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Aims Oxidized phospholipids and microRNAs (miRNAs) are increasingly recognized to play a role in endothelial dysfunc-
tion driving atherosclerosis. NRF2 transcription factor is one of the key mediators of the effects of oxidized
phospholipids, but the gene regulatory mechanisms underlying the process remain obscure. Here, we investigated
the genome-wide effects of oxidized phospholipids on transcriptional gene regulation in human umbilical vein endo-
thelial cells and aortic endothelial cells with a special focus on miRNAs.

Methods We integrated data from HiC, ChIP-seq, ATAC-seq, GRO-seq, miRNA-seq, and RNA-seq to provide deeper un-

and results derstanding of the transcriptional mechanisms driven by NRF2 in response to oxidized phospholipids. We demon-
strate that presence of NRF2 motif and its binding is more prominent in the vicinity of up-regulated transcripts
and transcriptional initiation represents the most likely mechanism of action. We further identified NRF2 as a novel
regulator of over 100 endothelial pri-miRNAs. Among these, we characterize two hub miRNAs miR-21-5p and
miR-100-5p and demonstrate their opposing roles on mTOR, VEGFA, HIF1A, and MYC expressions. Finally, we pro-
vide evidence that the levels of miR-21-5p and miR-100-5p in exosomes are increased upon senescence and exhibit
a trend to correlate with the severity of coronary artery disease.

Conclusion Altogether, our analysis provides an integrative view into the regulation of transcription and miRNA function that
could mediate the proatherogenic effects of oxidized phospholipids in endothelial cells.
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1. Introduction

Atherosclerosis is an inflammatory disease, which causes lipid accumula-
tion and plaque formation in the endothelium and intimal layers along
the inner walls of the arteries, narrowing the lumen and reducing blood
flow to the target tissue. It is an underlying condition to many cardiovas-
cular disorders, such as coronary artery disease (CAD), stroke, and pe-
ripheral vascular disease, and thus, responsible for an immense burden
of morbidity and mortality worldwide. The pathogenesis of atheroscle-
rosis is a bundle of several different cell types and environmental risk fac-
tors, but the most critical cells are the endothelial cells that form the
inner lining of the vascular wall, as the activation of these cells from their
quiescent state is a prerequisite for the onset of atherosclerosis.”
Proinflammatory microenvironment, turbulent blood flow, and high
amounts of oxidized lipid products, such as oxidized 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine (oxPAPC),** result in endo-
thelial dysfunction increasing vascular permeability and promoting lipid
accumulation into the vessel wall. Furthermore, accumulation and subse-
quent oxidization of lipids stimulate the expression of chemokines and
adhesion molecules, which attract leukocytes on the site and facilitate

their migration under the endothelial layer, thereby initiating the forma-
tion of an atherosclerotic plaque.”

MicroRNAs (miRNAs) contribute to both prevention and progres-
sion of atherosclerosis by regulating various aspects of atherogenesis,
from early atherosclerotic lesion formation to plaque erosion and rup-
ture.*® They elicit their function at the post-transcriptional level by fine-
tuning the expression of protein-coding genes through suppression of
protein synthesis or initiation of mMRNA degradation. miRNAs can be-
come selectively enriched in secretory nanovesicles, exosomes, and me-
diate communication with remote cells affecting thus
pathogenesis.® However, these circulating miRNAs are also considered

disease

as novel biomarkers for disease manifestation and progression.’”
miRNAs act co-operatively and can target full pathways and gene net-
works instead of just one gene, which can be beneficial when treating
multifaceted diseases like atherosclerosis.® Although the recent years
have added to knowledge on miRNA function substantially, many
aspects remain understudied, including regulation of miRNA expression.
In order to ensure the safety of the therapeutic miRNA applications,
some of which have already entered clinical trials,”'® detailed under-
standing of miRNA biology is crucial.
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Nuclear factor E2-related factor 2 (NRF2) is a known mediator of cel-
lular response to oxidized phospholipids that represent a hallmark of
lipid load and inflammatory microenvironment of the atherosclerotic
plaques. Using miRNA array upon 4 h oxPAPC treatment, we have pre-
viously identified 19 significantly (P <0.01) regulated mature miRNAs of
which half were confirmed to be oxPAPC-responsive also on transcrip-
tional level based on GRO-seq data, and five of the loci were predicted
to be NRF2-regulated by previously published NRF2-binding model."!
From those, we chose to characterize miR-93 and demonstrated that
NRF2-regulated miR-93 controls glycolysis and proliferation of endothe-
lial cells.™* Here, we sought to expand on this previous research to ob-
tain a more complete picture of the NRF2-regulated miRNome by
integration of transcriptional profiles from GRO-Seq (pri-miRNA tran-
scription), small RNA-Seq (mature miRNA levels), and RNA-Seq (target
mRNAs), epigenomic information from H3K27ac ChIP-Seq and ATAC-
Seq [regulatory activity in predicted NRF2 antioxidant response element
(ARE)-binding sites] and direct or indirect (detected by Hi-C) NRF2
binding at the pri-miRNA promoter. Using our approach, we were able
to identify NRF2 as an important regulator of over 100 endothelial
miRNAs and further characterized the role of miR-21-5p and miR-100-
5p on target mMRNA expression and evaluated their usability as diagnostic
biomarkers in atherosclerosis.

2. Methods
2.1 Cell culture

Human umbilical vein endothelial cells (HUVECs) were extracted with
collagenase (0.3 mg/mL) digestion from umbilical cords obtained from
the maternity ward of the Kuopio University Hospital with the approval
of the institution and the Research Ethics Committee of the Northern
Savo Hospital District, Kuopio, Finland. Prior written consent was
obtained from the participants and the experiments were performed
according to the relevant regulations and Helsinki declaration. HUVECs
of 11 different donors were used in the study, and the essential results
were repeated on at least three donor batches. Unless indicated other-
wise, passages 4—6 were used for experiments. Human aortic endothelial
cells (HAECs), human aortic smooth muscle cells (HASMC), and periph-
eral blood CD14+ monocytes were purchased from Lonza (CC-2535,
CC-2571, and 2 W-400A, respectively). HUVECs and HAECs were cul-
tivated in Endothelial Cell Basal Medium (Lonza, Basel, SUI) with recom-
mended supplements (EGM SingleQuot Kit Supplements & Growth
Factors, Lonza, Basel, SUI), HASMC were grown in Medium 231
(Cascade Biologics®, Waltham, MA, USA) supplemented with smooth
muscle growth supplement, and CD14+ monocytes were cultivated in
Medium RPMI 1640, supplemented with 10% FBS, 100 pig/mL streptomy-
cin, 100U/mL penicillin, and 2mM glutamine, 1% Na-pyruvate, 1%
NEAA, and further supplemented with rHu M-CSF (50 ng/mL; Thermo
Fisher Scientific, Waltham, MA, USA) to initiate the differentiation into
macrophages.

2.2 Patient samples and sample

preparation

Pericardial fluid samples (2-27 mL) were collected during open-heart
surgery and processed immediately after sample collection as described
in Ref.13 A written informed consent was obtained from each partici-
pant and the Research Ethics Committee of the Hospital District of
Northern Savo, Kuopio, Finland approved the study protocol in accor-
dance with Helsinki declaration. Briefly, pericardial fluid samples were

collected from 41 subjects with CAD, mitral valve insufficiency, aortic
stenosis, or aortic valve insufficiency. See Supplementary material online
for the summary of the clinical characteristics of the patients. New York
Heart Association functional classification (NYHA class) was used to es-
timate the extent of heart failure (HF): patients with cardiac disease but
no HF symptoms and no limitations in ordinary physical activity were
assigned to group | (n=2), patients with mild symptoms in group Il
(n=18), patients with marked limitation in activity due to symptoms in
group Il (n=10), and patients with severe limitations and symptoms
even while resting, in group IV (n= 11). Samples were processed directly
after collection using three-step centrifugation. Samples were first centri-
fuged at 300 g for 10 min at RT to remove cells. Then, the supernatants
were collected and centrifuged again at 16 500 g for 20 min at 4°C to re-
move cell debris. The collected liquid fractions were centrifuged a final
time at 20 000 g for 15 min at 4°C to remove other microparticles, leav-
ing exosomes and protein-bound MmiRNAs to the supernatants. The
supernatants were transferred to RNase-free tubes, snap-frozen with
liquid nitrogen, and stored at -80°C.

2.3 Stimulus
1-Palmitoyl-2-archidonoyl-sn-glycero-3-phophocholine  (PAPC, 10 mg/
mL) was purchased from Avanti Polar Lipids Inc (Alabaster, AL, USA)
oxidized to oxPAPC by exposure to air for 40 h, dissolved in chloroform
and stored at -70°C. Upon use, the chloroform was evaporated with ni-
trogen (g) and the lipids were re-suspended in growth medium. For
experiments, concentration of 30 pg/mL in medium with 1% FBS was
used.

OA-NO2 was prepared as previously described.'* The synthetic ni-
tration product used was an equimolar mixture of 9- and 10-nitro-octa-
dec-9-enoic acid. For experiments, cells were treated with 3 uM OA-
NO2 or vehicle (0.06% meOH) for 2 or 12 h in basal medium.

2.4 Global run-on sequencing

HUVECs, HAECs, HASMCs, and CD14+ macrophages were grown to
80% confluency on 15cm plates and treated with oxPAPC (30 pg/mL)
for 6 h in 1% FBS EGM or with fresh 1% FBS EGM (control). To collect
nuclei for GRO-Seq, cells were washed once with PBS, trypsinized for
30 s, neutralized with ice-cold swelling buffer (10 mM Tris—=HCl, 2mM
MgCl,, 3mM CaCl,, and 2U/mL SUPERase Inhibitor, Thermo Fisher
Scientific, Waltham, MA, USA), and collected by scraping. Nuclei were
prepared as described in Ref.15 and approximately five million nuclei
were recovered and subjected to run-on reaction. GRO-seq libraries
were prepared as previously described with minor modifications.'®
Briefly, the run-on products were base hydrolysed (RNA fragmentation
reagent, Thermo Fisher Scientific, Waltham, MA, USA), end-repaired us-
ing polynucleotide kinase and immunoprecipitated with anti-BrdU aga-
rose beads (Santa Cruz, CA, USA) in binding buffer (0.5XSSPE, 1 mM
EDTA, 0.05% Tween-20) for 1h at RT. Beads were washed twice with
ice-cold binding buffer and low salt buffer (0.2 x SSPE, 1mM EDTA,
0.05% Tween-20), once with high salt buffer (0.5% SSPE, 1mM EDTA,
0.05% Tween-20, 150 mM NaCl) and twice with TET buffer (TE pH 7.4,
0.05% Tween-20). The captured RNA was eluted with 3 x 100 pl elution
buffer 20mM DTT, 300 mM NaCl, 5mM Tris pH 7.5, 1 mM EDTA, and
0.1% SDS), purified using Trizol-LS protocol (Thermo Fisher Scientific,
Waltham, MA, USA), ethanol precipitated, and subjected to a second
round of immunoprecipitation. The immunopurified RNA was eluted as
above and ethanol precipitated. The following day, a poly-A tailing reac-
tion (PolyA polymerase, New England Biolabs, Ipswich, MA, USA),
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cDNA synthesis (Superscript lll, Thermo Fisher Scientific, Waltham, MA,
USA), Exonuclease | (New England Biolabs, Ipswich, MA, USA) treat-
ment, purification using ChlP DNA Clean & Concentrator Kit (Zymo
Research Corporation, Irvine, CA, USA), RNaseH treatment, and circu-
larization (CircLigase, lllumina, San Diego, CA, USA), were performed.
The libraries were amplified for 13 cycles and library band was excised
(~200-350bp) from 10% NOVEX TBE gel (Thermo Fisher Scientific,
Waltham, MA, USA). The libraries were quantified (Qubit dsDNA HS
Assay Kit on a Qubit fluorometer, Thermo Fisher Scientific, Waltham,
MA, USA) and pooled for 50-bp single-end sequencing with Illumina Hi-
Seq2000 (GenCore, EMBL Heidelberg, Germany).

2.5 RNA sequencing and miRNA
sequencing

To reflect the lag between the nascent transcription and the transcrip-
tion of mature RNAs, the collection of RNA samples started 1 h after
the GRO-Seq collection, at 7h. For the RNA-seq, cells were treated
with cycloheximide at a concentration of 0.1 mg/mL for 10 min before
being washed with PBS and scraped into lysis buffer [1x Mammalian
Polysome Buffer (Epicentre, Madison, WI, USA), 1% Triton X-100, 1 mM
DTT, 250 U/mL SUPERase Inhibitor, 7.1 U/mL Turbo DNase (Thermo
Fisher Scientific, Waltham, MA, USA), and 0.1 mg/mL cycloheximide] on
ice. A 22- to 25-gauge needle was used to ensure the complete lysis of
the cells. The cleared lysate was treated with 10% SDS, snap-frozen in
liquid nitrogen, and stored at -80°C. Larger mRNAs (>200nt) were
extracted using Zymo RNA Clean and Conc kit (Zymo Research, Irvine,
CA, USA) and rRNAs were excluded using the Ribo-Zero Gold rRNA
Removal Kit (lllumina, San Diego, CA, USA). Subsequently, RNA was
fragmentated (RNA fragmentation reagent, Thermo Fisher, Waltham,
MA, USA), dephosphorylated, and prepared to library as GRO-Seq but
omitting the immunoprecipitation steps. The libraries were amplified by
11-16 cycles of PCR, size selected (190-350bp), quantified (Qubit
dsDNA HS Assay Kit on a Qubit fluorometer, Thermo Fisher, Waltham,
MA, USA), and sequenced using Illumina Hi-Seq2000 (single end 50
bases) at EMBL GeneCore (Heidelberg, Germany). Smaller RNA-
fraction (17-200 bases) was obtained at the same time as the larger
mRNAs by adding ethanol to the flow-through from Zymo RNA Clean
and Conc kit and passing the RNA through a new column. Libraries
were prepared following TruSeq small RNAseq protocol at Finnish
Microarray and Sequencing Centre (FMSC) in Turku Centre for
Biotechnology (Finland) or Exigon (Vedbak, Denmark) using small RNA
protocol.

2.6 Transductions

For transduction, HUVECs were seeded onto 6-well plates at the den-
sity of 180 000 cells/well and allowed to adhere for 24 h. The cells were
transduced in serum-free conditions with AdCl"I\/,17 AdNRF2,17 or
AdKEAP1."? The multiplicity of infection (MOI) was 100 in all experi-
ments. After an hour, cell culture supplements were added, and after ad-
ditional 16h the transduced cells were washed with PBS and fresh
medium with full supplements was added. Experiments were performed
48 h after transductions.

2.7 miRNA overexpression and silencing

HUVECs were seeded onto 6-well plates and transfected at 70% conflu-
ency with MISSION miRNA Mimics Negative Control No. 1
(HMCO0002, Sigma—Aldrich, St. Louis, MO, USA), hsa-miR-21-5p mimic
(HMI0371, Sigma—Aldrich, St. Louis, MO, USA), MISSION Synthetic

microRNA Inhibitors Negative control | (NCSTUDOQO01, Sigma—Aldrich,
St. Louis, MO, USA), and hsa-miR-100-5p inhibitor (HSTUDO0023,
Sigma—Aldrich, St. Louis, MO, USA) at a final concentration of 25 nM for
mimic/mimic control and 1nm for inhibitor/inhibitor control using
Oligofectamine (Invitrogen, Carlsbad, CA, USA). Supplements were
added to transfected cells 4 h after transfections. On the next day, cells
were washed with PBS and fresh EBM medium with full supplements
was added. After 48 h, cells were treated with oxPAPC for 8 h and col-
lected for gRT—PCR analysis.

2.8 RNA extraction, cDNA synthesis, and
qRT-PCR

Exosomes were extracted using miRCURY Exosome Isolation Kit
(Exiqon, Vedbak, Denmark). Exosomal and cellular RNA were isolated
using miRCURY RNA isolation kit for cells and plants (Exiqon, Vedbak,
Denmark). Total fluid RNA and non-exosomal RNA, which was
extracted from the medium after exosome isolation, were extracted us-
ing miRCURY RNA Isolation Kit for Biofluids (Exiqon, Vedbak,
Denmark). After transfection, HUVEC miRNAs and mRNAs were puri-
fied and separated using RNEasy Mini Kit (QIAGEN, Hilden, Germany).
Cells were disrupted using 350 pL of buffer RLT followed by the same
volume of 70% ethanol. The samples were placed into an RNeasy Mini
spin column and centrifuged for 15s at 8000g. The flow-through was
kept to extract the miRNA while the column purification was continued
for the larger mMRNA (>200nt). To purify the miRNA fraction, the flow-
through was diluted by adding 0.65 volume of 100% ethanol and loaded
into a new RNEasy Mini Kit (QIAGEN, Hilden, Germany) column.

miRNAs were reverse transcribed using miRCURY LNA Universal
RT miRNA PCR, polyadenylation and cDNA synthesis kit (Exiqon,
Vedbak, Denmark), and mRNA with Transcriptor First Strand cDNA
Synthesis Kit (Roche, Basel, SUI) or using RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA), according
to the manufacturer’s protocol for first-strand cDNA Synthesis, fol-
lowed by RNAseH treatment at 37°C for 20min (Ribonuclease H,
Ambion®, Thermo Fisher Scientific, Waltham, MA, USA).

cDNA templates were assayed in 10/17uL PCR reactions with
10 pmol/puL of each primer and 2 uL of template cDNA with either
LightCycler 96 System or LightCycler 480 Real-Time PCR System
(Roche, Basel, SUI) according to the protocol of miRCURY LNA
Universal RT miRNA PCR for miRNA samples and the protocol of Fast
Start Universal Probe Master (Rox) (Roche, Basel, SUI) for mRNA sam-
ples. miRNA levels were determined using hsa-miR-21-5p (No. 204230,
Exiqon, Vedbak, Denmark), and hsa-miR-100-5p (No. 205689, Exigon,
Vedbaek, Denmark) LNA™ PCR primer sets.

MRNA levels were determined using Universal Probe Library System
(Roche, Basel, SUI), Tagman Assays (Applied Biosystems, Foster City,
CA, USA), or SYBR green [FastStart Universal SYBR Green Master
(Roche, Basel, SUI)]. Specific primer information is listed in
Supplementary material online. For analysis, Roche LC Software was
used for Cp determination (by the second-derivative method) and for
melting curve analysis. SNORD48 (No. 203903, Exiqon, Basel, SUI,),
GAPDH, RPLPO, ATP5F1, and PPIA were used for normalization.

miRNA levels in human pericardial fluid (total fluid) and exosomes
were assayed by Exiqon Services (Exiqon, Vedbak, Denmark). Shortly,
miRNAs were reverse transcribed into cDNA and quantified with
miRCURY LNA Universal RT miRNA PCR Human panels | and Il (v2)
with SYBR Green mastermix."* Reactions with several melting points or
with melting points that were not within the specifications, as well as
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reactions with amplification efficiency <1.6 were removed from the data-
set. Moreover, reactions giving Cp values that were within 5 Cp values of
the negative controls reaction or their detection was >37 Cp, were re-
moved from the dataset (this explains any discrepancy between the n
stated in the figure legends compared to shown data points). To normal-
ize the data, the average Cp of the assays that had signal in all the samples
was used. This is described as global mean, and has been shown to be
the best normalization method.® For each sample, the normalized Cp
corresponds to the average Cp minus the sample Cp.

2.9 Data analysis

2.9.1 Processing, mapping, and quantification
Raw-sequencing reads were processed (poly(A) trimming and quality fil-
ter—for 50-bp read requiring a minimum 97% of all bases to have a mini-
mum phred quality score of 10) with the FastQC tool."” miRNA reads
were trimmed to 21bp. GRO-seq reads were aligned to GRCh37/hg19
reference genome using bowtie,”® one alignment for each read was
reported, allowing up to two mismatches. Alignment of RNA- and
mMiRNA-Seq reads to GRCh37/hg19 genome were performed using
STAR v2.5.4b,”" according to ENCODE standard options for long RNA-
Seq pipeline and small RNA-Seq pipeline for RNA-Seq and miRNA-Seq
reads, respectively.”? Subsequently, GRO-seq and RNA-seq tag directo-
ries were created with HOMER v4.9 makeTagDirectory.pl algorithm,
using default parameters and fragment length of 75 bp. In RNA-Seq tag
directories, the maximum number of tags per base pair was set to 3.
Raw counts were quantified using the HOMER analyzeRepeats.pl algo-
rithm. Coordinate files were set as following: hg19 for RNA-seq, custom
annotation file including de novo identified pri-miRNA coordinates for
GRO-seq (Supplementary material online, Table $3)" and miRbase v22
for miRNA-seq. Data were visualized using UCSC Genome Browser*
and WashU Epigenome Browser (Hi-C data).?®

2.9.2 Primary miRNA detection

Pri-miRNA coordinates were identified as previously reported.”
Shortly, publicly available and in-house GRO-seq data for 27 human cell
types were pooled per cell type and augmented with matching ChIP-seq
(histone markers H3K4ME1, H3K4ME3 and/or H3K27AC) and CAGE-
seq data. De novo identification of primary transcripts from GRO-seq na-
scent transcripts was performed with the HOMER findPeaks.pl algorithm
using parameters -groseq, -unigmap, as well as three separate parameter
settings for varying detection sensitivity and specificity. Transcription
start site (TSS) coordinates were set with single nucleotide-specificity
based on CAGE-seq peaks within £500 bp of detected transcripts and
collapsed for unique across cell types. In addition to a CAGE-seq peak,
promoter histone methylation levels >10 cpm H3K4me3 and five-fold
H3K4me3>H3K4me1 were required from all putative TSSs. Transcript
end coordinates were set based on de novo transcripts clustering by adja-
cency and change point analysis. The final primary transcript coordinates
represent non-overlapping transcripts between TSSs across individual
loci and thus allow for multiple TSSs per locus. Pre-miRNA locations
were set based on GENCODE (v19) and miRBase (v20) existing annota-
tions and pri-miRNA transcript coordinates were identified by overlap-
ping de novo transcripts with the pre-miRNA transcripts. Before fold
change and statistics calculations, samples were filtered by discarding
low read counts by filtering for RPKM > 0.5 in at least 3 samples, in order
to improve the sensitivity and precision of the differential expression

.26
analysis.

Non-mappable coordinates, exons of coding genes, and ribosomal
RNA regions were removed from pri-miRNA transcripts prior to quan-
tification using BEDTools (subtractBed) to exclude regions causing prob-
lems specifically in quantification of GRO-seq data. The non-overlapping
regions of each pri-miRNA transcript were quantified with HOMER
(analyzeRepeats.pl with parameters -strand + -noadj -noCondensing -pc
3), in order to obtain TV-specific expression values, and the lengths of
the quantified region and total read counts per sample were used to re-
port normalized expression values (RPKM). To determine the contribu-
tion of each TSS (TSSi) to the overall transcriptional activity in a given
locus, the signal level at the upstream element (TSSi 4 1) was subtracted,
based on the RPKM values: RPKMi = RPKMi-RPKM(i + 1).

2.9.3 Differential gene expression analysis

Differential gene expression analysis was performed on replicates
treated with oxPAPC using DESeq2®” (GSE136813 and GSE103530 in
Ref.12). Correlation between OXPAPC and NO2-OA stimuli was per-
formed on the differentially expressed genes (FDR <0.05) in HUVECs.
Ingenuity Pathway Analysis (IPA, Qiagen, Redwood City, www.giagen.
com/ingenuity) was used to perform the upstream regulator analysis on
the differentially expressed genes.

2.9.4 NRF2-binding analysis at regulated genes
OxPAPC-regulated genes detected in GRO-seq were compared to
NRF2 ChIP-seq peaks detected in HAEC after OxPAPC stimulation.”®
HOMER'’s command ‘mergePeaks’ was used to identify the NRF2 peak
that was bound at the promoter (£2 kb) or to nearby regions (£50 kb
from TSS) and ‘annotatePeaks’ using the option “-hist’ was ran to display
the distribution of the reads. The pausing was calculated as the average
of the pausing ratio obtained for each replicate after using HOMER’s
command ‘analyzeRepeats’ with the ‘-count pausing’ option.

2.9.5 Motif analysis

In order to increase the sensitivity of the transcript detection, the tag
directories of each individual cell type were pooled together using
‘makeTagDirectory’ command from HOMER v4.9. All transcribed
regions were detected for each cell type individually using HOMER algo-
rithm ‘findPeaks.pl’ with ‘—style groseq’ option. Transcripts detected
were then quantified using HOMER *‘annotatePeaks.pl’ for each tag direc-
tory individually. After a filtering where only reads showing a RPKM value
>3 in at least 4 samples were kept, differential expression was performed
with HOMER v4.9 using ‘getDiffExpression.pl” algorithm. For each peak
up-regulated at least two-fold in any condition compared to control, a
region of 400 bp around the TSS was analysed for motif enrichment us-
ing ‘findMotifsGenome.pl’ against GRCh37/hg19 reference genome and
using all the TSSs detected for the analysed cell type as background.

2.10 Statistical analyses

All statistical analyses were performed using the GraphPad Prism 8 soft-
ware or R. All experiments were performed at least three times with at
least three biological replicates per experiment. Statistical significance
was evaluated with unpaired, two-tailed Student’s t-test (*P<0.05,
**P < 0.01, ¥*+P < 0.001, ¥*+*P < 0.0001). Results are expressed as mean
+ SD.
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Figure | Global characterization of NRF2-regulated transcriptional mechanisms in human vascular endothelial cells. (A) Motif enrichment in up-regulated
and down-regulated transcripts from the GRO-seq data in HUVECs, HAECs, HASMCs, and CD14+ macrophages under oxPAPC stimuli. (B) Ingenuity
pathway upstream regulator analysis of differentially expressed genes (FDR < 0.05) in HUVECs after OXPAPC stimulation, generated with IPA (QIAGEN).
(©) Percentage of down-regulated (black) and up-regulated (red) genes found in the vicinity (2 or 50kb) of NRF2 peaks detected by ChIP-Seq in HAECs
(GSM2394418) under OxPAPC condition. (D) Reads distribution among TSS and gene body of up- and down-regulated genes proximal to NRF2 ChIP-Seq

peaks (GSM2394418) under oxPAPC and normoxia.

3. Results

3.1 Global characterization of NRF2-
regulated transcriptional mechanisms in

human vascular endothelial cells

To confirm the important role of NRF2 in oxPAPC-mediated transcrip-
tional response, we first sought to identify the transcription factor motifs
that were enriched within the TSSs of up-regulated (>2-fold) transcripts

upon oxPAPC stimulus. To this end, we performed GRO-Seq in
HUVECs and HAECs upon 6 h exposure to oxPAPC. Expectedly, the
results showed NRF2-binding sequence, ARE, as one of the top motifs
enriched (Figure 1A and Supplementary material online, Table S7). In con-
trast, the down-regulated transcripts (Figure 1A and Supplementary ma-
terial online, Table ST), showed cell type-specific transcription factor
motifs, such as GATA and SOX for endothelial cells and PU.1 for
macrophages.
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The central role of NRF2 was further confirmed by the Ingenuity
Pathway Upstream regulator analysis that predicted NRF2 as one of the
top transcriptional regulators responsible for the gene expression
changes in HUVECs (Figure 1B and Supplementary material online, Table
$2). Among the top transcriptional regulators exhibiting an activation z-
score >4, we also identified ATF4, SREBF1, and NUPR1, of which ATF4
has been shown to be activated by oxidized phospholipids and cooper-
ate with NRF2 to orchestrate downstream gene activation.?’ Moreover,
we correlated the gene expression changes resulting from oxPAPC to
our in-house generated data from a more specific NRF2-activator, elec-
trophilic fatty acid-derivative nitro-oleic acid (NO2-OA) (2 and 12h)
and found a strong correlation between the two treatments, suggesting
that short exposure to oxPAPC does largely reflect NRF2-mediated re-
sponse (Supplementary material online, Figure STA).

Next, we analysed the relationship of NRF2-binding and the direction
of transcriptional gene regulation. To achieve this, we analysed GRO-
Seq and NRF2 ChIP-Seq”® data from oxPAPC-treated HAECs.
Interestingly, we found that 15% and 50% of the up-regulated genes after
oxPAPC treatment had a detected NRF2 peak ~2 and 50 kb of their
TSS, respectively, while only 5% and 32% of the down-regulated genes
were found to have NRF2 peaks ~2 and 50 kb of their TSS, respectively
(Figure 1C). This suggested that up-regulation involves likely more direct
NRF2-binding compared to down-regulation.

Transcriptional activation and repression could be mediated by changes
in initiation or elongation of ‘cranscription.30 There is ample evidence
suggesting that spatio-temporal control of gene activity often involves
the controlled release of paused polymerase into productive RNA synthe-
sis3" In order to gain more insights of the NRF2-mediated regulation,
we studied the distribution of GRO-Seq reads at the TSSs and at the
gene bodies of the differentially expressed genes that bound NRF2 at their
vicinity, allowing us to estimate the pausing ratio. Our results demon-
strated that only 11.5% (26/226) of the induced and 16.9% (36/213) of the
repressed genes exhibited over two-fold change in the pausing ratio and
majority of the regulated genes exhibited and equal change at the TSS
and at the gene body (Figure 1D and Supplementary material online,
Figure S1B). Altogether, this suggests that majority of the NRF2-bound
genes could be controlled at the level of transcriptional initiation.

3.2 Identification of NRF2-regulated
miRNome in vascular cells

We next sought to determine the extent of NRF2-regulated miRNome
in endothelial cells using a combination of next generation-sequencing
data and NRF2-binding site annotations. First, we determined the global
expression of HUVEC and HAEC pri-miRNAs and mature miRNAs with
GRO-Seq and miRNA-seq, respectively. The total number of mature
miRNAs expressed (CPM > 10) in oxPAPC-treated HUVECs and
HAECs were 261 and 279 miRNAs, respectively, 226 of these miRNAs
being expressed in both cell types (Figure 2A). Secondly, we utilized our
previously validated approachﬂ'12 and combined genome-wide NRF2-
binding site annotations' ' with cell-type-specific chromatin accessibility
maps and regulatory landscapes gained from histone marker ChIP-Seq
and ATAC-Seq datasets. Then, we intersected the overlapping areas
with GRO-Seq defined pri-miRNA loci."® Using this approach, we were
able to confirm that the vast majority (221/226, 98%) of active regulatory
sites close to miRNA loci contained NRF2-binding sites (Figure 2A and
Supplementary material online, Table S3). After intersecting endothelial
NRF2 ChIP-Seq peaks with these loci, 126 miRNAs (126/226, 56%)
remained (Figure 2A and Supplementary material online, Table S3). All

these 126 miRNAs had NRF2 binding on miRNA promoter or
enhancer(s) looping to the promoter. Among these miRNAs, were both
novel targets, such as miR-22 (Figure 2C), as well as previously validated
targets, such as mir-106b/25/93 cluster (Figure 2D)."* Taken together, we
identified 116 novel and confirmed 10 previously published NRF2 target
miRNAs"""233735 in human endothelial cells (Table 1). Altogether these
miRNAs make up over 80% of the total miIRNA expression in endothe-
lial cells (Figure 2B).

NRF2-binding sequence was also found top enriched in the active reg-
ulatory elements of oxPAPC-treated HASMC and CD 14+ macrophages
(Figure 1A) which together with vascular endothelial cells are implicated
in atherosclerosis. Therefore, we set out to decipher the expression pat-
terns of the NRF2-regulated pri-miRNAs in these two additional cell
types using GRO-Seq (Figure 3 and Supplementary material online,
Figures S2 and $3). Out of the 126 NRF2-regulated miRNAs in endothe-
lial cells, 73% showed similar TSS-usage and transcript variant expression
also in smooth muscle cells and macrophages (Figure 3A), 21% showed
similar patterns in either smooth muscle cells or macrophages
(Figure 3B), and 6% were either unique to endothelial cells
(Supplementary material online, Figure S3) or had differential TSS-usage
or expression patterns from endothelial cells (Figure 3C). Thus, most of
the NRF2-regulated endothelial miRNAs were similarly transcribed also
in smooth muscle cells and macrophages.

3.3 NRF2-regulated miRNAs are predicted
to promote atherosclerosis and include
several hub miRNAs

To study the biological effects of the NRF2-regulated miRNAs under
oxPAPC stimuli, we measured the target gene expression with RNA-
seq and utilized MicroRNA Target Filter of Ingenuity Pathway
Analysis (IPA, Qiagen Redwood City, www.giagen.com/ingenuity) to
link the miRNAs with their targets in both HUVECs and HAECs sep-
arately. We filtered the data to include only those miRNA target
genes that showed opposite expression trends with their regulator
miRNAs and thus could be under canonical post-transcriptional reg-
ulation of the miRNAs. Expectedly, all miRNAs had more than
one target gene, and most target genes were regulated by multiple
miRNAs (Supplementary material online, Figure S4A). The Pearson
correlation coefficient for the target gene transcription (GRO-seq)
with expression (RNA-seq) was 0.4 and 0.3 (P <0.0001) in HUVECs
and HAEGs, respectively, indicating a substantial role for post-
transcriptional gene regulation in the expression of the genes
(Supplementary material online, Figure S4B).

In general, the predicted functional effects of miRNAs on target
mRNAs were similar in HUVECs and HAEC:s (Figure 4A). The perceived
changes suggested proatherogenic changes in the cell function, such as
increased activation and movement, reduced barrier function and in-
creased endothelial permeability, increased inflammatory response and
monocyte recruitment, increased production of reactive oxygen prod-
ucts and lipid oxidation, increased lesion formation and platelet activa-
tion and thrombosis. One major pathway contributing to these changes
was the VEGF pathway, which was activated in response to oxPAPC
stimuli and miRNA function (Figure 4B). The overall changes are summa-
rized in Figure 4C.

To find miRNAs with the most pronounced effects in vascular con-
3637 and determined the hub miRNAs by creat-
ing miRNA-target interaction networks for the NRF2-regulated

text, we utilized miRNet

miRNAs based on experimentally validated miRNA-target data from
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Figure 2 Identification of NRF2-regulated miRNome in vascular cells. (A) Global expression of HUVEC and HAEC miRNAs, those found in both, and pu-
tative and confirmed NRF2-regulated miRNAs. (B) Percentages of NRF2-regulated miRNAs of the total miRNA expression in HUVECs and HAECs. For all:
n=2, mean # SD. Genomic loci of mir-22 (C) and mir-106b/25/93 cluster (D). Histone and chromatin segmentation data are ENCODE data*? from UCSC
Genome Browser.** Chromatin segmentation track shows promoters in red, enhancers in orange, and active chromatin regions in green. AREs are deter-

mined using previously published tool." HiC interactions were visualized with WashU Epigenome Browser.

human umbilical vein tissue (Supplementary material online, Figure S5).
Among the 126 NRF2-regulated miRNAs, 20 were designated as hub
miRNAs and three of these, namely miR-21-5p, miR-126-3p, miR-100-
5p were among the three most abundant endothelial hub miRNAs ac-
counting for 71% and 45% of total miRNA expression in HUVECs and
HAEC:sS, respectively. All of these three miRNAs have been shown to be
relevant for atherosclerosis in mouse knockout models.*** Since miR-
126 has been previously validated as NRF2-regulated miRNA,"" we

25

decided to select the other two hub miRNAs, miR-21-5p, and miR-100-
5p for further validations.

3.4 Detailed analysis of NRF2-regulated
miR-21-5p and miR-100-5p expressions
First, we confirmed that mature miR-21-5p and miR-100-5p expression
was in line with pri-miRNA transcription (Figure 5). In gPCR
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Table | NRF2-regulated miRNAs

Primary miRNA

Expressed mature miRNAs

MIRLET7A2, MIR100, MIR125B1

MIRLET7A3, MIRLET7B, MIR3619
MIRLET7C, MIR125B2, MIR99A
MIR106B, MIR25, MIR93

MIR126

MIR128-1

MIR1301

MIR130A
MIR130B, MIR301B
MIR132

MIR139

MIR143, MIR145
MIR146A, MIR3142
MIR146B

MIR148A

MIR148B

MIR149

MIR151A

MIR152

MIR181C, MIR181D
MIR185

MIR192, MIR194-2
MIR193A, MIR365B, MIR4725
MIR193B, MIR365A
MIR195, MIR497
MIR197

MIR21

MIR210

MIR216A, MIR217
MIR22

MIR221, MIR222
MIR23A, MIR24-2, MIR27A
MIR23B, MIR27B, MIR24-1
MIR26B

MIR28

MIR29A, MIR29B1
MIR29B2, MIR29C
MIR301A, MIR454
MIR30A, MIR30C2
MIR31

MIR32

MIR320A

MIR324

MIR326

MIR328

MIR330

MIR331, MIR3685
MIR339

MIR33A

MIR340

MIR34A

pri-mir-let-7a-2/mir-100/125b-1

pri-mir-let-7a-3/7b/mir-3619
pri-mir-let-7c/mir-125b-2/99a
pri-mir-106b/25/93

pri-mir-126
pri-mir-128-1
pri-mir-1301
pri-mir-130a
pri-mir-130b/301b
pri-mir-132
pri-mir-139
pri-mir-143/145
pri-mir-146a/3142
pri-mir-146b
pri-mir-148a
pri-mir-148b
pri-mir-149
pri-mir-151a
pri-mir-152
pri-mir-181¢/181d
pri-mir-185
pri-mir-192/194-2
pri-mir-193a/365b/mir-4725
pri-mir-193b/365a
pri-mir-195/497
pri-mir-197
pri-mir-21
pri-mir-210
pri-mir-216a/217
pri-mir-22
pri-mir-221/222
pri-mir-23a/24-2/27a
pri-mir-23b/27b/24-1
pri-mir-26b
pri-mir-28
pri-mir-29a/29b-1
pri-mir-29b-2/29¢
pri-mir-301a/454
pri-mir-30a/30c-2
pri-mir-31
pri-mir-32
pri-mir-320a
pri-mir-324
pri-mir-326
pri-mir-328
pri-mir-330
pri-mir-331/3685
pri-mir-339
pri-mir-33a
pri-mir-340
pri-mir-34a

miR-125b-1-3p, miR-125b-5p, miR-100-5p, let-7a-
2-3p

let-7b-5p, let-7b-3p

let-7¢c, miR-99a-5p, miR-125b-2-3p

miR-25-3p, miR-93-5p, miR-106b-3p, miR-106b-5p,
miR-93-3p

miR-126-3p, miR-126-5p

miR-128

miR-1301

miR-130a-3p

miR-130b-3p, miR-130b-5p, miR-301b

miR-132-3p, miR-132-5p

miR-139-3p, miR-139-5p

miR-143-3p

miR-146a-5p

miR-146b-5p

miR-148a-3p

miR-148b-3p

miR-149-5p

miR-151a-3p

miR-152

miR-181c-3p, miR-181c-5p, miR-181d

miR-185-5p

miR-192-5p

miR-193a-3p, miR-193a-5p, miR-365b-5p

miR-193b-3p, miR-365a-5p

miR-195-3p, miR-195-5p

miR-197-3p

miR-21-3p, miR-21-5p

miR-210

miR-216a-3p, miR-216a-5p, miR-217

miR-22-3p, miR-22-5p

miR-221-3p, miR-221-5p, miR-222-3p, miR-222-5p

miR-23a-3p, miR-27a-3p, miR-24-2-5p, miR-27a-5p

miR-27b-3p, miR-23b-3p, miR-27b-5p

miR-26b-5p, miR-26b-3p

miR-28-3p, miR-28-5p

miR-29a-3p, miR-29b-1-5p

miR-29¢-3p, miR-29¢-5p

miR-454-3p

miR-30a-3p, miR-30a-5p, miR-30c-2-3p

miR-31-5p, miR-31-3p

miR-32-5p

miR-320a

miR-324-3p, miR-324-5p

miR-326

miR-328

miR-330-3p, miR-330-5p

miR-331-3p, miR-331-5p

miR-339-3p, miR-339-5p

miR-33a-5p

miR-340-3p, miR-340-5p

miR-34a-5p

Continued



1348

S. Linna-Kuosmanen et al.

Table | Continued
Genes Primary miRNA Expressed mature miRNAs
MIR3615 pri-mir-3615 miR-3615

MIR3676, MIR4521

MIR374A, MIR374B, MIR421, MIR545

MIR423

MIR424, MIR450A1, MIR450A2, MIR450B,
MIR503, MIR542

pri-mir-3676/4521

pri-mir-423

MIR425 pri-mir-425
MIR548K pri-mir-548k
MIR574 pri-mir-574
MIR582 pri-mir-582
MIR584 pri-mir-584
MIR589 pri-mir-589
MIR641 pri-mir-641
MIR671 pri-mir-671
MIR769 pri-mir-769
MIR874 pri-mir-874
MIR887 pri-mir-887
MIR92B pri-mir-92b

pri-mir-374a/374b/421/545

pri-mir-424/450a-1/450a-2/450b/503/542

miR-3676-5p, miR-4521

miR-374a-3p, miR-374a-5p, miR-374b-5p, miR-421

miR-423-3p, miR-423-5p

miR-424-3p, miR-424-5p, miR-450b-5p,
miR-503-5p, miR-542-3p

miR-191-5p, miR-425-3p, miR-425-5p

miR-548k

miR-574-3p

miR-582-3p

miR-584-5p

miR-589-5p

miR-641

miR-671-3p, miR-671-5p

miR-769-5p

miR-874

miR-887

miR-92b-3p

Previously identified NRF2-regulated miRNAs are highlighted in blue.

measurements, miR-21-5p expression was unchanged in oxPAPC-
treated cells at 8 h compared to control cells consistently with HUVEC
GRO-seq signal at 6 h (Figure 5A and C). However, in other time points
miR-21-5p was up-regulated in oxPAPC-treated cells compared to con-
trol cells. miR-100-5p, on the other hand, was down-regulated in all
timepoints as in GRO-seq data at 6 h (Figure 5B and D). Analysis of the
mature and pri-miRNA expression of all the miRNAs in the mir-125b-1/
let-7a-2/mir-100 cluster revealed that oxPAPC-mediated repression of
pri-miRNA transcription led to lower expression of all mature miRNAs,
both in HAECs and HUVECs (Supplementary material online, Figure S6).
Importantly, the binding of NRF2 to the promoter of miR-100 and
nearby enhancer regions of miR-21 and miR-100 was confirmed with
ChlP-Seq (Figure 5A and B).

In addition to transcriptional down-regulation, miR-100-5p was also
shown to be enriched, to some extent, in the growth media of the
oxPAPC-treated cells most likely due to its active release from the cells
upon oxPAPC stimuli (Figure 5D). The levels were most significantly up-
regulated in the exosomal fraction of the media. Finally, we confirmed
that miR-21-5p and miR-100-5p expression responds to NRF2 pathway
activation and inhibition by overexpressing NRF2 or inhibiting its func-
tion through KEAP1 overexpression, which blocks the NRF2 pathway
activation.** Overexpression of NRF2 up-regulated miR-21-5p and
down-regulated miR-100-5p consistently with the oxPAPC results.
KEAP1 overexpression had the opposite effect, decreasing miR-21-5p
and increasing miR-100-5p expression (Figure 5E and Supplementary ma-
terial online, Figure S7). Thus, the results suggest that NRF2 mediates the
oxPAPC-response of these miRNAs by up-regulating miR-21-5p and
down-regulating miR-100-5p expression.

3.5 miR-21-5p and miR-100-5p mediate
oxPAPC effects on VEGFA/MYC pathway
NRF2 has been previously shown to mediate the effects of oxPAPC on

endothelial proliferation and energy metabolism."” Here, NRF2-

regulated miRNAs were shown to have similar net effect on several
functions controlled by the VEGFA signalling (Figure 4). Therefore, we
sought to investigate the individual effects of miR-21-5p up-regulation
and miR-100-5p down-regulation on the VEGFA pathway. miRNet**?’
analysis in human umbilical vein tissue revealed several direct interac-
tions between miR-21-5p and the upstream and downstream compo-
nents of the VEGFA pathway (Figure 6A and B). None of the targets was
shared with miR-100-5p, which was only shown to interact with mTOR.
Based on these interaction results, miR-100-5p would likely down-
regulate mTOR and the downstream cascade of the VEGF pathway, but
miR-21-5p might have more complex effects (Figure 6B). To decipher
the effects of altered miR-21-5p and miR-100-5p expression on the
VEGFA pathway in cellular context, we overexpressed miR-21-5p and
miR-100-5p in  oxPAPC-treated
(Supplementary material online, Figure S8). In line with the pathway pre-

silenced endothelial ~ cells
dictions (Figure 6B), up-regulation of miR-21-5p and down-regulation of
miR-100-5p both activated the VEGFA pathway leading to up-regulation
of mTOR, HIF1A, VEGFA, and MYC (Figure 6C), which could stimulate en-
dothelial survival, proliferation, and angiogenesis and thereby could pro-
mote proatherogenic changes.

3.6 Senescence changes the cellular

response to proatherogenic stimuli

miR-21-5p and miR-100-5p have both been shown to be abundant in se-
nescent cells in previous studies.*** To decipher the impact of cellular
senescence on oXPAPC-response of miR-21-5p and miR-100-5p, we
measured their expression and secretion in young cells and all the way
up to cellular senescence. Consistently with previous work, both miR-
21-5p and miR-100-5p expression increased in older (p8—p16) cells
compared to young (p4) (Figure 7A). In addition, extracellular levels of
the miRNAs were also higher in p8—p16 cells compared to p4 suggesting
increased release of miRNAs from the cells (Figure 7B). Most significant
enrichment of the miRNAs was seen in the exosomal fraction of the
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growth media (Figure 7C). When treated with oxPAPC, the results for
miR-100-5p response in the older cells remained consistent with the
young cells (Figures 5D and 7D). However, for miR-21-5p, the response
was consistent only until p12, after which the cells stopped responding
to the stimuli (Figures 5C and 7D). Similarly, the release of both miR-21-
5p and miR-100-5p from the cells dropped in oxPAPC-treated cells after
p10 (Figure 7E). The same trend was seen both in the total media and in
the exosomal fraction of the media (Figure 7E and F). The drop was due
to decreased abundance in the oxPAPC samples rather than increased
abundance in the control samples. The results, hence, suggest that

cellular senescence changes the cellular response to proatherogenic
stimuli by affecting miR-21-5p response and the release of both miR-21-
5p and miR-100-5p from the cells.

3.7 Exosomal miR-21-5p and miR-100-5p
levels in CAD patients

To estimate if the miRNAs could have a diagnostic value for atheroscle-
rosis, we measured miRNA abundancies from the pericardial fluid of
CAD patients. As vascular endothelial cells are a major contributor to
the pericardial fluid miRNA composition,” the results from the cell
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experiments would suggest miR-21 values to be higher than miR-100val-  :  patient and the control groups. Both miR-21-5p and miR-100-5p were
ues in the pericardial fluid of CAD patients, and according to our meas- . lower in the CAD group compared to control group, although miR-21-
urements, this is the case (Figure 7G). Based on our previous studies, 5p was more abundant than miR-100-5p in the CAD samples
miRNA levels in the exosomal fraction of the pericardial fluid may show (Figure 7H). However, when the measured values of the CAD group

12,13

better diagnostic value compared to total fluid miRNA values. were further divided into subgroups based on the severity of the HF

Therefore, we measured the exosomal miRNA levels from the CAD symptoms at the time of sample collection using New York Heart
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Association’s functional classification from mild (Class I) to severe (Class
IV) symptoms, the miR-21-5p values showed a tendency to increase,
while miR-100-5p values decreased with disease severity (Figure 7I).

4. Discussion

Atherosclerosis is a multifaceted disease, which affects millions of people
worldwide. Despite the progress in its prevention and treatment, it con-
tinues to be a major financial burden to the health care system. Many risk
factors for the disease have been recognized, but the molecular mecha-
nisms driving the disease are still not sufficiently understood to enable
prevention of plaque development and ultimately, reversal of the plaque

formation. MicroRNAs are complex regulators of cellular functions,
which provide means for manipulation of full pathways and gene net-
works instead of just one gene, and thus open interesting opportunities
from the therapeutic point of view. In addition, extracellular miRNA lev-
els could provide information on disease manifestation or progress and
thus aid in disease diagnostics. Here, we set out to study miRNA regula-
tion and expression under proatherogenic signalling in vascular endothe-
lial cells, and to estimate the potential of proatherogenic miRNAs as
diagnostic tools in CAD.

In order to identify the key transcription factors that mediate the
effects of proatherogenic oxPAPC signalling in endothelial cells, we per-
formed motif enrichment from active regulatory regions of human vas-
cular smooth muscle cells, macrophages, and aortic and venous
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endothelial cells. The results showed a significant enrichment of
NRF2-binding motif across all cell types, and further analysis pre-
dicted the binding of NRF2 to 56% of the active, oxPAPC-
responsive miRNA regulatory regions with AREs. Altogether, we
identified 126 NRF2-regulated miRNAs, out of which only 10 have
been previously characterized. More detailed analysis of the miRNA
expression patterns in endothelial cells, vascular smooth muscle
cells and macrophages confirmed identical TSS-usage and transcript
variant expression in all four cell types for 73% of the miRNA genes,
and for additional 21% of the cases, the expression pattern was
shared between three of the cell types thereby suggesting that
NRF2 regulates the expression of most of the identified miRNAs
also in vascular smooth muscle cells and macrophages. The findings
are consistent with previous publications, as NRF2 is known to be a
ubiquitous transcription factor, which has been recognized as the
mediator of oxidized phospholipid signalling, and a key signalling
molecule that is activated in response to hypoxia, in addition to oxi-
dative and electrophilic stress.>?4” Furthermore, it is a putative
global regulator of miRNA expression as it binds the AREs that have
been shown to be enriched in miRNA promoters.*8

Our data suggested that transcriptional activation by NRF2 likely
involves direct binding to nearby regulatory elements whereas
down-regulation is more indirect or involves tethered interactions
with other transcription factors. Similar results have been described
for other signal-dependent transcription factors like glucocorticoid
receptor49 and peroxisome proliferator-activated receptor.50
Interestingly, the motif analysis and the IPA upstream regulator analy-
sis further predicted ATF4, SREBF1, and NUPR1 as top regulators of
the oxPAPC response. Previous studies have identified ATF4 cobind-
ing with NRF2 to partake in the regulation of the NRF2-mediated
gene activation in mammalian cells.”’ Additionally, NUPR1 has been
identified as an upstream regulator in mediating redox stress re-
sponse and has been hypothesized to require NRF2 for the induction
of the target gene expression.”> On the other hand, SREBF1, also
known as SREBP1, has been shown to be down-regulated in the liver
of Nrf2-deficient (Nrf2’/") mice, and NRF2 binding to the ARE con-
taining promoter of SREBP1 has been confirmed in mice liver, estab-
lishing a link of NRF2 in the regulation of hepatic lipid homeostasis.>®
Future studies should address the roles of these potentially collabo-
rative transcription factors in mediating the effects of NRF2 activa-
tion in different contexts.

Deeper analysis of the nascent RNA profiles further suggested
that transcriptional initiation, leading to similar level of change at the
TSS and at the gene body, represents the main mechanism by which
NRF2-bound genes are regulated. This is in contrast to many other
signal-dependent factors activated by inflammatory (LPS or TNFa)
or angiogenic (VEGFA) stimulus, where transition into productive
elongation represents the major mechanism of gene activation.'®>*%>
This suggests that NRF2 could possibly recruit a different set of co-
activators or chromatin remodelers to promote the recruitment of
Pol Il and the components of the general transcription machinery to
form the pre-initiation complex at the promoters of target genes.
Further experiments are required to evaluate such cooperation.

In animal models of atherosclerosis, the role of NRF2 in the disease
development and progression has remained versatile and contradictory,
and as a result, NRF2 has been deemed to be both pro- and anti-athero-
genic.>® However, a recent study showed that unidirectional laminar
flow (UF) in atherosclerosis activates NRF2 expression in endothelial

cells, promoting adaptation to oxidative and nitrosative stress, as well as
anti-inflammatory effects.>” The role that NRF2 plays in the regulation of
angiogenesis has been consistently confirmed in many studies.*®*°
Here, we selected two abundant hub miRNAs, one of which is up-
regulated by NRF2 (miR-21-5p) and the other down-regulated
(miR-100-5p) and validated their role in the regulation of the
VEGFA/MYC pathway that promotes angiogenesis. Interestingly,
both miR-21-5p up-regulation and miR-100-5p down-regulation ac-
tivated the pathway, which leads to increased metabolic activity,
proliferation, and angiogenesis of endothelial cells. This has been
confirmed in functional studies, where down-regulation of miR-100
in HUVEC:s resulted in increased angiogenic tube formation as well
as endothelial sprouting and proliferation.®” In another study, knock-
down of miR-21 in HUVECs lead to decreased cell proliferation.®®
Furthermore, glycolysis is a prerequisite for cell growth and prolifer-
ation and NRF2 has been shown to participate in this process in en-
dothelial cells. In our previous studies, we have demonstrated that
overexpression of miR-21 and miR-100, decreases the glycolysis rate
in young endothelial cells, thus affecting NRF2-regulated functions,
although the effect of oxPAPC in this process was not established.*®
Altogether, our results provide the first evidence that NRF2
could mediate the global oxPAPC response of miRNAs and the sub-
sequent effects on the regulation of genes controlling endothelial ac-
tivation and angiogenesis that predisposes to thrombosis and plaque
rupture.’

In this work, we provide characterization of two of the most abun-
dant miRNAs, miR-100-5p, and miR-21-5p, in endothelial cells and
demonstrate their regulation by NRF2. In the literature, miR-100-5p
has been denoted as atheroprotective, as it inhibits the proliferation
of endothelial cells and migration of vascular smooth muscle cells.®®
These results suggest that therapeutic increase of miR-100-5p and
lowering of miR-21-5p levels could improve endothelial function in
atherosclerosis. For miR-100-5p recent evidence supports this, as
miR-100-5p overexpression was shown to attenuate atherogenesis
and decrease plaque area by 45% in a mouse model of atherosclero-
sis.® However, the results for miR-21-5p are more complex: a
global knockout of miR-21 in apoE’/” double knockout mice showed
reduced atherosclerotic lesions, lower presence of macrophages and
reduced smooth muscle cells and collagen content in the aorta,*
whereas local delivery of miR-21-5p has been shown to stabilize
fibrous caps of vulnerable plaques in a double deficient (apoE/
miR-217/") mouse model of advanced atherosclerosis.*! Moreover,
endothelial-specific knockout of miR-21 in mice had vascular remod-
elling effects in the aorta, such as decreased diastolic pressure
and impairment of endothelial-dependent relaxation of aorta, as well
as decrease of elastin and collagen content and changes on Smad2/5/
7 expression.* Thus, these studies highlight the importance of gain-
ing species, cell type, and cell state-specific knowledge on miRNA
function.

Advanced age is a known risk factor for atherosclerosis and its adverse
effects.** One of the clinically most important underlying factors for the
elevated risk is endothelial dysfunction, which happens early in vascular
aging. To estimate the effect of cellular senescence on the proathero-
genic miIRNA expression, we measured the miR-21-5p and miR-100-5p
levels from different endothelial passages. In accordance with the previ-
ously published data,* both miRNAs had increased expression in higher
cell passages. In addition, the secretion of these miRNAs was higher in
older cells compared to young. However, when the cells were exposed
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to proatherogenic stimuli, both cellular expression and secretion of the
miRNAs dropped to match the young cells indicating reduced respon-
siveness to oxPAPC stimuli. The subdued response to proatherogenic
signalling might be partially due to NRF2 expression, as NRF2 levels have
been shown to decrease in aging and cell senescence.®®

Finally, to estimate the utility of the miRNAs in diagnostics, we used
pericardial fluid samples of CAD patients and a matched control group.
Consistent with the endothelial results, miR-21-5p levels were higher in
the pericardial fluid of CAD patients than miR-100-5p. However, both
miRNAs were lower in CAD group compared to control, which is con-
sistent with the secretion data from senescent endothelial cells under
proatherogenic stimuli. Conversely, when the CAD samples were fur-
ther divided into subgroups based on severity of HF symptoms (NYHA
[-IV), miR-21-5p levels were seen to increase and miR-100-5p levels to
decrease with symptom severity, thus following more closely the
oxPAPC-induced NRF2-mediated expression patterns. Our results are
in line with measured miR-100-5p and miR-21-5p levels from human ath-
erosclerotic plaque samples, where miR-21-5p has been shown to be
up- and miR-100-5p down-regulated compared to control samples.¢®
Moreover, serum miR-21-5p levels have been shown to be elevated in
acute coronary syndrome patients compared to stable CAD patients.*”
However, future studies with a larger group of patients are needed to
overcome the variability in the miRNA levels and confirm the prospec-
tive utility of exosomal miR-21-5p and miR-100-5p in cardiovascular dis-
ease diagnostics.

Taken together, we conclude that NRF2 is a key regulator of the en-
dothelial miRNA expression under oxidized phospholipid stimulation as
it is predicted to regulate the expression of majority of the expressed
miRNAs and, especially, the expression of the key miRNAs miR-126-3p,
miR-21-5p, and miR-100-5p.
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Translational Perspective

Our analysis provides deeper understanding of the transcriptional regulation of miRNAs and their target genes that could regulate the proathero-
genic effects of oxidized phospholipids in endothelial cells. We further characterize the role of miR-21-5p and miR-100-5p in regulating the VEGF
pathway upon proatherogenic stimuli. We demonstrate that exosomal levels of both miRNAs obtained from pericardial fluid of cardiovascular dis-
ease patients are correlated with disease severity. Thus, future studies should determine the utility of miR-21-5p and miR-100-5p for the diagnosis

of cardiovascular disease.
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