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ABSTRACT

3-Hydroxy-3-methylglutaryl-coenzyme A reductase gene (Hmgcr) that codes for
the rate-limiting enzyme in the cholesterol biosynthesis pathway is a key
modulator of dyslipidemia and consequent cardiovascular diseases. However,
mechanism of regulation of Hmgcr, especially at the post-transcriptional level, is
poorly understood. In silico predictions coupled with systematic functional
analysis revealed specific interactions of miR-27a with mouse Hmgcr 3’-UTR in
mouse and human hepatocytes. In corroboration, miR-27a expression
negatively correlated with Hmgcr transcript level in various cultured cell lines as
well as rodent and human tissues. Hmgcr protein level also displayed inverse
correlation with miR-27a level in liver tissues of several rodent models of
metabolic disorders (viz. genetically hypertensive blood pressure high vs.
genetically hypotensive blood pressure low mice, spontaneously hypertensive
rats vs. Wistar Kyoto rats, and rats fed with high fat and fructose diet vs. rats fed
with a normal chow diet). Consistently, ribonucleoprotein immunoprecipitation
assays using antibodies against Ago2 and human hepatocyte HuH-7 cells over-
expressing miR-27a revealed enrichment of HMGCR in the Ago2-
immunoprecipitated fraction. Of note, cholesterol depletion in mouse hepatocyte
AML-12 cells down-regulated endogenous miR-27a and augmented Hmgcr
protein level; exogenous cholesterol treatment enhanced miR-27a with
concomitant reduction in the Hmgcr protein level. Computational analysis of the
proximal 1 kb promoter region of mmu-miR-27a predicted multiple Egr1 binding
sites; corroboratively, over-expression/down-regulation of Egr1
augmented/diminished the miR-27a promoter activity in AML12 cells and
chromatin immunoprecipitation (ChIP) assays confirmed in vivo interaction of
Egr1 with the mmu-miR-27a promoter regions. Hypoxic stress augmented miR-
27a and Egr1 expression in AML-12 cells; ChIP assays revealed enhanced
binding of Egr1 with miR-27a promoter during hypoxia. Taken together, this
study provides evidence for post-transcriptional regulation of Hmgcr by miR-27a
under basal/pathophysiological conditions and has implications for

understanding the mechanisms of cholesterol homeostasis.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of global mortality
and morbidity (1) despite extensive research over the past several decades.
Among various determinants of CVD plasma concentration of cholesterol is an
important one as dyslipidemia (deregulated lipid and lipoprotein metabolism)
may lead to multiple disease states including atherosclerosis, coronary artery
disease, obesity, hypertension and type 2 diabetes (2-4). 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase gene (human: HMGCR,
mouse/rat: Hmgcr) that codes for a ~ 97 kDa endoplasmic-reticulum membrane
glycoprotein and catalyzes the rate-limiting step (HMG-CoA to mevalonate) in
the cholesterol biosynthesis pathway (5-7) is, therefore, a logical modulator of
dyslipidemia and its consequent CVD. Accordingly, statin drugs targeting HMG-
CoA reductase are widely used to reduce high cholesterol levels and risk of
CVD (8,9).

HMGCR gene is located on q arm of 5" and 13" chromosome in human
and mouse, respectively. Several studies reported associations of SNPs in the
HMGCR locus (viz. rs12654264, rs3846662, rs7703051, rs5908 rs12916,
rs17238540 and rs3846663) with level of total cholesterol, LDLc and risk for
dyslipidemia/stroke/blood pressure and coronary heart disease (10-18). Efficacy
of statins is influenced by a haplotype consisting of three intronic single
nucleotide polymorphisms (SNPs) (viz. rs17244841, rs3846662, and
rs17238540) in HMGCR because this haplotype leads to an alternatively spliced
HMGCR transcript that is less sensitive to simvastatin/pravastatin inhibition (19-
21).

HMGCR expression/enzyme activity is highly regulated by feedback
control mechanisms involving sterols and nonsterol (end-products of
mevalonate metabolic pathway) at transcriptional and post-translational levels
by family of sterol regulatory element binding proteins (SREBPs), SREBP
cleavage activated protein (SCAP), and insulin induced genes (Insig1 and
Insig2) (7). Interestingly, HMGCR expression is down-regulated by hypoxia due

to accumulation of lanosterol and hypoxia-inducible factor-1a (HIF-1a)
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dependent induction of Insigs (22). However, the molecular mechanism
regulating mouse Hmgcr (Hmgcr) expression at the post-transcriptional level is
poorly understood.

microRNAs (miRNAs) are a class of small nhoncoding RNAs that control gene
expression by directing their target mRNAs for degradation and/or translational
repression (23). Dysregulation in the miRNA function may lead to various human
diseases including cardiovascular and metabolic disorders (24-26). Indeed, recent
studies have revealed that miRNAs play important roles in cardiovascular development,
physiology, and pathophysiology (27-29). We undertook systematic computational and
extensive experimental analyses that revealed crucial roles for miR-27a to govern the
Hmgcr gene expression. In addition, this study, for the first time, provided evidence of
post-transcriptional regulation of Hmgcr expression under pathophysiological conditions,
including hypoxia by miR-27a. This study also highlights the previously unknown role of

Egr1 in the regulation of miR-27a expression.

MATERIALS AND METHODS.

Lipid-related QTLs and LOD scores.

For comparative genomic analysis, the data pertaining to lipid-related QTLs,
their respective LOD scores, and all the genes with their respective positions in
a particular QTL was mined from the Rat Genome Database (Supplementary
Table 2).

Sequence comparison using VISTA.
Mouse and rat Hmgcr gene sequences (GenBank accession no: NM_008255,
and NM_ NM_013134.2 respectively) were retrieved from UCSC genome

browser (http://www.genome.ucsc.edu/). Visualization Tools for Alignments

(VISTA) was used to plot the graph indicating the degree of homology between

mouse and rat Hmgcr. Specifically, we used mVISTA browser which relies on
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AVID alignment algorithm that uses global alignment for sequence comparision

of the input queries (Supplementary Table 2).

In silico prediction of potential miRNA binding sites in mouse Hmgcr-
3'UTR.

Mouse Hmgcr (Hmgcr)-3UTR sequence (NCBI reference number:
NM_008255.2) was downloaded from the UCSC genome browser and analyzed
using multiple bioinformatic algorithms [viz. miRWalk , miRanda , TargetScan ,
PITA , RNA22 , and RNAhybrid (Supplementary Table 2)] to predict miRNA
target sites. Since, a large number of miRNAs were predicted by these online
tools, we selected only those miRNAs that were predicted by at least five
algorithms. Further, differences in hybridization free energy indicating the
stability of the microRNA-mRNA interaction was determined computationally by
two online tools called PITA and RNAhybrid. The lower or more negative AAG
value predicted by PITA represents the stronger binding of the microRNA to the
given site; as a rule of thumb, sites having AAG values below -10 are likely to be
functional. The RNA hybrid calculates the minimum free energy (AG) of
hybridizations of target mMRNA and miRNA.

Tissue-specific expression of endogenous HUGCR and has-miR-27a-3p

levels.

HMGCR expression data in various human tissues was mined from the GTEx
portal (Supplementary Table 2). Likewise, tissue-specific hsa-miR-27a-3p
expression was obtained from miRmine and DASHR (Supplementary Table 2),
respectively. Only tissues common to the GTEx portal and DASHR or miRmine
were chosen for correlation analysis. The data was normalized to a particular
tissue in each set of analysis and expressed as fold change. In brief, the
expression data from miRmine and GTEx was normalized to pancreas while the

expression in spleen was used for normalizing expression profiles from DASHR.
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Generation of mouse Hmgcr 3’-UTR/luciferase and mmu-miR-27a
promoter/luciferase reporter constructs.

The mouse Hmgcr 3’-UTR domain (+20359/+21975 bp) was PCR-amplified
using Phusion® High Fidelity DNA Polymerase (Finnzymes), mouse genomic
DNA (Jackson Laboratory, Bar Harbor, USA) and gene specific primers (FP: 5'-
CGTGCTAGCGGATCCTGACACTGAACTG-3,, RP: 5’-
GCGGCCGGCCTTCAATGTTAACTTCCTTTC -3’) as designed by primer 3
(Supplementary Table 2). The numberings of the nucleotide positions are with
respect to cap site as +1 position. Bold and underlined nucleotides in forward
and reverse primers are the restriction sites for Nhe | and Fse |, respectively,
that were added for cloning of the PCR-amplified 3'-UTR into the firefly-
luciferase expressing pGL3-promoter reporter vector (Promega). The purified
Hmgcr3’-UTR PCR product was cloned between Xba | and Fse | sites of pGL3-
Promoter vector because Nhe | digested PCR product had compatible ends for
Xba |-digested pGL3-promoter reporter vector. Of note, Fse | is a unique site
present in the pGL3-promoter vector after Xba | site at 1949-1953 bp.
Authenticity of the Hmgcr 3’-UTR reporter plasmid was confirmed by DNA
sequencing using pGL3-promoter vector sequencing primers [forward primer
(1782-1801bp): 5-CGTCGCCAGTCAAGTAACAA-3' and reverse primer (2118—
2137bp): 5'-CCCCCTGAACCTGAAACATA-3")].

To abrogate the binding of miRNAs, 3’'UTR-deletion construct was
generated using site-directed mutagenesis wherein the putative miR-27a
binding sites were deleted. The 3'UTR-deletion construct for miR-27a was
generated by using the wild-type Hmgcr-3'UTR-reporter construct as template
and the following primers: forward, 5'
CGCGGGCATTGGGTTCTCAATTAAAAATCTCAATGCACT-3' and reverse, 5'-
AGTGCATTGAGATTTTTAATTGAGAACCCAATGCCCGCG-3'. This deletion in
the reporter plasmid was confirmed by DNA sequencing and the resultant

construct was named as mHmgcr 27a mut 3’-UTR.
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To generate the mmu-miR-27a promoter/luciferase reporter construct, -
1079 bp to +26 bp region of the miR-27a promoter was PCR-amplified using
mouse genomic DNA as described above and primers (forward, 5'-
CTAGCTAGCAACTTTAACTGGCACGCAGG-3’, and reverse, 5'-
CCGCTCGAGGGCATCAAATCCCATCCC-3). Bold and underlined nucleotides
in forward and reverse primers are the restriction sites for Nhe | and Xho |,
respectively, that were added for cloning of the PCR-amplified miR-27a
promoter region into the pGL3-basic vector (Promega). The accuracy of

resultant construct was confirmed by DNA sequencing.

Generation of microRNA expression plasmids.

To generate plasmid expressing miR-27a the sequence of the pre-miRNA was
retrieved from miR-Base/UCSC genome browser, PCR-amplified using mouse
genomic DNA as template and gene specific primers [miR-27a-FP: 5'-
CGCGGATCCTCGCCAAGGATGTCTGTCTT-3, miR-27a-RP: 5-
CCGCTCGAGGTTTCAGCTCAGTAGGCACG-3]. Bold and underlined
nucleotides are BamH | and Xho | restriction sites that were added to the
forward and reverse primers, respectively. The purified PCR-amplified DNA was
cloned between BamH | and Xho | restriction sites in the pcDNA3.1 vector
(Invitrogen). The accuracy of the insert was confirmed by DNA sequencing

using miRNA specific primers.

Cell culture and tissue samples from rat/mouse strains.

AML12 (alpha mouse liver 12) cells (a gift from Dr. Rakesh K. Tyagi, Jawaharlal
Nehru University, New Delhi, India) and human hepatocellular carcinoma HuH-7
cells (obtained from the National Center for Cell Sciences, Pune, India) were
cultured in Dulbecco’s modified Eagle’s medium with high glucose and
Glutamine (HyClone), supplemented with 10% fetal bovine serum (Invitrogen,
USA), penicillin G (100 units/mL), and streptomycin sulfate (100 mg/mL)
(Invitrogen, USA) in 25 cm? tissue culture flasks (NEST, USA) at 37 °C with 5%
CO..
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Wistar female rats at the age of 6 weeks were obtained from the King
Institute of Preventive Medicine (Chennai, India). Liver, kidneys, and skeletal
muscle were isolated following standard procedures. Liver tissue samples (in
RNAlater solution) from male BPH (strain BPH/2J, at inbred generation FG66)
and BPL (strain BPL/1J, at inbred generation F65) mice at the age of 5 -7
weeks were procured from the Jackson Laboratory (Bar Harbor, ME).
Intentionally, young BPH and BPL mice were selected to minimize the effects of
age-related confounding factors on gene expression. Likewise, male SHR and
WKY liver tissue samples at the age of 4-6 weeks were procured from the
Division of Pharmacology, Central Drug Research Institute (Lucknow, India). In
addition, liver tissues from male Sprague-Dawley (SD) rats fed with high fat and
fructose diet (HFHF) and normal chow-diet fed rats at the age of 32 weeks were
also obtained from National Institute of Nutrition (Hyderabad, India). All animal
tissue-related procedures were approved by the Institutional Animal Ethics
Committee at Indian Institute of Technology Madras
(1007/C/06/CPCSEA/IITM/BT/15/NRM-2018;
1007/C/06/CPCSEA/IITM/BT/16/NRM-2018;
1007/C/06/CPCSEA/IITM/BT/19/NRM-2018;
1007/C/06/CPCSEA/IITM/BT/21/NRM-2018)

Transient transfection and reporter assays

AML12 and HuH-7 cells were grown up to 70% confluence in 12-well plates and
co-transfected with different doses (125, 250 and 500 ng) of plasmids
expressing miR-27a, along with 500 ng/well of mHmgcr-3’'UTR-reporter plasmid
by lipofectamine®® 2000 (Invitrogen) according to manufacturer’s instructions.
Similarly, mHmgcr-3’'UTR-reporter wild-type plasmid or mHmgcr 27a mut 3'-
UTR construct was co-transfected with miR27a in a dose-dependent manner. In
all these co-transfection experiments, the insert-free vector pcDNA3.1 was used
as balancing plasmid. After 4 hrs of transfection, the culture media was

changed with fresh complete media.


https://doi.org/10.1101/383448

bioRxiv preprint doi: https://doi.org/10.1101/383448; this version posted August 12, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

In other co-transfection experiments, AML12 cells were transfected with
different doses of Egr1 expression plasmid (obtained from Dr. Wong, (30)) or
Egr1 shRNA expression plasmids (obtained from Dr. Xiao, (31)) along with 500
ng/well of the miR-27a pro construct. pcDNA3.1 was used as a balancing
plasmid for Egr1 expression plasmid co-transfections while pU6 was used as a
control plasmid for the Egr1 shRNA experiments.

In all co-transfection experiments, cells were lysed 36 hrs post-
transfection and cell lysates were assayed for luciferase activity as described
previously (32,33). Total protein per individual well was also estimated in the
same cell lysate by using Bradford reagent (Bio-Rad). The reporter activities
were normalized with the total protein content and expressed as luciferase

activity/pg of protein or % over control.

RNA extraction and Real-time PCR

Total RNA was extracted from liver tissue samples of BPH and BPL mice or SHR and
WKY rats by using Trizol (Invitrogen) as per the manufacturer’s instructions. cDNA
synthesis was performed using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) and miR-27a/miR-27b/U6-specific stem-loop (SL) primers (Supplementary
Table1). Quantitative Real-time PCR (gPCR) was performed using the DyNAmo HS-
SYBR Green qPCR Kit (Finnzymes) and using gene specific primers and a universal
reverse primer (Supplementary Table1). The same mmu-miR-27-forward primer was

also used to probe for miR-27b expression.

In another set of experiments, total RNA was isolated from AML12 and different
tissues (liver, kidney and skeletal muscle) of Wistar rats (mentioned in the “Cell culture
and tissue samples from mouse strains” section). Following cDNA synthesis, gPCR was
performed using mHmgcr gene specific primers and mouse 3-Actin specific primers
(Supplementary Table1) as described above. In case of rat samples, qPCR was
performed using rat Hmgcr gene specific primers and rat B-Actin specific primers

(Supplementary Table1).
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In certain experiments, AML12 cells were transfected with different doses of miR-
27a expression plasmid or 60 nM of locked nucleic acid inhibitor of 27a (LNA 27a) and
negative control oligonucleotides (Exiqon, Denmark) by using lipofectamine. Over-
expression or down-regulation of miR-27a was determined by qPCR analysis.

In one experiment, for cholesterol depletion, AML12 cells (grown in 12 well
plates) were treated with increasing doses (0, 1, 3.6 and 5 mM) of cholesterol-depleting
reagent methyl-B-cyclodextrin (HiMedia, India) for 15 minutes. Cholesterol depletion
was carried out in serum-free DMEM medium. Following cholesterol depletion, media
was changed with fresh serum-free media and the cells were incubated for 6-9 hrs at
37°C in COz incubator.

In another series of experiments, AML12 cells were treated with exogenous
cholesterol (20 pg/ml) in serum free media for 6-9 hrs. Next, the cells were processed
for RNA isolation followed by gPCR to measure the relative abundance of miR-27a and
Hmgcr transcript. Total miRNAs isolated from the treated and control cells were
subjected to cDNA synthesis followed by qPCR analysis probing for miR-27a and U6
RNA using miR-27a and U6 specific primers.

For hypoxia experiments, AML12 cells were transferred to a desiccator cabinet
(Bel-Art, USA) and flushed with argon gas for 2 min and sealed. The cabinet was then
placed in an incubator at 37 °C for 12 hours. In parallel, AML12 cells incubated at 37°C
in CO; incubator for 12 hours were used as a control. RNA isolation In all the gPCR
analysis, the relative abundance of miR-27a and Hmgcr was determined by calculating

2784C of each reaction (34).

Filipin Staining

AML12 cells were seeded at 60-70% confluency in 12/ 24 well plates overnight
at 37 °C with 5% CO,. The cells were then treated with 20 ug/ml of exogenous
cholesterol or 5mM of cholesterol-depleting reagent methyl-B-cyclodextrin
(MCD) for 6 hours or 15 min respectively. Post-MCD treatment, the media was
changed to serum-free media and the cells were incubated at 37 °C for 6-9
hours. Following treatment with cholesterol or MCD, the cells were washed with

PBS and fixed with 3.6% formaldehyde in PBS for 10 min at room temperature.
10
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The fixed cells were washed with PBS and stained with 50 pg/ml of Filipin Ill (a
fluorescent dye that binds to free cholesterol) in the dark at room temperature
for 2 hours. Following fixing, the cells were washed with PBS again and imaged

using an Olympus U-RFL-T fluorescence microscope (Olympus, Japan).

mMRNA stability assays

Actinomycin D, an extensively used and highly specific transcriptional inhibitor,
was used to determine the Hmgcr mRNA stability under basal condition as well
as upon cholesterol depletion and hypoxia like pathophysiological conditions. In
this experiment, AML12 cells were transfected with miR-27 expression plasmid
or pcDNA3.1. After 24 hours of transfection, cells were treated with actinomycin
D (5 ug/ml) (Himedia, India) for different time points (0, 6, 12 and 24 hours). In
both the cases (with/without miR-27a over-expression), Hmgcr mRNA decay
was monitored by measuring the Hmgcr levels by qPCR as described above.
Hmgcr mRNA half-life was determined by using tip= -t (In2)/In(N/Np) as
described previously where Ni= mRNA remaining at a specific time t, and No=
mRNA abundance in the beginning (35). In parallel, the total protein was also
isolated at each time point as described below for Western blot analysis. All the
experiments were carried out in triplicates. The Hmgcr mRNA half-life from

three different experiments was averaged and standard error calculated.

Ago2-Ribonucleoprotein immunoprecipitation (RIP)

To probe the endogenous interaction of miR-27a with Hmgcr, Ago2-RIP experiments
were carried out as described earlier (36). HuH-7 cells grown at 60% confluence in 100
mm dishes were transfected with 5 ug of miR-27a expression plasmid or pcDNAS3 using
Targetfect F2 transfection reagent (Targeting Systems, USA). After 24 hrs of
transfection, cells were lysed in 100 ul of ice cold polysome lysis buffer [5 mM MgCly,
100 mM KCI, 10 mM HEPES (pH 7.0) and 0.5% Nonidet P-40] with freshly added 1 mM

DTT, 100 U/ml recombinant ribonuclease (Takara, Japan) supplemented with protease
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inhibitor cocktail (Sigma Aldrich) by tapping every 5 min for 3 secs over a period of
15min on ice. The lysates were then centrifuged at 14,000 rpm at 4 °C for 10 min.
Supernatant was mixed with 900 pl of ice-cold NT2 buffer [50 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM MgCl, , 0.05% Nonidet P-40] containing freshly added 200 U/mi
recombinant ribonuclease (Takara, Japan), 1 mM DTT, 15 mM EDTA. The lysates were
pre-cleared with Rec protein G-Sepharose 4B beads (Invitrogen, USA). Pre-cleared
samples were then immunoprecipitated by incubation with 0.75 pg each of anti-Ago2
antibody (abcam, ab57113) and non-immune mouse IgG (Sigma, 15831) was used as a
negative control. Incubation was carried out overnight at 4 °C on a rotating platform. On
the following day, beads were washed five times with ice-cold NT2 buffer and divided
into two fractions—one for RNA isolation to identify miRNA target genes and another for
Western blotting to check for successful immunoprecipitation of Ago2. Anti-Ago2
antibody at a dilution of 1:2500 was used for Western blot analysis. RNA was isolated
from the other fraction of beads by TRIzol (Invitrogen, USA) followed by purification via

Nucleospin miRNA columns (Machery-Nagel, Germany).

Western Blot Analysis

Up-regulation or down-regulation of HMGCR/HIF-1a/Egr1 after transfection
experiments/cholesterol treatment/ depletion/hypoxia like pathophysiological
condition was determined by Western blotting. Following transfection with miR-
27a plasmid or antagomir, AML12 cells were lysed in radioimmunoprecipitation
assay buffer [50 mM Tris—HCI (pH 7.2), 150 mM NaCl, 1% (v/v) Triton X-100,
1% (w/v) sodium deoxycholate, 1mM EDTA,and 0.1% (w/v) SDS] supplemented
with 1mM PMSF and protease inhibitor cocktail (Sigma, USA). The cell lysates
were sonicated for 10-15 sec on ice, followed by centrifugation at 14,000 rpm
for 15 minutes at 4°C, and the supernatant was then collected. The protein
concentrations in the cell lysates were estimated by Bradford Assay (Bio-Rad).
Equal amount of protein samples (~30-50 ug) per condition were separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel

and transferred to activated PVDF membrane (Pall Life Sciences, Mexico). After

12
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blocking with 2-5% of BSA/ non-fat milk for 1 hour at room temperature, the
membranes were incubated with specific primary antibody [HMGCR (Abcam,
ab174830) at 1:1000 dilution, B-Actin (Sigma, A5441) at 1:7500 dilution,
Vinculin (Sigma, V9131),—at 1:7500 dilution, Egr1 (CST, 4153) at 1:1000
dilution] overnight at 4°C. After washing with 1xTBST, the membrane was
incubated with HRP-conjugated secondary antibody specific for either rabbit
(BioRad # 170-6515 at 1:1500 dilution for HMGCR) or mouse (Jackson
Immunoresearch # 115-035-003 at 1:5000 dilution for B-actin and HIF1a) for 1
hr. The protein bands were detected using CIarityT'v| Western ECL Substrate kit
(Bio-Rad) and signal was captured by Chemidoc XRS+ Chemiluminescence
Detection system (Bio-Rad). Densitometric analysis of Western blots was

performed using Image Lab (Bio-Rad ) or NIH Image J software(37).

Chromatin Immunoprecipitation (ChiP) Assays

AMLA12 cells, seeded in 100 mm dishes at 60-80% confluency, were subjected
to hypoxic stress for 12 hours. Following treatment, the cells were cross-linked
using formaldehyde at room temperature for 12 min. Next, chromatin was
isolated and sheared by sonication followed by a pre-clearing step with Rec
protein G-Sepharose 4B beads (Invitrogen, USA). Immunoprecipitation
reactions of the pre-cleared samples were carried out by incubation with 5 ug
each of ChIP grade antibodies, i.e. anti-Egr1 and pre-immune anti-rabbit 1gG
(Sigma, 15006) overnight at 4°C. The immunoprecipitated samples were
captured by Rec protein G-Sepharose 4B beads, eluted, reverse cross-linked
and purified by phenol-chloroform extraction. gqPCR was carried out using equal
amount of the purified chromatin as template to amplify two different DNA
regions harboring Egr1 binding sites in the proximal (~500 bp) promoter domain
of miR-27a promoter using two primer pairs (Fig.6) (P1-FP: 5'-
TCAAGATAGGCAGGCAAGC-3 and P1-RP: 5’-
AGCACAGGGTCAGTTGGAAA-3’; P2-FP: 5-TTTGTAGGGCTGGGGTAGAG-

13
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3’ and P2-RP: 5-CTGATCCACACCCTAGCCC-3'). Results were expressed as fold

enrichment over IgG signal or background.

In silico prediction of miR-27a target genes in the cholesterol biosynthesis

pathway

Putative mouse miR-27a target genes were retrieved from TargetScan and
miRWalk (Supplementary Table 2). These datasets were used as input for the
Panther classification system (http://www.pantherdb.org/) which grouped them
based on their molecular functions. Only mapped gene IDs belonging to the

cholesterol biosynthesis pathway were selected.

Data presentation and Statistical analysis

All 3'UTR-reporter/promoter-reporter transient transfection experiments were
carried out at least three times and results were expressed as mean + SE of
triplicates from representative experiments. Prism 5 program (GraphPad
Software, San Diego, CA, USA) was used to determine the level of statistical
significance by Student’s t-test or one-way ANOVA with Newman-Keuls’s post-

test, as appropriate.

RESULTS

Comparative genomics analysis of mouse and rat Hmgcr gene sequences.

Although mouse models are highly useful to dissect the genetic basis of complex
human diseases and various resources are available for genetic mapping in mice (38),
most of the quantitative trait loci (QTL) analyses have been performed in rats because
of technical difficulties in measuring the cardiovascular phenotypes in mice. We probed
the Rat Genome Database (RGD) for elevated lipid or cholesterol QTLs on Hmgcr-
harboring chromosome 2 within the range of 26000000-28000000 bp and detected six
lipid-related QTLs (Fig.1A). The elevated lipid/cholesterol-QTLs and respective LOD

[logarithm (base 10) of odds] scores retrieved from RGD are shown in Table 2.
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Interestingly, the QTL Stl27 (23837491- 149614623 bp) that harbors Hmgcr gene
(27480226- 27500654 bp, RGD ID: 2803) displayed the highest linkage (LOD
score=4.4) with blood triglyceride levels (Fig.1A). In addition, QTLs- StI32 (22612952-
67612952 bp), Scl55 (26186097- 142053534 bp) also housing the Hmgcr locus
displayed significant linkage with blood triglyceride levels (LOD score=3.2) and blood
cholesterol levels (LOD score=2.83) respectively. Moreover, alignment of the mouse
and rat genomic regions at Hmgcr locus using mVISTA demonstrated >75% homology
between these rodents at exons, introns and untranslated regions (Fig.1B).
Interestingly, the extent of homology between each of the twenty Hmgcr exons in
mouse and rat were, in general, higher (>85%) than the noncoding regions (Fig.1B).

Thus, mouse Hmgcr appeared as a logical candidate gene for further studies.

Identification of crucial miRNAs involved in differential expression of mouse

Hmgcr (Hmgcr).

To identify the putative miRNA binding sites, we performed an in silico analysis of
Hmgcr 3-UTR sequence by using multiple bioinformatic algorithms because these
programs predict distinct miRNA binding sites (39). Since a lot of differences were
observed among the results obtained from these computational algorithms, we selected
those miRNAs that were predicted by at least five algorithms. Further, to get a very
stringent list of miRNAs, the selected miRNAs were base-paired with Hmgcr 3’-UTR to
calculate the differences in hybridization free energy indicating the stability of the
microRNA-mRNA interaction by two online tools namely PITA and RNAhybrid. In each
case, the minimum number of nucleotides in seed sequence was selected as 6 and no
mismatch or no G:U wobble base-pairing was allowed in the region of seed sequence.
The lower or more negative AG (<-10) or AAG (<-20) value predicted by
PITA/RNAhybrid represents the stronger binding of the miRNA to the UTR. On following
these selection procedures, 7 miRNAs (miR-27a, miR-27b, miR-708, miR-28, miR-351,
miR-124 and miR-345) were shortlisted (Table 1). However, only miR-27a and miR-27b

were further selected for our studies based on their crucial role in lipid metabolism (40).
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In order to validate our in silico findings, we probed for Hmgcr and miR-27a/b
expression in three rodent models of metabolic syndrome viz. genetically hypertensive
blood pressure high (BPH) vs. genetically hypotensive blood pressure low (BPL) mice,
Spontaneously Hypertensive Rats (SHR) vs. Wistar Kyoto (WKY) rats and rats fed with
high fructose and fat diet (HFHF) vs. rats fed with normal chow diet. Interestingly,
Hmgcr protein expression was ~2-fold (p<0.05, Fig.S1) higher in BPH liver tissues than
BPL. gPCR analysis in the aforementioned tissues demonstrated that the expression of
miR-27a and miR-27b significantly differ in liver tissues of BPH and BPL mice.
Specifically, the expression of miR-27a was found ~1.45- fold (p<0.05, Fig.S1) elevated
in BPH tissue than BPL. On the other hand, the expression of miR-27b was ~3-fold
(p<0.05) higher in BPL tissue than BPH. Likewise, Hmgcr and miR-27a/b levels were
also analysed in liver tissues of hypertensive rat models viz. SHR and WKY.
Consistently, the Hmgcr protein expression was ~1.6- fold elevated in SHR liver tissues
than WKY. Interestingly, miR-27a expression was ~2.5-fold higher in SHR than its
normotensive counterpart, WKY (p<0.05, Fig.S1). There was no significant change in
the mIR-27b levels in SHR and WKY liver tissues. In corroboration, the miR-27a levels
were augmented ~4.6-fold (p<0.05, Fig.S1) in normal chow-fed rats than High Fat and
fructose (HFHF)-fed rats while the Hmgcr levels were ~1.7-fold (p<0.05, Fig.S1)
diminished in normal chow-fed rats. Taken together, only miR-27a showed an inverse
correlation with Hmgcr expression in liver tissues of the aforementioned models

indicating it as a promising candidate for functional characterization.

Since the miR-27a binding site is highly conserved across most mammals
(Fig.2), we mined the hsa-miR-27a/b expression and HMGCR expression in different
human tissues using miRmine, DASHR databases and GTEx portal respectively.
Interestingly, a significant negative correlation between HMGCR expression and miR-
27a expression was observed (Fig.2) in both miRmine (Pearson, r = -0.9007, p<0.05)
and DASHR miRNA expression databases (Pearson, r = -0.8830, p<0.05). On the other
hand, miR-27b expression did not show any such inverse correlation with HMGCR

expression in the same tissues (Fig.S5).
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miR-27a negatively regulates Hmgcr protein levels.
In light of in silico analysis, we probed the role of miR-27a in Hmgcr gene regulation.
Watson-Crick base pairing between miR-27a and Hmgcr 3-UTR (generated by
miRanda) revealed that the 2-7 base seed sequence of miR-27a has perfect
complementarity to its putative binding site present in the mHmgcr 3’-UTR (Fig.2A).
First, we examined the relation between the expression of miR-27a and Hmgcr
transcripts in cultured AML-12, N2a cells as well as rat liver, kidney and skeletal muscle
tissues. Interestingly, miR-27a showed a significant negative correlation with Hmgcr
expression in the aforementioned samples (Pearson, r = - 0.9550, Fig.2C). To examine
whether miR-27a targets Hmgcr, pre-miRNA plasmid expressing miR-27a, was co-
transfected with the mHmgcr 3’-UTR/luciferase reporter construct into mouse AML12
and human HuH-7 cells (Fig.3A, B); Indeed, over-expression of miR-27a caused a
dose-dependent reduction in the mHmgcr 3'UTR reporter activity in both AML12 (one-
way ANOVA F=10.95, up to ~85%, p<0.0001) and HuH-7 cells (one-way ANOVA
F=7.31, up to ~ 34%, p<0.001) (up to ~5.0-fold, p<0.001) as wells as endogenous
HMGCR protein level (Fig.3E, F). Further, our qPCR analysis showed that over-
expression of pre-miR27a led to a dose-dependent increase in the expression of the
mature form of miR-27a in AML12 (one-way ANOVA F=10.48,~ up to 1770%, p<0.01)
and HuH-7 (one-way ANOVA F=4.66, up to ~ 125%, p<0.05) cells (Fig.3C and D).
Consistently, the mHmgcr 27a mut 3'-UTR construct (devoid of miR-27a binding site)
showed no significant reduction in the mHmgcr-3’'UTR reporter activity (Fig.3A, B).
Moreover, to test the specificity of interactions of miR-27a with Hmcgr 3’-UTR,
we carried out co-transfection experiments with miR-764 which does not have binding
sites in the 3'-UTR region (Fig.S2). Furthermore, transfection of locked nucleic acid
inhibitor of 27a (LNA 27a) in AML12 cells led to enhancement of Hmcgr mRNA (~3.8-
fold, p<0.05) and protein levels (~1.4-fold, p<0.05) (Fig.4B, C). In corroboration, RIP
assays with antibody against Ago2, an integral component of RISC complex, showed
(~5 fold) enrichment of HMGCR in the Ago2-immunoprecipitated RNA fraction of HuH-7
cells over-expressing miR-27a thereby confirming the direct interaction of miR-27a with
the Hmgcr 3'-UTR (Fig.4D). Despite the binding site of miR-27b, co-transfection of
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different doses of miR-27b expression plasmid did not cause significant decrease in

mHmgcr-3'UTR reporter activity (Fig.S7).

Role of cholesterol in miR-27a-mediated regulation of Hmgcr.

To determine whether modulation in endogenous cholesterol level affects the post-
transcriptional regulation of Hmgcr, AML12 cells were treated with exogenous
cholesterol or methyl-B-cyclodextrin (MCD), a well known cyclic oligosaccharide that is
widely used to reduce intracellular cholesterol levels (41). Indeed, cholesterol treatment
showed ~1.9-fold (p<0.05) enhancement of miR-27a levels (Fig.5A) and diminished
Hmgcr protein levels (Fig.5C). In concordance, cholesterol depletion by MCD caused a
~3-fold (p<0.05) reduction in the endogenous expression of miR-27a (Fig.5D) and
augmented Hmgcr protein levels (Fig.5F). Further, RIP assays using anti-Ago2 antibody
in cholesterol-treated HuH-7 cells revealed significant enrichment of HMGCR (~2.2-fold,
p<0.01) (Fig.7C) and miR-27a levels (~1.7-fold, p<0.001) (Fig.7D) suggesting in vivo
interaction of HMGCR with miR-27a under elevated cholesterol conditions. No
significant difference was observed in HMGCR levels in the RNA fraction
immunoprecipitated using pre-immune anti-mouse IgG antibody on miR-27a over-

expression (Fig.S8).

Role of Egr1 in miR-27a expression.
To understand the possible mechanism of regulation of miR-27a we predicted the
putative transcription factor binding sites on the proximal miR-27a promoter domain
(~500 bp) using two independent programs: LASAGNA and JASPAR (Supplementary
Table 2). Egr (early growth response) 1, a zinc finger transcription factor predominantly
expressed in the liver, plays a crucial role in the transcriptional regulation of most
cholesterol biosynthesis genes including Hmgcr (42). These programs revealed six Egr1
binding sites in the selected region of miR-27a promoter domain as shown in Fig.6A.
Next, we validated the role of Egr1 in the activation of miR-27a promoter upon
over-expression and down-regulation of Egr1. pcDNA3.1 and pU6 were used as
balancing plasmids for Egr1 and Egr1 shRNA expression plasmid co-transfections

respectively. Over-expression of Egr1 caused a ~3-fold enhancement of miR-27a
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promoter activity (one-way ANOVA F=36.41, p<0.0001) (Fig.6B). A concomitant
increase in the endogenous miR-27a levels upon Egr1 over-expression was also
observed (~4-fold, p<0.05) (Fig.6D). In corroboration, co-transfection of Egr1 shRNA
expression plasmid resulted in a ~2.2-fold reduction in the miR-27a promoter activity
(one-way ANOVA F=6.955, p<0.05) (Fig.6C). Likewise, Egr1 down-regulation
diminished endogenous miR-27a levels (~2-fold, p<0.05) (Fig.6E). Thus, Egr1 plays a

crucial role in the transcriptional activation of miR-27a.

Intracellular cholesterol modulates miR-27a expression via Egr1

As Egr1 activates miR-27a promoter and cholesterol modulates miR-27a expression,
we sought to test the effect of intracellular cholesterol modulation on Egr1 expression.
Indeed, Western blot analysis revealed that exogenous cholesterol treatment caused
Egr1 augmentation (~4.5-fold) (Fig7A) while cholesterol depletion resulted in diminished
(~1.8-fold) Egr1 levels (Fig7B). Next, to test whether there is enhanced interaction of
miR-27a and Hmgcr 3’-UTR in vivo under elevated cholesterol conditions, RIP assays
using anti-Ago2 and anti-lgG antibodies were performed in HuH-7 cells. Elevated
cholesterol levels in the cells caused a significant (~2.2-fold) enrichment of HMGCR
(~2.2-fold, p<0.01) compared to control (Fig.7C). Likewise, the miR-27a levels in the
Ago2-immunoprecipitated fraction showed a ~1.72-fold higher enrichment as compared
to the untreated cells (Fig.7D). RNA immunoprecipitated using pre-immune anti-mouse
IgG antibody showed no significant difference in miR-27a and HMGCR levels between

treated and untreated conditions (Fig.S8).

Effect of hypoxia stress on miR-27a-mediated Hmgcr regulation: Involvement of
Egr1.

Since hypoxia (oxygen deprivation) impairs cholesterol metabolism (an oxygen-
dependent process) by stimulating the HMGCR degradation (22,43), we tested whether
miR-27a regulates the Hmgcr expression under such pathophysiological conditions.
AML12 cells subjected to hypoxia for 12 hours showed ~1.4-fold (p<0.05) higher miR-
27a expression than basal condition (Fig.8A). This observation is consistent with

previous reports documenting the activation of miR-27a in various cell types (44-47).
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Indeed, Western blot analysis revealed over-expression of HIF-1a, Egr1 and down-

regulation of Hmgcr during these experiments (Fig.8B).

Next, ChIP assays were carried out to probe for the interaction of Egr1 with miR-
27a promoter during hypoxia (Fig.8D). At the basal level, anti-Egr1 antibody resulted in
significant amounts of immunoprecipitation of miR-27a promoter domain when P2
primer pair (mentioned in the materials and methods section) was used for qPCR
analysis (Student’s t-test, ~2.5-fold, p<0.001); on the other hand, in hypoxia-treated
AML12 cells, the anti-Egr1 antibody showed even more pronounced enrichment of miR-
27a promoter domain amplified by primer pair P2 (one-way ANOVA F=22.33, p<0.001).
No significant difference in the fold-enrichment over IgG was observed using Egr1
antibody immunoprecipitated chromatin in basal and hypoxia condition for primer pair
P1 (Fig.S9) suggesting that Egr1 sites in the region amplified by these primers (Egr1
cluster 1) are non-functional. This is reminiscent of a previous study where hypoxia
alters miR-27a expression in human pulmonary artery endothelial cells (HPAECSs) via
Egr1 (46).

miR-27a represses Hmgcr by post-translational inhibition.

miRNAs act on their mRNA targets either by triggering mRNA degradation or
translational repression. In order to unfold the mechanism of action of miR-27a on
Hmgcr, mRNA stability assays using actinomycin D were carried out in AML12 cells
over-expressing miR-27a (Fig.9). Hmgcr mRNA at different time points of actinomycin
incubation were analysed by qPCR in AML12 over-expressing miR-27a or control
(without miR-27a transfection). Interestingly, no change in the Hmgcr mRNA half-life
was observed on ectopic over-expression of miR-27a (Fig.9A, B). However, the Hmgcr
protein levels showed a time-dependent reduction following actinomycin D treatment in
AML12 cells transfected with miR-27a (Fig.9C) suggesting that translational control is

the predominant step in miR-27a-mediated Hmgcr regulation.
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DISCUSSION

Overview

Presently, statins are widely used for the treatment of hypercholesterolemia and to
lower the risk of cardiovascular complications. However, statins have altered efficacies
in patients as well as well-established adverse effects including myalgias, muscle or
gastrointestinal cramps and other symptoms (48). The safety and efficacy concerns
over the long-term use of statins to treat elevated cholesterol levels call for alternative
therapeutic interventions for lowering plasma lipids. The emerging role of miRNAs as
crucial regulators of lipid metabolism has been documented and well-reviewed (49). As
such, they serve as promising candidates for miRNA-based therapeutics. Moreover,
owing to their short sequence and conservation across most vertebrates, miRNAs are
easy therapeutic targets and the same miRNA-modulating compound can be used both
for the pre-clinical studies and in clinical trials (50). Despite several studies highlighting
the association between the SNPs present in the HMGCR locus and different
cardiovascular disease states including dyslipidemia, myocardial infarction, stroke and
elevated blood pressure (11,51), the role of miRNAs in its regulation is only partially
understood. In this study, we undertook a systematic approach to identify the key
miRNAs that may regulate mouse Hmgcr gene expression under basal as well as
pathophysiological conditions. Our extensive computational analysis using multiple
bioinformatic algorithms coupled with experimental analysis (miR-27a over-
expression/downregulation experiments along with Ago2-RIP assays) identified miR-
27a as a key regulator of Hmgcr expression (Figs. 3 and 4). Of note, these findings are
in concordance with a previous study reporting the repression of HMGCR 3’-UTR

luciferase activity in HuH-7 cells transfected with miR-27 mimics (52).

Regulation of Hmgcr expression by miR-27a is conserved across various
mammalian species.

Alignment of Hmgcr-3'UTR sequence of various mammalian species harboring the miR-
27a binding site (human, rat, hedgehog, rabbit, chimpanzee, cow, rhesus, shrew, dog,

cat, armadilo, elephant and opossum) showed that the miR-27a binding site is
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significantly conserved across the mammalian species (Fig.2). This conservation
enables us to assess the physiological effect of over-expression or down-regulation of
miR-27a in model organisms before human studies. We selected three rodent models of
metabolic syndrome to validate our in silico predictions viz. BPH vs. BPL mice, SHR vs.
WKY rats and rats fed with high fructose and fat diet (HFHF) vs. rats fed with normal
chow diet; all these models show altered serum lipid profiles as compared to their
controls indicating deregulation of cholesterol homeostasis [(Mouse  Phenome

Database, Jackson Laboratory; www.jax.org/phenome, The Rat Genome Database

(RGD); http://rgd.mcw.edu and (53)]. Interestingly, miR-27a expression in liver tissues

showed an inverse correlation with Hmgcr levels in all these models (Fig.S1) while miR-
27b levels were not negatively correlated to Hmgcr expression (Fig.S5). Moreover, miR-
27a also showed a significant negative correlation with Hmgcr expression in cultured
AML12 cells and mouse neuroblastoma N2a cells as well as rat liver, kidney and
skeletal muscle tissues (Fig.2) highlighting it as a promising candidate for further cellular

and molecular studies.

miR-27a regulates Hmgcr expression by translational repression.

miRNAs silence their targets by either translational repression or mRNA degradation.
Generally, miRNAs exert their action by translational inhibition followed by mRNA
deadenylation, decapping and decay (54). Of late, accumulating evidence suggests that
miRNA-mediated mRNA repression can be seen even without the necessity of
transcript degradation (55-57). In order to decipher the exact mode of action of miR-
27a, mRNA stability assays were performed in AML12 cells over-expressing miR-27a.
After 24 hours of miR-27a transfection, transcription was attenuated and mRNA/protein
levels were monitored at different time points following transcriptional inhibition. gqPCR
analysis suggest that the Hmgcr mRNA half-life did not change significantly when the
cells were transfected with miR-27a (Fig.9). In corroboration, over-expression of miR-
27a in AML12 cells also did not alter the steady state Hmgcr mRNA levels (Fig.S4). On
the other hand, the Hmgcr protein levels diminished drastically in a time-dependent
manner suggesting that translational control is the pre-dominant event of miR-27a-

mediated Hmgcr repression (Fig.9C).
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Mechanism of regulation of miR-27a: crucial role of Egr1

In view of the key role of miR-27a in regulating Hmgcr we sought to unravel how miR-
27a might be regulated under basal and pathophysiological conditions. A series of
computational and experimental analyses suggested, for the first time to our knowledge,
a crucial role of Egr1 in the activation of miR-27a expression. Egr1, a zinc finger
transcription factor belonging to the early growth response gene family, binds to a GC-
rich consensus region, GCG(T/G)GGGGG (58) and influences a variety of target genes
involved in physiological stress response, cell metabolism, proliferation and
inflammation (59). Egr1 has also been implicated in various cardiovascular pathological
processes including atherosclerosis, cardiac hypertrophy and angiogenesis (60).
Among the Egr family of genes, Egr1 is pre-dominantly expressed in the liver as well as
liver-derived cell lines and targets multiple cholesterol biosynthesis genes (42,61). In
light of computational prediction of multiple Egr1 binding sites in the proximal miR-27a
promoter domain (Fig.6A), we investigated the role of Egr1 in miR-27a expression.
Indeed, over-expression/down-regulation of Egr1 resulted in enhanced/diminished miR-
27a promoter activity in AML12 cells (Fig.6B, C). Consistent with the computational
predictions, ChIP analyses confirmed the in vivo interaction of Egr1 with the miR-27a
promoter (Fig.8D). This is in corroboration with a previous study that reported Egr1
down-regulation attenuates miR-27a expression in human pulmonary artery endothelial
cells (46).

miR-27a also targets multiple genes in the cholesterol biosynthesis pathway.

miR-27a, an intergenic miRNA, is transcribed from the miR-23a-miR-27a-miR-24 cluster
located on chromosome 8 in mice. Interestingly, dysregulation of miR-27a has been
associated with several cardiovascular phenotypes including impaired left ventricular
contractility, hypertrophic cardiomyopathy, adipose hypertrophy and hyperplasia (62).
miR-27a regulates several genes including involved in adipogenesis and lipid
metabolism including Retinoid X receptor alpha (RXRa), ATP-binding cassette
transporter (ABCA1 ) also known as the cholesterol efflux regulatory protein, fatty acid
synthase (FASN), sterol regulatory element-binding proteins (SREBP-1 and -2),

peroxisome proliferator-activated receptor (PPAR-a and -y), Apolipoprotein A-1,
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Apolipoprotein B-100 and Apolipoprotein E-3 [as reviewed in (40)]. hsa-miR-27a-3p is
expressed in multiple tissues with pronounced expression in the liver, breast and testis
(Fig.S2B). Interestingly, TargetScan and miRWalk predictions coupled with Panther
pathway analysis revealed five additional cholesterol biosynthesis-related gene targets:
3-Hydroxy-3-Methylglutaryl-CoA synthase 1 (Hmgcs1), Mevalonate kinase (Mvk),
Isopentyl-diphosphate delta isomerase 2 (/di2), Geranylgeranyl pyrophosphate
synthase (Ggps1) and Squalene synthase (SS) indicating that miR-27a might regulate
the multiple genes in the cholesterol biosynthesis pathway (Fig.10). This is reminiscent
of miR-27a/b target prediction documented in a recent review (63). Indeed, our in vitro
experiments revealed miR-27a also targets Mevalonate kinase (Mvk) and Squalene
synthase (SS) in AML12 cells (Supplementary Table 3).

Pathophysiological implications of Hmgcr regulation by miR-27a.

HMGCR is tightly regulated by sterols at multiple levels by transcriptional, post-
transcriptional and post-translational mechanisms (as reviewed in (64,65)). In brief,
elevated sterols diminish HMGCR expression by inhibition of Sterol Regulatory Element
Binding Protein 2 (SREBP-2) transcription factor (66,67). The post-transcriptional and
post-translational regulatory systems operate independent of SREBP pathway and form
an important aspect of sterol-mediated HMGCR regulation. Post-translational regulation
is executed by sterol or non-sterol intermediates via INSIG dependent ER-associated
protein degradation (ERAD) mechanism involving ubiquitin-proteosomal degradation of
HMGCR (67,68). However, the effect of elevated sterols on miRNA-mediated regulation
of HMCGR is partially understood. In the view of crucial role of sterols in HMCGR
regulation, we asked whether enhanced cholesterol levels modulate endogenous miR-
27a levels? Indeed, exogenous cholesterol treatment to AML12 cells enhanced miR-
27a levels as well as diminished Hmgcr protein levels (Fig.5). In order to rule out the
possibility that this repression in Hmgcr protein levels is solely because of INSIG-
mediated ERAD mechanism, we performed RIP assays in AML12 cells treated with
cholesterol. Our RIP assays using anti-Ago2 antibodies further confirmed the direct
interaction of miR-27a with Hmgcr suggesting that post-transcriptional regulation of

Hmgcr by miR-27a is an additional mechanism for down-regulation of Hmgcr levels
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under high cholesterol conditions. Moreover, qPCR analyses in liver tissues of rats fed
with a high fructose and high fat diet indicate altered miR-27a expression (Fig.S1). This
is reminiscent of multiple studies showing modulation of miR-27a expression in rodents
fed with a high-fat diet (69,70). Of note, circulating levels of miR-27a were also
diminished in subjects with hypercholesterolemia or hypertension (71). Thus, this study
revealed the crucial role of intracellular cholesterol on Hmgcr expression via miR-27a.
Hypoxia, a manifestation of liver damage, has been associated with
cardiovascular disease pathophysiology (72). Moreover, hypoxia contributes to hepatic
lipid accumulation thereby causing dysregulation of lipid metabolism and hyperlipidemia
(73,74). The regulation of HMGCR in response to hypoxia by Hypoxia-inducible Factor
(HIF) family of proteins has been well- studied (22,73). However, the role of miRNAs in
the post-transcriptional regulation of Hmgcr under hypoxia is not understood.
Interestingly, our results are in corroboration of previous studies indicating that hypoxia
stimulates miR-27a expression (44-47). Is the binding of Egr1 to miR-27a promoter
altered under hypoxic stress? Indeed, our ChlIP-gPCR analysis revealed enhanced
binding of Egr1 with miR-27a promoter (Fig.8). Interestingly, Western blot analysis
revealed that hypoxia augmented Egr1 levels in AML12 cells while lowering Hmgcr
levels (Fig.8). This is in corroboration with multiple studies showing elevated Egr1 levels

during hypoxia (75,76).

Conclusions and perspectives.
In conclusion, this study identified miR-27a as crucial regulator of Hmgcr as well as
several other genes in the cholesterol biosynthesis pathway. In addition, miR-27a
regulated Hmgcr expression under elevated cholesterol / hypoxic stress conditions via
Egr1. Thus, this study provides new insights on the plausible role of miR-27a in the
post-transcriptional regulation of Hmgcr thereby implicating its role in cholesterol
homeostasis under pathophysiological conditions.

In the view of miR-27a targeting several crucial genes in the cholesterol
biosynthesis pathway, miR-27a mimic can be used as an effective therapeutic
intervention to treat hypercholesterolemia/dyslipidemia. Indeed, administration of miR-

27a mimics in apolipoproteinE knockout (apoE KO) mice resulted in diminished lipid
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levels in both plasma and peritoneal macrophages (77). Our findings and other studies
provide strong impetus for further preclinical studies and subsequent human trials for

miR-27a as a novel lipid-lowering agent.
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Table 1: A list of predicted miRNAs having potential binding sites in the 3’-UTR of

mHmgcr

AAG
Number of Seed Sequence Calculated AGbCaI;:lI:ted
miRNA Prediction (Number of by PITA y
Programs bases) HYBRID
9 (Kcal/mol)
mmu-miR-124 5 7 -10.62 -29.5
mmu-miR-28 5 8 -10.28 -22.2
mmu-miR-345-5p 5 8 -11.08 -32

mmu-miR-351 5 8 -16.89 -33.6
mmu-miR-708 5 7 -14.34 -27.4
mmu-miR-27a 5 6 -10.13 -20.7
mmu-miR-27b 5 6 -10.74 -22.6
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Table 2 Genomic position and LOD score of various lipid/cholesterol QTLs
present on rat chromosome 2 (26000000- 28000000 bp)*

Blood Pressure Start position Stop position LOD
QTLs (bp) (bp) Score
Stl32 22612952 67612952 3.2
Stl27 23837491 149614623 4.4
Scl55 26186097 142053534 2.83
Sffal3 27760301 72760301 6.78
Scl17 228712271 266435125 3.4
Scl8 231621666 266435125 4.4

*This data was retrieved from Rat genome

(http://rgd.mcw.edu/rgdweb/search/qtls.html?100).
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FIGURE LEGENDS

Fig.1. Graphical representation of rat elevated lipid/cholesterol-QTLs and
homology between mouse- and rat-Hmgcr gene sequences. (A)The
lipid/cholesterol-QTLs and their respective LOD scores (retrieved from Rat Genome
Database) were plotted. The genomic position of rat Hmgcr gene is indicated. (B)
Conservation analysis of rat and mouse Hmgcr sequences was performed using
mVISTA. The horizontal axis represents the rat Hmgcr gene (chr2: 27480226-
27500654) as the reference sequence, whereas the vertical axis indicates the
percentage homology between rat and mouse Hmgcr gene (chr13: 96,650,579-
96,666,685). Here, window size (length of comparison) was set to 100 bp with a
minimum of 70% match. The annotation of gene is represented by different colors. Both
the mouse and rat Hmgcr genes comprise of twenty exons; 5-UTR is not visible in the
homology plot due to their very small sizes. CNS: conserved non-coding sequences;

UTR: Untranslated region.

Fig.2 miR-27a binding sites in the 3’-UTR of Hmgcr and inverse correlation of
mmu-miR-27a-3p/hsa-miR-27a-3p and Hmgcr/HMGCR expression. (A) Schematic
representation of the Hmgcr gene showing the miR-27a binding site in the 3'-UTR. The
complementarity between the seed region of miR-27a and mHmgcr-3'UTR is depicted
in bold and capital. Positions of the transcription initiation/cap site (indicated as +1 bp),
5-UTR, exons and 3’-UTR are also shown. (B) The conservation of the miR-27a
binding site in the 3'-UTR of Hmgcr across different mammals. The seed region along
with the mature mmu-miR-27a sequence is also shown at the top of the figure. (C)
Negative correlation between Hmgcr mRNA and miR-27a expression in cultured AML-

12 cells as well as rat liver, kidney and skeletal muscle tissues. Wistar female rats at the
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age of 6 weeks were procured following institutional norms. RNA and miRNAs isolated
from AML12 cells and the aforementioned tissues were probed for Hmgcr and miR-27a
expression by qPCR. Hmgcr mRNA and miR-27a expressions were normalized to
mouse B-actin mMRNA and U6 RNA in the same sample respectively. A strong inverse
correlation was observed and the Pearson r and p values are indicated.

(D) Inverse correlation between HMGCR and hsa-miR-27a-3p expression in different
tissues. Endogenous HMGCR expression profiles in different human tissues was
obtained from the GTEx portal while hsa-miR-27a-3p expression data was retrieved
from miRmine and DASHR respectively as detailed in the materials and methods. Only
tissues common to the GTEx portal and DASHR or miRmine were chosen for
correlation analysis and the expression is represented as fold change (when normalized
to pancreas for miRmine and spleen for DASHR). The Pearson r and p values for each

database are shown.

Fig.3: miR-27a negatively regulates Hmgcr in AML12 and HuH-7 cells. (A and B)
Down-regulation of Hmgcr 3’-UTR/luciferase activity by miR-27a. The mHmgcr-3’'UTR
reporter construct was co-transfected with increasing doses of miR-27a expression
plasmid in (A) AML12, (B) HuH-7 cells and luciferase activity was assayed. Values were
normalized to total protein and are mean * SE of triplicate values. Statistical
significance was determined by one-way ANOVA with Newman-Keuls multiple
comparison test. *, ** and *** indicate p<0.05, p<0.01 and p<0.001 respectively as
compared to the control (without miRNA-27a over-expression). (C and D) Transfection
of miR-27a expression plasmid results in over-expression of miR-27a in AML12 and
HuH-7 cells respectively. AML12 or HuH-7 cells were transfected with increasing doses
of miR-27a expression plasmid followed by total RNA isolation and cDNA synthesis.
The expression of miR-27a was analyzed by gPCR using miRNA specific primers and
miR-27 expression as normalized to U6 RNA. Statistical significance was determined by
one-way ANOVA with Newman-Keuls multiple comparison test. * and ** indicate p<0.05
and p<0.01 respectively as compared to the control (without miRNA-27a over-
expression). (E and F) Down-regulation of Hmgcr/HMGCR was confirmed by Western

blot analysis and shown in the lower panel.
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Fig.4: Specific interaction of miR-27a with Hmgcr 3’- UTR. (A and B) The relative
expressions of miR-27a and Hmgcr upon transfection of 60 nM of locked nucleic acid
inhibitor of 27a (LNA27a) or control oligos in AML12 cells were determined by qPCR
using miRNA/gene-specific primers. miR-27a and Hmgcr expressions were normalized
to U6 RNA and mouse (-actin mRNA in the same sample respectively. Statistical
significance was determined by Student’s t-test (unpaired, 2-tailed). * indicates p<0.05
as compared to the control (i.e., when transfected with control oligos). (C)
Representative Western blot analysis of Hmgcr protein levels in AML12 cells upon
transfection of 60 nM of LNA 27a or control oligos. The Hmgcr protein levels are
normalized to vinculin and indicated below the blots. Normalized values are shown as
mean + SE from triplicate wells. (D) Ribonucleoprotein Ago2 precipitation analysis in
HuH-7 cells over-expressing miR-27a. HuH-7 cells were transfected with miR-27a
expression plasmid. HuH-7 cells transfected with pcDNA3.1 were used as control. After
30-36 hours of transfection, miRNA-27-RISC complexes were immunoprecipitated with
Ago2/ pre-immune anti-mouse IgG antibody and HMGCR levels were measured by
gPCR using hHmger (HMGCR) primers (Supplementary Table1). The HMGCR expression
was normalized to the corresponding input in each condition; expressed as % input and is mean
+ SE for quadruplets. Statistical significance was determined by Student’s f-test
(unpaired, 2-tailed). ** indicates p<0.01 as compared to the control (co-transfected with
pcDNA 3.1). (E) Immunoprecipitation of Ago2 was confirmed by Western blotting. Ago2
was pulled down when appropriate antibody was used (lanes 5 and 6) while the mouse

lgG revealed no immunoprecipitation of Ago2 (lanes 3 and 4).

Fig. 5: Intracellular cholesterol modulates the expression of miR-27a in AML12
cells. AML12 cells were treated with increasing doses of cholesterol ((33)-cholest-5-en-
3-ol) or cholesterol-depleting reagent methyl-B-cyclodextrin (MCD) for 6 hours or 15
minutes respectively. After incubation for 6-9 hrs in serum free media, the cells were
processed for RNA, protein isolation and fluorescence microscopy. (A and D) miR-27a
levels were determined by gPCR on exogenous cholesterol (20 ug/ml) or MCD (5 mM)

treatment in AML12 cells respectively. The miR-27a expression was normalized to U6
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RNA and indicated as mean = SE for ftriplicate values. Statistical significance was
determined by Student’s t-test (unpaired, 2-tailed). * p<0.05 as compared to the control
condition. The cholesterol/MCD treatments in AML12 cells were confirmed by staining
intracellular cholesterol using Filipin stain followed by fluorescence microscopy (B and
E). (C and F) Western blot analysis of total protein isolated from AML12 cells treated

with cholesterol/MCD was carried out for Hmgcr and B-actin levels.

Fig. 6. Role of Egrl in miR-27a expression. (A) Schematic representation of the
proximal (~ 1 kb) mmu-miR-27a promoter domain harboring the Egr1 binding sites as
predicted by LASAGNA tool and JASPAR . (B and C) Effect of over-expression/down-
regulation of Egr1 on miR-27a expression. AML 12 cells were co-transfected with
increasing doses of (B) Egr1 expression plasmid or (C) Egr1 shRNA expression plasmid
and mmu-miR-27a promoter construct. pcDNA3.1and pU6 were used as balancing
plasmids respectively. Results are expressed as mean + SE for triplicate values.
Statistical significance was determined by one-way ANOVA with Newman-Keuls
multiple comparison test. * and **** indicate p<0.05 and p<0.0001 respectively as
compared to the basal mmu-miR-27a promoter activity. Over-expression/down-
regulation of Egr1 was confirmed by Western blot analysis. AML12 cells were co-
transfected with mmu-miR-27a promoter and 500 ng of (D) Egr1 expression plasmid or
(E) Egr1 shRNA expression plasmid followed qPCR to probe for the endogenous levels
of miR-27a (normalized to U6 RNA). Statistical significance was determined by
Student’s t-test (unpaired, 2-tailed). * p<0.05 as compared to the control condition

(transfected with only pcDNA 3.1 or pU6 plasmid respectively).

Fig. 7. Effect of intracellular cholesterol on Egr1 and interaction of miR-27a with
the Hmgcr 3’-UTR. AML12 cells were treated with (A) 20 ug/ml of cholesterol [(3B)-
cholest-5-en-3-ollor (B) 5 mM of cholesterol-depleting reagent methyl-B-cyclodextrin
(MCD) for 6 hours or 15 minutes respectively and Western blot analysis of total proteins
was carried out probing for Egr1 and vinculin. Relative levels of Egr1 after normalization
with vinculin are shown. (C and D) Enrichment of HMGCR and miR-27a in Ago2-IP

RNA of HuH-7 cells treated with exogenous cholesterol. HuH-7 cells were treated with
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20 pg/ml of cholesterol [(33)-cholest-5-en-3-0l] for 6 hours and the total RNA fraction from
the Ago2/IgG-IP samples (in basal and cholesterol treated cells) was subjected to gPCR using
(C) HMGCR and (D) miR-27a primers. The HMGCR/miR-27a expression was normalized to
the corresponding input in each condition and represented as % input. Statistical significance
was determined by Student’s t-test (unpaired, 2-tailed). ** p<0.01 and ***p<0.001 as

compared to the basal condition.

Fig. 8. Effect of hypoxia on miR-27a-mediated regulation of Hmgcr. (A) Effect of
hypoxic stress on miR-27a expression. AML12 cells were subjected to hypoxic stress
for 12 hours and endogenous miR-27a levels were analysed by gPCR analysis.
Statistical significance was determined by Student’s t-test (unpaired, 2-tailed). * p<0.05
as compared to the basal condition. (B) Effect of hypoxia on Egr1 expression. AML12
cells were subjected to hypoxia for 12 hours and Western blot analysis was performed
to probe for Hmgcr, HIF-1a, vinculin and B-actin. (C) Pictorial representation of proximal
(~ 500 bp) mmu-miR-27a promoter domain harboring two clusters of the Egr1 binding
sites. (D) Effect of hypoxic stress on binding of Egr1 with miR-27a promoter domain.
ChIP assay was carried out with chromatin isolated from AML12 cells treated
with/without exposure to hypoxia. qPCR was performed with DNA purified from
respective cocktails using primer pair P2 amplifying 140 bp DNA segment (Egr1 cluster
2) in the proximal miR-27a promoter domain. Statistical significance was determined by
Student’s t-test (unpaired, 2-tailed) and one-way ANOVA with Newman-Keuls multiple
comparison test. $$p<0.05 as compared to basal IgG condition (Student’'s t-test).

***p<0.001 as compared to IgG fold enrichment under hypoxia (one-way ANOVA).

Fig.9. miR-27a regulates Hmgcr expression by translational repression. AML12
cells were transfected with 500 ng of miR-27a expression plasmid or pcDNA3.1 (as
control). After 24 hours of transfection, they were incubated with actinomycin D (5
pug/ml) for different time points. (A) Hmgcr mRNA levels were plotted relative to 0 hour
time point as described in the materials and methods section and results are expressed
as mean = SE of three independent experiments. (B) Endogenous Hmgcr mRNA half-

life estimation in AML12 cells on ectopic over-expression of miR-27a. The mRNA half-
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life of Hmgcr was measured over 24 hours in the presence of 5 ug/ml of actinomycin D
in both miR-27a co-transfected AML12 cells and control cells (.i.e., AML12 cells
transfected with pcDNA3.1). Hmgcr mRNA half-life is represented as mean + SE of
three independent experiments. No significant change in Hmgcr mRNA half-life was
observed on ectopic over-expression of miR-27a (C) Effect of miR-27a over-expression
on Hmgcr protein levels. AML12 cells transfected with either miR-27a expression
plasmid or pcDNA 3.1 and incubated with actinomycin D for different time points.
Western blot analysis of total proteins was carried out probing for Hmgcr and vinculin.
(C) The relative Hmgcr protein levels normalized to vinculin for different time points are
also shown. (D) The Hmgcr levels in miR-27a over-expressed AML12 cells were
normalized to those in the corresponding control condition for each time point and

plotted against time.

Fig.10. Putative and validated targets of miR-27a in the cholesterol biosynthesis
pathway. miR-27a gene targets predicted by in silico tools viz. miRWalk and
TargetScan were categorized based on their molecular functions and only gene targets
mapped to the cholesterol biosynthesis pathway are shown. The solid line represents
validated targets (this study) while the dotted line represents predicted miR-27a gene

targets in the pathway.
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