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Abstract

Rationale—Recently, there has been significant interest in the therapeutic administration of
miRNA mimics and inhibitors to treat cardiovascular disease. In particular, miR-27b has emerged
as a regulatory hub in cholesterol and lipid metabolism and potential therapeutic target for treating
atherosclerosis. Despite this, the impact of miR-27b on lipid levels /n vivo remains to be
determined. As such, here we set out to further characterize the role of miR-27b in regulating
cholesterol metabolism /n vitroand to determine the effect of miR-27b overexpression and
inhibition on circulating and hepatic lipids in mice.

Methods and Results—Our results identify miR-27b as an important regulator of LDLR
activity in human and mouse hepatic cells through direct targeting of LDLR and LDLRAP1. In
addition, we report that modulation of miR-27b expression affects ABCAL protein levels and
cellular cholesterol efflux to ApoALl in human hepatic Huh7 cells. Overexpression of pre-miR-27b
in the livers of wild-type mice using AAV8 vectors increased pre-miR-27b levels 50—fold and
reduced hepatic ABCAL and LDLR expression by 50% and 20%, respectively, without changing
circulating and hepatic cholesterol and triglycerides. To determine the effect of endogenous
miR-27b on circulating lipids, wild-type mice were fed a Western diet for one month and injected
with 5 mg/kg of LNA control or LNA anti-miR-27b oligonucleotides. Following two weeks of
treatment, the expression of ABCA1 and LDLR were increased by 10-20% in the liver,
demonstrating effective inhibition of miR-27b function. Intriguingly, no differences in circulating
and hepatic lipids were observed between treatment groups.
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Conclusions—The results presented here provide evidence that short-term modulation of
miR-27b expression in wild-type mice regulates hepatic LDLR and ABCA1 expression but does
not influence plasma and hepatic lipid levels.
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INTRODUCTION

Alterations in the control of cholesterol homeostasis can lead to pathological processes,
including atherosclerosis, the most common cause of mortality in Western societies.
Epidemiological studies have identified many environmental and genetic factors that
contribute to atherogenesis. In particular, high levels of low-density lipoprotein (LDL)
cholesterol and low levels of high-density lipoprotein (HDL) cholesterol are associated with
increased cardiovascular disease (CVD) risk!:2. As a result, substantial therapeutic progress
has resulted from the widespread use of statins® and other lipid-lowering drugs aimed at
lowering plasma LDL-cholesterol (LDL-C). Despite this, statins are not sufficient to prevent
the progression of atherosclerosis in many individuals and there is considerable evidence
that quantitatively important determinants of disease susceptibility remain to be identified*>.

In humans, the majority of serum cholesterol is transported as cholesterol esters in LDL
particles. To ensure that blood cholesterol levels are balanced, LDL is constantly
internalized. The uptake of LDL and other ApoE/ApoB containing lipoproteins occurs
through the LDL receptor (LDLR) and is a classic example of receptor-mediated
endocytosis®’. The circulating level of LDL is determined in large part by its rate of uptake
through this pathway, as evidenced by mutations in LOLR or LDLR adaptor protein 1
(LDLRAPI), which lead to the massive accumulation of LDL in patients with familial
hypercholesterolemia (FH)8°. The expression of the LDLR is tightly controlled by feedback
mechanisms that operate at both transcriptional and post-transcriptional levels. When
intracellular levels of cholesterol are high, the ER-bound sterol regulatory element-binding
proteins (SREBPs) coordinate the down-regulation of the LDLR, as well as 3-
hydroxy-3methylglutaryl coenzyme A reductase (HMGCR), the rate-limiting enzyme of
cholesterol biosynthesis10-11, Conversely, when sterol concentrations are low, SREBPs
upregulate HMGCR and the LDLR, thereby enhancing LDL clearance from the plasma and
ensuring that intracellular cholesterol levels are maintained!%.11, Under these conditions, the
liver X receptor (LXR)/ retinoid X receptor (RXR) heterodimers recruit corepressor
complexes and actively repress genes involved in cholesterol efflux, such as the ATP-binding
cassette (ABC) transporters, ABCAI and ABCG1, thereby maintaining cellular cholesterol
homeostasis!2.

miRNAs are a class of small, non-coding RNAs that negatively regulate gene expression at
the post-transcriptional level by promoting mRNA degradation and/or inhibiting mMRNA
translation13-15. Recently, numerous miRNAs have been implicated in the physiological
processes underlying atherosclerosis and CVVD, making them potential biomarkers and
therapeutic targets for ameliorating cardiometabolic disorders. In particular, work from our
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lab and others have demonstrated a direct role for miR-33a/b in controlling cholesterol and
fatty acid metabolism in concert with their SREBP host genes and have highlighted the
therapeutic potential of modulating this miRNA family to increase ABCAL expression,
cellular cholesterol efflux, and circulating levels of HDL-C16.17,

In addition to miR-33, a number of other miRNAS have been associated with alterations in
lipid homeostasis. Specifically, miR-27b has recently been identified as a regulatory hub in
lipid metabolism, with many confirmed metabolic targets, including LPL, PPARY,
ANGPTL3, GPAM, ABCA1 and RXRal8-20, Additionally, studies have correlated miR-27b
expression levels with clinical pathological factors and the prognosis of patients with
atherosclerosis!®, Furthermore, aberrant expression of miR-27b has been shown to be a
predictor for unstable atherosclerotic plaques?1:22. Despite these clinical observations, to
date, no reports are available regarding the impact of miR-27b on lipid metabolism /in vivo.
Hence, here we set out to further analyze the effect of mIR-27b on cholesterol metabolism 7n
vitro and determine the effect of miR-27b overexpression and inhibition on circulating lipid
levels and hepatic gene expression in wild-type (WT) mice.

The liver enriched miR-27b is regulated by dietary lipids

miR-27b is a conserved member of the miR-23b~27b~24-1 miRNA cluster encoded within
intron 14 of the C90rf3 gene on human chromosome 9 (Fig. S1A). In agreement with
previous reportsi8, miR-27b expression is highly enriched in the liver and is regulated by
dietary lipids. Specifically, gRT-PCR analysis revealed that mature miR-27b was increased
in the livers of mice and non-human primates fed a high-fat diet (HFD) compared to those
fed a chow diet (Fig. S1B-C). Taken together, these results corroborate recent reports
demonstrating the regulation of the miR-27b transcript by dietary lipids and suggest that this
regulation is evolutionarily conserved.

miR-27b directly targets the 3’'UTR of human LDLR, LDLRAP1 and ABCA1

Recently, miR-27b has been identified as a key post-transcriptional regulator of cholesterol
homeostasis!®. Indeed, when we performed our own bioinformatics analyses, we found that
miR-27b had predicted binding sites in the 3’UTRs of a myriad of lipid metabolism
regulators (Table S1, Fig. 1A). To determine the specificity of miR-27b in regulating these
pathways, we first overexpressed miR-27b in human hepatic (Huh7) cells and assessed the
quantitative expression of lipid-related genes by qPCR technology. As expected,
overexpression of miR-27b significantly repressed ABCAI and GPAM mRNA levels (Fig.
1B), previously validated targets for miR-27b18:20, Intriguingly, we noticed that miR-27b
also significantly decreased the expression of the LDLR and LDLRAP1, key players in the
LDLR pathway that are essential for efficient clearance of circulating LDL-C. While
ABCAL has previously been confirmed as a direct target of miR-27b in human THP1
macrophages, the role of miR-27b in directly regulating ABCA1 expression in the liver
has not been investigated. Given that LDLR, LDLRAP1 and ABCA1 contribute to
controlling the elevated LDL-C/HDL-C ratio, a prominent risk factor for developing CVD,
we decided to investigate these targets further.
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The human 3’UTR of LDLR has one conserved predicted miR-27b binding site, while the
human 3’UTR of ABCA1 and LDLRAPI have two predicted binding sites (Fig. 1B).
Interestingly, site 2 in the 3’UTR of ABCA1 is highly conserved among species, while site 1
is only conserved in primates; the conservation of both predicted binding sites in the 3’UTR
of LDLRAPI is lost in rats and mice (Fig. 1B). To determine whether the 3’UTR of LDLR,
LDI RAPI and ABCA1 are direct targets of miR-27b, we performed luciferase reporter
assays in COS7 cells. As shown in Fig. 2A—-C, transfection of miR-27b significantly reduced
LDLR, LDLRAPI and ABCAI3’UTR activity compared to control mimic (CM)
transfected cells. Importantly, when we mutated the respective miR-27b binding sites in each
3’UTR, luciferase activity was significantly derepressed (Fig. 2A-C). Interestingly, mutation
of both miR-27b binding sites (DM) was needed to fully rescue LDLRAPI3I’UTR
luciferase activity, while mutation of only the conserved miR-27b binding site (PM2) was
needed to rescue ABCAI1 3’UTR activity (Fig. 2B, C). Taken together, these findings
suggest that miR-27b directly interacts with the 3’UTR of human LDLR, LDLAPFI, and
ABCA1. As such, miR-27b might represent an ideal target to alter plasma levels of LDL and
HDL cholesterol.

miR-27b negatively regulates LDLR and LDLRAP1 expression and LDLR activity

The hepatic LDLR plays a crucial role in controlling levels LDL-C in the blood, by
facilitating the uptake of LDL-C in the liverl-2. To ascertain whether miR-27b
overexpression or inhibition affects endogenous levels of LDLR and LDLRAP1, we
assessed MRNA and protein expression of these target genes in human and mouse hepatic
cells. As shown in Fig. 3A-B, transfection of human hepatic (Huh7) cells with a miR-27b
mimic (miR-27b), but not a control mimic (CM), significantly decreased LDLR mRNA and
protein levels, while the expression of SREBP2, a cholesterol-related gene not predicted to
be targeted by miR-27b, was unaffected.. Conversely, inhibition of endogenous miR-27b
significantly increased the expression of the LDLR (Fig. 3E), suggesting a physiological role
for endogenous miR-27b in regulating levels of LDLR. Similar results were observed in
mouse hepatic cells (Hepa) overexpressing or inhibiting miR-27b (Fig. S2A-B, S2D-E). In
addition, miR-27b also regulated the expression of LDLRAP1 mRNA in Huh7 cells (Fig.
3A, E), suggesting that this miRNA might control LDLR activity in humans by direct
targeting of the LDLR and by regulating its endocytosis.

To determine the functional consequence of miR-27b-mediated regulation of LDLR and
LDLRAPL, we next overexpressed or inhibited miR-27b and assessed Dil-LDL specific
uptake and binding by flow cytometry. As shown in Fig. 3C and Fig. S2C, transfection of
Huh7 and Hepa cells with miR-27b significantly decreased Dil-LDL specific uptake and
binding. Intracellular cholesterol levels in miR-27b transfected cells were also significantly
reduced after incubation with native LDL (nLDL) (Fig. 3D), consistent with miR-27b’s
regulatory role in controlling LDLR-mediated endocytosis. Importantly, when we inhibited
endogenous miR-27b using antisense inhibitors (Inh-27b) in Huh7 and Hepa cells, Dil-LDL
specific binding, uptake and intracellular cholesterol levels were significantly increased in
cells transfected with an inhibitor of miR-27b (Inh-27b) compared to cells transfected with a
control inhibitor (CI) (Fig. 3G-H, Fig. S2F).
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miR-27b regulates ABCAL expression and cholesterol efflux in human hepatic cells

ABCAL1 plays a major role in regulating cholesterol efflux from macrophages to ApoAl and
in the biogenesis of HDL in the liver, thereby controlling reverse cholesterol transport
(RCT), a process that mediates the clearance of cholesterol from peripheral cells to the liver
for excretion to the bile and feces?3. To assess whether miR-27b post-transcriptionally
regulates ABCAL, we transfected Huh7 cells with miR-27 mimics (miR-27b) or miR-27
antisense oligonucleotides (Inh-27b) and treated them with T0901317 (T090), an LXR
agonist which induces ABCA1 expression. As expected, miR-27b overexpression strongly
reduced the stimulation of ABCAL1 mRNA and protein levels (Fig. 31-J). Conversely,
inhibition of endogenous miR-27b significantly increased ABCA1 expression in vehicle and
T090-treated cells (Fig. 3L-M). To assess the functional consequence of inhibiting ABCA1
expression, we next determined whether miR-27b could regulate cholesterol efflux in human
hepatic cells. Notably, overexpression and inhibition of miR-27b significantly decreased and
increased, respectively, cholesterol efflux to ApoAl (Fig. 3K,N). Thus, miR-27b appears to
regulate hepatic cholesterol efflux and HDL biogenesis in the liver.

Modulation of miR-27b does not influence plasma and hepatic lipids in wild-type mice

Because miR-27b alters both LDL uptake and cholesterol efflux in human hepatic cells, we
next sought to determine the functional consequence of modulating miR-27b expression /n
vivo. As such, we first determined the functional contribution of increased miR-27b levels
on plasma lipids in mice fed a chow diet. To specifically alter hepatic miRNA expression,
we used an adeno-associated virus serotype 8 (AAV8) vector encoding the precursor form of
miR-27b (pre-miR-27b, AAV miR-27b) or a control vector (AAV Null). AAV8 vectors have
previously been evaluated for liver directed gene transfer in murine models and show no
signs of liver toxicity?4:25, For the chow diet studies, AAV Null or AAV miR-27b vectors (5
x 1012 GC/kg) were delivered to 8-week old male C57BL/6 (wild-type, WT) mice (7= 10
per group) via retro-orbital injection; plasma lipids were measured after two weeks (Fig.
4A). To determine the efficacy of miR-27b overexpression, we first measured the expression
of hepatic miR-27b and its target genes after two weeks of treatment. As expected, pre-
miR-27b and mature miR-27b expression levels were significantly higher in mice treated
with AAV miR-27b compared to mice treated with AAV Null, while no changes in body
weight between the two treatment groups were observed (Fig. 4B-D). Consistent with our /n
vitroresults, both LDLR and ABCAL protein levels were significantly reduced in the livers
of mice treated with AAV miR-27b compared to those treated with AAV Null (Fig. 4E-F).
Given that decreased hepatic expression of ABCAL and LDLR would be predicted to reduce
HDL biogenesis and increase circulating LDL-C, respectively, we next analyzed lipoproteins
by fast performance liquid chromatography (FPLC). Surprisingly, hepatic overexpression of
miR-27b had no effect on plasma cholesterol in the VLDL, IDL/LDL or HDL fractions after
two weeks of treatment (Fig. 4G). Consistent with this, circulating total and HDL-C, as well
as triglycerides, were similar in mice treated with AAV Null or AAV miR-27b (Fig. 4H-J).
Furthermore, hepatic levels of cholesterol (C), phospholipids (P), triglycerides (TGs), and
free fatty acids (FFAS), were unchanged in mice over-expressing miR-27b, suggesting that
miR-27b does not influence lipid levels in the liver or circulation in WT mice (Fig. 4K-L).
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To gain insight into the physiological role of miR-27b /n vivo, we next silenced miR-27b
using locked nucleic acid (LNA) antisense inhibitors. Because the rate of hepatic LDL
clearance is 40-fold greater in WT mice than in humans25, we challenged mice with a
Western diet (WD) one month prior to treatment to increase circulating levels of LDL-C
(Fig. 5A). After two weeks of treatment with 5 mg/kg LNA control antisense inhibitors
(LNA control) or LNA antisense inhibitors against miR-27b (LNA anti-miR-27b), hepatic
miR-27b levels were abolished (Fig. 5C-D). Additionally, no changes in body weight were
observed between the different treatment groups (Fig. 5B). In accordance with decreased
levels of miR-27b, hepatic LDLR and ABCAL protein expression were modestly, but
significantly increased, in LNA anti-miR-27b treated mice compared to controls (Fig. 5SE-
F). Surprisingly, when we analyzed fasting plasma lipid levels by FPLC, we observed no
statistically significant differences in the cholesterol content of fractionated lipoproteins.
Accordingly, total plasma cholesterol, HDL-C, and triglycerides were not significantly
different in mice treated with LNA control or LNA anti-miR-27b (Fig. 5G-J). Moreover, the
hepatic lipid content was similar in both treatment groups (Fig. 5K-L). Collectively, data in
Figs. 4 and 5 suggest that inhibition of miR-27b may not represent an ideal therapeutic
strategy to reduce levels of LDL-C and increase levels of HDL-C, a beneficial outcome for
combating cardiometabolic disorders.

DISCUSSION

Over the years, /in silicoand in vitro analyses have implicated miR-27b in numerous cellular
processes that regulate atherosclerosis, including lipid metabolism, insulin resistance and
type-2 diabetes. In particular, many genes associated with cholesterol homeostasis have been
identified as predicted targets for miR-27h. Despite this, few have been functionally
validated in relevant metabolic cell types and /n vivo experimentation is lacking. In the
present study, we investigate, for the first time, the role of miR-27b in controlling target gene
expression and lipid metabolism in vivo. Specifically, we demonstrate that acute
overexpression and inhibition of hepatic miR-27b does not significantly affect circulating
and hepatic lipids in mice, suggesting that modulation of miR-27b levels may not be an
effective therapeutic strategy for treating dyslipidemias.

miR-27b is a member of the miR-27 family, of which there are two isoforms, miR-27a and
miR-27b. While miR-27a is an intergenic miRNA located on human chromosome 19,
miR-27b is located within intron 14 of the C90rf3 gene and is a member of the
miR-23b~27b~24-1 cluster. Recently, miR-27a/b have been shown to directly and indirectly
target many lipid-metabolism transcription factors, including RXRa, PPARy, ABCAL,
GPAM, LPL, CD36 and ACAT120:27-30_ | addition to these, here, we identify and describe
two additional targets for miR-27b, namely LDLR and LDLRAPL. By inhibiting the
expression of LDLR and LDLRAP1, miR-27b reduces Dil-LDL uptake and binding, and
concomitantly decreases intracellular cholesterol concentrations in human hepatic cells.
During the preparation of this manuscript, Alvarez et. al. demonstrated that miR-27a also
controls cholesterol uptake by direct regulation of LDLR and LDLRAP1 in HepG2 cells,
thereby implicating both miR-27 family members in the control of circulating LDL-C levels
(Alvarez et al. Atherosclerosis. 2015, /n Press). However, given that hepatic miR-27b
expression levels are higher than miR-27al8, it is likely that this miRNA contributes more to
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regulating LDLR endocytosis /in vivo. Indeed, when we overexpressed and inhibited
miR-27b in mice, we found a significant decrease and increase, respectively, in hepatic
LDLR expression. Despite this, no differences were observed in circulating levels of LDL-C
and total cholesterol. Given that WT mice carry most of their cholesterol in HDL25, it is
possible that appreciable differences in plasma LDL-C were masked in our mouse model.
Alternatively, miR-27b may contribute to the regulation of other processes that control
circulating levels of LDL-C, such as VLDL secretion. It was previously shown that miR-27b
directly regulates GPAM, an enzyme that catalyzes the first committed step in de novo
triglyceride synthesis3!; as such, miR-27b-mediated increases in LDL-C (through inhibition
of LDLR) may be balanced by decreases in triglyceride availability for VLDL production.
No significant differences in circulating or hepatic triglycerides, however, were observed
when miR-27b levels were altered. Nevertheless, future studies using humanized mouse
models of familial hypercholesterolemia and non-human primates are needed to definitely
characterize the role of miR-27b in regulating plasma LDL-C /n vivo.

In addition to LDLR and LDLRAP1, we also validate miR-27b as a negative regulator of
ABCAL expression and cellular cholesterol efflux to ApoAl in Huh7 cells. In agreement
with this, miR-27a/b were recently shown to directly regulate ABCAL expression and
cholesterol efflux in several macrophage and hepatic cell lines?9-30, suggesting that miR-27
controls RCT and may be useful as a therapeutic strategy for altering levels of circulating
HDL-C. As such, we sought to determine whether acute modulation of miR-27b levels
regulated hepatic ABCAL expression and plasma HDL-C in vivo. Unexpectedly,
overexpression of hepatic miR-27b did not alter levels of HDL-C, despite causing a ~50%
reduction in ABCAL protein levels. Similarly, no significant differences in HDL-C were
observed when we inhibited endogenous levels of miR-27b in mice fed a WD. miR-27b has
previously been shown to decrease endothelial lipase activity by targeting ANGPTL318;
therefore, it is plausible that changes in circulating HDL-C are offset by this pathway.
Interestingly, Rotllan et a/and Marquart et a/ found that similar increases in hepatic ABCAL
expression following therapeutic silencing of miR-33 in WD-fed L/~ mice did not alter
plasma HDL-C levels either, however the effects on atheroma development were
controversial32:33, Nonetheless, miR-27b may still be a viable therapeutic option to increase
the capacity of HDL as an acceptor for peripheral cholesterol efflux and thus reduce the
burden of atherosclerosis. As such, before disregarding anti-miR-27b treatment as a viable
option to treat CVD, future experiments analyzing the effects of miR-27b on HDL
functionality are warranted.

Many groups have emphasized the regulatory potential of miR-27b in controlling lipid
metabolism. However, they also reflect how difficult it is to determine the biological
function of miR-27b, as not all predicted and/or confirmed metabolic targets of miRNAs
contribute to a phenotype. Ascertaining the biological function of miRNAs in regulating a
physiological process, therefore, is complex and relies on systematic, unbiased experiments
in living cells or organisms. Our study unequivocally stresses the importance of
manipulating miRNA expression /77 vivo in order to determine the mechanisms by which a
miRNA fine-tunes regulatory pathways and controls whole-body metabolism. Studies using
anti-sense oligonucleotides and tissue-specific knockout mice are essential for defining the
role of miR-27b as a master regulator of lipid metabolism in the future.
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Chemicals were obtained from Sigma-Aldrich unless otherwise noted. The synthetic LXR
ligand T0901217 (T090) was purchased from Cayman Chemical. Human ApoAl was
obtained from Meridian Life Sciences. Lipoprotein-deficient serum (LPDS) was prepared
from FBS delipidated with 4% fumed silica. 1,1’-Dioctadecyl-3,3,3,3’-
tetramethylindocarbocyanineperclorate (Dil) was purchased from Molecular Probes
(Invitrogen). A mouse monoclonal antibody against ABCAL (#ab18180) was purchased
from Abcam. A rabbit polyclonal antibody against LDLR (#1007665) was obtained from
Cayman Chemical and a mouse monoclonal antibody against HSP90 (#610418) was
purchased from BD Bioscience. Secondary fluorescently labeled antibodies were from
Molecular Probes (Invitrogen). miRNA mimics and inhibitors were obtained from
Dharmacon. For /n vivo experiments, miRCURY locked nucleic acid (LNA)™ miRNA
inhibitors against mmu-miR-27b or scrambled control were purchased from Exigon.

Mouse (Hepa) hepatic cells and monkey kidney fibroblast (COS7) cells were obtained from
American Type Tissue Collection. The human hepatocellular carcinoma cell line, Huh7, was
a kind gift from Dr. Edward Fisher (NYU School of Medicine). Huh7, Hepa and COS7 cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 2% penicillin-streptomycin in 10 cm? dishes at 37°C and 5% COs.
For Dil-LDL uptake and binding experiments, Huh7 cells were incubated in DMEM
containing 10% LPDS supplemented with 30 ug/ml Dil-LDL cholesterol. For analysis of
LDLR protein expression, Huh7 and Hepa cells were plated in DMEM containing 10%
LPDS and treated as described below.

miRNA mimic/inhibitor transfections

For mimic and inhibitor transfections, Huh7 and Hepa cells were transfected with 40 nM
miR-27b mimics (miR-27b) or with 60 nM miR-27b inhibitors (Inh-27b) (Dharmacon)
utilizing RNAimax (Invitrogen). All experimental control samples were treated with an
equal concentration of a non-targeting control mimic sequence (CM, Dharmacon) or
inhibitor negative control sequence (CI, Dharmacon) for use as controls for non-sequence-
specific effects in miRNA experiments. \erification of miR-27b over-expression and
inhibition was determined using gRT-PCR, as described below.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. For mRNA quantification, cDNA was synthesized using iScript RT Supermix (Bio-
Rad), following the manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR)
analysis was performed in triplicate using iQ SYBR green Supermix (BioRad) on an iCycler
Real-Time Detection System (Biorad). The mRNA level was normalized to GAPDH or 18S
as a house keeping gene. For miRNA quantification, total RNA was reverse transcribed
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using the miScript Il RT Kit (Qiagen). Primers specific for pre-miR-27b and miR-27b
(Qiagen) were used and values normalized to SNORDG68 (Qiagen) as a housekeeping gene.

For mouse tissues, total liver RNA from C57BL/6 mice fed a chow or Western diet was
isolated using the Bullet Blender Homogenizer (Next Advance) in TRIzol. 1 pg of total
RNA was reverse transcribed and gene/miRNA expression assessed as above.

PCR Array Gene Expression Profiling

Total RNA was extracted from Huh7 cells over-expressing either a control mimic (CM) or
miR-27b mimic, as described above. Reverse transcription was performed on 1 g of total
RNA, as described above. gRT-PCR analysis of 84 lipid metabolism related genes was
performed using the Human Lipoprotein and Cholesterol PCR Array (SABiosciences) as per
the manufacture’s instructions. The complete list of genes analyzed is available online at
http://www.sabiosciences.com. Data analysis was performed using the manufacturer’s
integrated web-based software package for the PCR Array System using AAC; based fold-
change calculations. Data is the mean of three independent experiments and is represented
by fold-change compared to control mimic (CM) + SEM.

Western blot analysis

Cells were lysed in ice-cold buffer containing 50 mM Tris-HCI, pH 7.5, 125 mM NaCl, 1%
NP-40, 5.3 mM NaF, 1.5 mM NaP, 1 mM orthovanadate and 1 mg/ml of protease inhibitor
cocktail (Roche) and 0.25 mg/ml AEBSF (Roche). Cell lysates were rotated at 4 °C for 1 h
before the insoluble material was removed by centrifugation at 12,000 x g for 10 min. After
normalizing for equal protein concentration, cell lysates were resuspended in SDS sample
buffer before separation by SDS-PAGE. Following overnight transfer of the proteins onto
nitrocellulose membranes, the membranes were probed with the following antibodies:
ABCAL1 (1:1000), LDLR (1:500), and HSP90 (1:1000). Protein bands were visualized using
the Odyssey Infrared Imaging System (LI-COR Biotechnology). Densitometry analysis of
the gels was carried out using ImageJ software from the NIH (http://rsbweb.nih.gov/ij/).

Northern blot analysis

miRNA expression was assessed by Northern blot analysis as previously described34.
Briefly, total RNA (5 ug) was separated on a 15% acrylamide TBE 8M urea gel and blotted
onto a Hybond N+ nylon filter (Amersham Biosciences). DNA oligonucleotides
complementary to mature miR-27b (5’-GCAGAACTTAGCCACTGTGAA-3’) were end-
labeled with [a-32P] ATP and T, polynucleotide kinase (New England Biolabs) to generate
high-specific activity probes. Hybridization was carried out according to the ExpressHyb
(Clontech) protocol. Following overnight membrane hybridization with specific radiolabeled
probes, membranes were washed once for 30 min at 42 °C in 4x SSC/0.5% SDS and
subjected to autoradiography. Blots were reprobed for 5s rRNA (5’-
CAGGCCCGACCCTGCTTAGCTTCCGAGAGATCAGACGAGAT-3) to control for equal
loading.
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LDL receptor activity assays

Human LDL was isolated and labeled with the fluorescent probe Dil as previously
reported3®. Huh7 cells were transfected in 6-well plates with miRNA mimics and inhibitors
in DMEM containing 10% LPDS for 48 h. Then, cells were washed once in 1x PBS and
incubated in fresh media containing Dil-LDL (30 ug cholesterol/ml). Non-specific uptake
was determined in extra wells containing a 50-fold excess of unlabeled native LDL (nLDL).
Cells were incubated for 2 h at 37 °C to allow for Dil-LDL uptake unless otherwise noted. In
other instances, cells were incubated for 90 min at 4 °C to assess Dil-LDL binding. At the
end of the incubation period, cells were washed, resuspended in 1 ml of PBS and analyzed
by flow cytometry (FACScalibur, Becton Dickinson), as previously described3®. The results
are expressed in terms of specific median intensity of fluorescence (M.I.F.) after subtracting
autofluorescence of cells incubated in the absence of Dil-LDL.

3'UTR luciferase reporter assays

cDNA fragments corresponding to the entire 3’UTR of human LDLR, ABCAI and
LDLRAPI were amplified by RT-PCR from total RNA extracted from HepG2 cells with
Xhol and Notl linkers. The PCR product was directionally cloned downstream of the Renilla
luciferase open reading frame of the psiCHECK2™ vector (Promega) that also contains a
constitutively expressed firefly luciferase gene, which is used to normalize transfections.
Point mutations in the seed region of the predicted miR-27b binding sites within the 3’UTR
of LDLR, ABCA1and LDLRAPI were generated using the Multisite-Quickchange Kit
(Stratagene), according to the manufacturer’s protocol. All constructs were confirmed by
sequencing. COS7 cells were plated into 12-well plates and co-transfected with 1 ug of the
indicated 3’UTR luciferase reporter vectors and 40 nM of a miR-27b mimic or control
mimic (CM) (Dharmacon) utilizing Lipofectamine 2000 (Invitrogen), as previously
described!’. Luciferase activity was measured using the Dual-Glo Luciferase Assay System
(Promega). Renillaluciferase activity was normalized to the corresponding firefly luciferase
activity and plotted as a percentage of the control (cells co-transfected with the
corresponding concentration of control mimic). Experiments were performed in triplicate
wells of a 12-well plate and repeated at least three times.

Cholesterol efflux assays

Cholesterol efflux assays were performed as previously described3”. Briefly Huh7 cells were
seeded at a density of 2 x 10° cells per well and transfected with either a control mimic
(CM), miR-27b mimic, control inhibitor (CI), or miR-27b inhibitor (Inh-27b). Following
48h of transfection, cells were loaded with 0.5 pCi/ml 3H-cholesterol for 24 h. 12 h after
loading, cells were incubated with 3 uM T090 to increase the expression of ABCAL. Then,
cells were washed twice with PBS and incubated in DMEM supplemented with 2 mg/ml
fatty-acid free BSA (FAFA-media) in the presence of an ACAT inhibitor (2 umol/L) for 4 h
prior to the addition of 50 pg/ml human ApoAl in FAFA-media with or without the
indicated treatments. Supernatants were collected after 6h and expressed as a percentage of
total cell 3H-cholesterol content (total effluxed 3H-cholesterol+cell-associated 3H-
cholesterol).
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Cellular cholesterol measurements

Huh?7 cells were seeded at a density of 5 x 10° cells/well and transfected with either a
control mimic (CM) or miR-27b mimic or a control inhibitor (CI) or miR-27b inhibitor
(Inh-27b). Following 48 h transfection, cells were incubated with 30 pug/ml nLDL for 2 h.
Intracellular cholesterol content was measured using the Amplex Red Cholesterol Assay Kit
(Molecular Probes, Invitrogen), according to the manufacturer’s instructions.

AAV8 pre-miR-27b vector

mmu-pre-miR-27b (accession M1000142) was subcloned into an AAV8 vector and its
expression was regulated under the control of a liver-specific thyroxine-binding globulin
(TBG) promoter. The AAVS particles (AAV8.TBG.PL.mir27b.rBG) were generated at the
University of Pennsylvania’s Penn Vector Core. An empty AAVS8
(AAV8.TBG.PI1.Null.bGH), also provided by the Penn Vector Core, was used as a control in
all experiments.

Mouse Studies

Eight-week-old male C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME, USA) and kept under constant temperature and humidity in a 12 h controlled
dark/light cycle. For high-fat diet (HFD) studies, eight-week old male mice (7= 5 per group)
were placed on a chow diet or HFD containing 0.3% cholesterol and 21% (wt/wt) fat (Dyets,
Inc) for three weeks. Liver samples were collected as previously described!’ and stored at
—80°C until total RNA was harvested for miRNA expression analysis.

For miR-27b overexpression studies, C57BL/6 mice were randomized into 2 groups: non-
targeting AAV8 (AAV-Null, 7=10) and pre-miR-27b AAV8 (AAV- 27b, n= 10 per group).
Mice fed a chow diet were treated once with 5 x 1012 GC/kg AAV Null or 5 x 1012 GC/kg
in PBS by retro-orbital injection. Blood samples were collected at baseline (week 0) and 2
weeks after treatment for lipid analysis and lipoprotein profile measurements (see below).
Then mice were sacrificed, and hepatic gene expression and liver histology were analyzed
(see above). All animal experiments were approved by the Institutional Animal Care Use
Committee of New York University Medical Center.

For miR-27b inhibition experiments, eight-week old male C57BL/6 mice fed a chow diet
were randomized into 2 groups: LNA control (7= 8) and LNA anti-miR-27b (n= 8) and fed
a Western diet for one month [(WD) 9.5% casein, 0.3% DL-Methionine, 15% cornstarch,
40% sucrose, 5% cellulose, 21% anhydrous milk fat, 3.5% mineral mix, 1% vitamin mix,
0.4% calcium carbonate and 0.3% cholesterol]. Mice received i.p. injections of 5 mg/kg
LNA control (5’-ACGTGCTATACGCCCA-3’) or LNA anti-miR-27b (5’-
AACTTAGCCACTGTGA-3’) oligonucleotides every two days for a total of two weeks.
Twenty-four hours after the final injection, mice were sacrificed and hepatic gene expression
analyzed (see above). All animal experiments were approved by the Institutional Animal
Care Use Committee of New York University Medical Center. Following sacrifice, liver
miRNA and gene expression were analyzed as above.
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Plasma Lipid Analysis and Lipoprotein Profile Measurements

Mice were fasted for 12-14 h before blood samples were collected by retro-orbital venous
plexus puncture. Plasma was separated by centrifugation and stored at —80 °C. Total plasma
cholesterol and HDL-cholesterol were enzymatically measured using the Amplex Red
Cholesterol Assay Kit (Molecular Probes, Invitrogen), according to the manufacture’s
instructions. Total triglycerides were measured with the Wako Diagnostics Triglycerides
Reagent. The lipid distribution in plasma lipoprotein fractions was assessed by fast-
performance liquid chromatography (FPLC) gel filtration with 2 Superose 6 HR 10/30
columns (Pharmacia) as previously described!’. Cholesterol in each fraction was
enzymatically measured using the Amplex Red Cholesterol Assay Kit (Molecular Probes,
Invitrogen).

Hepatic lipid analysis

Total lipid extracts from livers (50 mg) from AAV Null, AAV miR-27b, LNA control or
LNA anti-miR-27b mice were obtained using a modified Folch method. The different lipid
classes (triglycerides, phosphatidyl choline, free fatty acids, and total cholesterol) were
quantified from chloroform extracts using enzymatic kits, as previously described38.

Non-human Primate Studies

Statistics

Male rhesus monkeys (Macaca mulatta), 7-13 years old, were fed a standard (TestDiet
#5038; Purina Mills) or high fat/high sucrose diet (42% kcal in fat, Custom formula #07802;
Harlan, Teklad, Madison, WI) for two years (=5 per group) and maintained as previously
described3°. Animal procedures were approved by the Animal Care and Use Committee of
the NIA Intramural Research Program. Following sacrifice, liver RNA was isolated using the
Bullet Blender Homogenizer (Next Advance) in TRIzol. For mRNA quantification, 1 ug of
total RNA was reverse transcribed using iScript RT Supermix (BioRad) and iQ SYBR green
Supermix (BioRad). Quantification of miR-27b was assessed as described above.

Animal sample size for each study was chosen based on literature documentation of similar
well-characterized experiments/:40.:3941 The number of animals used in each study is listed
in the figure legends and main text. No inclusion/exclusion criteria were used and studies
were not blinded to investigators, unless otherwise noted. All data are expressed as mean
+SEM. Statistical differences were measured using an unpaired two-sided Student’s ftest or
one-way or two-way ANOVA with Bonferroni correction for multiple comparisons. 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 5.0a (GraphPad, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
> miR-27b directly targets LDLR and LDLRAP1

> miR-27b regulates LDLR expression and activity in human and mouse
hepatic cells

> miR-27b controls ABCA1 expression and cellular cholesterol efflux in
Huh7 cells

> Modulation of miR-27b levels in mice affects hepatic LDLR and ABCA1
expression

> miR-27b does not regulate circulating and hepatic lipids in mice
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LDLR

Site 1 Position 2472-2478 of LDLR 3'UTR

hsa-miR-27b: 3% 5 CGCCUUGAAUCGGUGA(A(UU 5!
3¢UTR hLDLR: 57 ...GCCUGAAUGUCUU w3t
hsa uGuCuU- UCAA
ptr uGuCuU- JUGAUCAA
mmu UAUCAU- UGGA
rno UAUCAU- UGGA
ocu GGGGUC-CCUGUGGUUGA
ABCA1

Site 1 Position 2285-2292 of ABCA71 3UTR

hsa-miR-27b: 3" ...CGCCUUGAAUCGGUGACACUU. . .
3‘UTR hABCAL: 5" ... GA
hsa
ptr .
mmu CAAAAGUAAGGC A
rno CAAAAAUAAGGC--A
ocu AAAGGGCACUGUGAA

Site 2 Position 2593-2600 of ABCA1 3UTR

hsa-miR-27b: 3 (GC(UUGAAUCEGUGACACJU
3°UTR hABCAL: s? - AAACUUAUUAACAA ..
hsa
ptr
mmu
rno
ocu
LDLRAP1

Site 1 Position 349-355 of LDLRAP1 3'UTR

hsa-miR-27b: 3" ...CGCCUUGAAUCGGUGACACUU... 5’

3UTR hLDLRAP1: 5’ ...UGUGGGUAUCAGGACUGUGAC... 3’
hsa A-UCAGG. CCAA
ptr A-UCAGGACUGUGACCAA
mmu G-UCAGGACAAUGACCAA
rno G-UCCAGACAAUGACCAA
ocu GCUCAGGACGGCGACCAA

Site 2 Position 1321-1327 of LDLRAP1 3UTR

hsa-miR-27b: 3! (G((UUGAAU(GGUGA(A(UU

wa

50
T3

3°UTR hLDLRAP1: 5? .UCUCUUUGCUGACACUGUGAC. .3'
hsa UGCUGAC. =
ptr UGCUGACACUGUGA====
mmu UUCUGAC-CUGCAGCCGU
rno UCCUGAC-CUGCAGCCUU
ocu UCCCAGCGCCGUGG--~-~

Figure 1. miR-27b is predicted to target a vast network of genes involved in lipid metabolism
(A) Bioinformatic analysis of predicted target genes for miR-27b. Targets for miR-27b

(predicted in Targetscan, miRWalk, and miRanda) were uploaded into DAVID for functional
annotation cluster analysis. Functional clusters with an enrichment score of > 1.0 are
depicted in colored diamonds. 77 represents the number of genes within each cluster, while
bracketed numbers represent each cluster number (Table S1). Grey lines between genes of
different clusters indicate STRING interaction score. Genes not found within a functional
annotation cluster are indicated by white inverted arrowheads. (B) Relative expression of 61
lipid metabolism genes in Huh7 cells overexpressing miR-27b. Values are expressed as fold-
change compared to cells transfected with a control mimic (CM). Data are the mean + SEM
of 3 independent experiments. Purple bars represent predicted targets for miR-27b. *, P<
0.05 compared to CM transfected cells (dashed line) by student’s #test. (C) Location of
predicted binding sites for miR-27b in the human 3’UTRs of LDLR, LDLRAPI, and
ABCA1. The seed sequence of miR-27b is highlighted in purple, while complementary
binding regions in the respective 3’UTR are highlighted in grey. Site conservation between
species is shown below. Hsa, human; ptr, chimpanzee; mmu, mouse; rno, rat; ocu, rabbit.
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Figure 2. miR-27b specifically targets the 3’UTR of human LDLR, LDLRAPL, and ABCA1
Luciferase reporter activity in COS7 cells transfected with a control mimic (CM), or

miR-27b mimic (miR-27b) and the human 3’UTR of LDLR (A), LDLRAPI (B), or ABCA1
(C) with or without the indicated point mutations (PM) in the miR-27b target sites. Double
mutation (DM) indicates that two miR-27b binding sites were mutated in the same 3’UTR
construct. Human LDLR, LDLRAPI, and ABCA1 3’UTR sequences are shown to the right.
Underlined sequences indicate predicted miR-27b binding sites. Nucleotides highlighted in
red indicate respective point mutations. WT, wild-type 3’UTR. Data are the mean = SEM
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and representative of = 3 experiments in triplicate. *, £< 0.05 compared to CM-transfected
cells by unpaired £test.
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Figure 3. Post-transcriptional regulation of LDLR, LDLRAP1 and ABCA1 by miR-27b in
human hepatic cells

(A-B) gRT-PCR (A) and Western blot (B) analysis of LDLR and LDLRAP1 in Huh7 cells
transfected with 40 nM of control mimic (CM) or miR-27b mimic (miR-27b) for 48 h.
Dashed line represents CM-transfected cells (A). HSP90 was used as a loading control (B).
(C) Flow cytometry analysis of Dil-LDL specific uptake and binding in Huh7 cells
transfected as in (A). (D) Intracellular cholesterol content in Huh7 cells transfected as in (A)
and incubated with 30 pug/ml native LDL (nLDL) for 2 h at 37°C. (E-F) gRT-PCR (E) and
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Western blot analysis (F) of LDLR and LDLRAP1 in Huh7 cells transfected with 60 nM of
control inhibitor (CI) or inhibitor of miR-27b (Inh-27b) for 48 h. Dashed line represents Cl-
transfected cells (E). HSP90 was used as a loading control (F). (G) Flow cytometry analysis
of Dil-LDL specific uptake and binding in Huh7 cells transfected as in (E). (H) Intracellular
cholesterol content in Huh7 cells transfected as in (E) and treated as in (D). (1-J) gRT-PCR
(1) and Western blot (J) analysis of ABCA1 expression transfected with 40 nM CM or
miR-27b and treated with 3 pM T090 for 12 h. (K) Cholesterol efflux to ApoAl in Huh7
cells treated as in (I1-J). (L—M) gRT-PCR (L) and Western blot (M) analysis of ABCA1
expression transfected with 60 nM CI or Inh-27b and treated with 3 uM T090 for 12 h. (N)
Cholesterol efflux to ApoAl in Huh7 cells treated as in (M-N). Data are the mean £ SEM
and representative of = 4 experiments in duplicate (A-B, E-F, 1-J, and L-M) or = 3
experiments in triplicate (C-D, G-H, K and N). *, A< 0.05 compared to cells transfected
with CM (A, C-D) or CI (E, G-H) by unpaired #test. In panels (I, K-L, and N), statistical
comparisons by one-way ANOVA with Bonferroni correction for multiple comparisons. *, P
< 0.05 compared to vehicle-treated cells transfected with CM or ClI. #, P< 0.05 compared to
T090-treated cells transfected with CM or CI.
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Figure 4. Overexpression of miR-27b reduces hepatic LDLR and ABCA1 protein expression in
wild-type mice

(A) Experimental outline of eight-week old wild-type (WT) mice treated with 5 x 1012
GCl/kg AAV Null or AAV miR-27b (=10 per group) and fed a chow diet. (B) Body weight
of AAV Null and AAV miR-27b treated mice at baseline (Week 0) and two weeks after
treatment. (C-D) gRT-PCR (C) and representative Northern blot (D) analysis of pre-
miR-27b and miR-27b expression in the livers of mice treated with AAV Null and AAV
miR-27b. 5S rRNA was used as a loading control. *, £< 0.05 compared to AAV Null by
unpaired #test. (E-F) Representative Western blot analysis of hepatic ABCA1 and LDLR in
the livers of mice after two weeks of treatment. HSP90 was used as a loading control.
Quantification of blots compared to HSP90 is shown in (F). Numbers represent fold-change
compared to AAV Null treated mice. *, < 0.05 compared to AAV Null by unpaired #test.
(G) Cholesterol content of FPLC-fractionated lipoproteins (r7=5 per group) of mice treated
asin (A). (H-J) Total cholesterol, HDL-C, and triglycerides in the plasma of mice (7= 10
per group) treated with AAV Null or AAV miR-27b. (K) Total cholesterol (C), phospholipids
(P), triglycerides (TG) and free fatty acids (FFA) in the livers of mice (=5 per group)
treated as in (A). (L) Representative liver sections of mice treated with AAV Null or AAV
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miR-27b and stained with H&E or Oil red O. Scale bar = 70 um. All data are the mean +
SEM.
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Figure 5. Inhibition of miR-27b levels does not influence plasma cholesterol levels in wild-type

mice

(A) Experimental outline of eight-week old wild-type (WT) mice fed a Western diet (Week
-4) and treated with 5 mg/kg LNA control or LNA anti-miR-27b (LNA anti-27b) every two
days for two weeks (/7= 8 per group). (B) Body weight of LNA control and LNA anti-
miR-27b treated mice at baseline (Week —4), at the start of treatment (Week 0) and two
weeks after treatment. Statistical analysis by two-way ANOVA with Bonferroni correction
for multiple comparisons. *, A< 0.05 compared to LNA control treated mice at Week —4. #,
P<0.05 compared to LNA anti-miR-27b treated mice at Week —4. (C-D) qRT-PCR (C) and
representative Northern blot (D) analysis of miR-27b expression in the livers of mice treated
with LNA control and LNA anti-miR-27h. 5S rRNA was used as a loading control. *, P<
0.05 compared to LNA control by unpaired #test. (E-F) Representative Western blot
analysis of hepatic ABCAL and LDLR in the livers of mice after two weeks of treatment.
HSP90 was used as a loading control. Quantification of blots compared to HSP90 is shown
in (F). Numbers represent fold-change compared to LNA control treated mice. *, < 0.05
compared to LNA control by unpaired #test. (G) Cholesterol content of FPLC-fractionated
lipoproteins (7= 8 per group) of mice treated as in (A). (H-J) Total cholesterol, HDL-C,
and triglycerides in the plasma of mice (n7= 8 per group) treated with AAV Null or AAV
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miR-27b. (K) Total cholesterol (C), phospholipids (P), triglycerides (TG) and free fatty acids
(FFA) in the livers of mice (n7= 8 per group) treated as in (A). (L) Representative liver
sections of mice treated with LNA control or LNA anti-miR-27b and statined with H&E or
Oil red O. Scale bar = 70 pm. All data are the mean £ SEM.
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