenous LC3B, indicating the processing of soluble
LC3B-I to membrane-bound LC3B-II in autophagic vacuoles
in ox-LDL-exposed cells, whereas the overexpression of miR-
216a inhibited the formation of LC3B-II positive dots in
presence of ox-LDL (Figure 5b). Conversely to its effect on
ox-LDL-induced autophagy, overexpression of miR-216a in
young cells did not affect the autophagic process induced by
starvation, as evidenced by LC3B mRNA levels, and
endogenous punctuate pattern of LC3 (Supplementary
Figures 3A and B), indicating a specific role for miR-216a in
atherogenic stress response.

MiR-216a induces ox-LDL accumulation and monocyte
adhesion in HUVECs. Previous reports indicated that
inhibition of autophagy induces ox-LDL accumulation in
HUVECs.8 Therefore, to evaluate whether the inhibitory
effect of miR-216a on ox-LDL-induced autophagic response
has a role in the control of endothelial function, we performed
experiments using dioctadecyl-tetramethylindo-carbocyanine
perchlorate (Dil)–labeled oxidized LDL (Dil-oxLDL) (100 ng/ml,
16 h), ox-LDL labeled with a fluorescent probe, and showed

that miR-216a overexpression induced ox-LDL accumulation
in PDLs8 HUVECs, suggesting that miR-216a inhibition of
ox-LDL-induced autophagy is involved in the uptake and
degradation of ox-LDL (Figure 5c). As modulation of
monocyte adhesion onto ox-LDL-activated endothelium
could represent a miR-216a atherogenic mechanism in the
early stage of atherosclerosis, we performed an in vitro
adhesion assay using THP-1 monocytes stained with 5- and
6-carboxyfluorescein diacetate (CFDA-SE). Obtained data
indicated a marked increase in THP-1 adherence to the
ox-LDL-activated young HUVECs overexpressing miR-216a
(Figure 5d).

Downregulation of miR-216a protects from ox-LDL
accumulation and monocyte adhesion in old HUVECs.
Unlike young cells, old HUVECs showed a significant
increase of miR-216a in response to ox-LDL stimulation
(Figure 6a). To test whether silencing endogenous miR-216a
in old HUVECs would have a positive impact on endothelial
function, we transfected A216a in PDLs44 HUVECs and
checked the effect in the presence of ox-LDL. Our results
showed that miR-216a inhibition in ox-LDL exposed old cells
resulted in a significant increase of LC3B punctuate
(Figure 6b) and reduction of ox-LDL uptake (Figure 6c) and
THP-1 adhesion (Figure 6d), indicating an increase in
autophagic activity that may exert a protective anti athero-
genic role against ox-LDL treatment.

Discussion

Diminished autophagic activity has a major role in several
aging-related disorders.19 In this study, we first demonstrated

Figure 4 miR-216a regulation of ox-LDL-induced autophagy genes in PDLs8 HUVECs. (a) Endogenous miR-216a expression in PDLs8 HUVECs treated with ox-LDL
(100mg/ml, 16 h) (*Po0.05 Student’s t-test, data are mean ± S.E.M.). PDLs8 HUVECs transfected with miR216a and treated with ox-LDL were analyzed for: (b and c),
BECN1, ATG5 and LC3B mRNA (n¼ 6) and protein expression (n¼ 4). (*Po0.05, **Po0.005, ***Po0.0005. one-way ANOVA. Data are mean ± S.E.M.)
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that key autophagy-related genes, such as BECN1, ATG5
and LC3B-II, are decreased during HUVEC aging, suggest-
ing, as already reported in other cell lines, that the autophagic
process is impaired with aging at multiple steps of the
pathway.20 Moreover, we identified miR-216a as an miRNA
induced during endothelial aging that is able to directly reduce
the expression of BECN1, leading to an indirect down-
regulation of ATG5. BECN1 controls the early stages of
autophagic vesicle formation and it was previously shown that
inhibition of BECN1 blocked autophagy in many experimental
systems.21 Therefore BECN1 cellular levels are critical for the
activation of the canonical autophagy pathways. Other
miRNAs, such as miR-376b and miR-30a, were recently
shown to have a role in autophagy regulation in different
cellular models, in particular through the regulation of
BECN1.21–23 However, in our cellular model, we could not
find any modulation of those specific miRNAs during
endothelial aging.

The in vitro data could be also translated in vivo; in fact, we
showed that miR-216a is expressed in atherosclerotic
plaques obtained from patients who underwent carotid
endarterectomy for symptomatic disease and is negatively
correlated with both, BECN1 and ATG5 mRNA expression.
Moreover, LDL cholesterol levels are independent predictors
of high miR-216a expression even after adjusting for potential
confounders such as aging, gender, abdominal adiposity and
the use of drugs affecting LDL cholesterol levels (statins).

Dyslipidemia is known to be closely associated with athero-
sclerosis.24 Several studies have shown that LDL cholesterol
and total cholesterol concentrations are related to ox-LDL
measured by different antibodies.25 Oxidation of LDL and its
transfer across the endothelium into the arterial wall are
crucial steps in the atherogenic process and are probably
affected by the susceptibility of LDL to oxidation, the particle
size, and the amount of LDL in the circulation, the composition
of LDL and local oxidative stress in the arterial wall.23 Ox-LDL
levels are significantly increased in subjects with various
dyslipidemias and coronary artery disease and the concen-
trations of serum LDL cholesterol represents an independent
determinant of ox-LDL, thus being one of the most important
factors contributing to the generation of circulating ox-LDL.26

Therefore, we can speculate that LDL cholesterol levels
reflect an increase of ox-LDLs that in turn may be related to
miR-216a expression and regulation.

Limitations to our findings in atherosclerotic plaques are
due to the evidence that detection of autophagy in plaques is
problematic and good biological markers are still needed to
better determine the involved cell types and the associations
with early or late lesions.

The role of miR-216a in cardiovascular system is also
proven by the evidence that it is significantly increased in
myocardial biopsies from patients with ischemic heart failure,
compared with normal subjects. In addition, miR-216a
expression was already demonstrated to be detectable in

Figure 5 miR-216a overexpression blocked ox-LDL-induced autophagy and regulates ox-LDL accumulation and monocytes adhesion in PDLs8 HUVECs. (a) Cyto-ID
autophagy detection expressed as a percentage of total viable cells (n¼ 6). (b) LC3B immunofluorescence showing LC3B-II positive signals with punctuate structures in
control cells under ox-LDL treatment and a reduction in ox-LDL miR216a transfected cells. Scale bar, 60X. Fluorescence intensity from experiment derived from average of 35
cells in four images per group. (**Po0.005, one-way ANOVA. Data are mean ± S.E.M.). PDLs8 HUVECs transfected with miR-216a and treated with Dil-ox-LDL or ox-LDL
were analyzed for: (c) Dil-ox-LDL fluorescence (***P¼ 0.0002 Student’s t-test, data are mean ± S.E.M.) and d, THP-1 monocyte adhesion. (*Po0.05, **Po0.005, one-way
ANOVA. Data are mean ± S.E.M.)

MiR-216, autophagy and endothelial dysfunction
R Menghini et al

6

Cell Death and Disease



human endothelial cells but not in isolated mouse cardiac
myocytes and fibroblasts suggesting that it might take part
in the physiological and pathophysiological vascular
processes.17 Confirming in another model in vivo the data
obtained in atherosclerotic plaques, we found that autophagy
is downregulated in heart failure and is inversely correlated to
miR-216a expression. Coronary atherosclerosis is the main
cause of heart failure and myocardial endothelial cells have a
crucial role in regulating and maintaining cardiac function.
Endothelial dysfunction in the heart has been described after
MI, ischemia-reperfusion injury and in failing hearts.27–29

Oxidative stress levels may have a significant role in the
pathogenesis of heart failure, and plasma levels of ox-LDL
show a good correlation with heart failure severity and
mortality.18 Moreover, a significant negative correlation exists
between the plasma level of ox-LDL and left ventricular
ejection fraction (LVEF).30 Interestingly, miR-216a expression
was also inversely correlated with LVEF, indirectly suggesting
an miR-216a activation in presence of high levels of ox-LDL.
The extent of adverse myocardial remodeling contributes
essentially to the prognosis after myocardial infarction and
strategies aimed at inducing autophagy represent novel
potential therapeutic approach to limit infarction size and to
attenuate adverse left ventricular remodeling following
myocardial infarction. Autophagy activation, especially in the
border zone of the infarcted myocardium, limits infarct size.31

MiR-216a has been found to be further increased in the border
zone compared with remote in the myocardial biopsies from

heart failure patients, suggesting a link with autophagy
impairment in severe disease. Due to the in vivo relevance
of miR-216a in cardiovascular diseases, we investigated its
role in a cellular model of endothelial dysfunction. In young
endothelial cells, miR-216a expression led to an impairment of
autophagy activation induced by an atherogenic stimulus,
such as ox-LDL, leading to an increase in ox-LDL accumula-
tion and monocyte adhesion; features resembling an aging
phenotype. Interestingly, in old endothelial cells, the restora-
tion of this component of the autophagy pathway through
miR-216a inhibition could improve the autophagic functions in
response to ox-LDL, resulting in a delay of the cellular aging
process. MiR-216a is significantly reduced by ox-LDL in
young endothelial cells, whereas it is increased by ox-LDL in
old endothelial cells, suggesting the activation of different
regulatory systems with aging in response to ox-LDL and that
dynamically changing environmental modifications may have
great potential to influence ox-LDL-mediated signaling and
subsequent response during atherogenesis and cardiovas-
cular diseases. In addition, we found that the autophagy
induced by starvation was not affected by miR-216a modula-
tion, indicating a specific role for miR-216a in response to
vascular damage. On the contrary, miR376b, targeting
BECN1, is involved in the regulation of starvation-induced
autophagy in cancer cells.21 Because several miRNA
sequences are recognizable in BECN1-30UTR region and
considering the crucial role of BECN1 in the autophagy
activation, it is conceivable that different conditions and

Figure 6 miR-216a inhibition reduces ox-LDL accumulation and monocytes adhesion on PDLs44 HUVECs. (a) Endogenous miR-216a expression in PDLs44 HUVECs
treated with ox-LDL (100mg/ml, 16 h) (*Po0.03 Student’s t-test, data are mean ± S.E.M.). PDLs44 HUVECs transfected with A216a and treated with ox-LDL or Dil-ox-LDL
were analyzed for: (b) LC3B immunofluorescence ( ***Po0.0005, one-way ANOVA. Data are mean ± S.E.M.), (c) Dil-ox-LDL fluorescence (***Po0.0001 Student’s t test,
data are mean ± S.E.M.), d, THP-1 monocyte adhesion. (*Po0.05, one-way ANOVA. Data are mean ± S.E.M.). (n¼ 4 for each experiment)
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cellular events affect the expression of specific miRNAs
regulating BECN1 and thereby control autophagy.

Aberrant expression of miRNAs is known to act on many
pathophysiological processes, including endothelial dysfunc-
tion. There have been many studies focusing on miRNAs
function in the vasculature and the heart.32,33 However, few
reports have concentrated on the effect of miRNAs on
autophagy gene expression in a context different from
neoplastic disease. Our study indicates that miR-216a might
have very important roles in aging-related cardiovascular
diseases including atherosclerosis and heart failure. To our
knowledge, this is the first report demonstrating that one
microRNA may represent a connection between autophagy
and endothelial dysfunction. Considering that both are
important responses to oxidative stress and that their
dysregulation has been implicated in aging, atherosclerosis
and heart failure, our finding could help to gain a better
understanding of the pathogenesis, prevention and treatment
of cardiovascular aging-related diseases.

Materials and Methods
Cells and cell culture. Human umbilical vein endothelial cells (HUVECs),
human aortic endothelial cells (HAECs), and human coronary artery endothelial
cells (HCAECs) were purchased from Lonza (Basel, Switzerland) and cultured as
described previously.34 Population-doubling levels (PDLs) were calculated as
described previously;35 briefly, the number of population doublings (PD) that
occurred between passages was calculated according to the equation
PD¼ log2(Ch/Cs), where Ch is the number of viable cells at harvest and Cs is
the number of cells seeded. All experiments were performed at the PDLs indicated
in the text. Cells were incubated at 37 1C, 16 h, in the presence of 100mg/ml
ox-LDL (Biomedical Technologies Inc., Stoughton, MA, USA).

miRNA and mRNA real-time quantitative reverse-transcription
polymerase chain reaction analysis. Real-time quantification to
measure miRNAs was performed in samples obtained by using mirVana miRNA
isolation kit according to the instructions (Ambion Inc, Austin, TX, USA) with the
TaqMan miRNA reverse transcription kit and miRNA assay according to the
manufacturer’s protocol with the ABI PRISM 7000 system (Applied Biosystems,
Foster City, CA, USA). The U43 small nucleolar RNA (RNU43) was used as the
housekeeping small RNA reference gene. For mRNA analysis, single-strand
complementary DNA (cDNA) was synthesized from 1 mg of total RNA sample
isolated through TRIzol reagent (Invitrogen, Carlsbad, CA, USA) with a high-
capacity cDNA archive kit according to the standard protocol. Fifty nanograms of
cDNA was amplified by real-time polymerase chain reaction (RT-PCR) and
normalized to 18S ribosomal RNA as an endogenous control. Each reaction was
performed in triplicate, and analysis was performed by the 2�DDCt method as
described previously.36

Western blot analysis. Total lysates were subjected to SDS-PAGE as
described previously.14 The following antibodies were used: BECN1, ATG5, LC3B
(Abcam Inc, Cambridge, MA, USA), and tubulin (Sigma, St Louis, MO, USA).

Luciferase assay. The pGL3-BECN1-30-UTR, pGL3-ATG5-30-UTR and
pGL3-BECN1mut-30-UTR vectors were obtained from Origene Technologies Inc.
(Rockville, MD, USA). Each vector, along with varying doses (20 and 40 nmol/l) of
miRIDIAN miR-216a mimic (MiR216a) or 40 nmol/l of control scramble sequence
specific for mimic (scramble M) (Dharmacon, Lafayette, CO, USA), was
transfected into human embryonic kidney 293 (HEK293) cells with Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s instructions. Cells were
cultured for 2 days and assayed with the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA).

Atherosclerotic plaque sampling and histology. Frozen human
atherosclerotic plaque samples (n¼ 65) from patients who underwent carotid
endarterectomy for symptomatic disease were homogenized with a polytron
homogenizer in TRIzol reagents (Invitrogen) for total RNA isolation. Real-time

PCR analyses were performed as described above. Subject characteristics and
treatments are described in Supplementary Table 1. Atherosclerotic plaque
histology was performed as previously described.37 The study was approved by
the ethics committee, and subjects provided informed written consent for the use
of atherosclerotic material for research use. All procedures were performed
according to the Declaration of Helsinki.

Myocardial biopsies. Left ventricular cardiac biopsies were derived from
consecutive patients affected by dilated hypokinetic ischemic cardiomyopathy and
obtained during surgical ventricular restoration procedures performed as described
previously.38 Biopsies were harvested from the nonischemic, remote myocardium
and processed as described previously.17 Briefly, samples were immediately
immersed in RNAlater (QIAGEN GmbH) and stored at 41C for no more than 24 h
before RNA extraction. Heart failure patients (HF) (n¼ 13, see Supplementary
Table 2 for clinical features) were sex- and age-matched with controls (CTR),
subjects who died from causes other than stroke, ischemia or cachexia for chronic
diseases (n¼ 12, three females/nine males, aged 61.4±14.5 years). Bioptic
specimens were taken after informed consent disclosing future use for research.
The investigation conformed to the principles outlined in the Helsinki Declaration
and to Italian laws and guidelines and was authorized by a local ethics committee.

miRNA transfection. Nucleofection of HUVECs was performed according to
the manufacturer’s instructions with the Nucleofector machine (Amaxa/Lonza,
Basel, Switzerland). Cells (1� 106) were resuspended in 100ml of HUVEC
nucleofection solution (Amaxa/Lonza), and 20 nmol/l of miRIDIAN miR-216a mimic
(miR216a), 20 nmol/l of miRIDIAN mir-216a inhibitor (A216a), or 20 nmol/l of
control scramble sequences specific for mimic (scramble M) or inhibitor (scramble
A) experiments (Dharmacon, Lafayette, CO, USA) was added. Samples were
transferred into certified cuvettes (Amaxa/Lonza) and transfected with program
A-034. Fresh medium (500ml) was added immediately after transfection to each
cuvette, and the cells were plated and incubated at 37 1C for 3 days.

Adhesion of monocytes to oxidized LDL-activated endothelial
cells. THP-1 monocytes were washed in PBS and were then labeled for 15 min
with CFDA-SE (Molecular Probes for Life Technologies, Carlsbad, CA, USA).
At the end, cells were re-suspended in fresh medium and were incubated for 30 min
at 37 1C. Labeled THP-1 were added (for 1 h, at 37 1C) to unactivated or oxidized
LDL-activated (ox-LDL 100mg/ml, 16 h, Biomedical Technologies Inc.) HUVEC
monolayers. THP-1 adhesion was visualized using an inverted microscope.

Immunofluorescence. HUVEC cells, after various treatments, were washed
in PBS and fixed for 15 min with 4% paraformaldehyde, permeabilized with
Methanol for 10 min at � 20 1C and blocked in PBS containing 5% normal goat
serum and 0.3% Triton-X-100 for 1 h at RT. Primary antibody against LC3B (Cell
Signaling) was used overnight at 4 1C in PBS containing 1% of BSA and 0.3%
Triton. Anti-goat IgG antibody conjugated to Alexa Fluor 488 was used for 1 h at
RT then rinsed several times; cells cultures on glass slides were mounted with
Vectashield mounting medium containing DAPI (Molecular Probes), and analyzed
with a confocal microscope (Nikon Inc., Melville, NY, USA). Images were digitally
analyzed to quantify the fluorescence intensity of cells.

Dil-ox-LDL incorporation study. Adherent cells were stained for the
uptake of Dil-ox-LDL (Biomedical Technologies Inc.). Cells were incubated at
37 1C in the presence of 100 ng/ml Dil-ox-LDL overnight. HUVECs were then
washed three times and fixed for 15 min in PBS containing 4% paraformaldehyde.
The number of total attached cells was evaluated by DAPI staining. Cells and
Dil-ox-LDL incorporation were visualized using a laser confocal microscope (Nikon
Inc.). Fifteen or more random microscopic fields were examined to quantify the
fluorescence intensity of Dil-ox-LDL incorporation.

Cyto-ID autophagy detection assay. HUVEC cells were maintained in
culture and treated with compound of interest. At the end of each treatment
0.5� 106 cells were trypsinized, washed and re-suspended in freshly diluted Cyto-
ID green Detection reagent as directed by the manufacturer (Cyto-ID Autophagy
Detection kit, Enzo Life Sciences, Farmingdale, NY, USA). Samples were
incubated at RT for 30 min and analyzed without washing in the green
channel (FL1) of a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA). Results were expressed as percentage of Cyto-ID positive cells of total
live cells.
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Statistical analysis. Quantitative variables were expressed as means
(± S.D.). Categorical variables were presented as percentages. Each quantitative
variable was checked for normality of distribution by the Kolmogorov–Smirnov test.
The Mann–Whitney test was used for variables with non-normal distributions.
The significance of difference between percentages in groups was evaluated
with the w2-test. ANOVA univariate with LSD post-hoc analysis was used to
compare inflammatory, biochemical, and clinical parameters among patients
divided in LDL cholesterol tertiles.

Correlation coefficients were used to describe simple relationships between
variables. We then used a multiple linear regression analysis to explore independent
association between miR-216a – entered into the model as the dependent variable
– and age, sex, waist and statins used as independent variables.

Student t-test or one-way analysis of variance (ANOVA) were used as
appropriate. A P value o0.05 was considered statistically significant. All analyses
were performed with GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA). a.u.
indicates arbitrary units.
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