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Abstract

RATIONALE—A strong risk factor for atherosclerosis— the leading cause of heart attacks and
strokes- is the elevation of low-density lipoprotein cholesterol (LDL-C) in blood. The LDL
receptor (LDLR) is the primary pathway for LDL-C removal from circulation, and their levels are
increased by statins --the main treatment for high blood LDL-C. However, statins have low
efficiency because they also increase PCSK9 which targets LDLR for degradation. Since
microRNAs have recently emerged as key regulators of cholesterol homeostasis, our aim was to
identify potential microRNA-based therapeutics to decrease blood LDL-C and prevent
atherosclerosis.

METHODS AND RESULTS—We over expressed and knocked down miR-27a in HepG2 cells
to assess its effect on the expression of key players in the LDLR pathway using PCR Arrays,
Elisas, and Western blots. We found that miR-27a decreases LDLR levels by 40% not only
through a direct binding to its 3’ untranslated region but also indirectly by inducing a 3-fold
increase in PCSK9, which enhances LDLR degradation. Interestingly, miR-27a also directly
decreases LRP6 and LDLRAP1, two other key players in the LDLR pathway that are required for
efficient endocytosis of the LDLR-LDL-C complex in the liver. The inhibition of miR-27a using
lock nucleic acids induced a 70% increase in LDLR levels and, therefore, it would be a more
efficient treatment for hypercholesterolemia because of its desirable effects not only on LDLR but
also on PCSKO.

CONCLUSION—The results presented here provide evidence supporting the potential of
miR-27a as a novel therapeutic target for the prevention of atherosclerosis.
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INTRODUCTION

Coronary heart disease (CHD)-a major complication of atherosclerosis—is the single leading
cause of death in the Western World [1]. One of the strongest risk factors for atherosclerosis
is the elevation of low-density lipoprotein cholesterol (LDL-C) in blood [2, 3]. The low-
density lipoprotein receptor (LDLR) has a central role in cholesterol removal from
circulation. The binding of LDL-C to LDLR initiates a receptor-mediated endocytosis.
LDLRAPL (LDLR-adapter protein 1) and LRP6 (LDLR-related protein 6) [2, 6, 7] are both
required for an efficient endocytosis of the LDLR-LDL-C complex in liver —a necessary step
to release LDL-C inside the cell. After internalization, LDLR dissociates from LDL-C in the
endosomes and goes back to the cell surface. LDLR makes the same round trip several
hundred times in its 20-hour lifespan [4]. However, binding of PCSK9 (proprotein
convertase subtilisin/kexin type 9) to LDLR induces its degradation in lysosomes and, thus,
shorten LDLR’s lifespan [2, 5].

Statins are the most commonly prescribed drugs to treat hypercholesterolemia [8, 9]. Statins
slow and even reverse the development of coronary [10] and cerebral atherosclerosis [11].
However, some patients are statin-resistant because they fail to attain the recommended
LDL-C target level, and still suffer heart attacks and strokes [12], while others are statin-
intolerant and suffer adverse effects [13]. Therefore, more effective treatments to decrease
blood LDL-C to prevent atherosclerosis and its complications are urgently needed.

MicroRNAs (miRNAS) have been recently identified as important regulators of genes
involved in cholesterol homeostasis and potential novel therapeutic targets for
hypercholesterolemia [14]. miRNAs are small (~22 nucleotide) single-stranded RNA
molecules that regulate gene expression predominantly at the posttranscriptional level [15,
16]. The goal of our study was to identify novel potential therapeutic targets for
hypercholesterolemia among miRNAs mapping to the most frequently reported region of
linkage for high blood LDL-C in the literature (19p13.3-q13.32) [17, 18]. Of these, we
selected miRNAs which are not only highly expressed in the liver but also target genes
associated with cholesterol homeostasis. We found that miR-27a, a member of the
miR-23a~27a~24-2 cluster on 19p13.13, not only directly decreases the levels of the LDLR
on the surface of the liver cells but also targets other key players in the LDLR pathway
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which further contributes to hypercholesterolemia. The results presented here provide
evidence supporting the potential of miR-27a as a therapeutic target for the prevention of
atherosclerosis and its complications.

MATERIALS AND METHODS

Cell culture and treatments

Human liver hepatocellular carcinoma cell line (HepG2 cells) was purchased from the
American Type Culture Collection (ATCC; Manassas, VA). Cells were cultured in EMEM
(ATCC) supplemented with 10% fetal bovine serum (Life Technologies; Carlsbad, CA) in
25 cm? polystyrene flasks placed in a Hera Cell 5% CO, 37°C incubator (ThermoFisher
Scientific; Waltham, MA). Routine passage was carried out every 2 or 3 days.

About 2 x 10° HepG2 cells were seeded per 6-cm plate and serum-starved for 24 h before
the following treatments: 50, 100 or 200 pg/ml human LDL-cholesterol (LDL-C) (Kalen
Biomedical; Montgomery Vlg, MD); 10, 30 or 90 uM simvastatin (Sigma; St Louis, MO);
100 nM insulin (Sigma); 30 nM glucose (Sigma); 5 uM Bay-11 (Cayman; Ann Arbor, MI);
200 pM fatty acids conjugated with 0.2% BSA (30 mM) in 1% ethanol. We treated HepG2
cells for 24 h with palmitic acid (Sigma), palmitoleic acid, stearic acid, oleic acid, linoleic
acid, linolenic acid, and eicosapentaenoic acid (Cayman).

Bioinformatics

miRBase database (www.miRbase.org) was used to identified 91 miRNAs mapping to
19p13.3 — q13.32. MicroRNA gene targets were predicted using the TargetScan program
release June 2012 (http://www.targetscan.org [14, 19, 20] and miRanda (http://
www.microrna.org/microrna/home.do) [21].

Reverse transfection of miR-27a mimics and anti-miR-27a inhibitors

About 1 x 10° HepG2 cells were seeded per well in a 12-well plate containing 3 pl
Lipofectamine RNAIMAX (Life Technologies) supplemented with either 30 nM miR-27a
mimic, 30 nM negative control mimic (NC; Dharmacon, Thermo Fisher Scientific;
Pittsburgh PA), 50 nM locked nucleic acid (LNA) anti-miR-27a or LNA negative control
(Exigon; Woburn, MA). Total RNA was extracted 48 h after transfection using the
miRNeasy Kit (Qiagen; Valencia, CA) according to the manufacturer’s instructions.
Verification of miR-27a overexpression and knockdown was done using gPCR, as described
below.

Quantitative real-time RT-PCR (qPCR)

First-strand cDNA was synthesized from either total RNA obtained from HepG2 cells or
from Human Total RNA Survey Panel (Life Technologies) using random primers and the
Super Script 111 Reverse Transcriptase kit (Life Technologies), according to the
manufacturer’s protocol. For the quantification of specific microRNAs, total RNA samples
were reverse transcribed using the TagMan MicroRNA Reverse Transcriptase kit (Life
Technologies), per the manufacturer’s instructions. Quantitative real time RT-PCR (gPCR)
was performed using commercial TagMan Gene Expression Assays (Life Technologies) in

Atherosclerosis. Author manuscript; available in PMC 2016 October 01.


http://www.targetscan.org
http://www.microrna.org/microrna/home.do
http://www.microrna.org/microrna/home.do

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarez et al.

Page 4

conjunction with the ABI Prism 7900 HT Sequence Detector apparatus (Applied
Biosystems). Data were normalized using both 18S (eukaryotic 18S ribosomal RNA) and
UBC (ubiquitin C), the 2 most stable housekeeping genes tested for the experimental
conditions used. For microRNA quantification, data were normalized using RNU6B. Results
were analyzed with RQ Manager and DataAssist software (Life Technologies). TagMan
assay information is provided in Supplementary Table 1.

SYBR PCR Array Gene Expression Profiling

Total RNA was extracted from HepG2 cells over-expressing either a control mimic or a
miR-27a mimic, as described above. The RT? First Strand kit (Qiagen) was used to reverse
transcribe 1 pg of total RNA. Quantitative RT-PCR analysis of 84 lipid metabolism-related
genes was performed using the Lipoprotein Signaling & Cholesterol Metabolism RT?2
Profiler PCR Arrays (Qiagen) as it was previously described [22]. The complete list of genes
and assays used in this PCR Array is shown in Supplementary Table 2. Data analysis was
performed using RT2 Profiler PCR Array Data Analysis ver. 3.5 (http:/
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) and AACt based fold-change
calculations.

Western blot analysis

Cells were lysed on ice with Extraction Buffer containing 10 mM Tris HCI pH 7.4, 150 mM
NaCl, 0.1% Triton X-100, and a protease inhibitor cocktail tablet (Roche; Branford, CT).
Total soluble protein was quantified using the BCA Protein Assay kit (Pierce
Biotechnology; Rockford, IL), and an equal amount of protein was loaded in each lane of a
NUPAGE Novex 4-12% Bis-Tris gel. Membranes were blocked in 0.1% non-fat dry milk
dissolved in 1X TBST (Tris-Buffered Saline plus 0.2% v/v Tween-20), and probed with
antigen-specific antibodies. Rabbit polyclonal antibodies to LRP6 (1:1000) (GeneTex;
Irvine, CA), LDLRAP1 (1:750) (Abcam; Cambridge, MA), and a/f tubulin (1:1000) (Cell
Signaling Technology; Boston, MA) as well as anti-rabbit antibody (1:50,000) (Bio-Rad;
Hercules, CA) were used in western blot. The antibody-antigen reactions were visualized
using ECL Prime (GE Healthcare Life Sciences; Piscataway, NJ), and band density was
quantified in triplicate with NIH Image J software (http://rsbweb.nih.gov/ij/).

Enzyme-linked immunosorbent assay analysis (ELISA)

Protein concentration was determined using a commercial sandwich ELISA kit for detection
of LDLR (Cell Biolabs; San Diego, CA) and PCSK9 (R&D Systems; Minneapolis, MN)
according to the manufacturer’s instructions. The optical density of the final product was
read at 450 nm using a VICTOR3 Microplate Reader (Perkin Elmer; Waltham, MA).

miR-27a activity and 3° UTR Luciferase Reporter Assays

Reporters were constructed based on pmirGLO Dual Luciferase miRNA Target Expression
Vector (Promega; Fitchburg, WI). The pmirGLO vector contains firefly luciferase as the
primary reporter to monitor mRNA regulation and Renilla luciferase as a control reporter for
normalization [23].

Atherosclerosis. Author manuscript; available in PMC 2016 October 01.


http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://rsbweb.nih.gov/ij/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alvarez et al.

Page 5

To detect miR-27a activity in HepG2 cells, reporter pmiR-27a was generated with
oligonucleotides containing the reverse complement sequence of mature miR-27a and the
restriction sites for Pmel and Xbal (Supplementary Table 3). As a negative control, a
mutated version of the reporter plasmid, named pmiR-27aM, was generated with
oligonucleotides containing a mutated reverse complement sequence of mature miR-27a
(Supplementary Table 3). For the construction of both pmiR-27a and pmiR-27aM, the
oligonucleotides previously mentioned were annealed and cloned using Pmel and Xbal into
the multiple cloning site (MCS) of the pmirGLO vector at the 3’ untranslated region
(3’UTR) of the firefly luciferase gene. The firefly luciferase activity of HepG2 cells
transfected with pmiR-27a inversely reports miR-27a activity in these cells.

The 3’'UTR sequence of human LDLR (~740), LRP6 (~500 bp), and LDLRAP1 (~1400 bp)
were generated by PCR using human genomic DNA as template and the CloneAmp HiFi
PCR kit (Clontech; Mountain View, CA) as per the manufacturer’s instructions. In addition,
site-directed mutagenesis in the seed region of predicted miR-27a sites within the 3’UTR of
LDLR, LRP6 and LDLRAP1 were generated using Multisite-Quickchange (Stratagene)
according to the manufacturer’s protocol. Restriction sites for Pmel and Xbal were added to
the PCR primers (sequences provided in Supplementary Table 3) to allow the cloning of the
PCR products into the MCS of the pmirGLO vector.

About 10,000 HepG2 cells were seeded per well into a white 96-well plate. After overnight
incubation at 37°C, cells were co-transfected with 100 ng of the indicated luciferase reporter
vectors and either 30 nM miR-27a, NC mimic (Dharmacon), LNA miR-27a inhibitor or
LNA NC (Exigon) using 0.2 ul per well of Lipofectamine 2000 (Life Technologies).
Luciferase activity was measured 24 h after transfection using the Dual-Glo Luciferase
Assay System (Promega). Firefly luciferase activity was normalized to the corresponding
renilla luciferase activity and plotted as a percentage of the control (HepG2 cells co-
transfected with plasmid and control mimic). Experiments were performed in triplicate wells
of a 96-well plate.

LDLR activity

HepG2 cells were transfected with either miR-27a or NC mimic in a 96-well plate as
previously described. Cell culture medium was removed from the 96-well plate 48 h after
transfection, and cells were incubated overnight at 37°C in serum-free EMEM medium
containing human LDL conjugated to DyLight™ 549, a fluorescent probe for detection of
LDL uptake (LDL Uptake Cell-Based Assay kit; Cayman). The degree of LDL uptake was
examined in an Evos Digital Inverted Fluorescence Microscope (AMG, Fisher Scientific)
with filters for excitation at 540 nm and emission at 570 nm. The intensity of fluorescence
was quantified at 540/570 nm excitation/emission using a Synergy MX plate reader (Biotek,
Winooski, VT).

Statistical analysis

All statistical analyses were performed using the software GraphPad Prism 5 (GraphPad; La
Jolla, CA). One-way ANOVA test with a Dunnett’s Multiple Comparison post-test were
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used to assess differences between conditions. Results were considered statistically
significant if P<0.05.

Identification of miRNAs located on chromosome 19 (19p13.3 — q13.32) that participate in
the regulation of cholesterol metabolism

The most frequently and consistently reported region of linkage for total cholesterol and/or
LDL-C in the literature is on 19p13.3 — q13.32 [17, 18]. First, we determined if specific
miRNAs located on this region of chromosome 19 participate in cholesterol homeostasis.
Using the miRBase database (www.miRbase.org), we identified 91 miRNAs mapping to the
region of interest. Since liver has a central role in cholesterol homeostasis, we identified
which miRNAs among the ones localized on 19p13.3 — q13.32 have been previously
reported to express in this organ [24-27]. We found that 7 out of the 91 miRNAs mapping
on the region of interest were expressed in liver, including the miR-23a~27a~24-2 cluster on
19p13.13. While the three miRNA species of this cluster are derived from a single primary
transcript, their expression patterns vary independently of one another depending on
different biological conditions. Using TargetScan software, we found that miR-23a,
miR-27a, and miR-24-2 have target sites in several genes related to cholesterol homeostasis
(Supplementary Table 4). Therefore, we initially decided to focus our project on the
functional characterization of these three miRNAs.

Quantification of miR-23a, miR-27a and miR-24-2 in different normal human organs

To determine expression patterns of miRNAs of interest, we first measured levels of
miR-27a, miR-23a and miR-24-2 in human liver, adipose, kidney, small intestine, and heart
tissues by TagMan gPCR using a panel of total RNA. We found that the level of miR-27a
was many times higher (lower cycle thresholds or Cts by gPCR) than miR-23a and
miR-24-2 in all the different normal human organs assessed, including liver (Supplementary
Table 5). Furthermore, recent studies have identified important roles for miR-27a on
regulating cellular cholesterol in THP-1 macrophages [28]. Therefore, we decided to focus
on the functional characterization of miR-27a and its role in cholesterol homeostasis in liver.

Identification of miR-27a target genes associated with lipoprotein transport and
cholesterol metabolism

To begin to understand the role of mMiRNAs 27a in cholesterol homeostasis, we first over-
expressed miR-27a in HepG2 cells using miRNA mimics, and determined the effect of
miR-27a on the mRNA levels of 84 key genes involved in lipoprotein transport and
cholesterol metabolism, using a SYBR PCR Array (Suppl. Table 2). We found a significant
decrease in the levels of three key players in the LDLR pathway: LDLR, LRP6, and
LDLRAP1 (Suppl. Fig. S1). These three genes were predicted as miR-27a targets by
TargetScan and miRanda (Suppl. Table 6). Interestingly, we also found that miR-27a
upregulates PCSK9, an enzyme that targets LDLR for degradation in the lysosomes. Based
upon the strong evidence for their biological roles in cholesterol metabolism, we selected
LRP6, LDLRAP1, PCSK9, and LDLR genes for further validation as targets of miR-27a.
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miR-27a decreases expression of LRP6, an essential molecule for efficient LDLR

endocytosis

The human LRP6 3’ UTR has one predicted conserved binding site for miR-27a (Fig. 1A).
To confirm the results obtained in the SYBR PCR array, we quantified expression of LRP6
mRNA using TagMan PCR in three independent experiments in which HepG2 cells were
transfected with either 30 nM miR-27a mimic, negative control (NC) mimic, LNA anti-
miR-27a, or LNA NC (Fig. 1A). We did not observe significant changes in the levels of
LRP6 mRNA in HepG2 cells with miR-27a over-expression or knockdown suggesting that
the effect of miR-27a on LRP6 expression is not at posttranscriptional level. However, these
results are in disagreement with the results of the initial screening using SYBR PCR Array
(Fig. 1S) in which we observed a 1.71 fold decrease in LRP6 mRNA in HepG2 cells
transfected with 30 nM miR-27a mimic. This discrepancy on the effect of miR-27 on LRP6
MRNA can be explained by the differences in accuracy between mRNA quantification using
SYBR PCR Array—a screening method used for a fast and a relatively inexpensive
simultaneous quantification of the expression of multiple genes in the same sample— versus
the more specific and accurate TagMan PCR method which was used to confirm the results
obtained by SYBR PCR Array [22].

Next, we sought to determine whether miR-27a was able to bind to the 3’ UTR of LRP6. To
this end, we constructed luciferase reporter plasmid pLRP6-3’UTR containing 500 bp of
LRP6 3’'UTR. We found that luciferase activity increased 40% in HepG2 with miR-27a
knockdown co-transfeceted with pLRP6-3'UTR and decreased 40% when miR-27a was
over-expressed, suggesting that the regulation of LRP6 by miR-27a is at translational level
(Fig. 1B). As expected, mutations in the seed base-pairing sequence of the predicted
miR-27a target site in LRP6 3’UTR reporter abolished regulation by miR-27a mimics and
LNA anti-miR-27a (Fig. 1A). These results were confirmed by LRP6 western blot analysis
of HepG2 cells with miR-27a knockdown (Fig. 1C and D) or miR-27a over-expression (Fig.
1E and F).

miR-27a downregulates LDLRAP1, another essential molecule for efficient endocytosis of

LDLR

The human LDLRAP1 3’ UTR has two predicted miR-27a binding sites (Fig. 2A). To
confirm the downregulation of LDLRAP1 gene expression by miR-27a that we observed
using PCR Array, HepG2 cells were transfected with either 30 nM miR-27a, 30 nM NC
mimics, 50 nM LNA anti-miR-27a, or 50 nM LNA NC. We found a 30% increase in
LDLRAP1 mRNA levels in cells with miR-27a knockdown, and a 60% decrease in cells
with miR-27a overexpression (Fig. 2B), suggesting that miR-27a downregulates LDLRAP1
at RNA level.

A 3UTR Luciferase Reporter Assay was performed in HepG2 cells co-transfected with
plasmid pLDLRAP1-3’UTR and either LNA anti-miR-27a, LNA NC, miR-27a or NC
mimics. We found that luciferase activity increased 40% with miR-27a knockdown and
decreased 30% when miR-27a was over-expressed (Fig. 2C) suggesting that miR-27a
downregulates LDLRAP1 gene not only at RNA but also at protein level. As expected,
mutations in the seed base-pairing sequence of the two predicted miR-27a target sites in
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LDLRAP1 3'UTR reporter abolished regulation by miR-27a mimics and LNA anti-miR-27a
(Fig. 2C). These results were confirmed by LDLRAP1 western blot of HepG2 cells with
miR-27a knockdown (Fig. 2D and E).

miR-27a increases PCSK9, an enzyme that targets LDLR for degradation

PCSK®9 is an enzyme that binds to the LDL receptor and induces its degradation. We found
that LNA anti-miR-27a induced a dose-response decrease in the levels of PCSK9 mRNA in
HepG2 cells compared to the control (Fig. 3A). Likewise, an increase in the level of PCSK9
mMRNA and secreted PCSK9 protein was observed in cells with miR-27a overexpression
(Fig. 3B). Since some reports suggest that miRNAs can upregulate rather than downregulate
target genes by binding to their promoter region [29], we searched for sequences
complementary to the different canonical seed types for miR-27a [30] in the PCSK9
promoter. We found a putative binding site for miR-27a at position -1671 bp relative to the
transcription start site, possible in the PCSK9 promoter region. This site has the sequence
AGTGTCA which is complementary to the 7mer- m8 seed type of miR-27a.

miR-27a directly downregulates LDLR by binding to its 3'UTR region

The human LDLR 3’ UTR has one predicted conserved miR-27a binding site (Fig. 4A).
Thus, we first sought to confirm the effect of miR-27a on LDLR expression. We found that
the inhibition of miR-27a using LNA-anti-miR-27a induced a dose-response increase in
LDLR mRNA levels in HepG2 cells (Fig. 4A). Figure 4B shows the effect of miR-27a
knockdown and overexpression on the levels of LDLR mRNA and protein. We concluded
that miR-27a induced a decrease in LDLR at mRNA and protein levels.

We next wanted to determine whether the effect of miR-27a on LDLR level was only
indirect and secondary to its regulation of PCSK9 or if there was also a direct effect. To this
aim, we first transfected HepG2 cells with pLDLR-3’UTR and observed an 80% decrease in
luciferase activity compared to empty vector suggesting the presence of factors that bind to
the 3’UTR of LDLR likely including endogenous miR-27a (Fig. 4C, bar 2). We next
transfected HepG2 cells with either pmiR-27a or pmiR-27aM in the presence or absence of
LNA anti-miR-27a or LNA NC to determine miR-27a activity in HepG2 cells (Fig. 4C). We
observed an 80% decrease in luciferase activity in cells transfected with pmiR-27a
compared to empty vector suggesting that endogenous miR-27a is active in HepG2 cells. As
expected, the decrease in luciferase activity observed in cells transfected with pmiR-27a was
reversed when they were co-transfected with LNA anti-miR-27a (Fig. 4C, bar 5), but not
LNA NC, demonstrating that LNA anti-miR-27a is specific for miR-27a. However, when
cells were transfected with pmiR-27aM (the mutated version of pmiR-27a), luciferase
activity was not affected compared to those cells transfected with the empty vector (Fig. 4C,
column 6). We next co-transfected HepG2 cells with reporter pLDLR-3’UTR and either NC
mimic, miR-27a mimic, LNA NC or LNA anti-miR-27a. We found that luciferase activity
decreased 30% in cells over-expressing miR-27a while increased 25% in those with
miR-27a knockdown (Fig. 4D, bars 2 and 5). As expected, mutations in the seed base-
pairing sequence of the predicted miR-27a target site in LDLR 3'UTR reporter abolished
regulation by miR-27a mimics and LNA anti-miR-27a (Fig. 4D, bars 3 and 6). These results
confirmed that miR-27a directly downregulates the level of LDLR expression by binding to
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its ¥UTR. Finally, the activity of the LDLR was assessed in HepG2 cells transfected with
either miR-27a or NC mimic and incubated with LDL labeled with DyLight™ 549. We
found that LDLR activity decreased about 50% in HepG2 cells transfected with miR-27a
mimic compared to the control (Fig. 4E and F).

Regulation of miR-27a expression in HepG2 cells

We wanted to determine whether NF-kB, LDL-C, insulin, glucose and fatty acids regulate
the expression of miR-27a in HepG2 cells. We found that Bay-11, an inhibitor of NF-kB,
decreased miR-27a expression, while LDL-C, simvastatin (inhibitor of cholesterol
synthesis), and insulin but not glucose, increased the level of miR-27a in HepG2 cells (Fig.
5A). We observed a dose-response effect of simvastatin on the expression of miR-27a (Fig.
5B), while a biphasic response with a peak at 50 pg/ml was observed for LDL-C (Fig. 5C).
In addition, we assessed the effect of different fatty acids on the expression of miR-27a (Fig.
5D). We found that the polyunsaturated fatty acids linoleic and eicopentanoic (EPA)
induced a modest increase in the level of miR-27a, while the monounsaturated fatty acids
palmitoleic and oleic decreased miR-27a. However, the saturated fatty acids palmitic and
stearic did not significantly affect the levels of miR-27a. These results suggest that the level
of saturation of fatty acids may determine the type of effect on the levels of miR-27a.

DISCUSION

Several microRNAS have been identified as post-transcriptional regulators of cholesterol
homeostasis, including miR-122, miR-370, miR-33 [3-33]. More recently, the miR-27
family (miR-27a and miR-27b) has emerged as a new key regulator in cholesterol and lipid
homeostasis [28, 35, 36]. Although many genes associated with lipid and cholesterol
metabolism are predicted as potential binding targets of the miR-27 family according to
different bioinformatic databases, only few have been validated [35].

In the present study, we elucidated the underlying mechanism of miR-27a modulation of
LDLR—the major regulator of LDL-C removal from circulation. Choi et al. [37] previously
reported that miR-27a decreases hepatitis C virus (HCV) infectivity by downregulating
LDLR --a candidate HCV entry receptor-- in differenciated hepatocyte-like cells (DHCs).
Furthermore, these authors confirmed that, as the expression of miR-27a decreases during
hepatic differentiation, the levels of LDLR increased. In contrast, miR-27b --the other
member of the miR-27 family that shares the same seed region and 20 out of 21 nucleotides
with 27a— increases during hepatic differentiation [37] suggesting that miR-27a but not
miR-27b, modulates LDLR in DHCs. Although Choi et al [37] have clearly demonstrated
that miR-27a downregulates LDLR, they did not characterize the underlying mechanism and
whether this observed effect was direct or indirect.

Here, we demonstrated for the first time that miR-27a directly decreases LDLR at both
RNA and protein levels by binding to the 3’UTR of the LDLR gene. Moreover, we found
that miR-27a also indirectly decreases the levels of LDLR protein through upregulation of
PCSK9, an enzyme that enhances hepatic LDLR degradation [38] (Fig. 6A). Overexpression
of miR-27a induced an increase in the level of PCSK9 mRNA and secreted PCSK9 protein,
while inhibition of miR-27a using LNA induced a dose-response decrease of up to 50% in
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the levels of PCSK9 compared to control. These results clearly demonstrated that miR-27a
upregulates PCSK9 gene. This effect can be indirect via a downregulation of an unknown
target that decreases PCSKQ levels, or direct through upregulation of PCSK9 gene
expression by miR-27a. However, miRNAs generally induce downregulation rather than
upregulation of gene expression through complementary binding to the 3’UTR of their target
genes. Furthermore, miR-27a does not even have a putative binding site in the 3’UTR of
PCSK9. Nevertheless, some studies demonstrated that miRNAs can also interact with their
target genes by complementary binding to its promoter which stimulate rather than inhibit
gene transcription and protein translation [29, 39]. We found a potential binding site for
miR-27a at position -1671 bp relative to the transcription start site, which may be
responsible for the upregulation of PCSK9. Although we recognize that it would have been
interesting to further characterize the mechanism by which miR-27a upregulates PCSK9,
this is outside the scope of this present study.

In addition to the direct and indirect downregulation of LDLR levels, miR-27a indirectly
affects LDLR efficiency through a mechanism in which miR-27a targets another two genes
of the LDLR pathway: LRP6 and LDLRAP1. Once LDL-C binds to LDLR, LRP6 forms a
complex with LDLR, LDLRAP1, and clathrin to initiate a clathrin-dependent endocytosis.
Thus, both LRP6 and LDLRAP1 are essential for efficient endocytosis of the LDLR-LDL-C
complex in the liver [6, 7, 40], a step required to release LDL-C inside the cell. We found
that miR-27a directly downregulates the expression of LRP6 and LDLRAP1 genes by
binding to their 3’'UTR. Therefore, miR-27a may not only decrease the level of LDLR on the
surface of hepatocytes but also may affect its efficiency. In fact, we found that LDLR
activity decreased about 50% in HepG2 cells transfected with miR-27a mimic compared to
the control. Figure 6A summarizes all the mechanisms unraveled in the present study by
which miR-27a may directly and indirectly affect LDLR levels and efficiency causing a
decrease in the uptake of LDL-C. Consequently, LDL-C may accumulate in blood resulting
in the deposition of cholesterol in tissues and in the arterial wall that leads to atherosclerosis.
However, caution is required when extrapolating miRNA expression results in vitro into an
in vivo scenario.

Dysregulation of miR-27a has been reported in different diseases commonly associated with
high circulating LDL-C such as metabolic syndrome [41], diabetes [41-43], obesity [44],
and non-alcoholic fatty liver disease (NAFLD) [45]. To start investigating how miR-27a is
regulated and how it might be affected in these diseases, we assessed the effect of insulin,
glucose, LDL-C, statins, fatty acids, and NF-kB (nuclear factor kappa B) on the levels of
miR-27a in HepG2 cells. We found that insulin induced a 60% increase in the levels of
miR-27a, while no effect was observed after treatment with high glucose. These results are
in agreement with a global microRNA expression profiles performed in insulin-targeted
tissues from a spontaneous rat model of type 2 diabetes in which miR-27a was upregulated
in adipose tissue but not in liver or muscle. In addition, exposure of 3T3-L1 adipocytes to
increased glucose concentration induced miR-27a upregulation [43]. Interestingly, an
increase in the levels of circulating miR-27a in patients with metabolic syndrome and type 2
diabetes has been recently reported [41]. In the same study, a strong correlation between
raised levels of fasting glucose and altered levels of circulating miR-27a was found in 265
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individuals with health conditions related to metabolic syndrome. In another study, levels of
miR-27a were significantly increased in sera from children and adolescents with newly
diagnosed type 1 diabetes [42].

Transcription factor NF-kB controls many genes involved in inflammation, and is
chronically active in diseases such as NAFLD [46] and atherosclerosis [47]. We found a
50% decrease in the levels of miR-27a in HepG2 treated with Bay-11, an inhibitor of NF-
kB, suggesting that NF-kB upregulates hepatic miR-27a which may contribute to increase
LDL-C in NAFLD and atherosclerosis.

For the past 20 years, drugs known as statins —which increase the levels of LDLR on the
surface of the liver cells— have been the main treatment for high blood LDL-C. However,
some patients do not respond to the treatment or fail to achieve the recommended levels of
LDL-C and still suffer heart attacks [12]. Part of the positive effect of statins on augmenting
the levels of LDLR is partially counteracted by an increase in the enzyme PCSK?9, which
degrades LDLR [48]. Interestingly, we found that a commonly used statin, known as
simvastatin, induced a dose-response increase in the levels of miR-27a in HepG2 cells.
Since miR-27a decreases LDLR while increasing PCSK9 protein levels, upregulation of
miR-27a may contribute to limit the efficiency of this drug (Fig. 7B).

We observed that miR-27a inhibition using a specific LNA antisense oligonucleotide
induced a 70% increase in the levels of LDLR and a 50% decrease in PCSKO. In a recent
report, two LNA antisense oligonucleotides targeting PCSK9 induced a 50% reduction in
circulating LDL-C with no observed toxic effects in nonhuman primates [49]. These results
demonstrate the feasibility and efficacy of using LNA technology to downregulate a target
gene and decrease LDL-C. The potential of using miR-27a as a therapeutic target for
atherosclerosis has already been proposed in a recent report from Zhang et al [28] in which
it was demonstrated that miR-27a and b regulate cellular cholesterol efflux, influx, and
esterification/hydrolysis in THP-1 macrophages. Because miR-27a regulates different
pathways that contribute to atherosclerosis in liver and macrophages, the inhibition of
miR-27a may be a more global and effective therapeutic alternative to statins and PCSK9
inhibition.

The results presented here provide new insight into the complex mechanisms underlying
cholesterol homeostasis as well as further evidence supporting the potential of miR-27a as a
therapeutic target for the prevention of atherosclerosis and its complications.
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ABBREVIATIONS

LDL low-density lipoprotein
LDL-C LDL cholesterol
LDLR LDL receptor
PCSK9 proprotein convertase subtilisin/kexin type 9
LRP6 LDLR-related protein 6
LDLRAP1 LDLR-adapter protein 1
miRNA microRNA
LNA locked nucleic acid
N.C negative control
MCS multiple cloning site
JUTR 3 untranslated region
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Fig. 1. Effect of miR-27a on LRP6 expression in HepG2 cells
(A) Predicted annealing of human miR-27a to LRP6 3’'UTR. HepG2 cells were transfected

with either 50 nM of LNA anti-miR-27a, 50 nM LNA NC, 30 nM of miR-27a, or 30 nM NC
mimic, in the absence (A) or presence (B) of plasmid pLRP6-3’UTR. Western blot was used
to assess the expression of LRP6 protein in HepG2 cells transfected with either LNA anti-
miR-27a or LNA NC (C) as well as with either miR-27a or NC mimic (E). The intensity of
the protein bands was measured by densitometry (D and F). Data are mean of three
independent experiments £ S.D. LNA, locked nucleic acids; NC, negative control; LRPS,
LDLR-related protein 6. The significance is indicated only for samples that are significantly
different from all the others. * P<.05; ** P<0.01; *** P<0.001.
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Fig. 2. Regulation of LDLRAP1 by miR-27a
(A) Predicted annealing of human miR-27a to two sites on the LDLRAP1 JUTR. (B and C)

HepG2 cells were transfected with either 50 nM of LNA anti-miR-27a, 50 nM LNA NC, 30
nM of miR-27a mimic or 30 nM NC mimic, in the absence (B) or presence (C) of plasmid
pLDLRAP1-3'UTR. The effect of miR-27a on the levels of LDLRAP1 mRNA was assessed
by TagMan gPCR (B), while luciferase activity was measured to determine the effect of
miR-27a on protein levels (C). (D and E) The expression of LDLRAP1 protein in cells
transfected with LNA anti-miR-27a or LNA NC was assessed by western-blot (D), and the
intensity of the protein bands was measured by densitometry (E). Data are mean of three
independent experiments £ S.D. LNA, locked nucleic acids; NC, negative control;
LDLRAP1, LDLR-adapter protein 1. The significance is indicated only for samples that are
significantly different from all the others. * P<.05; ** P<0.01; *** P<0.001.
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HepG2 cells were transfected with different concentrations of either LNA anti-miR-27a or

LNA NC (A) or with either 30 nM miR-27a or NC mimic (B). The level of PCSK9 mRNA
was quantified by TagMan gPCR and the secreted PCSK9 protein by ELISA. Data are mean
of three independent experiments + S.D. LNA, locked nucleic acids; NC, negative control;
PCK9, proprotein convertase subtilisin/kexin type 9. The significance is indicated only for
samples that are significantly different from all the others. * P<.05; ** P<0.01; *** P<0.001.
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Fig. 4. Effect of miR-27a on the expression of LDLR in HepG2 cells
(A) Predicted annealing of human miR-27a to two sites on the LDLR 3'UTR. HepG2 cells

were transfected with different concentrations of either LNA anti-miR-27a or LNA NC. (B)
Cells were transfected with either 30 nM miR-27a, 30 nM NC mimic, 50 nM LNA anti-
miR-27a or 50 nM LNA NC. The level of LDLR mRNA was quantified by TagMan gPCR
and the LDLR protein by ELISA. (C and D) Cells were co-transfected with 1 ug of reporter
constructs pLDLR-3’UTR, pmiR-27a or mutated pmiR-27aM in the presence or absence of
either 50 nM LNA anti-miR-27a, 50 nM LNA NC, 30 nM miR-27a or 30 nM NC mimic.
(E) LDLR activity was assessed in HepG2 cells transfected with either 30 nM miR-27a or
NC mimics and incubated overnight with LDL conjugated to DyLight™ 549, a fluorescent
probe for detection of LDL uptake. The degree of LDL uptake was examined in an Evos
Digital Inverted Fluorescence Microscope (AMG, Fisher Scientific) with filters for
excitation at 540 nm and emission at 570 nm. (F) The intensity of fluorescence was
quantified at 540/570 nm excitation/emission using a Synergy MX plate reader (Biotek).
Data are mean of three independent experiments + S.D. LNA, locked nucleic acids; NC,
negative control; LDLR, LDL receptor. The significance is indicated only for samples that
are significantly different from all the others. * P<.05; ** P<0.01; *** P<0.001.
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inhibits cholesterol synthesis), insulin and glucose; (B) 200 uM fatty acids (Sigma)
conjugated with 0.2% BSA (30 mM) in 1% ethanol; different concentrations of simvastatin
(C) or human LDL-C (D). Data are mean of three independent experiments + S.D. The
significance is indicated only for samples that are significantly different from all the others.
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Fig. 6. Proposed mechanism for the effect of miR-27a and simvastatin on cholesterol homeostasis
in the liver

(A) miR-27a directly downregulates LDLR, LDLRAP1 and LRP6 gene expression by
binding to their ¥UTR region. LDLRAP1 and LRP6 proteins are essential for efficient
endocytosis of LDLR in hepatocytes, a step required for the release of LDL-C inside the
cell. miR-27a also upregulates the enzyme PCSKS9, which induces LDLR degradation and,
thus, further decreases the number of LDLRs on the surface of the cell. Therefore, miR-27a
decreases the level and efficiency of the LDLR leading to a diminished LDL-C uptake and
increased LDL-C levels in the blood that contributes to atherosclerosis. (B) Simvastatin
(SIM) inhibits HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), the limiting rate
enzyme of the cholesterol biosynthesis, which induces a decrease in intracellular (1. C.)
cholesterol and subsequent increase in the expression of the LDLR. However, simvastatin
not only increases the expression of PCSK9 --an enzyme that induces LDLR degradation--
but also miR-27a, which contribute to diminish the efficiency of the treatment with statins in
patients with hypercholesterolemia.
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