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ABSTRACT

Hypercholesterolemia is a strong predictor of cardiovascular diseases that result in the
largest number of mortality and morbidity worldwide. 3-Hydroxy-3-methylglutaryl-
coenzyme A reductase gene (Hmgcr) coding for the rate-limiting enzyme in the
cholesterol biosynthesis pathway is a crucial regulator of plasma cholesterol levels.
However, the post-transcriptional regulation of Hmgcr remains poorly understood. Here,
we show that Hmgcr is markedly inhibited, while miR-27a is highly induced in various
cultured cell lines, human tissues as well as several rodent models of metabolic
disorders (viz. genetically hypertensive blood pressure high mice, spontaneously
hypertensive rats and high fat and high fructose diet-fed rats). Our in vitro data shows
that miR-27a specifically interacts with the 3’-untranslated region of Hmgcr in murine
and human hepatocytes. Our actinomycin D chase experiments demonstrate that miR-
27a regulates Hmgcr by translational attenuation rather than mRNA degradation.
Moreover, systematic in silico and functional analyses reveal that miR-27a expression is
modulated by intracellular cholesterol level via Early Growth Response 1 transcription
factor. Augmentation of miR-27a expression abrogates hyperlipidemia/atherosclerosis
and improves cardiac function in high cholesterol diet-fed Apoe” mice. Pathway and
gene expression analyses reveal that miR-27a also targets other genes (apart from
Hmgcr) involved in cholesterol homeostasis. Our results suggest miR-27a as an
attractive therapeutic candidate for clinical management of hypercholesterolemia and
atherosclerosis.

SIGNIFICANCE STATEMENT

Elevated cholesterol level is an important risk factor for cardiovascular diseases. 3-
hydroxy-3-methylglutaryl coenzyme A reductase (Hmgcr) is the rate-limiting enzyme in
cholesterol biosynthesis pathway. Presently, statins (Hmgcr inhibitors) are used to lower
the risk of cardiovascular complications by controlling the cholesterol level. However,
statins show variable effects including serious adverse reactions in some patients. This
work identifies microRNA-27a (miR-27a) as a crucial regulator of cholesterol

biosynthesis as it targets many cholesterol regulatory genes including Hmgcr. We also
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demonstrate the efficacy of miR-27a in improving cardiac function and alleviating
atherosclerosis. Taken together, this study highlights the role of miR-27a in cholesterol
regulation and provides a potential therapeutic candidate to treat elevated cholesterol
level and atherosclerosis.

INTRODUCTION

Cardiovascular diseases (CVDs) remain the leading cause of global mortality and
morbidity (1) despite extensive research over the past several decades. Among various
determinants of CVDs, plasma concentration of cholesterol is an important factor 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 critical
modulator of dyslipidemia and consequent CVDs. Accordingly, statins which target
HMG-CoA reductase are widely used to reduce high cholesterol levels and risk of CVDs
(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, LDL cholesterol and risk for
dyslipidemia/stroke/blood pressure and coronary heart disease (10-17). The efficacy of
statins is influenced by a haplotype consisting of three intronic single nucleotide
polymorphisms (SNPs) (viz. rs17244841, rs3846662, and rs17238540) in HMGCR
locus as this haplotype generates an alternatively spliced HMGCR transcript that is less
sensitive to simvastatin/pravastatin inhibition (18-20). HMGCR expression/enzyme
activity is modulated by feedback control mechanisms involving sterols and non-sterols
(end-products of mevalonate metabolic pathway) at transcriptional and post-

translational levels by family of sterol regulatory element binding proteins (SREBPS),
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SREBP cleavage activated protein (SCAP), and insulin induced genes (Insigl and
Insig2) (7). However, the molecular mechanisms regulating Hmgcr expression at the
post-transcriptional level are poorly understood.

MicroRNAs (miRNAs) are a class of small noncoding RNAs that control gene
expression by translational repression and/or degradation (21). Dysregulation in the
miRNA function may lead to various human diseases including cardiovascular and
metabolic disorders (22-24). Indeed, recent studies have revealed that miRNAs play
important roles in cardiovascular development, physiology, and pathophysiology (25-
27). We undertook a systematic computational and extensive experimental analyses
that revealed a crucial role for miR-27a in governing Hmgcr gene expression. In
addition, this study, for the first time, provided evidence for post-transcriptional
regulation of Hmgcr by miR-27a under basal and elevated cholesterol conditions. This
study also highlights the previously unknown role of Egrl in miR-27a expression.
Interestingly, miR-27a targets multiple genes in addition to Hmgcr in the cholesterol
biosynthesis/uptake pathways. In line with these in vitro findings, miRNA-27a shows
efficient abrogation of hyperlipidemia and atherosclerosis in a well-established

atherogenic disease model (Apoe ™ mice).

RESULTS

Comparative genomics analysis of mouse and rat Hmgcr gene sequences.

Although various resources are available for genetic mapping in mice and mouse
models are highly useful to dissect the genetic basis of complex human diseases (28),
most of the quantitative trait loci (QTL) studies have been performed in rats because
measurement of cardiovascular phenotypes in mice is technically challenging. We
mined the elevated lipid or cholesterol QTLs on Hmgcr-harboring chromosome 2 within
the range of 26000000-28000000 bp from the Rat Genome Database (RGD) 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. 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 Stl32 (22612952-
4
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67612952 bp) and Scl55 (26186097-142053534 bp) also harboring 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 showed >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 studying the mechanisms

of hypercholesterolemia.

Identification of potential miRNAs involved in regulation of Hmgcr.

First, to identify the putative miRNA binding sites in the 3’-UTR of Hmgcr we performed
an in silico analysis by using multiple bioinformatic algorithms (29). Only those miRNAs
that were predicted by at least five algorithms were selected for further screening.
Further, to shortlist the potentially functional miRNAs, those predicted 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 (SI Appendix, Table S2). In each case, the minimum number of
nucleotides in seed sequence was selected as 6 and no mismatch or 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 represent stronger binding of the
MIiRNA 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 reported roles in lipid metabolism (30).

Next, 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 on a normal chow diet regimen. Interestingly, Hmgcr protein expression
was ~2-fold (p<0.05, SI Appendix, Fig.S1A) lower in BPH liver tissues than BPL. gPCR
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analysis in the liver tissues of these models revealed differential expression of miR-27a
and miR-27b in BPH and BPL mice. Specifically, the expression of miR-27a was found
~1.45- fold (p<0.05, S| Appendix, Fig.S1A) elevated in BPH tissue than BPL. On the
other hand, the expression of miR-27b was ~3-fold (p<0.05) higher in BPL liver than
BPH (S| Appendix, Fig.S2A). Likewise, Hmgcr and miR-27a/b levels were also analyzed
in liver tissues of hypertensive rat models viz. SHR and WKY. Consistently, the Hmgcr
protein expression was ~1.6-fold diminished 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, S| Appendix, Fig.S1B). There was no significant change in
the miR-27b levels in SHR and WKY liver tissues (S| Appendix, Fig.S2B). In
corroboration, the miR-27a levels were augmented by ~4.6-fold (p<0.05, S| Appendix,
Fig.S1C) in normal chow-fed rats than high fat and fructose (HFHF)-fed rats while the
Hmgcr levels were ~1.7-fold (p<0.05, S| Appendix, Fig.S1C) 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. Indeed, 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 mouse Hmgcr 3'-UTR (Fig.2A). Consistently, the expression of miR-27a and Hmgcr
transcripts showed a significant negative correlation in mouse hepatocyte/neuroblast
cells as well as rat liver/kidney/skeletal muscle tissues (Pearson r = -0.9550, p<0.05;
Fig.2B).

Since the miR-27a binding site is highly conserved across mammals including
humans (Fig.2C), we mined the hsa-miR-27a/b expression and HMGCR expression in
different human tissues using miRmine, DASHR databases and GTEx portal.
Interestingly, HMGCR expression was induced while miR-27a expression was inhibited
in these tissues with a significant negative correlation (Fig.2D) 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 (S| Appendix, Fig.S2D).
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Direct interaction of miR-27a with Hmgcr 3'-UTR down-regulates Hmgcr protein
level in mouse and human hepatocytes.

To examine whether miR-27a directly interacts with Hmgcr, pre-miRNA plasmid
expressing miR-27a, was co-transfected with the mHmgcr 3'UTR/luciferase construct
into mouse and human hepatocytes (AML12 and HuH-7 cells, respectively; 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). In
contrast, co-transfection of the mHmgcr 27a mut 3'UTR construct (devoid of the miR-
27a binding site) with the miR-27a expression plasmid showed no significant reduction
in the 3'UTR reporter activity (Fig.3A, B). Further, gPCR analysis showed that over-
expression of pre-miR-27a 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; consistently,
endogenous HMGCR protein level was also diminished (Fig.3C and D).

Despite the predicted binding site of miR-27b in the Hmgcr 3-UTR, co-
transfection of different concentrations of miR-27b expression plasmid did not cause
significant decrease in mHmgcr 3'UTR reporter activity (S| Appendix, Fig.S3A).
Moreover, to test the specificity of interactions of miR-27a with Hmgcr 3'-UTR, we
carried out co-transfection experiments with miR-764 which does not have binding sites
in the Hmgcr 3'-UTR region; no change in the Hmgcr 3'-UTR luciferase/reporter activity
was observed (S| Appendix, Fig.S3B). Furthermore, transfection of locked nucleic acid
inhibitor of 27a (LNA 27a) in AML12 cells led to enhancement of Hmgcr mRNA (by
~3.8-fold, p<0.05) and protein levels (Fig.4B, C). In line with these observations, AML12
cells transfected with miR-27a mimics showed diminished Hmgcr mRNA and protein
levels (Fig.4E, F). In corroboration, RIP (ribonucleoprotein immunoprecipitation) assays
with antibody against Ago2 (an integral component of RNA induced-Silencing Complex,
RISC) showed enrichment of HMGCR (by ~5-fold, p<0.01) in the Ago2-
immunoprecipitated RNA fraction of HuH-7 cells over-expressing miR-27a, thereby
confirming the in vivo interaction of miR-27a with the Hmgcr 3’-UTR in the context of
RISC (Fig.4G).


https://doi.org/10.1101/383448

bioRxiv preprint doi: https://doi.org/10.1101/383448; this version posted December 9, 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.

Role of intracellular cholesterol levels in miR-27a-mediated regulation of Hmgcr.
Because Hmgcr protein level is dependent on intracellular cholesterol level and
regulated by a negative feed-back mechanism, we sought to determine whether
modulation in endogenous cholesterol level affects the post-transcriptional regulation of
Hmgcr (31). Accordingly, AML12 cells were treated with different concentrations of
either cholesterol (5, 10 and 20 pg/ml) or methyl-B-cyclodextrin (MCD, a well-known
cyclic oligosaccharide that reduces intracellular cholesterol levels; 1, 2.5 and 5 mM)
followed by Western blot analysis for Hmgcr (Fig.5A, B). Since 20 pug/ml of cholesterol
or 5 mM of MCD showed effective reduction or augmentation in Hmgcr protein level,
respectively, these doses were used for further experiments. Indeed, cholesterol
treatment showed ~1.9-fold (p<0.05) enhancement of miR-27a 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). Increase/decrease in the intracellular
cholesterol level was confirmed by Filipin staining (Fig.5E, F). Further, ribonucleoprotein
immunoprecipitation assays using anti-Ago2 antibody in cholesterol-treated HuH-7 cells
revealed significant enrichment of HMGCR (~2.2-fold, p<0.01) (Fig.5G) and miR-27a
levels (~1.7-fold, p<0.001) (Fig.5H) suggesting in vivo interaction of HMGCR with miR-
27a under elevated cholesterol conditions. As a control, RNA fraction
immunoprecipitated using pre-immune anti-mouse IgG antibody showed no significant
difference in HMGCR levels between miR-27a over-expression and basal conditions (S|
Appendix, Fig.S4).

Role of Egrl in miR-27a expression under basal and modulated intracellular
cholesterol conditions.

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 (S| Appendix,
Table S2). 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 (32). These programs revealed
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six Egrl binding sites as two separate clusters in the selected region of miR-27a

promoter domain (Fig.6A).

Next, we validated the role of Egrl in the regulation of miR-27a expression by
carrying out a series of co-transfection experiments. Over-expression of Egrl caused a
~3-fold enhancement of miR-27a promoter activity (one-way ANOVA F=36.41,
p<0.0001) (Fig.6B). In contrast, co-transfection of Egrl shRNA expression plasmid with
the miR-27a promoter construct resulted in a ~2.2-fold reduction in the miR-27a
promoter activity (one-way ANOVA F=6.955, p<0.05; Fig.6C). A concomitant increase
(~4-fold, p<0.05)/decrease (~2-fold, p<0.05) in the endogenous miR-27a levels upon
Egrl over-expression/down-regulation was also observed (Fig.6D, E). Thus, Egrl may
play a crucial role in the transcriptional activation of miR-27a. Indeed, chromatin
immunoprecipitation (ChlP) assays confirm the in vivo interaction of Egrl with the
proximal (~-500 bp) promoter domain of the miR-27a in the context of chromatin. gPCR
analysis using Egrl antibody-immunoprecipitated chromatin revealed ~2.5-fold
enrichment of the miR-27a promoter domain when P2 primer pair (mentioned in the Sl
Appendix, SI Materials and Methods) was used (Student’s t-test, ~2.5-fold, p<0.001)
(Fig.6F). No significant difference in the fold-enrichment over IgG was observed using
Egrl antibody immunoprecipitated chromatin for primer pair P1 (SI Appendix, Fig.S5)
suggesting that the Egrl sites predicted in this domain (Egrl cluster 1) are non-
functional. As Egrl activates miR-27a promoter and cholesterol modulates miR-27a
expression, we sought to test the effect of intracellular cholesterol on Egrl expression.
Indeed, Western blot analysis revealed that exogenous cholesterol treatment caused
Egrl augmentation (Fig.6G) while cholesterol depletion resulted in diminished Egrl
levels (Fig.6H) suggesting that intracellular cholesterol level regulates miR-27a
expression via Egrl.

Regression of atherosclerosis and improvement of cardiac functions in Apoe”
mice by miR-27a mimic

To test if miR-27a mimics can regress or mitigate the progression of diet-induced
atherosclerosis, Apoe™ mice on a high cholesterol diet regimen for 10 weeks were
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injected with either saline or 5 mg/kg dose of miR-27a mimic or control oligo as lipid
emulsion formulations (Fig.7A). Tissue analysis of miR-27a levels revealed ~4-fold
(p<0.05), ~5.8-fold (p<0.05) and ~4.3-fold (p<0.05) up-regulation of miR-27a expression
in the liver, heart and adipose tissues, respectively, in animals injected with miR-27a
mimics. However, miR-27a levels remained unchanged in the kidney and brain of mice
injected with miR-27a mimic as compared to the control oligo-injected group (Fig.7B).
No significant differences were observed for various metabolic parameters between
control oligo and saline-injected animals indicating that the control oligo has no effect on
these parameters; hence, all further comparisons were made between miR-27a mimic
and control oligo-injected mice (S| Appendix, Fig.S6).

Western blot analysis in liver tissues of these mice revealed diminished Hmgcr
protein levels in miR-27a mimic-injected mice as compared to the control (Fig.7C). It is
interesting to note that the anti-Hmgcr antibody detected a ~120 kDa band suggesting
predominantly glycosylated form of the protein in these tissues. The hepatic cholesterol
level in miR-27a-injected animals showed a modest decrease, which did not differ
significantly in comparison to the control oligo-treated animals (Fig.7D).

Next, we assessed the effect of miR-27a mimics on the circulating lipid and
glucose levels. These parameters were measured 4 days after the second injection of
either the miR-27a mimic or control oligo. Interestingly, the miR-27a mimic-injected
Apoe” mice showed reduced plasma total cholesterol (~1.5-fold, p<0.001), LDL
cholesterol levels (~1.4-fold, p<0.001) and triglycerides (~1.3-fold, p<0.01) (Fig.7E, F
and G). On the other hand, miR-27a mimic enhanced the plasma HDL cholesterol levels
(~1.5-fold, p<0.05) (Fig.7H). The fasting blood glucose levels of the control oligo/miR-
27a mimic-injected animals did not differ (S| Appendix, Fig.S7A). The body weight of the
animals also remained unchanged after the miR-27a or control oligo injection (Sl
Appendix, Fig.S7B).

It is important to note that the decreases in plasma cholesterol were not
accompanied by elevations in the plasma ALT, AST and CK levels indicating no obvious
liver or muscle injury from the miR-27a mimic injections (Fig.71, J and K). These findings
suggest the therapeutic potential of miR-27a mimic as a safe and efficient cholesterol

lowering agent.
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We also examined the cardiac functions in these animals by echocardiography
(Fig.8A). Interestingly, miR-27a-injected mice showed significant enhancements in LV
internal diameters (LVIDd by ~1.16-fold, p<0.05 and LVIDs by ~1.3-fold, p<0.05; Fig.8B)
and diminished LV posterior wall thickness (LVPWd by ~1.42-fold, p<0.05 and LVPWs
by ~1.5-fold, p<0.05; Fig.8B) as compared to the control group. However, no change in
the ejection fraction was observed between the two groups (data not shown).
Furthermore, we visualized atherosclerotic plaques in the aortic arches and observed
fewer plaques in the miR-27a mimic group compared to the control oligo group (Fig.8C).
The vessel wall thickness at lesser curvature of the aortic arch measured by ultrasound
imaging showed a significant reduction in arterial thickening in the miR-27a group (by
~2-fold, p<0.05; Fig.8D, E) as compared to the control oligo group. H&E staining of liver
tissues from miR-27a-treated mice showed a marked decrease in lipid infiltration as
compared to control oligo group (Fig.8F). Additionally, miR-27a-injected mice displayed
diminished (by ~2.6-fold, p<0.05) lipid accumulation in the liver upon Oil red O staining
(Fig.8F, G). The miR-27a-injected mice also showed a significant reduction of liver
fibrosis as compared to the oligo control group (Fig.8H). Moreover, the control oligo-
treated mice showed a predominant deposition of thick collagen type | fibers in
comparison with miR-27a-treated mice as interpreted under polarized light microscopy
of PSR (Picro Sirius Red)-stained liver sections (Fig.8H). Quantitative analysis of liver
fibrosis indicated a ~2-fold (p<0.05) decrease in the percentage fibrotic area in miR-

27a-injected animals as compared to the control oligo group (Fig.8l).

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

mMiRNAs 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 following
incubation with actinomycin D were analyzed by gPCR in AML12 over-expressing miR-
27a or control (without miR-27a transfection). Interestingly, no significant change in the

Hmgcr mRNA half-life was observed on ectopic over-expression of miR-27a (Fig.9A, B).
11
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However, the Hmgcr protein levels showed a time-dependent reduction following
actinomycin D treatment in AML12 cells transfected with miR-27a (Fig.9C). In
corroboration, over-expression of miR-27a in AML12 cells also did not alter the steady
state Hmgcr mRNA levels (S| Appendix, Fig.S8). Thus, the repression of Hmgcr by miR-

27a is mediated via translational attenuation rather than mRNA degradation.

miR-27a down-regulates multiple genes in the cholesterol regulatory pathways.

In line with our observations and reported role of miR-27a in lipid metabolism, we tested
if miR-27a targets other genes crucial for cholesterol homeostasis. Interestingly,
TargetScan, miRWalk and RNAhybrid predictions coupled with PANTHER pathway
analysis revealed six additional cholesterol biosynthesis-related gene targets: 3-
Hydroxy-3-Methylglutaryl-CoA synthase 1 (Hmgcsl), Mevalonate kinase (Mvk),
Diphosphomevalonate decarboxylase (Mvd), Geranylgeranyl pyrophosphate synthase
(Ggpsl), Squalene synthase (Fdftl), Squalene epoxidase (Sqgle) indicating that miR-27a
might regulate multiple genes in the cholesterol biosynthesis pathway (Fig.10 A).
Indeed, miR-27a mimic treatment in AML12 cells or Apoe” mice diminished the
expression of Mvk, Fdftl, Sqgle, Ggpsl and Mvd (Fig.10B, C). In addition, miR-27a
augmentation also resulted in diminished expression of crucial genes responsible for
lipoprotein uptake viz. low density lipoprotein receptor (LdIr) and Scavenger Receptor
Class B Memberl (Scarbl) (SI Appendix, Fig.S9). Thus, miR-27a seems to play a key

role in the global regulation of genes involved cholesterol homeostasis.

DISCUSSION

Overview

Although statins are widely used for the treatment of hypercholesterolemia and to lower
the risk of cardiovascular complications, these drugs exhibit altered efficacies and
adverse effects including myalgias, muscle or gastrointestinal cramps and other
symptoms (33). These safety and efficacy concerns over the long-term use of statins
call for alternative therapeutic interventions for lowering plasma lipids. The emerging
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role of mMiIRNAs as crucial regulators of lipid metabolism has been documented (34). 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 (35). The role of miRNASs in regulation of
Hmgcr, however, is only partially understood. In this study, we undertook a systematic
approach to identify the key miRNAs that may regulate 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-ribonucleoprotein
immunoprecipitation 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 (36). We also tested the effect of miR-27a mimic on the plasma lipid
level, atherosclerosis and cardiac functions in a high cholesterol diet-fed atherosclerotic

mouse model (Figs.7 and 8).

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
significantly conserved across these mammalian species (Fig.2C). We selected three
rodent models of metabolic syndrome to investigate the expression pattern of Hmgcr
and miR-27a/b levels: 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
(37)]. Interestingly, miR-27a expression in liver tissues showed an inverse correlation

with Hmgcr levels in all these models (S| Appendix, Fig.S1) while miR-27b levels were
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not negatively correlated to Hmgcr expression (S| Appendix, Fig.S2). 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.2B) suggesting it as a promising candidate for further
studies. In addition, ectopic expression of miR-27b did not cause any significant change
in the mHmgcr 3'UTR reporter activity (S| Appendix, Fig.S3A). This is consistent with
previous reports where miR-27b mimic caused no significant change in the mRNA
levels of HMGCR in hepatocytes (38, 39).

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 (40, 41)). In brief,
elevated sterols diminish HMGCR expression by inhibiting of Sterol Regulatory Element
Binding Protein 2 (SREBP-2) transcription factor (42, 43). 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 (43, 44). However, the effect of elevated sterols on miRNA-mediated
regulation of HMCGR is partially understood. In view of crucial role of sterols in HMCGR
regulation, do 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 enhanced interaction of miR-27a
with HMGCR under elevated cholesterol level suggesting that post-transcriptional
regulation of Hmgcr by miR-27a is an additional mechanism for down-regulation of
Hmgcr levels 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 (S| Appendix, Fig.S1C). This is reminiscent of multiple studies showing
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modulation of miR-27a expression in rodents fed with a high-fat diet (38, 45). Of note,
circulating levels of miR-27a were also diminished in subjects with hypercholesterolemia
or hypertension (46). Thus, this study revealed the crucial role of intracellular
cholesterol on Hmgcr expression via miR-27a.

Are there other microRNAs that modulate lipid or lipoprotein synthesis/secretion
into the circulation? There are limited reports on regulatory roles of miRNAs in
cholesterol homeostasis. miR-122 inhibition in normal mice results in diminished plasma
cholesterol and triglyceride levels as well as reduced fatty acid and cholesterol
synthesis (47). Interestingly, deletion of miR-122 in mice causes enhanced hepatic lipid,
plasma alanine aminotransferase and alkaline phosphatase levels with the development
of steatohepatitis, fibrosis and hepatocellular carcinoma (HCC) with age (48). Likewise,
over-expression of miR-34 in mice reduced plasma triglyceride and cholesterol levels
but augmented hepatic triglyceride levels causing hepatosteatosis (49). Recent studies
indicate miR-30c lowers plasma cholesterol in different mice models of atherosclerosis,
hypercholesterolemia and metabolic disorders without increasing plasma transaminases
or causing hepatic steatosis (50, 51).

For validation of our in vitro findings, we tested the effect of miR-27a mimic in
high cholesterol diet-fed Apoe” mice. As lentiviral delivery of miR-27a would be
challenging for therapeutic applications, we report the use of a synthetic miR-27a mimic
for this study. Moreover, an improved lipid-based formulation was employed for the
efficient delivery of the miR-27a mimic via tail vein injection to major organs viz. the
liver, heart and adipose tissues as confirmed by the tissue analysis of miR-27a levels
(Fig.7B). Administration of miR-27a over a period of 11 days induced a significant
reduction in the plasma total, LDL, cholesterol and triglyceride levels with a concomitant
increase in the HDL cholesterol levels (Fig.7E, F, G and H).

miR-27a appears to reduce the plasma cholesterol levels by reducing the Hmgcr
MRNA and protein levels in the liver (Fig.7C). The reductions in the plasma triglycerides
are consistent with a previous report where miR-27a expression diminished the
triglyceride levels in mouse primary hepatocytes mainly by targeting lipogenesis
associated genes viz. fatty acid synthase (Fas) and stearyl CoA desaturase 1 (Scdl)
(52). We speculate that the increase in plasma HDL cholesterol levels might result from
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the regulation of Scavenger Receptor Class B Memberl (Scarbl), an important
membrane receptor for HDL cholesterol (SI Appendix, Fig.S9B). Interestingly,
ultrasound imaging of the left ventricle and aortic arch revealed improved cardiac
function and diminished atherosclerotic lesions in the aortic arches in the miR-27a
group as compared to the control group (Fig.8). Histological analyses of the liver
sections demonstrate improved liver architecture with diminished lipid accumulation and
fibrotic deposition in the miR-27a group in comparison to the control group (Fig.8)
suggesting alleviated hepatic steatosis.

Does the miR-27a mimic treatment cause any adverse effects in the diet-induced
atherosclerosis mouse model? We did not detect any significant changes in the plasma
ALT, AST and CK levels suggesting that the animals did not suffer from any liver or
muscle injury (Fig.71, J and K). However, additional studies are required to test the long-

term effects of the miR-27a mimic to further evaluate its therapeutic potential.

Molecular mechanisms of Hmgcr regulation by miR-27a.

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 (53). Of late, accumulating evidence suggests that
miRNA-mediated mRNA repression can be seen even without the necessity of
transcript degradation (54-56). Our actinomycin D chase experiments showed that the
Hmgcr mRNA half-life did not change whereas the Hmgcr protein level diminished in a
time-dependent manner (Fig.9). Consistently, the steady-state mRNA level of Hmgcr in
hepatocytes did not diminish upon over-expression of miR-27a (S| Appendix, Fig.S8)
suggesting that the mechanism of miR-27a-mediated Hmgcr repression involved
translational control.

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 Egrl in the activation of miR-27a expression. Egrl, a zinc finger
transcription factor belonging to the early growth response gene family, binds to a GC-
rich consensus region, GCG(T/G)GGGGG (57) and influences a variety of target genes
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involved in physiological stress response, cell metabolism, proliferation and
inflammation (58). Egrl has also been implicated in various cardiovascular pathological
processes including atherosclerosis, cardiac hypertrophy and angiogenesis (59).
Among the Egr family of genes, Egrl is pre-dominantly expressed in the liver as well as
liver-derived cell lines and targets multiple cholesterol biosynthesis genes (32, 60). In
light of computational prediction of multiple Egrl binding sites in the proximal miR-27a
promoter domain (Fig.6A), we investigated the role of Egrl in miR-27a expression.
Indeed, over-expression/down-regulation of Egrl 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 Egrl with the miR-27a
promoter (Fig.6F). This is in corroboration with a previous study that reported Egrl
down-regulation attenuates miR-27a expression in human pulmonary artery endothelial
cells (61).

Role of miR-27a in global regulation of cholesterol homeostasis.

miR-27a, an intergenic MiRNA, is transcribed from the miR-23a-miR-27a-miR-24 cluster
located on chromosome 8 in mice. 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 has
been reported to regulate several genes 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, Apolipoprotein B-100 and
Apolipoprotein E-3 [as reviewed in (30)]. In addition, miR-27a has been reported to play
a role in the regulation of low density lipoprotein receptor (LdIr) (63). Our in vitro and in
vivo experiments revealed that miR-27a targets Mvk, Fdftl, Sqle, Ggpsl and Mvd in the
cholesterol biosynthesis pathway (Fig.10). Consistent with our findings, administration
of miR-27a mimic in Apoe” mice diminished lipid levels in both plasma and peritoneal
macrophages mainly by targeting macrophage-derived lipoprotein lipase (Lpl), a crucial
ligand for receptor mediated-lipoprotein uptake (64). Of note, HITS-CLIP experiments
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revealed that miR-27a also targeted microsomal triglyceride transfer protein (Mttp), a
crucial chaperone involved in lipoprotein production and a promising target for lowering
plasma lipids (50, 51, 65). Further, global pathway analysis for miR-27a targets
revealed 21 pathways including fatty acid and steroid biosynthesis (SI Appendix,
Fig.S10). These findings are in line with an in silico miR-27a/b target prediction report
(66). Thus, miR-27a contributes to global regulation of cholesterol homeostasis by
targeting multiple genes in lipid synthesis, lipoprotein synthesis as well as lipoprotein
uptake.

Limitations of the study.

Although our findings indicate that miR-27a mimic effectively lowers plasma cholesterol
levels and atherosclerosis, there are some challenges that remain unaddressed. First, a
less-/non-invasive method of delivery (viz. subcutaneous or oral route) over intravenous
injections would be desirable for easy administration of the mimic. Second, improved
lipid formulations or nanoparticle-mediated delivery would considerably reduce the
amount of mimic required and eliminate the need for frequent injections. Additionally,
further chemical modifications to this mimic may attribute to increased target specificity
and resistance to nuclease activity. Moreover, extensive assessment of biological and
pharmacological effects of miR-27a mimic in animal models are necessary to evaluate

its long-term safety and efficacy as a therapeutic agent.

Conclusions and perspectives.

This study identified miR-27a as a crucial regulator of cholesterol biosynthesis pathway.
Egrl mediates the regulation of Hmgcr by miR-27a under basal and elevated
cholesterol conditions. miR-27a directly interacts with the 3'-UTR of Hmgcr mRNA and
represses Hmgcr protein level by translational attenuation. Augmentation of miR-27a in
Apoe” mice diminished the plasma lipid levels and attenuated the progression of
atherosclerosis. These findings provide novel 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.
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MIRNA therapeutics is an emerging and promising avenue to treat a wide array
of human diseases. A fine balance between lipid/lipoprotein synthesis and lipoprotein
uptake is essential for cholesterol homeostasis and dysregulation of any one pathway
could lead to drastic effects. Therefore, miRNAs targeting multiple related pathways
may be more efficacious in lowering plasma lipids than the conventional approach of
targeting individual proteins/pathways. In view of the ability of miR-27a to target several
crucial genes in the cholesterol biosynthesis pathway, miR-27a mimic emerges as a
promising therapeutic intervention to lower plasma cholesterol and atherosclerosis. 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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MATERIALS AND METHODS.

The detailed methodologies are included in the SI Appendix, SI Materials and Methods.

Comparative genomics analyses.

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 (S| Appendix, Table S2). We also
compared the mouse and rat Hmgcr gene sequences (GenBank accession no:
NM_008255, and NM_ NM_013134.2, respectively) retrieved from UCSC genome

browser (http://www.genome.ucsc.edu/) using mVISTA browser.

In silico predictions of potential miRNA binding sites in Hmgcr-3'UTR and
putative miRNA targets in the cholesterol biosynthesis pathway.

Mouse Hmgcr (Hmgcr)-3'UTR 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 (Sl
Appendix, Table S2)] to predict miRNA target sites. Putative mouse miR-27a target
genes were retrieved from TargetScan, RNAhybrid and miRWalk (SI Appendix, Table
S2). These datasets were used as input for the PANTHER classification system
(http://www.pantherdb.org/) which grouped them based on their molecular functions and

gene IDs that mapped to the cholesterol biosynthesis pathway were selected.

Tissue-specific expression of endogenous HMGCR and hsa-miR-27a-3p levels.

HMGCR expression data in various human tissues was mined from the GTEXx portal (S|
Appendix, Table S2). Likewise, tissue-specific hsa-miR-27a-3p expression was
obtained from miRmine and DASHR (S| Appendix, Table S2), 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 Hmgcr 3-UTR/luciferase, mmu-miR-27a promoter/luciferase
reporter constructs and miRNA expression plasmids.

The mouse Hmgcr 3'-UTR domain (+20359/+21975 bp) was PCR-amplified and cloned
in pGL3-promoter reporter vector (Promega). 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 and cloned in pGL3-basic
vector (Promega). miR-27a and miR-27b expression plasmids were generated in

pcDNA3.1 vector (Invitrogen).

Cell lines, transfections and reporter assays.

AML12, N2a and HuH-7 cells were cultured and transfected/treated under various
conditions as detailed in SI Appendix, SI Materials and Methods. Reporter assays were

carried out as described previously (67, 68).

Animals and tissue samples.
All animal-related procedures were approved by the Institutional Animal Ethics
Committee at Indian Institute of Technology Madras and described in SI Appendix, SI

Materials and Methods.

Analysis of biochemical parameters in plasma, blood and tissue samples from
the miRNA/ control oligo-treated mice.

The plasma total, HDL, LDL cholesterol, ALT (alanine aminotransferase), AST
(aspartate aminotransferase) and CK (creatine kinase) levels were measured using
commercial kits (Randox) as per manufacturer’s instructions. For hepatic cholesterol
estimations, lipids were extracted from liver tissue and tissue total cholesterol was
assayed by Amplex Red cholesterol assay kit (Thermo Fisher). The fasting blood
glucose levels were measured using an Accu-Chek Active Blood Glucometer.

Ultrasound imaging, aortic plaque and histopathological analyses.
Transthoracic echocardiography and ultrasound imaging of the aortic arch was

performed on all the experimental animals before and after the miR-27a mimic/control
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oligo injections using a Vevo High resolution ultrasound imaging system (VisualSonics)
with an MS400 scan head (30 MHz) as previously described (69, 70). Plaque burden
was assessed by measuring vessel wall thickness at the lesser curvature of the arch.
For analyzing aortic plaques, the aortic arches were dissected and exposed after
carefully removing the fat and connective tissue around the heart and the aorta.
Photographs of the exposed aortic arches were taken by a dissecting microscope
(Nikon, C-FLEDZ2). For microscopic examination, liver tissues were stained with
hematoxylin-eosin (H&E). Liver fibrosis was assessed by Picro Sirius Red (PSR)
staining. Oil red O staining was performed in liver tissue sections to assess lipid content

as described previously (71).

RNA extraction and Real-time PCR.

Total RNA extracted from cell lines and tissue samples was subjected to cDNA
synthesis using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
and miR-27a/miR-27b/U6-specific stem-loop (SL; S| Appendix, Table S1) or random
hexamer primers. Quantitative Real-time PCR (QPCR) was performed using miRNA
specific primers and a universal reverse primer or gene specific primers (SI Appendix,
Table S1). In all the gPCR analysis, the relative abundance of miR-27a and Hmgcr was

determined by calculating 244

of each reaction (72).

Filipin staining of hepatocyte cells.

AML12 cells treated with 20 pg/ml of exogenous cholesterol or 5mM of cholesterol-
depleting reagent methyl-B-cyclodextrin (MCD) were fixed, stained with 50 pg/ml of
Filipin 11l (a fluorescent dye that binds to free cholesterol) and imaged using an Olympus

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

MRNA stability assays.

Actinomycin D chase experiments were carried out to determine the Hmgcr mRNA
stability as described earlier (73) The Hmgcr mRNA half-life from three different
experiments was averaged and standard error calculated.
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Ago2-Ribonucleoprotein immunoprecipitation (RIP) assays.
To probe the endogenous interaction of miR-27a with Hmgcr, Ago2-RIP experiments
were carried out as described previously (74)

Western Blot Analysis.
Up-regulation or down-regulation of Hmgcr/HMGCR/Egrl after transfection
experiments/cholesterol treatment/ depletion was determined by Western blotting.

Chromatin Immunoprecipitation (ChlP) Assays.

ChlP assays were performed to confirm the interaction of Egrl with the miR-27a
promoter in vivo in the context of chromatin and mentioned in S| Appendix, SI Materials
and Methods.

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 + SEM 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.
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Table 1: A list of predicted miRNAs having potential binding sites in the 3'-UTR of

mHmgcr*

Seed (APIAT(,;A) RNAhybrid

MiRNA sequence AG
(No. of bases) (kcal/mol)

mmu-miR-124 7 -10.62 -29.5

mmu-miR-28 8 -10.28 -22.2

mmu-miR-345- 3 -11.08 32

Sp

mmu-miR-351 8 -16.89 -33.6

mmu-miR-708 7 -14.34 -27.4

mmu-miR-27a 6 -10.13 -20.7

mmu-miR-27b 6 -10.74 -22.6

* miRNAs predicted by atleast 5 programs that displayed a PITA AAG score of less than
-10 and RNAhybrid AG value of -20 kcal/mol were selected
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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

Scll7 228712271 266435125 3.4

Scl8 231621666 266435125 4.4

*This data was retrieved from Rat genome database

(http://rgd.mcw.edu/rgdweb/search/qgtls.htm|?100).
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FIGURE LEGENDS

Fig.1. Graphical representation of rat QTLs contributing to elevated
lipid/cholesterol levels 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. Three of these six QTLs harbor the Hmgcr
gene. 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 (chrl3: 96,650,579-96,666,685). Here, window size (length of comparison)
was set to 100 bp with a minimum of 70% match. Both the mouse and rat Hmgcr genes
comprise of twenty exons; 5-UTRs are 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
between 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) Negative correlation between
Hmgcr mRNA and miR-27a expression in cultured AML12, N2a cells, rat liver, kidney
and skeletal muscle tissues. RNA and miRNAs isolated from the aforementioned cells
and tissues were probed for Hmgcr and miR-27a expression by gPCR. 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. (C) 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 shown at the top of the figure. (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
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hsa-miR-27a-3p expression data was retrieved from miRmine and DASHR,
respectively. 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. The mHmgcr
3'UTR reporter construct (500 ng) 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 expressed as percentage fold change over
basal. The results are mean + SEM of triplicate values. 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
MIiRNA specific primers (SI Appendix, Table S1) and miR-27 expression was
normalized to U6 RNA. Transfection of miR-27a expression plasmid results in over-
expression of miR-27a in (C) AML12 and (D) HuH-7 cells, respectively. Statistical
significance was determined by one-way ANOVA with Newman-Keuls multiple
comparison test. *p<0.05, **p<0.01, **p<0.001 as compared to the control (without
mMiRNA-27a over-expression). Down-regulation of Hmgcr was confirmed by Western

blot analysis and is shown (C and D).

Fig.4. Specific interaction of miR-27a with Hmgcr 3'-UTR. The relative expressions
of (A) miR-27a and (B) Hmgcr upon transfection of 60 nM of control oligo or locked
nucleic acid inhibitor of 27a (LNA27a) in AML12 cells were determined by gPCR using
miR-27a/gene-specific primers (S| Appendix, Table S1). miR-27a and Hmgcr
expressions were normalized to U6 RNA and mouse B-actin mRNA in the same sample,
respectively. (C) Representative Western blot analysis of Hmgcr protein levels in
AML12 cells upon transfection of 60 nM of control oligo or LNA27a. The Hmgcr protein
levels are normalized to vinculin and normalized values are indicated below the blots.
(D) miR-27a and (E) Hmgcr mRNA levels upon transfection of 1 pg of control oligo or
miR-27a mimic in AML12 cells were determined by qPCR using miRNA/gene-specific
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primers. (F) Representative Western blot analysis of Hmgcr protein levels in AML12
cells upon transfection of 1 pg of control oligo or miR-27a mimic. The Hmgcr protein
levels are normalized to vinculin and normalized values are indicated below the blots.
(G) Ribonucleoprotein Ago2 precipitation analysis in HuH-7 cells over-expressing miR-
27a. HuH-7 cells were transfected with either pcDNA3.1 (control) or miR-27a
expression plasmid. After 30-36 hrs of transfection, miRNA-27a-RISC (RNA-induced
silencing complex) complexes were immunoprecipitated with Ago2/ pre-immune anti-
mouse IgG antibody and HMGCR levels were measured by qPCR using hHmgcr
(HMGCR) primers (S| Appendix, Table S1). The HMGCR enrichment was normalized to
the corresponding input in each condition; expressed as % input and is mean £ SEM for
quadruplets. (H) Immunoprecipitation of Ago2 was confirmed by Western blotting. Ago2
was pulled down when appropriate antibody was used (lanes 5 and 6) while the mouse
IgG revealed no immunoprecipitation of Ago2 (lanes 3 and 4). Statistical significance
was determined by Student’s t-test (unpaired, 2-tailed). *p<0.05, **p<0.01 as compared
to control.

Fig.5. Intracellular cholesterol modulates the expression of miR-27a and
augments the miR-27a interaction with the Hmgcr 3'-UTR. AML12 cells were treated
with increasing doses of either cholesterol ((3B)-cholest-5-en-3-o0l) or cholesterol-
depleting reagent methyl-B-cyclodextrin (MCD) for 6 hrs 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. Western blot analysis of total protein
isolated from AML12 cells treated with (A) cholesterol or (B) MCD was carried out for
Hmgcr and B-actin levels. miR-27a levels were also determined by gPCR on (C)
exogenous cholesterol (20 pg/ml) or (D) MCD (5 mM) treatment in AML12 cells. The
miR-27a expression was normalized to U6 RNA and indicated as mean + SEM for
triplicate values. (E) Cholesterol or (F) MCD treatments in AML12 cells were confirmed
by staining intracellular cholesterol using Filipin stain followed by fluorescence
microscopy. Scale bar: 170 um. (G and H) Enrichment of HMGCR and miR-27a upon
exogenous cholesterol treatment in Ago2-immunoprecipitated RNA from HuH-7 cells.
HuH-7 cells were treated with 20 pg/ml of cholesterol [(3B)-cholest-5-en-3-ol] for 6 hrs
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and the total RNA fraction from the Ago2/IgG-immunoprecipitated samples (in basal and
cholesterol-treated cells) was subjected to gPCR using (G) HMGCR and (H) miR-27a
specific primers (S| Appendix, Table S1). The HMGCR/miR-27a enrichment 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<0.05,

**p<0.01 and ***p<0.001 as compared to the basal condition.

Fig.6. Egrl modulates miR-27a expression under basal and altered cholesterol
conditions. (A) Schematic representation of the proximal (~1 kb) mmu-miR-27a
promoter domain harboring multiple Egrl binding sites as predicted by LASAGNA and
JASPAR. (B & C) Effect of over-expression/down-regulation of Egrl on miR-27a
promoter activity. AML 12 cells were co-transfected with increasing doses of either (B)
Egrl expression plasmid or (C) Egrl shRNA expression plasmid and miR-27a promoter
construct (500 ng). Results are expressed as mean + SEM for triplicate values.
Statistical significance was determined by one-way ANOVA with Newman-Keuls
multiple comparison test. * p<0.05, ***p <0.0001 as compared to the basal miR-27a
promoter activity. Over-expression/down-regulation of Egrl was confirmed by Western
blot analysis. AML12 cells were co-transfected with mmu-miR-27a promoter (500 ng)
and 500 ng of either (D) Egrl expression plasmid or (E) Egrl shRNA expression
plasmid followed by gPCR 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. (F) In vivo interaction of Egrl with
miR-27a promoter domain. ChIP assay was carried out using chromatin isolated from
AML12 cells. gPCR was performed with DNA purified from respective cocktails using
primer pair P2 amplifying 140 bp DNA segment (Egrl cluster 2) in the proximal miR-27a
promoter domain. Statistical significance was determined by Student’s t-test (unpaired,
2-tailed). *p<0.05 and **p<0.01 as compared to the control. AML12 cells were treated
with either (G) 20 pg/ml of cholesterol [(3B)-cholest-5-en-3-0l] or (H) 5 mM of
cholesterol-depleting reagent methyl-B-cyclodextrin (MCD) for 6 hrs or 15 minutes,
respectively. Western blot analysis of total proteins was carried out probing for Egrl and

vinculin. Relative levels of Egrl after normalization with vinculin are shown.
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Fig.7. miR-27a hinders the progression of atherosclerosis in Apoe™ mice. (A) Male
Apoe” mice (8-10 weeks old) were started on a high-cholesterol diet regimen for a
period of 10 weeks and injected with either miR-27a mimic or control oligo twice over a
period of 11 days and then euthanized as indicated in the schematic representation. (B)
Tissue analysis of miR-27a expression by gPCR using miRNA-specific primers (S|
Appendix, Table S1). miR-27a expression was normalized to U6 RNA. (C) Western blot
analysis of liver tissues for Hmgcr and vinculin protein levels. The Hmgcr protein levels
are normalized to vinculin and normalized values are indicated below the blots. (D)
Lipids were extracted from liver tissue and hepatic cholesterol levels were measured in
control oligo (n=5) and miR-27a-injected Apoe” mice (n=4). Plasma from overnight-
fasted animals was collected prior to sacrificing the animals to measure the plasma (E)
total cholesterol, (F) LDL cholesterol, (G) triglycerides, (H) HDL cholesterol, (1) ALT, (J)
AST and (K) CK levels (n=5 in each group). Statistical significance was determined by
Student’s t-test (unpaired, 2-tailed). * p<0.05, **p<0.01 and ***p<0.001 as compared to

the control oligo-treated group.

Fig.8. miR-27a mimic improves cardiac function and reduces atherosclerotic
plaques development in Apoe” mice. (A) Representative M-mode echocardiography
images (parasternal long-axis, PSLA view) of the left ventricle (LV) of control oligo or
miR-27a-injected mice. (B) M-mode tracings were used to calculate LV parameters (viz.
LV internal dimensions at diastole and systole, LVIDd, LVIDs; LV posterior wall
thickness at diastole and systole, LVPWd and LVPWSs) of control oligo (n=3) or miR-
27a-treated mice (n=5). (C) Aortic arches were exposed and imaged under the
microscope. The arrows indicate the plaques in the aortic arches and thoracic aorta. (D)
High-resolution ultrasound images of the aortic arch of control oligo or miR-27a injected-
mice. (E) Vessel wall thickness at the lesser curvature of the arch was calculated for
control oligo or miR-27a group. (F) Representative images of liver sections from control
oligo or miR-27a group stained with H & E and Oil Red O. Scale bar: 100 um, total
magnification X200. (G) Quantification of Oil Red O staining (% positive stained area)

for lipid accumulation in the liver. (H) Representative photomicrographs of Picro Sirius
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Red (PSR) stained liver sections under brightfield (PSR-BF) or polarized light (PSR-PL)
to assess liver fibrosis are shown. Scale bar: 100 um, total magnification X200. (I)
Quantification of fibrosis area upon PSR staining is indicated. Statistical significance
was determined by Student’s t-test (unpaired, 2-tailed). * p<0.05 and **p<0.01 as

compared to the control oligo-injected group.

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 hrs of transfection, they were incubated with actinomycin D (5 pg/ml)
for different time points. (A) Hmgcr mRNA levels were plotted relative to O hr time point
as described in S| Appendix, SI Materials and Methods (B) Endogenous Hmgcr mRNA
half-life estimation in AML12 cells on ectopic over-expression of miR-27a. The mRNA
half-life of Hmgcr was measured over 24 hrs in the presence of 5 pg/ml of actinomycin
D in control cells (transfected with pcDNA3.1) and miR-27a transfected AML12 cells.
Hmgcr mRNA half-life is represented as mean = SEM of three independent
experiments. (C) Effect of transcriptional attenuation on endogenous Hmgcr protein
levels in miR-27a over-expressed hepatocytes. AML12 cells transfected with either
pcDNA 3.1 or miR-27a expression plasmid and incubated with actinomycin D for
different time points. Western blot analysis of total proteins was carried out probing for
Hmgcr and vinculin. The relative Hmgcr protein levels normalized to vinculin for different
time points are also shown. The normalized Hmgcr levels as fold change over the
control for every time point are also indicated. Statistical significance was determined
by Student’s t-test (unpaired, 2-tailed).

Fig.10. Augmentation of miR-27a represses cholesterol biosynthesis pathway. (A)
Potential targets of miR-27a in the cholesterol biosynthesis pathway as predicted by in
silico tools (viz. miRWalk, RNAhybrid and TargetScan) and categorized based on their
molecular functions using PANTHER database. qPCR analysis for the predicted
cholesterol biosynthesis genes was performed in (B) AML12 cells transfected with miR-

27a mimic and (C) liver tissues of high cholesterol diet-fed Apoe” mice-injected with
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miR-27a mimic or control oligo. Statistical significance was determined by Student’s t-

test (unpaired, 2-tailed). *p<0.05 and ** p<0.01 as compared to the control.
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mHmgcr 3'UTR 5’-g’écuaacaugcaauEUG UGAa-3

mmu-miR-27a 3'-cgccuugaaucgguGACACUU-5

C. mmu-miR-27a sequence

3'-CGCCUUGAAUCGGUGACACUU-5

Mouse (Mus musculus) :
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