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Hypoxia is a crucial factor contributing to maintenance of atherosclerotic
lesions. The ability of ABCAl to stimulate the efflux of cholesterol from
cells in the periphery, particularly foam cells in atherosclerotic plaques,
is an important anti-atherosclerotic mechanism. The posttranscriptional
requlation by miRNAs represents a key regulatory mechanism of a number
of signaling pathways involved in atherosclerosis. Previously, miR-199a-
5p has been shown to be implicated in the endocytic and retrograde
intracellular transport. Although the regulation of miR-199a-5p and ABCA1
by hypoxia has been already reported independently, the role of miR-199a-
5p in macrophages and its possible role in atherogenic processes such us
regulation of lipid homeostasis through ABCA1 has not been yet investigated.
Here, we demonstrate that both ABCA1 and miR-199a-5p show an inverse
regulation by hypoxia and Ac-LDL in primary macrophages. Moreover, we
demonstrated that miR-199a-5p regulates ABCAL mRNA and protein levels by
directly binding to its 3'UTR. As a result, manipulation of cellular miR-199a-
5p levels alters ABCAL expression and cholesterol efflux in primary mouse
macrophages. Taken together, these results indicate that the correlation
between ABCA1-miR-199a-5p could be exploited to control macrophage
cholesterol efflux during the onset of atherosclerosis, where cholesterol
alterations and hypoxia play a pathogenic role.
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Introduction

Atherosclerosis is the major cause of cardiovascular disease,
which is the leading cause of death worldwide (1). It
is characterized by the progressive accumulation of lipids,
inflammatory cells and fibrous material in the sub-endothelial
space of large arteries (2). Macrophages play a central role in
the development of this disease, since these cells are the key
mediators of the establishment, progression and, ultimately,
instability of atherosclerotic plaques (3). Among the plethora
of mechanisms involved in the development and progression
of atherosclerosis, hypoxia has been described as a relevant
factor for the maintenance of atherosclerotic lesions. Indeed,
in human atherosclerotic plaques, the hypoxic regions are
enriched in macrophages and foam cells, key pathological
hallmarks of the plaques (4, 5) and it has been recognized as a
trigger of inflammation (6). The transcription factor Hypoxia
Inducible Factor-1 (HIF-1), which is crucial in the cellular
adaptation to hypoxia (7), colocalizes with macrophages and
it is directly associated with inflammatory plaque phenotype,
angiogenesis, and hemorrhage in humans (5, 8, 9). Furthermore,
HIF-1 is also known to regulate key factors relevant to
atherosclerosis, such as genes involved in apoptosis, nitric oxide
pathway, inflammation, and intracellular redox homeostasis and
lipid metabolism, including ATP binding cassette subfamily A
member 1 (ABCA1) (10-13). In addition, it has been identified
a potential binding site for HIF-1 in the ABCA1 promoter and
that its expression and cholesterol efflux are regulated by HIF-
1 under hypoxic conditions (14, 15). Interestingly, other study
shows that Liver X Receptor (LXR), the main transcription
factor regulating ABCA1, is also increased by hypoxia (16).
Besides to transcriptional control of hypoxia, novel alternative
mechanisms mediated by miRNAs have been described in the
regulation of this process under different contexts related with
human diseases, such as cancer or metabolic disorders (17, 18).

MiRNAs (miRs) are a class of small non-coding RNAs
made up of 18-25 nucleotides in length that regulate gene
expression at the posttranscriptional level and play important
roles in many fundamental biological functions such as
cell growth, differentiation, development, and apoptosis (19).
This regulatory control is carried out by base pairing with
complementary regions, mainly within the 3’-untranslated
regions (3’'UTRs) of target mRNAs, thus promoting mRNA
degradation, translational repression, or both (19-21). In the last
10 years, a vast number of studies from different laboratories,
including our own, have demonstrated a critical role of miRNAs
in the regulation of many metabolic diseases by interfering
with key genes involved in diabetes, Alzheimer’s disease or
atherosclerosis (17, 22, 23). In this context, miRNAs that
regulate ABCA1 have been a great focus of attention, given
the role of this protein in the regulation of cholesterol and
lipoprotein metabolism, which underlies the above-mentioned
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diseases. Some of these miRNAs include miR-33 (24, 25), miR-
758 (26), miR-144 (27), miR-27b (28), miR-148a (29), and
miR-106b (30). It is well stablished that hypoxia’s effects on
lipid metabolism are mediated in part by HIF-1. Interestingly,
ABCALI has been described as one of the strongest upregulated
genes in primary human vascular endothelial cells and in
human and mouse macrophages in response to hypoxia (4,
14, 31). However, to date, there are few evidences of the
posttranscriptional regulation of ABCA1 mediated by hypoxia
(32, 33). Here, we show that miR-199a-5p expression levels
are inhibited during hypoxia or hypoxia-mimicking conditions
compared to normoxia, and that it can directly bind to the
3’'UTR of ABCAI inhibiting its expression and function by
blunting cholesterol efflux to ApoAl.

The miR-199a/b family is composed of three members: miR-
199al, miR-199a2, and miR-199b, located within the Dynamin-2
(DNM2), DNM3 and DNM1 genes, respectively (34). MiR-
199a/b mature sequences are highly conserved across species
and share the same seed sequence, thereby potentially targeting
the same group of genes. We have previously reported that miR-
199a-5p regulates endocytic transport by controlling important
mediators such as Low Density Lipoprotein Receptor (LDLR)
and Caveolin-1 (Cav-1) (34) and retrograde transport as well as
autophagosome formation and lysosomal function (35). miR-
199a-5p has been also shown to participate in the regulatory
mechanism of hypoxia by targeting HIF-1, and to influence
cellular proliferation survival and cell death (36, 37). However,
little is known about the association between miR-199a-5p and
hypoxia in the context of cholesterol metabolism, specifically in
macrophages. In this report, we have identified the hypoxamiR
miR-199a-5p, as a novel regulator of cholesterol efflux through
posttranscriptional regulation of ABCAL in primary mouse
macrophages and cholesterol-laden-macrophages that resemble
foam cells present in the atherosclerotic plaques.

Materials and methods

Cell culture and treatments

Peritoneal macrophages from adult male WT (3 months
old) mice were harvested by peritoneal lavage 4 days after
intraperitoneal injection of thioglycolate (3% w/v). Cells were
plated in RPMI 1,640 medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 U/ml streptomycin.
After 4 h, non-adherent cells were washed out, and macrophages
were incubated in fresh medium containing DMEM, 20% fetal
bovine serum, and 20% L-cell conditioned medium overnight,
and cells were maintained in culture as an adherent monolayer
adding fresh medium every day. For hypoxia experiments,
peritoneal macrophages were placed in a hypoxia chamber
(Biospherix, Lacona, NY) (0.5% oxygen, 5% CO,) at 37°C.
Control normoxic cells were kept in a standard cell culture
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incubator (37°C, 5% CO;). Depending on the experiment,
hypoxia conditions were maintained for 6, 12, 24, or 48 h.
After these time points, cells were collected and immediately
processed for total RNA or protein isolation as indicated before
(22). For some experiments, macrophages were treated with
LXR ligand T0901317 (T090) 3 wM for 12 h and Acetylated LDL
(Ac-LDL) (120 pg/mL) for 24 h. CoCl, were used at 100 WM to
mimic hypoxia conditions in cultured primary macrophages.

Bioinformatic analysis miRNA-199
target genes

Predicted target genes for miR-199a-5p were identified using
TargetScan 6.2. GeneMania software’ and Gtex portal® were
used to represent networks of predicted targets involved in
Atherosclerosis and tissue gene expression for MIR199.

Transfection of miRNA mimics, miRNA
inhibitors and target site blockers

Cells (~70% confluence) were transfected with 40 nM
miRIDIAN miRNA mimic (miR-199a-5p), or with 60 nM
miRIDIAN miRNA inhibitor (Inh-miR-199a-5p) (Dharmacon)
utilizing Lipofectamine ™ RNAimax (Invitrogen) and studied
48 h later. In all experiments, an equal concentration of
a non-targeting control mimic sequence (CM) or inhibitor-
negative control (CI) sequence was used as a control for non-
sequence specific effects in miRNA experiments. Verification
of miR-199a-5p overexpression and specific knockdown was
determined using qPCR as described below. For some
experiments 40 nM of scramble target site blocker (Ctrl TSB)
or miR-199-5p TSB (miRCURY LNA miRNA Power Target
Site Blockers, Quiagen) were transfected with 20 nM of CM or
miR-199a-5p mimics for 48 h.

Ribonucleic acid isolation and
quantitative real-time polymerase
chain reaction

Total RNA from primary macrophages were isolated using
TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. For mRNA quantification, 1 g of total RNA
was reverse transcribed to cDNA using iScript RT Supermix
(Bio-Rad), following the manufacturer’s protocol. Quantitative
real-time PCR was performed in triplicate using iQ SYBR
green Supermix (BioRad) on Real-Time Detection System

1 https://genemania.org
2 https://gtexportal.org/
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(Eppendorf). The mRNA level was normalized to 18S as
a housekeeping gene. Primer sequences are available upon
request. For miRNA quantification, total RNA was reverse
transcribed using the miScript II RT Kit (Qiagen). Specific
primers for mature miR-199a-5p, miR-199b-5p, miR-33a-5p,
miR-758-5p, miR-144-5p, and miR-210-5p (Qiagen) were used
and values were normalized to SNORD68 (Qiagen) as a
housekeeping gene.

Western blot analysis

Western blot analysis was assessed as previously shown
(22). Very briefly, cells were lysed in ice-cold buffer containing
50 mM Tris-HCI, pH 7.4, 0.1 mM EDTA, 0.1 mM EGTA, 1%
NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 100 mM NaCl,
10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1 mM Pefabloc, and 2 mg/ml protease inhibitor
cocktail (Roche Diagnostics Corp.). Protein concentrations
were determined using the DC Protein assay kit (Bio-Rad
Laboratories). Cell lysates containing 12.5-25 pg of protein
were analyzed by SDS-PAGE and immunoblotting. Primary
antibodies used include the following: ABCA1l (#ab18180,
Abcam), ABCGI1 (#NB400-132), Cav-1 (#SC-894) and
HSP90 (#610419, BD Bioscience). Secondary antibodies were
fluorescence-labeled antibodies and bands were visualized using
the Odyssey Infrared Imaging System (LI-COR Biotechnology).
Densitometry analysis of the Western blots was carried out by
using Image] software from the NIH.

3'TR luciferase reporter assays

The cDNA fragments corresponding to the entire 3'UTR of
human ABCA1 mRNAs were amplified by RT-PCR using the
following primers: 5-AGCGGCCGCTTTCTGTAGACCAAC
AGAACTGTCA-3' (NotI) and 5'- AACTCGAGAGAATCCTG
TTCATACGGGG-3' (Xhol) from total RNA extracted from cells
(26). The PCR product was directionally cloned downstream of
the RLuc open reading frame of the psiCHECK2 TM vector
(Promega) that also contains a constitutively expressed firefly
luciferase gene, which is used to normalize transfections. Site-
directed mutations in the seed region of predicted miR-199a-5p
sites within the 3’UTRs were generated using Quickchange
Multi site directed mutagenesis kit (Agilent) according to the
manufacturer’s protocol. All constructs were confirmed by
sequencing. COS-7 cells were plated into 12-well plates and
cotransfected with 1 g of the indicated 3'UTR luciferase
reporter vectors and the miR-199a-5p mimic or negative
control mimic (CM) (Dharmacon) using Lipofectamine 2000
(Invitrogen). For some experiments, 40 nM of Ctrl TSB or
miR-199a-5p TSB were transfected with 20 nM of CM or miR-
199a-5p mimics for 24 h. Luciferase activity was measured
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using the Dual-Glo Luciferase Assay System (Promega). Renilla
luciferase activity was normalized to the corresponding firefly
luciferase activity and plotted as a percentage of the control
(CM). Experiments were performed in triplicate wells of 12-well
plates and repeated at least three times.

Cholesterol efflux assays

Mouse peritoneal macrophages (1 x 10%/well) were
transfected with either 40 nM miRIDIAN miRNA mimic (miR-
199a-5p), with 60 nM miRIDIAN miRNA inhibitor (Inh-miR-
199a-5p) or control mimic sequence (CM) 48 h prior to loading
with 0.5 wCi/ml 3H-cholesterol for 24 h with or without T090
(3 wM) for 12 h. Then, cells were washed twice with PBS and
incubated in RPMI supplemented with 2 mg/ml fatty-acid free
BSA (FAFA media) in the presence of 2 uM of the Acetyl-
Coenzyme A Acetyltransferase (ACAT) inhibitor Sandoz (Sigma
Aldrich) for 4 h prior to the addition of 50 pg/ml of human
ApoAl in FAFA media. Supernatants were collected after 6 h,
and radioactivity content was expressed as a percentage of *H-
cholesterol in the media/total cell >H-cholesterol content (total
effluxed 3H-cholesterol + cell-associated 3H-cholesterol) (27).
Experiments were repeated at least 3 times. Cholesterol efflux
experiments were performed in normoxic conditions.

Fluorescence microscopy

For Bodipy 493 staining, macrophages were plated into
culture dishes containing coverslips and after 24 h of treatment
with Ac-LDL (120 pg/mL), the cell were washed twice in PBS
and incubated with 2 WM Bodipy 493 staining solution in PBS
for 15 min at 37°C. Then, cells were washed again in PBS
twice and fixed in 4% PFA for 30 min at room temperature.
After washing cells were mounted Vectashield mounting media
with Dapi and images were capture using an epifluorescence
microscope (Carl Zeiss scanning microscope Axiovert 200M
imaging system).

Statistical analysis

In vitro experiments were routinely repeated at least
three times unless otherwise noted. Data are expressed as
mean + SEM unless otherwise indicated. Statistical differences
were measured using an unpaired two-sided Student’s t-test,
one-way ANOVA with Bonferroni correction for multiple
comparisons or log-rank test when appropriate. Normality was
checked using the Kolmogorov-Smirnov test. A non-parametric
test (Mann-Whitney) was used when data did not pass the
normality test. A value of p < 0.05 was considered statistically
significant. Data analysis was performed using GraphPad Prism
Software Version 7 (GraphPad, San Diego, CA).
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Results

MiR-199a-5p targets key elements
involved in atherosclerosis

MiR-199 is a highly conserved family of miRNAs consisting
of three members, miR-199-al, miR-199-a2 and miR-199-b, that
are encoded within DNM genes (34). The analysis obtained with
Gtex portal (see text footnote 2) of miR-199a-5p expression in
different human tissues shows its abundancy in the aorta and in
the heart (Figure 1A). To determine which molecular pathways
would be affected by miR-199a-5p, we performed predicted
target genes analysis using bioinformatic tools for miRNA target
predictions®. Among the different processes in which miR-199a-
5p participate, several targets are implicated in atherosclerosis
including ABCA1, ABCG1, Cav-1, HIF1A, CD38, NCOR1, and
SIRT1 in human and mouse (Figure 1B). The number, type
and conservation of predicted sites for these target genes are
shown in Figure 1C. These initial data led us to explore the
potential correlation between miR-199a-5p with one of the most
widely studied genes in the context of cardiovascular disease and
cholesterol metabolism, ABCAL.

MiR-199a-5p is downregulated during
hypoxia and other atherogenic stimuli
in primary mouse macrophages

Hypoxia plays a key mechanistical role during
atherosclerosis and upregulates ABCA1l in macrophages
through HIFla transcription factor (14). We decided to
investigate whether it could regulate the expression of different
miRNAs that we had previously reported to regulate cholesterol
metabolism, lipid trafficking and atherosclerosis. To do
so, we analyzed a panel of miRNAs including miR-33a-5p,
miR-758-5p, and miR-144-5p in mouse primary peritoneal
macrophages under hypoxia vs. normoxia conditions. We also
included miR-199a-5p as previously shown to be involved
in hypoxia (14, 15). Among the miRNAs analyzed, miR-
199a-5p and miR-199b-5p were significantly downregulated
during hypoxia, while no significant changes were found
for miR-33a-5p, miR-758-5p, or miR-144-5p (Figure 2A).
Conversely, miR-210-5p, a well-known upregulated miRNA
under hypoxia conditions, was included as a positive control
for these analysis (38). Correlating with the downregulation
of miR-199a-5p during hypoxia we observed an increase
in Glut-1, Vegf, Mcpl, iNos, all of them are known to be
upregulated in hypoxia in the cell as an adaptive mechanism
which allow survival and use of different fuel in this stress
condition. We also observed a marked increase of Abcal

3 http://www.targetscan.org
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FIGURE 1

Analysis of miR-199a-5p targets involved in Atherosclerosis. (A) Representation of miR-199a-5p expression in human tissue using Gtex Portal.
Expression values are shown in TPM (Transcripts Per Million), calculated from a gene model with isoforms collapsed to a single gene. No other
normalization steps have been applied. Box plots are shown as median and 25th and 75th percentiles and points are displayed as outliers if they
are above or below 1.5 times the interquartile range. (B) Bioinformatic analysis of prominent miR-199a-5p target genes obtained thought
TargetScan 6.2. involved in atherosclerosis using GeneMania. Blue lines indicate pathway co-localization, yellow lines indicate predicted and
purple lines indicate co-expression. (C) Table of human predicted targets genes of miR-199a-5p involved in atherosclerosis obtained using
TargetScan 6.2., showing the number and type of the putative binding sites and the conservation in mouse and human.

mRNA levels (Figure 2B). Likewise, macrophages treated
with CoCl, showed similar results (Figure 3). We tested
the two best responsive genes previously assessed in mouse
peritoneal macrophages exposed to hypoxia to corroborate
the efficacy of CoCl,. In these experiments, Vegfr and glutl
were significantly increased (Figure 3A), as well as ABCAI,
while miR-199s were downregulated (Figure 3B). These
effects were accompanied by ABCA1 protein increased under
CoCl; treatment (Figure 3C). To further explore the potential
inverse correlation between ABCA1 and miR-199a-5p under
atherogenic mimicking conditions in vitro we treated mouse
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peritoneal macrophages with Acetylated-LDL (Ac-LDL) for 24 h
(Figure 4A). Interestingly, cholesterol-loaded macrophages
showed a significantly decrease in miR-199a-5p and b-5p
expression (Figure 4B), whereas as expected, Abcal mRNA
and protein levels were upregulated under these conditions
(Figures 4C,D). Overall, these results indicate that both
pro-atherogenic stimuli, hypoxia and cholesterol overload
in peritoneal macrophages, have similar opposite effects on
miR-199a-5p and ABCAI1 expression, suggesting a potential
regulation of ABCA1 by miR-199a-5p during hypoxia and
atherosclerosis.
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(B) gRT-PCR analysis of Abcal, Abcgl, Glut-1, Vegfr, Mcpl, Cox-2, and iNos expression in mouse peritoneal macrophages during hypoxia
conditions. Data are expressed as relative expression levels and correspond to the means + SEM from three independent experiments
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FIGURE 3

Hypoxia mimicking condition dowregulates miR-199a-5p expression. (A) gRT-PCR analysis of miR-199a-5p, miR-199b-5p, and miR-210-5p
mouse peritoneal macrophages stimulated with CoCl, (100 wM) that mimics hypoxia conditions. (B) gRT-PCR analysis Abcal, Hifa, Vegfr, and
Glut-1 expression levels in was used as a positive control for hypoxia. (C) Representative Western Blot analysis of ABCAL in mouse peritoneal
macrophages stimulated with CoCl, (100 wM) for 24 h. HSP90 was used as a loading control. Data are expressed as relative expression levels
and correspond to the means + SEM from three independent experiments performed in triplicate. *P < 0.05, significantly different from control

(Ctrl) non-treated cells.

MiR-199a-5p gradual downregulation
inversely correlates with ABCA1
expression in mouse macrophages
during hypoxia

To further explore the potential regulation of miR-199
family members we analyzed the levels of miR-199a-5pa and
miR-199b-5p in mouse macrophages under a time course of
hypoxia. The analysis shown in Figure 5A indicates that while
both miR-199 family members are significantly downregulated

at 6 and 24 h, miR-199a-5p showed a more consistent and
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gradual downregulation correlating with the increased exposure
to hypoxic conditions. MiR-210-5p was used as positive
control of hypoxic experiment in peritoneal macrophages
(Figure 5B). Interestingly, as opposed to miR-199a-5p behavior,
ABCA1 mRNA and protein levels showed a significant
increase while the hypoxia exposition was increasingly longer
(Figures 5C,D). Similar results were found in bone marrow
derived macrophages. Simultaneous stimulation of mouse
peritoneal macrophages with hypoxia and cholesterol loading
did not show any distinguishable additive effect in the
conditions we assessed (Supplementary Figure 1). Given these
results, we decided to explore the potential posttranscriptional
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droplets in mouse peritoneal macrophages treated with Ac-LDL for 24 h and stained with Bodipy 468 (green). Nuclei were stained with DAPI
(blue). These experiment were performed 3 independent times. Scalebar: 10 pm. (B,C) gRT-PCR analysis of miR-199a-5p, miR-199b-5p (B) and
Abcal (C), expression levels in mouse peritoneal macrophages stimulated with Ac-LDL (120 pg/mL) for 24 h. Data are expressed as relative
expression levels and correspond to the means 4+ SEM from three independent experiments performed in triplicate. *P < 0.05, significantly
different from control (Ctrl) cells. (D) Representative Western blot of ABCAL in mouse peritoneal macrophages stimulated with Ac-LDL. HSP90

was used as a loading control

regulation of ABCA1l by miR-199a-5p in mouse peritoneal
macrophages.

MiR-199a-5p regulates ABCA1
expression at the posttranscriptional
level

To further explore potential regulation of ABCA1 by miR-
199a-5p we assessed a bioinformatic analysis that predicted
the presence of a putative 7-mer-Al for miR-199a-5p in the
3’UTRs of ABCA1 (Figure 6A). To confirm the possible
impact of this miRNA on the expression of ABCA1, we first
transfected mouse peritoneal macrophages with miR-199a-5p
mimics or a control non-targeting miRNA (CM) for 48h and
ABCAL1 expression was stimulated with LXR ligand T0901317
(T090) or Ac-LDL, respectively, for 12 or 24 h before the end
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of the experiment. As shown in Figure 6B, T090 and Ac-
LDL stimulated the expression of ABCA1 in cells transfected
with CM, while overexpression of miR-199a-5p significantly
blunted ABCA1 induction under the same conditions. More
importantly, inhibition of endogenous levels of miR-199a-5p
increased ABCA1 expression by T090 or Ac-LDL compared
with control conditions (Figure 6C). Given these results,
we next sought to analyze the potential mechanism of the
posttranscriptional regulation of ABCA1 by miR-199a-5p by
assessing the possible direct binding on its predicted site in the
3’UTR which is conserved in human and mouse (Figure 6A).
Thus, we cloned the 3’UTR of the ABCA1 gene into a luciferase
reporter plasmid and assessed their activity after miR-199a-5p
overexpression (Figure 6D). Our data showed that miR-199a-
5p significantly repressed ABCA1 3’UTR activity, while the
mutation of the miR-199a-5p target site relieved this repression,
which is consistent with its direct interaction of this miRNA
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FIGURE 5

Inverse regulation of miR-199a-5p and ABCA1 during hypoxia. (A) gRT-PCR analysis of miR-199a-5p, and miR-199b-5p expression levels in
mouse peritoneal macrophages stimulated with hypoxia at the indicated time points. (B) miR-210-5p was used as a positive control of hypoxia
(C) gRT-PCR analysis of ABCAL in mouse peritoneal macrophages subjected to hypoxia at the indicated time points. (D) Representative Western
blot of ABCAL in mouse peritoneal macrophages under hypoxia at the indicated time points. HSP90 was used as a loading control. Right panel
shows relative ABCAL protein expression normalized to HSP90 (n = 3). Data are expressed as relative expression and correspond to the

means + SEM from three independent experiments. *P < 0.05, significantly different from cells in normoxia.

with the mRNA of ABCAIL. To further explore the direct
effect of miR-199a-5p on ABCA1 posttranscriptional regulation,
we performed loss-of-function experiments using custom-
designed miRCURY Target Site Blockers (TSB). As shown in
Figure 7A, designed LNA-enhanced antisense oligonucleotides
binds to the miR-199-a-5p target site in the 3’'UTR region of
ABCAL, thereby preventing miRNA from gaining access to
that site. Indeed, transfection of miR-199 TSB rescued ABCA1
protein downregulation by miR-199a-5p (Figure 7B) as well
as the 3’UTR activity of ABCA1 (Figure 7C). Interestingly,
in both experiments we found a slight, but statistical increase
(in ABCA1 protein expression and luciferase activity) when
combining miR-199a-5p together with miR-199 TSB. This might
be mediated by the derepression of several other miRNAs whose
binding sites are highly overlapping with miR-199a-5p binding
site on the ABCA1 3’UTR region (Figure 7D). Nevertheless,
data obtained from these experiments undoubtedly indicate that
the inhibition of ABCA1 is due to the direct regulation of
ABCALI 3’UTR by miR-199a-5p and rule out indirect effects of
miR-199a-5p on other potential regulators of ABCA1 such as
Hifla.

miR-199a-5p regulates cholesterol
efflux to ApoAl

The ability of ABCA1 to stimulate the efflux of cholesterol
from cells in the periphery, particularly foam cells in
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atherosclerotic plaques, is an important antiatherosclerotic
mechanism (26, 39). Based on our previous findings, we decided
to investigate if miR-199a-5p could influence ABCALI function
by assessing cholesterol efflux to ApoAl during miR-199a-5p
overexpression or inhibition in mouse peritoneal macrophages
in normoxic conditions. As shown in Figure 8A, miR-199a-5p
inhibited cholesterol efflux to ApoA1l and, conversely, inhibition
of endogenous levels of this miRNA significantly increased
cholesterol efflux through ABCA1 (Figure 8B). Altogether, these
results indicate that manipulation of cellular levels of miR-199a-
5p alters macrophage cholesterol efflux, a critical step in the
reverse cholesterol transport pathway and the development of
atherosclerosis.

Discussion

Numerous evidence supports the pleiotropic effects of
hypoxia in the development of different human pathologies
from cancer to metabolic diseases (7, 40, 41). In this context,
hypoxia is a mechanism that accompanies atherosclerosis
progression, which is characterized by an increased
accumulation rate of lipids and gives rise to foam cells that
populate atherosclerotic plaques. Under normal conditions,
macrophages are able to process substantial amounts of lipids
and cholesterol without critical overload of the catabolic
processes. ABCALI represents one of the main actors in these

processes by mediating cholesterol efflux in macrophages,
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MiR-199a-5p suppresses ABCAL expression. (A) Human and mouse ABCAL 3'UTRs sequences containing target sites for miR-199a/b-5p.
Highlighted in bold are the sequences for miR-199a/b-5p-binding site and seed match. (B,C) Representative Western blot analysis of ABCAL in
mouse peritoneal macrophages transfected with CM and miR-199a-5p or Ctrl-Inh or Inh-miR-199a-5p and stimulated with TO90 3 uM for 12 h
and Ac-LDL for 24 h. HSP90 was used as a loading control. Dashed lines separates different transfection conditions within the same Western
blot. Data are expressed as relative expression levels and correspond to the means + SEM from three independent experiments performed in
triplicate. *P < 0.05, significantly different from CM or ClI without treatment. (D) Luciferase reporter activity in COS-7 cells transfected with CM
or miR-199a-5p mimic and the ABCA1 3'UTR [wild type (WT)] or the constructs containing the indicated point mutations (PM). Nucleotides
highlighted in red indicate the point mutations in the miR-199a-5p-binding sites. Data are expressed as relative luciferase activity compared to

the activity in control samples cotransfected with an equal concentration of CM and correspond to the means + SEM of three experiments
performed in triplicate. *P < 0.05, significantly different from cells cotransfected with CM and the WT or PM 3'UTR.

reverse cholesterol transport (RCT), and HDL biogenesis, as
well as inflammatory responses in macrophages (39, 42). As a
result, the lack of this transporter or either the inhibition in
macrophages has profound implications in the development
of atherosclerosis (43). Transcriptional regulation of ABCA1
occurs in a highly regulated manner. When intracellular lipid
levels are high, oxidized cholesterols intermediates bind to
and activate LXRs, promoting cholesterol efflux to ApoAl and
HDL by regulating ABCA1 and ABCG], respectively. Similarly
HIFa/B also binds to the promoter region of several lipid related
genes including ABCAL in response to hypoxia, which, in turn,
activates cholesterol efflux and prevents lipid overload and foam
cells, hallmarks of atherosclerosis (14).

However, during progression of atherosclerosis, these
pathways become inefficient, leading to imbalance in cholesterol
and lipid metabolism and disruption of these cellular functions
(42, 44, 45). In the last 10 years, numerous studies have shown
that ABCA1 expression is beyond its classic transcriptional
regulation, being extensively regulated at the posttranscriptional
level by miRNAs including miR-33 (46, 47), miR-758 (26),
miR-144 (27), miR-27b (28), miR-148a (29), miR-106b (30),
and some RBPs (48). However, there are few evidences
of the posttranscriptional inhibition of ABCAI mediated
by hypoxiamiRs. In the present study, we provide data
demonstrating that miR-199a-5p and ABCAI1 are inversely
regulated during hypoxia conditions, and that miR-199a-5p
represents a novel posttranscriptional regulator of ABCAIL
by in primary mouse macrophages and cholesterol-laden
macrophages which pinpoint a possible role in atherosclerosis.
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It has been previously shown that miRNAs regulate
ABCA1 during different hypoxic contexts, such as during
the pathogenesis of pulmonary arterial hypertension (PAH),
where miR-143/145 mediates its posttranscriptional targeting in
pulmonary artery smooth muscle cells (PASMCs) contributing
to the disease (33). Moreover, in this pathology, miR-20a-
5p and its target ABCAIL levels were shown to be inversely
correlated (32). Multiple examples in the literature have point
out the role of miRNAs in hypoxic situations in macrophages.
miR-210, for instance, is upregulated by hypoxia, whereas miR-
383 and miR-19a are downregulated (49, 50). Although in the
case of miR-199a-5p, a reciprocal regulation between hypoxia
and this miRNA has been found in cancer cells (51), to our
knowledge, this is the first report showing the relationship
between miR-199a-5p and hypoxia in macrophages and ABCA1
regulation. In this line, our experiments in primary mouse
macrophages indicate that miR-199a-5p expression is inhibited
by hypoxia, which is consistent with previous studies in cardiac
myocytes, cirrhotic tissues and the plasma of patients with acute
myocardial infarction that showed a decrease of miR-199a-5p
expression (36, 37, 52). Indeed, some other previous studies have
reported that the inhibition of miR-199a-5p exerts protective
effect in the cardiovascular system, specifically in hypoxic
cardiomyocytes and myocardium in a ischemia-reperfusion
model (53-55). Conversely to miR-199a-5p decrease during
hypoxia, we showed that hypoxia upregulated ABCA1 mRNA
and protein levels in peritoneal macrophages, as well as other
genes implicated in atherosclerosis, including ABCG1 or Cav-
1 (34) and other potential predicted targets related to this
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MiR-199 target site blockers and ABCAL expression. (A) Schematic overview of LNA-enhanced target site blocker (TSB) mode of action. Without
miR-199 TSB or with scramble TSB, miR-199/RISC complex binds to the 3'UTR of ABCAL mRNA, thereby attenuating its expression. By contrast,
addition of miR-199 TSB blocks the binding of miR-199 and derepress ABCAL. (B) Representative Western blot of ABCAL in mouse peritoneal
macrophages transfected as indicated. transfected with synthetic miR-199a-5p mimic in the presence of scramble TSBs or specific miR-199
TSBs for 48 h. Lower panel shows relative ABCAL protein expression normalized to HSP90 (n = 6). *P < 0.05, significantly different from cells
cotransfected with CM and Ctrl TSB. (C) Luciferase reporter activity in COS-7 cells transfected with CM or miR-199a-5p mimic and the ABCA1
3'UTR in the presence of Ctrl TSB or miR-199a-5p TSB. Data are expressed as relative luciferase and correspond to the means + SEM of three
experiments performed in triplicate. **P < 0.01, significantly different from cells transfected with CM (left panel) or Ctrl TSB (right panel)

***p > 0.001. (D) Representation of the human 3'UTR region of ABCA1 where miR-199-5p binding site is located (red), and the overlapping with

binding sites for the indicated miRNAs.
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present a possible direct binding for this miRNA on its predicted site in the 3'UTR.

pathology. In agreement with this, it has been previously
demonstrated that ABCAL is the strongest upregulated gene
under these conditions (14). Although miR-199 is a family
composed of three members and all could potentially target
the same set of genes (35), our analysis evidenced that miR-
199a-5p shows a more consistent downregulation than miR-
199b-5p. Moreover, increasing exposure to hypoxic conditions
was accompanied by gradual miR-199a-5p inhibition while,
inversely, levels of ABCAl protein showed a significant
upregulation over time compared to normoxia. In addition
to hypoxia, the accumulation of foam cells is critical to the
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progression of atherosclerosis during the initial stages. In
this context, we found that treatment of mouse peritoneal
macrophages to promote cholesterol loading using Ac-LDL
also inhibited miR-199a-5p expression, while, as expected,
ABCAL1 levels were raised under this condition. Thus, all these
findings evidence an inverse regulation between miR-199a-5p
and cholesterol transporters under pro-atherogenic mimicking
conditions, to wit, hypoxia and cholesterol accumulation.
These results correlated with our analysis showing that
overexpression of miR-199a-5p in peritoneal macrophages
reduces ABCA1 protein, but more importantly, that the
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antagonism of miR-199a-5p increases ABCAI expression.
Furthermore, direct binding of miR-199a-5p to the 3’UTR of
ABCALI is consistent to its regulation of ABCAl by miR-
199a-5p at the posttranscriptional levels. On the other hand,
similarly to what occurs to ABCA1, hypoxia also induced Cav-
1, which is also a direct target of miR-199a-5p (35). In this
line, we have previously reported that miR-199a-5p plays an
important role in intracellular trafficking as well as cholesterol
homeostasis by controlling the expression of key mediators
of endocytosis and cholesterol transport including Clathrin
(CLC), Cav-1 and the Low Density Lipoprotein Receptor
(LDLR) (34). In this regard, correct intracellular membrane
trafficking is crucial to ABCA1 expression at the cell surface
and facilitates cholesterol efflux in macrophages (56). Based
on these findings, it is possible to speculate that the potential
contribution of miR-199a-5p in modulating ABCA1 function
could be also due to the secondary regulation of additional
accessory proteins or the transporter subcellular localization or
transcription factors, such as Hifla, that are simultaneously
targets of miR-199 and activators of ABCA1 expression. We
ruled out this possibility by using specific target site blocker
of the miR-199 binding site on the 3’UTR. Both protein and
3’UTR luciferase activity were rescued when we prevented
the binding of miR-199a-5p to the predicted 7mer-Al site
in the ABCA1 3’UTR region. Furthermore, our experiments
unquestionably demonstrated that cholesterol efflux to ApoAl
is significantly blunted by miR-199a-5p, whereas inhibition of
endogenous levels of this miRNA increases it. Additionally,
miR-199a-5p is highly expressed in aorta and cardiometabolic
tissues and organs such as aorta, heart, lung in humans, where
hypoxia is a critical triggering factor of many associated diseases,
including atherosclerosis. In this sense, besides the targeting key
cholesterol genes ABCA1 or ABCG1 shown here, some of our
recent studies demonstrated that Cav-1 may influence ABCA1
functions (57). Cav-1 is traditionally considered a cholesterol-
binding protein that is able to shuttle cholesterol between
various cell membranes (58), and acts as a central regulator
of cholesterol metabolism during atherosclerosis, which varies
depending on the cell type involved. For instance, Cav-1 absence
in aortic endothelial inhibits atherosclerosis by attenuating LDL
transcytosis and enhancing autophagic flux (59, 60), while in
macrophages Cav-1 promotes THP-1 differentiation, ABCA1
expression and cholesterol efflux (57, 61, 62). Indeed, Cav-
1 participates in LXR-dependent anti-atherogenic functions
including ABCA1 localization, cholesterol efflux as well as
the control of inflammatory responses in macrophages (57).
Interestingly, it has been reported a crosstalk between LXR and
HIF-1a, the primary transcription factor involved in hypoxia
and its implication in foam cell formation (63, 64). This is
particularly interesting in the context of atherogenesis and
reveals a possible correlation between Cav-1, LXR, ABCAI,
and hypoxia controlling cholesterol efflux in macrophages,
where miR-199a-5p could represent an additional player in this
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complex scenario (Figure 9). As a possible hint, it has been
shown that SREBP1, whose expression is activated by LXR,
binds to the promoter region of miR-199a-5p and inhibits its
transcription, while SREBP1 contains predicted binding sites
for miR-199a-5p (65). In addition to miR-199a-5p, the other
strand of miR-199a/b family, the “3p” or passenger strand is
reported to be expressed in cardiac tissues adding a layer of
complexity to overall regulation. In this sense, a recent article
shows that both coexpressed miR-199a-5p and 3p display a
diverging target during pathogenic role in cardiac remodeling
(66). Even though we have not explored this possibility in
hypoxia, an expected role of miR-199a-3p is likely to happen
but remains unexplored. Certainly, additional studies will be
required to define the potential of the interplay between miR-
199a-5p and hypoxia, HIF1 with lipid metabolism and key
mediators such as ABCAI1, LXR, which could be potentially
exploited to therapeutically interfere with the progression of
atherosclerosis and cardiovascular associated disease.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

This animal study was reviewed and approved by the Yale
Animal Care and Use Committee (IACUC).

Author contributions

AP-G: data curation, formal analysis, and manuscript
writing. MT-P, MF-dE YM-M, VP-M, and PM-G: formal
analysis, manuscript writing, and data curation. PM-G: data
curation and formal analysis. RB: supervision and manuscript
writing. JA: conceptualization, supervision, data curation, and
formal analysis. CR: conceptualization, funding acquisition,
manuscript writing, data curation, and supervision. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the “Talento Program”
from Madrid Government, Spain (2017-T1/BMD-5333,
2021-5A/BMD-20964, RT12018-095061-B-100, and PID2021-
1282640B-100) funded by MCIN/AEI/10.13039/501100011033
and “ERDF A way of making Europe” by the European Union
(to CR); Consejerfa de Educacién e Investigacién from the
Madrid Government, Spain: “Convocatoria de ayudas para

frontiersin.org


https://doi.org/10.3389/fcvm.2022.994080
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Aranda et al.

la contratacién de ayudantes de investigacién” (PEJ-2018-
AI/BMD-9724 to CR and MT-P); “Convocatoria de ayudas para
la contratacion de investigadores postdoctorales” (PEDJ-2018-
POST/BDM-8900) (to CR and AP-G); and “Convocatoria de
ayudas para la contratacion de investigadores predoctorales”
(PEJD-2019-PRE/BMD-14499 to CR and YM-M) from the
Madrid Government, Spain (RT12018-098113-B-I00 to RB).

Acknowledgments

We thank Carlos Ferndndez-Hernando for his support in
providing plasmids and reagents to perform this study. This
work was dedicated to Pedro Ramirez Godoy, who has recently
passed from complications associated with cardiovascular
disease.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Thomas H, Diamond J, Vieco A, Chaudhuri S, Shinnar E, Cromer S, et al.
Global atlas of cardiovascular disease 2000-2016: the path to prevention and
control. Glob Heart. (2018) 13:143-63. doi: 10.1016/].GHEART.2018.09.511

2. Glass CK, Witztum JL. Atherosclerosis: the road ahead. Cell. (2001) 104:503—
16. doi: 10.1016/S0092-8674(01)00238-0

3. Takahashi K, Takeya M, Sakashita N. Multifunctional roles of macrophages in
the development and progression of atherosclerosis in humans and experimental
animals. Med Electron Microsc. (2002) 35:179-203. doi: 10.1007/5007950200023

4. Parathath S, Yang Y, Mick S, Fisher EA. Hypoxia in murine atherosclerotic
plaques and its adverse effects on macrophages. Trends Cardiovasc Med. (2013)
23:80-4.

5. Sluimer JC, Gasc JM, van Wanroij JL, Kisters N, Groeneweg M,
Sollewijn Gelpke MD, et al. Hypoxia, hypoxia-inducible transcription factor, and
macrophages in human atherosclerotic plaques are correlated with intraplaque
angiogenesis. ] Am Coll Cardiol. (2008) 51:1258-65. doi: 10.1016/].JACC.2007.12.
025

6. Marsch E, Sluimer JC, Daemen MJAP. Hypoxia in atherosclerosis and
inflammation. Curr Opin Lipidol. (2013) 24:393-400. doi: 10.1097/MOL.
0B013E32836484A4

7. Semenza GL. Hypoxia-inducible factor 1: control of oxygen homeostasis
in health and disease. Pediatr Res. (2001) 49:614-7. doi: 10.1203/00006450-
200105000-00002

8. Luque A, Turu M, Juan-Babot O, Cardona P, Font A, Carvajal A, et al.
Overexpression of hypoxia/inflammatory markers in atherosclerotic carotid
plaques. Front Biosci. (2008) 13:6483-90. doi: 10.2741/3168

9. Vink A, Schoneveld AH, Lamers D, Houben AJS, van der Groep P, van Diest
PJ, et al. HIF-1 alpha expression is associated with an atheromatous inflammatory

plaque phenotype and upregulated in activated macrophages. Atherosclerosis.
(2007) 195:¢69-75. doi: 10.1016/]. ATHEROSCLEROSIS.2007.05.026

10. Bel Aiba RS, Dimova EY, Goérlach A, Kietzmann T. The role of hypoxia
inducible factor-1 in cell metabolism-a possible target in cancer therapy. Expert
Opin Ther Targets. (2006) 10:583-99. doi: 10.1517/14728222.10.4.583

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2022.994080

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.994080/full#supplementary-material

SUPPLEMENTARY FIGURE 1

ABCAL expression under combined proaterogenic treatments.
Representative Western blot analysis of ABCAL in mouse peritoneal
macrophages under combined treatments with hypoxia £ cholesterol
loading with Ac-LDL for 24 h. HSP90 was used as a loading control.
Right panel shows relative ABCAL protein expression normalized to
HSP9O0 (n = 3).

11. Cramer T, Yamanishi Y, Clausen BE, Forster I, Pawlinski R, Mackman N,
et al. HIF-1alpha is essential for myeloid cell-mediated inflammation. Cell. (2003)
112:645-57. (03)00154-5 doi: 10.1016/S0092-8674

12. Haddad JJ. Oxygen sensing and oxidant/redox-related pathways. Biochem
Biophys Res Commun. (2004) 316:969-77. doi: 10.1016/].BBRC.2004.02.162

13. Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for cellular
adaptation to hypoxia. Cell Metab. (2006) 3:177-85. doi: 10.1016/].CMET.2006.02.
002

14. Ugocsai P, Hohenstatt A, Paragh G, Liebisch G, Langmann T, Wolf Z, et al.
HIF-1beta determines ABCA1 expression under hypoxia in human macrophages.
Int ] Biochem Cell Biol. (2010) 42:241-52. doi: 10.1016/].BIOCEL.2009.10.002

15. Parathath S, Mick SL, Feig JE, Joaquin V, Grauer L, Habiel DM, et al.
Hypoxia is present in murine atherosclerotic plaques and has multiple adverse
effects on macrophage lipid metabolism. Circ Res. (2011) 109:1141-52. doi: 10.
1161/CIRCRESAHA.111.246363

16. Plosch T, Gellhaus A, Van Straten EME, Wolf N, Huijkman NCA, Schmidt
M, et al. The liver X receptor (LXR) and its target gene ABCAL are regulated upon
low oxygen in human trophoblast cells: a reason for alterations in preeclampsia?
Placenta. (2010) 31:910-8. doi: 10.1016/]. PLACENTA.2010.07.009

17. Pérez-Garcia A, Torrecilla-Parra M, Frutos ME Martin-Martin Y, Pardo-
Marqués V, Ramirez CM. Posttranscriptional regulation of insulin resistance:
implications for metabolic diseases. Biomolecules. (2022) 12:208. doi: 10.3390/
BIOM12020208

18. Price NL, Ramirez CM, Fernandez-Hernando C. Relevance of microRNA in
metabolic diseases. Crit Rev Clin Lab Sci. (2014) 51:305-20. doi: 10.3109/10408363.
2014.937522

19. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
(2009) 136:215-33. doi: 10.1016/j.cell.2009.01.002

20. Fernandez-Hernando C, Ramirez CM, Goedeke L, Sudrez Y. MicroRNAs in
metabolic disease. Arterioscler Thromb Vasc Biol. (2013) 33:178-85. doi: 10.1161/
ATVBAHA.112.300144

frontiersin.org


https://doi.org/10.3389/fcvm.2022.994080
https://www.frontiersin.org/articles/10.3389/fcvm.2022.994080/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.994080/full#supplementary-material
https://doi.org/10.1016/J.GHEART.2018.09.511
https://doi.org/10.1016/S0092-8674(01)00238-0
https://doi.org/10.1007/S007950200023
https://doi.org/10.1016/J.JACC.2007.12.025
https://doi.org/10.1016/J.JACC.2007.12.025
https://doi.org/10.1097/MOL.0B013E32836484A4
https://doi.org/10.1097/MOL.0B013E32836484A4
https://doi.org/10.1203/00006450-200105000-00002
https://doi.org/10.1203/00006450-200105000-00002
https://doi.org/10.2741/3168
https://doi.org/10.1016/J.ATHEROSCLEROSIS.2007.05.026
https://doi.org/10.1517/14728222.10.4.583
https://doi.org/10.1016/S0092-8674
https://doi.org/10.1016/J.BBRC.2004.02.162
https://doi.org/10.1016/J.CMET.2006.02.002
https://doi.org/10.1016/J.CMET.2006.02.002
https://doi.org/10.1016/J.BIOCEL.2009.10.002
https://doi.org/10.1161/CIRCRESAHA.111.246363
https://doi.org/10.1161/CIRCRESAHA.111.246363
https://doi.org/10.1016/J.PLACENTA.2010.07.009
https://doi.org/10.3390/BIOM12020208
https://doi.org/10.3390/BIOM12020208
https://doi.org/10.3109/10408363.2014.937522
https://doi.org/10.3109/10408363.2014.937522
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1161/ATVBAHA.112.300144
https://doi.org/10.1161/ATVBAHA.112.300144
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Aranda et al.

21. Ambros V. The functions of animal microRNAs. Nature. (2004) 431:350-5.
doi: 10.1038/nature02871

22. Fernédndez-de Frutos M, Galdn-Chilet I, Goedeke L, Kim B, Pardo-Marqués V,
Pérez-Garcia A, et al. MicroRNA 7 Impairs insulin signaling and regulates Ap levels
through posttranscriptional regulation of the insulin receptor substrate 2, insulin
receptor, insulin-degrading enzyme, and liver X receptor pathway. Mol Cell Biol.
(2019) 39:e170-119. doi: 10.1128/mcb.00170-19

23. Zhu H, Ng SC, Segr AV, Shinoda G, Shah SP, Einhorn WS, et al. The Lin28/let-
7 axis regulates glucose metabolism. Cell. (2011) 147:81-94. doi: 10.1016/j.cell.2011.
08.033

24. Kim J, Yoon H, Horie T, Burchett JM, Restivo JL, Rotllan N, et al. microRNA-
33 regulates ApoE lipidation and amyloid-B metabolism in the brain. ] Neurosci.
(2015) 35:14717-26. doi: 10.1523/J]NEUROSCI.2053-15.2015

25. Price NL, Rotllan N, Zhang X, Canfran-Duque A, Nottoli T, Suarez
Y, et al. Specific disruption of Abcal targeting largely mimics the effects of
miR-33 knockout on macrophage cholesterol efflux and atherosclerotic plaque
development. Circ Res. (2019) 124:874-80. doi: 10.1161/CIRCRESAHA.118.314415

26. Ramirez CM, Dévalos A, Goedeke L, Salerno AG, Warrier N, Cirera-Salinas
D, et al. MicroRNA-758 regulates cholesterol efflux through posttranscriptional
repression of ATP-binding cassette transporter Al. Arterioscler Thromb Vasc Biol.
(2011) 31:2707-14. doi: 10.1161/ATVBAHA.111.232066

27. Ramirez CM, Rotllan N, Vlassov AV, Dévalos A, Li M, Goedeke L, et al.
Control of cholesterol metabolism and plasma high-density lipoprotein levels by
microRNA-144. Circ Res. (2013) 112:1592-601. doi: 10.1161/CIRCRESAHA.112.
300626

28. Goedeke L, Rotllan N, Ramirez CM, Aranda JE Canfran-Duque A, Araldi
E, et al. miR-27b inhibits LDLR and ABCAL1 expression but does not influence
plasma and hepatic lipid levels in mice. Atherosclerosis. (2015) 243:499-509. doi:
10.1016/]. ATHEROSCLEROSIS.2015.09.033

29. Goedeke L, Rotllan N, Canfran-Duque A, Aranda JE, Ramirez CM, Araldi E,
et al. MicroRNA-148a regulates LDL receptor and ABCA1 expression to control
circulating lipoprotein levels. Nat Med. (2015) 21:1280-8. doi: 10.1038/NM.3949

30. Kim J, Yoon H, Ramirez CM, Lee SM, Hoe HS, Fernandez-Hernando C, et al.
MiR-106b impairs cholesterol efflux and increases AP levels by repressing ABCA1
expression. Exp Neurol. (2012) 235:476-83. doi: 10.1016/].EXPNEUROL.2011.11.
010

31. Manalo DJ, Rowan A, Lavoie T, Natarajan L, Kelly BD, Ye SQ, et al.
Transcriptional regulation of vascular endothelial cell responses to hypoxia by
HIF-1. Blood. (2005) 105:659-69. doi: 10.1182/BLOOD-2004-07-2958

32. Zhou Y, Fang XL, Zhang Y, Feng YN, Wang SS. miR-20a-5p promotes
pulmonary artery smooth muscle cell proliferation and migration by targeting
ABCAL. ] Biochem Mol Toxicol. (2020) 34:e22589. doi: 10.1002/JBT.22589

33. Yue Y, Zhang Z, Zhang L, Chen S, Guo Y, Hong Y. miR-143 and miR-
145 promote hypoxia-induced proliferation and migration of pulmonary arterial
smooth muscle cells through regulating ABCA1 expression. Cardiovasc Pathol.
(2018) 37:15-25. doi: 10.1016/].CARPATH.2018.08.003

34. Aranda JE, Canfran-Duque A, Goedeke L, Sudrez Y, Fernandez-Hernando C.
The miR-199-dynamin regulatory axis controls receptor-mediated endocytosis. J
Cell Sci. (2015) 128:3197-209. doi: 10.1242/JCS.165233

35. Aranda JE Rathjen S, Johannes L, Fernandez-Hernando C. MicroRNA 199a-
5p Attenuates Retrograde Transport and Protects against Toxin-Induced Inhibition
of Protein Biosynthesis. Mol Cell Biol. (2018) 38:e548-517. doi: 10.1128/MCB.
00548-17

36. Wang C, Song B, Song W, Liu J, Sun A, Wu D, et al. Underexpressed
microRNA-199b-5p targets hypoxia-inducible factor-la in hepatocellular
carcinoma and predicts prognosis of hepatocellular carcinoma patients. J
Gastroenterol Hepatol. (2011) 26:1630-7. doi: 10.1111/].1440-1746.2011.06758.X

37.Rane S, He M, Sayed D, Vashistha H, Malhotra A, Sadoshima J, et al.
Downregulation of MiR-199a derepresses hypoxia-inducible factor-1a and sirtuin
1 and recapitulates hypoxia preconditioning in cardiac myocytes. Circ Res. (2009)
104:879. doi: 10.1161/CIRCRESAHA.108.193102

38. Bavelloni A, Ramazzotti G, Poli A, Piazzi M, Focaccia E, Blalock W, et al.
MiRNA-210: a current overview. Anticancer Res. (2017) 37:6511-21. doi: 10.21873/
ANTICANRES.12107

39. Westerterp M, Bochem AE, Yvan-Charvet L, Murphy AJ, Wang N, Tall AR.
ATP-binding cassette transporters, atherosclerosis, and inflammation. Circ Res.
(2014) 114:157-70. doi: 10.1161/CIRCRESAHA.114.300738

40. Lee JW, Ko J, Ju C, Eltzschig HK. Hypoxia signaling in human diseases
and therapeutic targets. Exp Mol Med. (2019) 51:1-13. doi: 10.1038/S12276-019-0
235-1

Frontiers in Cardiovascular Medicine

14

10.3389/fcvm.2022.994080

41. Liu D, Lei L, Desir M, Huang Y, Cleman J, Jiang W, et al. Smooth muscle
hypoxia-inducible factor 1a links intravascular pressure and atherosclerosis—brief
report. Arterioscler Thromb Vasc Biol. (2016) 36:442-5. doi: 10.1161/ATVBAHA.
115.306861

42. Wang N, Tall AR. Regulation and mechanisms of ATP-binding cassette
transporter Al-mediated cellular cholesterol efflux. Arterioscler Thromb Vasc Biol.
(2003) 23:1178-84. doi: 10.1161/01.ATV.0000075912.83860.26

43. Tall AR, Yvan-Charvet L, Terasaka N, Pagler T, Wang NHDL. ABC

transporters, and cholesterol efflux: implications for the treatment of
atherosclerosis. Cell Metab. (2008) 7:365-75. doi: 10.1016/].CMET.2008.0
3.001

44. Feng B, Tabas I. ABCAl-mediated cholesterol efflux is defective in
free cholesterol-loaded macrophages. Mechanism involves enhanced ABCA1
degradation in a process requiring full NPC1 activity. J Biol Chem. (2002)
277:43271-80. doi: 10.1074/JBC.M207532200

45. Kappus MS, Murphy AJ, Abramowicz S, Ntonga V, Welch CL, Tall AR,
et al. Activation of liver X receptor decreases atherosclerosis in Ldlr-/- mice in
the absence of ATP-binding cassette transporters Al and G1 in myeloid cells.
Arterioscler Thromb Vasc Biol. (2014) 34:279-84. doi: 10.1161/ATVBAHA.113.
302781

46. Rayner K], Sheedy FJ, Esau CC, Hussain FN, Temel RE, Parathath §,
et al. Antagonism of miR-33 in mice promotes reverse cholesterol transport and
regression of atherosclerosis. J Clin Invest. (2011) 121:2921-31. doi: 10.1172/
JCI57275

47. Rayner KJ, Sudrez Y, Dévalos A, Parathath S, Fitzgerald ML, Tamehiro N, et al.
MiR-33 contributes to the regulation of cholesterol homeostasis. Science. (2010)
328:1570-3. doi: 10.1126/SCIENCE.1189862

48. Ramirez CM, Lin CS, Abdelmohsen K, Goedeke L, Yoon JH, Madrigal-
Matute J, et al. RNA binding protein HuR regulates the expression of ABCAIL. J
Lipid Res. (2014) 55:1066-76. doi: 10.1194/j1r.M044925

49. Karshovska E, Wei Y, Subramanian P, Mohibullah R, Geifller C, Baatsch I,
et al. HIF-1a (hypoxia-inducible factor-1a) promotes macrophage necroptosis by
regulating miR-210 and miR-383. Arterioscler Thromb Vasc Biol. (2020) 40:583-96.
doi: 10.1161/ATVBAHA.119.313290

50. Akhtar S, Hartmann P, Karshovska E, Rinderknecht FA, Subramanian P,
Gremse F, et al. Endothelial hypoxia-inducible factor-1o promotes atherosclerosis
and monocyte recruitment by upregulating MicroRNA-19a. Hypertens. (2015)
66:1220-6. doi: 10.1161/HYPERTENSIONAHA.115.05886

51. Joshi HP, Subramanian IV, Schnettler EK, Ghosh G, Rupaimoole R, Evans
C, et al. Dynamin 2 along with microRNA-199a reciprocally regulate hypoxia-
inducible factors and ovarian cancer metastasis. Proc Natl Acad Sci USA. (2014)
111:5331-6. doi: 10.1073/PNAS.1317242111

52.Liu DW, Zhang YN, Hu HJ, Zhang PQ, Cui W. Downregulation of
microRNA-199a-5p attenuates hypoxia/reoxygenation-induced cytotoxicity in
cardiomyocytes by targeting the HIF-1a-GSK3B-mPTP axis. Mol Med Rep. (2019)
19:5335-44. doi: 10.3892/MMR.2019.10197

53.Zhou Y, Pang B, Xiao Y, Zhou S, He B, Zhang FE et al. The
protective microRNA-199a-5p-mediated unfolded protein response in hypoxic
cardiomyocytes is regulated by STAT3 pathway. ] Physiol Biochem. (2019) 75:73-81.
doi: 10.1007/S13105-018-0657-6

54. Zhou Y, Jia WK, Jian Z, Zhao L, Liu CC, Wang Y, et al. Downregulation of
microRNA-199a-5p protects cardiomyocytes in cyanotic congenital heart disease
by attenuating endoplasmic reticulum stress. Mol Med Rep. (2017) 16:2992-3000.
doi: 10.3892/MMR.2017.6934

55. Zuo Y, Wang Y, Hu H, Cui W. Atorvastatin protects myocardium against
ischemia-reperfusion injury through inhibiting miR-199a-5p. Cell Physiol Biochem.
(2016) 39:1021-30. doi: 10.1159/000447809

56. Linder MD, Mayranpaa MI, Perdnen J, Pietild TE, Pietidinen VM, Uronen RL,
et al. Rab8 regulates ABCA1 cell surface expression and facilitates cholesterol efflux
in primary human macrophages. Arterioscler Thromb Vasc Biol. (2009) 29:883-8.
doi: 10.1161/ATVBAHA.108.179481

57. Ramirez CM, Torrecilla-Parra M, Pardo-Marqués V, de-Frutos MF, Pérez-
Garcia A, Tabraue C, et al. . Crosstalk between LXR and caveolin-1 signaling
supports cholesterol efflux and anti-inflammatory pathways in macrophages. Front
Endocrinol. (2021) 12:635923. doi: 10.3389/FENDO.2021.635923

58. Fielding CJ, Fielding PE. Cholesterol and caveolae: structural and functional
relationships. Biochim Biophys Acta. (2000) 1529:210-22. (00)00150-5 doi: 10.1016/
S1388-1981

59. Ramirez CM, Zhang X, Bandyopadhyay C, Rotllan N, Sugiyama MG,
Aryal B, et al. Caveolin-1 regulates atherogenesis by attenuating low-density
lipoprotein transcytosis and vascular inflammation independently of endothelial

frontiersin.org


https://doi.org/10.3389/fcvm.2022.994080
https://doi.org/10.1038/nature02871
https://doi.org/10.1128/mcb.00170-19
https://doi.org/10.1016/j.cell.2011.08.033
https://doi.org/10.1016/j.cell.2011.08.033
https://doi.org/10.1523/JNEUROSCI.2053-15.2015
https://doi.org/10.1161/CIRCRESAHA.118.314415
https://doi.org/10.1161/ATVBAHA.111.232066
https://doi.org/10.1161/CIRCRESAHA.112.300626
https://doi.org/10.1161/CIRCRESAHA.112.300626
https://doi.org/10.1016/J.ATHEROSCLEROSIS.2015.09.033
https://doi.org/10.1016/J.ATHEROSCLEROSIS.2015.09.033
https://doi.org/10.1038/NM.3949
https://doi.org/10.1016/J.EXPNEUROL.2011.11.010
https://doi.org/10.1016/J.EXPNEUROL.2011.11.010
https://doi.org/10.1182/BLOOD-2004-07-2958
https://doi.org/10.1002/JBT.22589
https://doi.org/10.1016/J.CARPATH.2018.08.003
https://doi.org/10.1242/JCS.165233
https://doi.org/10.1128/MCB.00548-17
https://doi.org/10.1128/MCB.00548-17
https://doi.org/10.1111/J.1440-1746.2011.06758.X
https://doi.org/10.1161/CIRCRESAHA.108.193102
https://doi.org/10.21873/ANTICANRES.12107
https://doi.org/10.21873/ANTICANRES.12107
https://doi.org/10.1161/CIRCRESAHA.114.300738
https://doi.org/10.1038/S12276-019-0235-1
https://doi.org/10.1038/S12276-019-0235-1
https://doi.org/10.1161/ATVBAHA.115.306861
https://doi.org/10.1161/ATVBAHA.115.306861
https://doi.org/10.1161/01.ATV.0000075912.83860.26
https://doi.org/10.1016/J.CMET.2008.03.001
https://doi.org/10.1016/J.CMET.2008.03.001
https://doi.org/10.1074/JBC.M207532200
https://doi.org/10.1161/ATVBAHA.113.302781
https://doi.org/10.1161/ATVBAHA.113.302781
https://doi.org/10.1172/JCI57275
https://doi.org/10.1172/JCI57275
https://doi.org/10.1126/SCIENCE.1189862
https://doi.org/10.1194/jlr.M044925
https://doi.org/10.1161/ATVBAHA.119.313290
https://doi.org/10.1161/HYPERTENSIONAHA.115.05886
https://doi.org/10.1073/PNAS.1317242111
https://doi.org/10.3892/MMR.2019.10197
https://doi.org/10.1007/S13105-018-0657-6
https://doi.org/10.3892/MMR.2017.6934
https://doi.org/10.1159/000447809
https://doi.org/10.1161/ATVBAHA.108.179481
https://doi.org/10.3389/FENDO.2021.635923
https://doi.org/10.1016/S1388-1981
https://doi.org/10.1016/S1388-1981
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Aranda et al.

nitric oxide synthase activation. Circulation. (2019) 140:225-39. doi: 10.1161/
CIRCULATIONAHA.118.038571

60. Zhang X, Ramirez CM, Aryal B, Madrigal-Matute J, Liu X, Diaz A, et al. Cav-
1 (Caveolin-1) deficiency increases autophagy in the endothelium and attenuates
vascular inflammation and atherosclerosis. Arterioscler Thromb Vasc Biol. (2020)
40:1510-22. doi: 10.1161/ATVBAHA.120.314291

61. Arakawa R, Abe-Dohmae S, Asai M, Ito JI, Yokoyama S. Involvement of
caveolin-1 in cholesterol enrichment of high density lipoprotein during its assembly
by apolipoprotein and THP-1 cells. J Lipid Res. (2000) 41:1952-62.

62. Santamarina-Fojo S, Remaley AT, Neufeld EB, Brewer ]J. Regulation and
intracellular trafficking of the ABCALI transporter. J Lipid Res. (2001) 42:1339-45.
(20)30266-2 doi: 10.1016/S0022-2275

63.Na TY, Lee HJ, Oh HJ, Huh S, Lee IK, Lee MO. Positive cross-talk
between hypoxia inducible factor-1a and liver X receptor a induces formation of

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2022.994080

triglyceride-loaded foam cells. Arterioscler Thromb Vasc Biol. (2011) 31:2949-56.
doi: 10.1161/ATVBAHA.111.235788

64. Ménégaut L, Thomas C, Jalil A, Julla JB, Magnani C, Ceroi A, et al. Interplay
between liver X receptor and hypoxia inducible factor 1a potentiates interleukin-1p
production in human macrophages. Cell Rep. (2020) 31:107665. doi: 10.1016/].
CELREP.2020.107665

65. Qian X, Guo X, Ni Q, Wang H, Ye M, Zhang L. SREBP1 suppresses
the differentiation and epithelial function of hiPSC-derived endothelial cells by
inhibiting the microRNA199b-5p pathway. Stem Cell Res. (2021) 51:102174. doi:
10.1016/].SCR.2021.102174

66. Zeng N, Huang YQ, Yan YM, Hu ZQ, Zhang Z, Feng JX, et al
Diverging targets mediate the pathological roleof miR-199a-5p and
miR-199a-3p by promoting cardiac hypertrophy and fibrosis. Mol
Ther  Nucleic Acids. (2021) 26:1035-50. doi: 10.1016/J.OMTN.2021.
10.013

frontiersin.org


https://doi.org/10.3389/fcvm.2022.994080
https://doi.org/10.1161/CIRCULATIONAHA.118.038571
https://doi.org/10.1161/CIRCULATIONAHA.118.038571
https://doi.org/10.1161/ATVBAHA.120.314291
https://doi.org/10.1016/S0022-2275
https://doi.org/10.1161/ATVBAHA.111.235788
https://doi.org/10.1016/J.CELREP.2020.107665
https://doi.org/10.1016/J.CELREP.2020.107665
https://doi.org/10.1016/J.SCR.2021.102174
https://doi.org/10.1016/J.SCR.2021.102174
https://doi.org/10.1016/J.OMTN.2021.10.013
https://doi.org/10.1016/J.OMTN.2021.10.013
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Role of miR-199a-5p in the post-transcriptional regulation of ABCA1 in response to hypoxia in peritoneal macrophages
	Introduction
	Materials and methods
	Cell culture and treatments
	Bioinformatic analysis miRNA-199 target genes
	Transfection of miRNA mimics, miRNA inhibitors and target site blockers
	Ribonucleic acid isolation and quantitative real-time polymerase chain reaction
	Western blot analysis
	3TR luciferase reporter assays
	Cholesterol efflux assays
	Fluorescence microscopy
	Statistical analysis

	Results
	MiR-199a-5p targets key elements involved in atherosclerosis
	MiR-199a-5p is downregulated during hypoxia and other atherogenic stimuli in primary mouse macrophages
	MiR-199a-5p gradual downregulation inversely correlates with ABCA1 expression in mouse macrophages during hypoxia
	MiR-199a-5p regulates ABCA1 expression at the posttranscriptional level
	miR-199a-5p regulates cholesterol efflux to ApoAI

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


