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Regulation of NF-kB signaling by oxidized
glycerophospholipid and IL-18 induced miRs-21-3p
and -27a-5p in human aortic endothelial cells®

Milagros C. Romay,* Nam Che,T Scott N. Becker,* Delila Pouldar,T Raffi Hagopian,§
Xinshu Xiao,** Aldons J. Lusis, " Judith A. Berliner,'" and Mete Civelek"'

Departments of Microbiology, Immunology and Molecular Genetics,* Medicine,* Human Genetics,

§

Integrative Biology and Physiology,** and Pathology and Laboratory Medicine,'" University of California,

Los Angeles, Los Angeles, CA 90095

Abstract Exposure of endothelial cells (ECs) to agents
such as oxidized glycerophospholipids (oxGPs) and cyto-
kines, known to accumulate in atherosclerotic lesions, per-
turbs the expression of hundreds of genes in ECs involved
in inflammatory and other biological processes. We hypoth-
esized that microRNAs (miRNAs) are involved in regulating
the inflammatory response in human aortic endothelial cells
(HAECS) in response to oxGPs and interleukin 13 (IL-1f3).
Using next-generation sequencing and RT-quantitative PCR,
we characterized the profile of expressed miRNAs in HAECs
pre- and postexposure to oxGPs. Using this data, we identi-
fied miR-21-3p and miR-27a-5p to be induced 3- to 4-fold in
response to oxGP and IL-1§ treatment compared with con-
trol treatment. Transient overexpression of miR-21-3p and
miR-27a-5p resulted in the downregulation of 1,253 genes
with 922 genes overlapping between the two miRNAs. Gene
Ontology functional enrichment analysis predicted that the
two miRNAs were involved in the regulation of nuclear fac-
tor kB (NF-kB) signaling. Overexpression of these two
miRNAs leads to changes in p65 nuclear translocation Bl
Using 3’ untranslated region luciferase assay, we identi-
fied 20 genes within the NF-kB signaling cascade as puta-
tive targets of miRs-21-3p and -27a-5p, implicating these
two miRNAs as modulators of NF-kB signaling in ECs.—
Romay, M. C., N. Che, S. N. Becker, D. Pouldar, R. Hagopian,
X. Xiao, A. J. Lusis, J. A. Berliner, and M. Civelek. Regula-
tion of NF-kB signaling by oxidized glycerophospholipid
and IL-1f induced miRs-21-3p and -27a-5p in human aortic
endothelial cells. J. Lipid Res. 2015. 56: 38-50.
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The endothelium transitions from a quiescent state to
an active state during the initiation of the innate immune
response. The active endothelium is characterized by an
increased expression of leukocyte adhesion molecules and
chemotactic factors as well as increased permeability of
the vascular beds allowing for leukocyte recruitment into
the periphery from the blood. The persistence of endothe-
lial activation due to chronic exposure of inflammatory
stimuli is critical to the development of many diseases, in-
cluding atherosclerosis (1).

During the initiation of atherosclerosis, oxidized low
density lipoprotein (oxLDL) trapped in the vessel wall
contributes to the activation of ECs (2). In vitro treatment
of human aortic endothelial cells (HAECs) with a compo-
nent of oxLLDL, oxidized 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphatidylcholine (Ox-PAPC), changes the
expression of hundreds of genes involved in inflamma-
tion, unfolded protein response, coagulation, and sterol
biosynthesis (3-8). Similar global effects of interleukin 13
(IL-1B) and TNFa on ECs have been observed (9). How-
ever, the regulation of the response to these stimuli has
not been fully characterized. We hypothesized that miR-
NAs partially regulate the expression of genes that are in-
volved in the response of ECs to Ox-PAPC.

MicroRNAs (miRNAs) are small noncoding RNAs that
can affect the expression of hundreds to thousands of

Abbreviations:  Ago, Argonaute, AKT1, v-akt murine thymoma viral
oncogene homolog 1; AP-1, activator protein 1; EC, endothelial cell;
GM-CSF, granulocyte macrophage-colony-stimulating factor; HAEC,
human aortic endothelial cell; HUVEC, human umbilical vein endo-
thelial cell; IL-1B, interleukin 1f3; miRNA, microRNA; NF-kB, nuclear
factor kB; NK, natural killer; oxGP, oxidized glycerophospholipid;
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tidylcholine; UTR, untranslated region; VCAM-1, vascular cell adhe-
sion molecule-1.

'To whom correspondence should be addressed.

e-mail: mcivelek@mednet.ucla.edu

The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of eight figures, two tables,
and a supplementary file.

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org



genes by binding to their target mRNAs causing transla-
tional repression or target degradation (10). miRNAs con-
tribute to the regulation of many endothelial functions
including angiogenesis, vasodilation, coagulation, and in-
flammation (11-14). Furthermore, expression of EC miR-
NAs is highly sensitive to environmental cues. Common risk
factors for atherosclerosis including shear stress, high blood
glucose, and oxidized lipids have been shown to alter EC
miRNA expression suggesting a role for miRNAs during dis-
ease pathology (15-18).

In this study, we first characterized the repertoire of
miRNAs expressed in HAECs using next-generation se-
quencing of small RNAs. We then identified miRs-21-3p
and -27a-5p to be responsive to Ox-PAPC, IL-1B, and
TNFa. We found that these two miRNAs act to regulate
hundreds of genes, including genes associated with nu-
clear factor kB (NF-kB) signaling in ECs. We demonstrate
that transient overexpression of miRs-21-3p and -27a-5p
leads to decreased p65 nuclear translocation in response
to proinflammatory stimulant IL-1p suggesting that miRs-
21-3p and -27a-5p act to repress NF-kB signaling in HAECs.
We show using 3’ untranslated region (UTR) luciferase as-
say that miRs-21-3p and -27a-5p alter the expression of
both repressors and activators of the NF-kB signaling cas-
cade suggesting that these two miRNAs act to regulate the
extent of NF-«kB signaling in ECs.

METHODS

Cell culture and treatments

HAECs were isolated from aortas of human heart transplant
donors, and cultures were maintained in MCDB-131C complete
medium (VEC Technologies, Rensselar, NY). Ox-PAPC was pre-
pared as described previously (19). For some studies, cells were
treated in 1% FBS medium containing 40 pg/ml Ox-PAPC or
vehicle for 4 h. In other studies, cells were treated with 20 ng/ml
or 2 ng/ml IL-18 (201-LB-005/CF) and 20 ng/ml TNFa (210-
TA) purchased from R and D Systems in 1% FBS medium for 2 h.

miRNA overexpression experiments were performed using
Dharmacon miRDIAN miRNA mimics (miR-21-3p: C-301023-01-
0005; miR-27a-5p: C-301028-01-0005; negative control: CN-001000-
01-05) at indicated concentrations for 24 h. miRNA knockdown
experiments were performed using the Exiquon miRCURY
LNA™ miRNA inhibitors (miR-21-3p: 410136-00; miR-27a-5p:
410168-00; negative control: 199004-00) at the indicated concen-
trations for 24 h. All transfections were performed with Invitrogen
Lipofectamine 2000 reagent.

miRNA library preparation and sequencing

Following treatment, cells were lysed, and total RNA was iso-
lated using the Qiagen miRNeasy Kit to retain the small RNA frac-
tion. RNA integrity number (RIN) values were assessed with the
Agilent Bioanalyzer 2100 instrument. Samples with RIN values >
9.0 were used for transcriptional profiling. Small RNA libraries
were prepared using the Illumina Small RNA v1.5 protocol and
sequenced for 76 base reads on the Illumina GAIIx platform.

Alignment and quantification of miRNA deep sequencing

The small RNA sequencing data analysis method has been de-
scribed in detail elsewhere (20). Briefly, the sequencing files for

the four HAEC libraries were converted to the FASTQ format
using a custom Perl script. The reads were then aligned to the
hg19 version of the genome using the Novoalign tool with the
following settings: 116 —t30 ~h90 —rA -R 1 -m -g 200 —k. These
settings allowed for a single read to map to multiple regions of
the genome with up to one mismatch. We quantified the number
of reads aligning to the genomic coordinates of known mature
miRNAs downloaded from miRBase version 19 using the Biocon-
ductor package GenomicRanges for R (v.2.14.0) (21). Whenever
a read mapped to “x” genomic loci, the read would contribute a
count of 1/x to those regions. To enable comparison of counts
between samples, we normalized the expression values by divid-
ing the counts for a given mature miRNA by the sum of all the
miRNA counts for the corresponding library.

Whole genome transcript profiling and differential gene
expression analysis

HAECGs from two different donors were transfected with 1 nM
miRNA mimics and negative control for 24 h in triplicate. Total
RNA was hybridized to Illumina Human HT-12 v4 Expression
BeadChips. Genome Studio software (2010.v3) was used for ob-
taining fluorescent intensities for each probe. The probes were
processed using nonparametric background correction, followed
by quantile normalization with control and expression probes
using the neqc function in the limma package (R v2.14.0) (22).
The probes with detection P values <0.01 were considered ex-
pressed and used for subsequent analysis. Differential gene
expression analyses to compare overexpression of miR-21-3p or
miR-27a-5p with negative control were performed using Patterns
of Gene Expression (PaGE v5.1.6) (23). Genes were considered
to be differentially expressed if their expression changed at least
25% with <5% false discovery rate (FDR). The list of differentially
expressed genes was interrogated for statistically significant over-
represented biological themes using the Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID) (24).
Gene expression data have been deposited in Gene Expression
Omnibus with the accession number GSE48006.

miRNA and mRNA RT-qPCR

miRNA reverse transcription was performed from total RNA
samples that retained the small RNA fraction. The Applied Bio-
systems Tagman microRNA Reverse Transcription Kit was used
to generate cDNA. miRNAs and small RNAs were quantified us-
ing the following Tagman assays: RNU44 (Assay ID 001095), hsa-
miR-21-5p (Assay ID 000397), hsa-miR-21-3p (Assay ID 002438),
hsa-miR-23a (Assay ID 000399), hsa-miR-24 (Assay ID 000402),
hsa-miR-27a-3p (Assay ID 000408), and hsa-miR-27a-5p (Assay ID:
002445). mRNA reverse transcription was performed using the
Tagman Reverse Transcription Kit. Quantitative PCR (qPCR) for
miRNAs and mRNAs was performed using the Roche Probes 480
Master Mix or KAPA SYBRFast Master Mix, respectively, in a
Roche LightCycler 480 instrument.

Western blots

Cytosolic and nuclear fractions of total cellular protein were
isolated using the Thermo Fisher Scientific NE-PER Nuclear and
Cytoplasmic Extraction Kit. Isolates were run on 4-12% Bis-Tris
gels and transferred onto polyvinylidene difluoride membranes.
Antibodies used were p65 (ab7970, Abcam) at 1:250, Lamin A/C
(sc-6215 and sc-7292, Santa Cruz) at 1:500, and B-Actin (5125,
Cell Signaling) at 1:250 dilutions.

3’ UTR assay

The 3" UTRs for all indicated genes were cloned into a Promega
psiCHECK:2 plasmid. Fifteen nanograms per well 3" UTR plasmid
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and 100 ng/well of 3-galactosidase plasmid as filler were transfected
along with miRNA mimic into HEK293 cells grown in 48-well plates
for 24 h. Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System from Promega (E1960). The amount of Fire-
fly luciferase activity was normalized to Renilla luciferase activity to
account for transfection efficiency in each well.

Statistical analysis

Microarray differential expression was determined using a
permutation-based method (23). In order to assess the statistical
significance of changes in gene expression or luciferase activity,
a two-sided Student’s #test with unequal variance was used.

RESULTS

miRNAs expressed in HAECs

We sequenced four small RNA libraries prepared using
total RNA from HAECs from two separate donors treated
with media alone or media containing 40 pwg/ml Ox-PAPC
for 4 h. We obtained ~15-26 million reads per library (sup-
plementary Table I). Between 40% and 62% of the reads
mapped to genomic regions that overlapped with known
mature miRNA sequences (mirBase v19) (25). To account
for differences between sequencing depth of the libraries,
we normalized the miRNA expression levels by calculating
the percentage of reads that mapped to a specific miRNA
with respect to the total number of reads that mapped to all
known miRNAs for each sample. We detected between 386
and 583 miRNAs expressed per library, representing a total
of 618 unique miRNAs expressed in HAECs (supplemen-
tary Table I and supplementary File). Of the 618 miRNAs
identified, we found that 18 miRNAs were expressed at an
abundance >1% of total miRNA reads. miRs-21-5p and -126-
3p consisted of 40% of all the mapped sequencing reads.
These findings indicate that while many miRNAs are ex-
pressed, only a small fraction constitutes the majority of the
miRNA pool in HAECs (Fig. 1; supplementary File).

In order to validate the deep-sequencing results, we used
miRNA-specific RT-qPCR to assay the expression levels of
seven miRNAs whose abundance levels varied over a 10,000-
fold range according to our deep-sequencing results. The
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Fig. 1. Highly expressed HAEC miRNAs. miRNAs with average

percent abundance >1% according to next-generation sequencing
results are shown. Bars indicate average + SEM in four libraries.
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correlation between the deep-sequencing and RT-qPCR
results was highly significant (Pearson’s R=0.91, Pvalue =
4.39 x 10_6) suggesting that we were able to reliably quan-
tify miRNA expression in HAECs using deep sequencing
(supplementary Fig. I).

Effect of Ox-PAPC treatment on endothelial miRNAs

Oxidized glycerophospholipids (oxGPs) are known to
contribute to numerous disease processes including ath-
erosclerosis. Ox-PAPC is the major glycerophospholipid
oxidized in minimally modified LDL that induces inflam-
matory and other responses in ECs. Treatment of cultured
ECs with Ox-PAPC is known to change the expression of
hundreds of genes in comparison to untreated ECs.
Changes in miRNA expression levels as a response to envi-
ronmental stimuli is known to modulate the expression
of hundreds of genes; therefore, we hypothesized that
Ox-PAPC may act to alter EC gene expression through
changes in miRNA expression.

To assess the effects of Ox-PAPC treatment on EC
miRNA expression, we calculated the fold change in abun-
dance of miRNAs with respect to control cells. We ob-
served that miRs-21-3p and -27a-5p were induced by 3.36- and
4.04-fold in response to Ox-PAPC treatment, respectively
(Table 1). Mature miRNAs arise from Dicer processed pre-
miRNA, a stem-loop precursor transcript that can produce
two mature miRNAs, one from each arm (10). Although
miRs-21-3p and -27a-5p are upregulated in response to
Ox-PAPC, the expression of miRs-21-5p and -27a-3p, which
arise from the same pre-miRNA transcript, was not altered
by Ox-PAPC treatment (Table 1).

To determine the time course of miRNA induction, we
measured the expression of miRs-21-3p and -27a-5p at 2, 4,
and 8 h using miRNA-specific RT-qPCR. Consistent with
the deep-sequencing results, we found that miRs-21-3p and
-27a-5p were upregulated 2.0- and 2.5-fold, respectively at
4 h (Fig. 2A). In addition, we observed that miRs-21-3p and
-27a-5p were upregulated 2- and 3-fold in response to Ox-
PAPC as early as 2 h. By 8 h, miRs-21-3p and -27a-5p were
still upregulated 2- and 3.5-fold, respectively.

Several distinct miRNAs can be expressed as a cluster
from a single primary transcript. miR-27a-5p is transcribed
from an miRNA gene cluster including the genes MIR23A
and MIR24-2. To determine whether Ox-PAPC specifically
induced the expression of miRs-21-3p and -27a-5p, and
rather than all miRNAs that arise from the same primary
transcripts, we measured the expression of additional miR-
NAs at the three time points. Among the six miRNAs mea-
sured, only miRs-21-3p and -27a-5p showed induction upon
treatment (Fig. 2A) suggesting that the regulation of miRs-
21-3p and -27a-5p expression by Ox-PAPC occurs after
these miRNAs are processed to mature form.

To determine whether induction of miRs-21-3p and -27a-
5p in ECs was specific for Ox-PAPC, we treated HAECs with
alternative inflammatory stimuli: IL-18 and TNFa. Expo-
sure to TNFa is known to induce the expression of miRs-
155-bp and -31-5p in human umbilical vein endothelial cells
(HUVEGs) (26). Therefore, to confirm TNFa activity, we
measured the expression of these two miRNAs to serve as



TABLE 1. Abundance of miR-21 and miR-27a (percentage) in HAECs
Donor 1 Donor 2 Fold Change
Control Ox-PAPC Control Ox-PAPC Ox-PAPC versus Control
miR-21-5p 1.64 x 10! 1.56 x 10" 2.35x 10" 2.68x 10" 1.04
miR-21-3p 51510 ° 1.80 x 10°? 1.32x 10 * 498 x10 2 3.37
miR-27a-3p L11x 10" 9.31x107" 1.21 x 10" 1.34x 10" 0.97
miR-27a-5p 2.43x 102 1.06 x 10" 2.36 x 10 8.77x1072 4.03

positive controls. We observed that miR-21-3p was induced
~4- and 2-fold by IL-1B and TNFa, respectively, while
miR-27a-5p was induced ~2.5- and 3.5-fold by IL-13 and
TNFa, respectively (Fig. 2B). These results suggest that
miRs-21-3p and -27a-5p may be induced as a general re-
sponse to inflammatory stimuli in HAECs.

Identification of biological pathways regulated miRs-21-3p
and -27a-5p in ECs

A small number of studies have characterized mRNA tar-
gets of miRs-21-3p and -27a-5p in immune cells such as eo-
sinophils and natural killer (NK) cells and cancers such as
hepatocellular carcinoma and head and neck squamous cell
carcinoma (27-30). However, how miRs-21-3p and -27a-5p
regulate gene expression in ECs is not known. Therefore, we
sought to identify the targets and biological pathways modu-
lated by these two miRNAs in ECs using an unbiased ap-
proach. Based on previous dose response experiments with
miR-21-3p and miR-27a-5p miRNA mimics, we transfected
HAECs from two additional donors with 1 nM mimic leading
to 5- to 30-fold induction of miR-21-6p and 15- to 30-fold in-
duction of miR-27a-5p, respectively (supplementary Figs. I
and III). Twenty-four hours after transfection, we isolated the
total RNA and performed whole genome transcript profil-
ing. Because miRNAs often function to degrade mRNAs, we
focused on the transcripts that were downregulated in re-
sponse to the transient overexpression.

We found that miRs-21-3p and -27a-5p decreased the ex-
pression of 1,037 and 1,138 genes >25% at 5% FDR,
respectively. Of the 1,253 genes that were downregulated
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by either of the miRNAs, 922 of them were common, sug-
gesting the regulation of similar biological pathways by
these two miRNAs in ECs. While a single miRNA can tar-
get several hundred mRNA:s, it is likely that most of the
downregulation of the genes in HAECs is due to secondary
effects. miRNAs typically bind to the 3" UTRs of their
mRNA targets leading to transcript degradation (10). We
examined all 1,253 genes downregulated by either miRNA
using the miRNA target prediction algorithm miRANDA
(31). We found that 471 and 411 genes contained pre-
dicted binding sites for miRs-21-3p or -27a-5p, respectively.
Of those genes with predicted miRNA binding sites, 206
genes were predicted targets for both miRNAs.

Using DAVID, we searched for Gene Ontology enrich-
ment in the genes downregulated by miRNA overexpression.
We observed significant enrichment for genes involved in
the defense response, inflammatory response, and response
to wounding functional categories (Table 2). Within the de-
fense response category, genes belonging to the NF-«B sig-
naling pathway were highly represented comprising ~30%
and 26% percent of genes downregulated by miRs-21-3p and
-27a-bp, respectively. Therefore, we hypothesized that modu-
lation of miRs-21-3p and -27a-5p expression in ECs would
lead to functional consequences for NF-kB signaling.

miRs-21-3p and -27a-5p regulate p65 nuclear translocation

The p65, one of the NF-kB subunits, is sequestered in the
cytoplasm by the IkB proteins in an inactive state (32).
Once the signaling cascade is activated, the IkB proteins are
phosphorylated by the Ikk family of kinases, and p6b is free

OOX-PAPC at 40ug/mL
BIL-1B at 20ng/mL
u TNFa at 20ng/mL

Fig. 2. Expression of select miRNAs in HAECs in
response to various stimuli. A: miRNA expression in
HAECs over time in response to Ox-PAPC treatment.
HAECs were incubated with either control media or
media containing Ox-PAPC for the indicated dura-
tions. miRNA levels were quantified using RT-qPCR.
Plots show average + SEM. N = 8-9. B: miRNA expres-
sion in HAECs treated with inflammatory stimuli.
HAECs were treated with either control media or Ox-
PAPC for 4 h, or IL-1p or TNFa for 2 h. miRNA levels
were quantified using RT-qPCR. Plots show average +
SEM. N = 6. ** P<(.01.

*k

miR-155-5p
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TABLE 2. Functional enrichment of Gene Ontology categories of genes downregulated by miR-21-3p and miR-27a-5p

miR-21-3p Overexpression

miR-27a-5p Overexpression

Bonferroni-Corrected
Enrichment P

Gene Ontology Category Number of Genes Enrichment P

Bonferroni-Corrected

Number of Genes Enrichment P Enrichment P

Defense response 119 6.04x 107" 258 x 107! 130 499x107°  2.32x107"

Inflammatory response 74 5.77x 10" 2.49x107° 80 7.43x10°"%  345x10°°

Response to wounding 107 1.21x107"° 5.20x 1077 119 3.01x107"" 1.40x1077

Response to 27 8.33x107° 3.01x107" 28 3.28x10°* 7.82x 107"
lipopolysaccharide

Regulation of cell death 173 3.65x107° 1.46 x 10" 193 541 x107° 2.29x 10"

Regulation of IkB 36 453x107" 858 x 10" 34 1.94x 1077 1.00 x 10"

kinase/NF-kB cascade

to translocate to the nucleus. Based on the significant de-
crease in NF-kB signaling related genes in response to
miRNA overexpression, we hypothesized that overexpres-
sion of miRs-21-3p and -27a-5p would impair p65 nuclear
translocation. Previous work in HeLa cells using a luciferase
reporter construct containing three tandem NF-kB binding
sites has strongly suggested that Ox-PAPC does not activate
NF-«B signaling (33). We observed that treatment of HAECs
with Ox-PAPC did not induce p65 nuclear translocation but
appeared to decrease basal nuclear translocation (supple-
mentary Fig. IV). Consequently, to determine the effect of
miRs-21-3p and -27a-5p on p65 nuclear translocation, we
chose to treat HAECs overexpressing miRs-21-3p and -27a-
5p with IL-18, a known activator of NF-kB signaling.

As expected, p65 translocated to the nucleus in re-
sponse to IL-1B treatment in cells transfected with control
miRNA (Fig. 3A). We observed a significant decrease in
p65 nuclear translocation following overexpression of
miRs-21-3p and -27a-5p (Fig. 3A, B). We observed a lesser
decrease in p65 nuclear translocation with IL-13 treat-
ment of HAEGCs following knockdown of miRs-21-3p and
-27a-5p expression with miRNA inhibitors (Fig. 3C, D).

Altered p65 nuclear translocation leads to changes in
the expression of downstream targets of NF-kB signaling.
We measured the expression of E-selectin and vascular cell
adhesion molecule-1 (VCAM-1), direct targets of NF-«B,
in HAECs overexpressing the two miRNAs. In control cells,
E-selectin and VCAM-1 expression were induced >70-fold
in response to IL-1p treatment. As expected, we observed
impaired induction of E-selectin and VCAM-1 following
miRNA overexpression (Fig. 3E, F).

As knockdown of the two miRNAs appeared to also alter
p65 nuclear translocation, we measured the expression of
E-selectin and VCAM-1 in ECs transfected with miRNA in-
hibitors. We found that in comparison to control cells,
knockdown of miR-27a-5p had no significant change on the
expression of Eselectin or VCAM-1 (supplementary Fig. V).
In comparison, knockdown of miR-21-3p led to an increased
expression of both E-selectin and VCAM-1, despite im-
paired p65 nuclear translocation (supplementary Fig. V).

Regulation of NF-kB signaling through 3’ UTR targeting
of NF-kB genes

We used two distinct approaches to identify candidate
target genes for miRs-21-3p and -27a-5p (supplementary
Fig. VI). In our first approach, we focused on the differentially
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downregulated genes in our microarrays studies. There were
1,037 and 1,138 downregulated genes in response to miRs-
21-3p and -27a-5p overexpression, respectively. 119 and
130 of these genes belonged to the defense response
Gene Ontology functional category, respectively. The two
gene lists along with known NF-kB pathway genes that were
found to be downregulated by miRs-21-3p or -27a-5p over-
expression were then analyzed for putative binding sites for
either miRs-21-3p or 27a-5p as predicted by the miRANDA
algorithm (supplementary Fig. VI). This approach gener-
ated 26 preliminary candidate genes that were then assayed
using RT-qPCR in an additional HAEC donor overexpress-
ing miRs-21-3p or -27a-5p. We were able to confirm down-
regulation for 15 of the 26 genes that contained putative
binding sites for either of the two miRNAs (P < 0.1) (sup-
plementary Fig. VII).

In the second approach, we queried the whole genome
for predicted targets of miRs-21-3p and -27a-5p using miR-
WALLK, a database of miRNA prediction algorithms (36).
Genes that showed predicted target sites for either miRs-
21-3p or -27a-5p by a minimum of three algorithms were
then searched in the literature for known associations with
NF-kB signaling or known relevance to EC biology. This re-
sulted in 12 putative targets for miR-21-3p and 8 putative
targets for miR-27a-5p. Five genes out of the 20 genes were
selected at random to be validated as miRNA targets using
the 3" UTR assay. The combination of these two approaches
resulted in 20 candidate target genes representing three
distinct miRs-21-3p and -27a-5p predicted target types: joint
miRs-21-3p and -27a-5p target, miR-21-3p target only, and
miR-27a-5p target only (Table 3; supplementary Fig. VI).

Upon close inspection of these 20 candidate target
genes, we found they could be classified into three major
subgroups related to their location/role in the NF-kB
signaling cascade. Eight genes (ILIRI, TICAM2, TLR3,
UBE2N, BCL10, MAP2K?7, TNFAIP3, and TNIPI) have been
shown to act upstream of p65 nuclear translocation. The
remaining 12 genes involved processes downstream of p65
nuclear translocation and could be broken up into two ad-
ditional groups. Three genes (RELA, RFFCI, and CEBPB)
were found to act at the site of NF-kB transcriptional bind-
ing sites. The remaining nine genes (GCHI1, CBX4, HMOXI,
BCL2, CX3CL1, IL12A, HMGBI, ICOSLG, and TAPI) were
known downstream targets of NF-kB. These nine genes
based on known biological function could be classified
into two main subcategories: cell survival and proliferation
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Fig. 3. miR-21-3p and miR-27a-5p inhibit NF-kB signaling in HAECs. A: HAECs were transfected with 1 nM control or miR-21-3p or
miR-27a-5p mimic for 24 h and then treated with 20 ng/ml IL-1p for 2 h. Representative Western blot of both cytosolic and nuclear protein
fractions from HAECGs. B: Quantification of p65 nuclear translocation in three donors. Bars show average + SD. N = 3. C: HAECs were
transfected with 50 nM control or miR-21-3p or miR-27a-5p inhibitor for 24 h and then treated with 20 ng/ml IL-1B for 2 h. Representative
Western blot of both cytosolic and nuclear protein fractions from HAECs. D: Quantification of p65 nuclear translocation in three donors.
Bars show average + SD. N = 3. E and F: After 24 h transfection with control and mimics, cells were treated with 2 ng/ml of IL-18 for 2 h;
gene expression was quantified using RI-qPCR. Bars represent the average + SEM. N = 6. ** P<0.01.

(GCHI1, CBX4, HMOXI, and BCL2) and immune response/
inflammation (CX3CLI1, IL12A, HMGBI, ICOSLG, and
TAPI). Thus, it is likely that miRs-21-3p and -27a-5p act at
many points in the signaling cascade to regulate the extent
of NF-kB signaling.

miRNAs regulate gene expression through direct in-
teractions with the 3" UTR of the target mRNA. There-
fore, to determine direct miRNA/mRNA interactions by

miRs-21-3p and -27a-5p with their putative target genes,
we utilized 3" UTR luciferase reporter assay. The 3" UTRs
of the 20 genes were cloned to create fusion transcripts
with the firefly luciferase in the psiCHECK-2 plasmid.
The plasmids containing the candidate gene 3° UTRs
were then cotransfected in HEK293 cells with 5 nM mim-
ics of miR-21-3p, miR-27a-5p, or cel-miR-67 (a negative
control) to overexpress the miRNAs of interest.
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Of the 20 candidate genes, 16 genes contained predicted
miR-21-3p sites in their 3 UTR. For 11 of 16 genes (BCL2,
ICOSLG, TICAM?2, UBE2N, BCL10, CBX4, CEBPB, HMGBI,
IL12A, TAPI, and TLR3), we observed significant down-
regulation of luciferase activity following cotransfection

TABLE 3.

Putative gene targets of miR-21-3p and miR-27a-5p for validation

Gene Symbol

Gene Name

BCL2
HMOX1
ICOSLG
ILIRI
TICAM?2
UBE2N
BCL10
CBX4
CEBPB
CX3CL1
GCHI
HMGB1
ILI12A
TAPI
TLR3
TNIFAIP3
RELA
RICI
TNIPI1

B-cell CLL/lymphoma 2

Heme oxygenase (decycling) 1

Inducible T-cell costimulator ligand

Interleukin 1 receptor, type I

Toll-like receptor adaptor molecule 2
Ubiquitin-conjugating enzyme E2N

B-cell CLL/lymphoma 10

Chromobox homolog 4

CCAAT/enhancer binding protein (C/EBP) beta
Chemokine (C-X3-C motif) ligand 1

GTP cyclohydrolase 1

High mobility group box 1

Interleukin 12A

Transporter 1, ATP-binding cassette, subfamily B
Toll-like receptor 3

Tumor necrosis factor, alpha-induced protein 3

V-rel reticuloendotheliosis viral oncogene homolog A/p65

Replication factor C (activator 1) 1, 145 kDa
TNFAIP3 interacting protein 1

miR-21-3p miR-27a-5p
Binding Site? Binding Site?
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
No Yes
No Yes
No Yes

A EmiR-21-3p OTransfection Control B WmiR-27a-5p O Transfection Control
BCL2 |—, BCL2 £1a
HMOX1 | HMOX1 g TS
ICOSLG |ne— &= ICOSLG T
IL1RY | IL1R1 o e
MAP2K7 |EE——- ** MAP2K7 - P
TICAM? |[mmm— , — *** TICAM2 VR
UBE2N [, UBE2N . HEE
BCL1) [HE— ., % BCL10 . ***
CBX4 E = CBX4 . EEE
CEBPB e CEBPp |[WES: .,
CX3CL1 |— cxacL1 R
GCH1y| |— GCH1v1 — *E*
GCH1y2 |S— GCH1v2 . ax
HVMGE1 [— = xs HMGB1 e A=
IL12A |-, IL12A y HEE
TAp|  [—  *** TAP1 . wx
TLR3 _—, TLR3 3
TNFAIP3 |SE—- TNFAIP3 . kEe
RELA | RELA L owxx
RFC{  [H—- RFC1 . Es
TNIpq [ E— TNIP1 -

0 05 1 15 2 25 0 05 1 15
Fold Change Relative to Control Fold Change Relative to Control

c 14, Positive Control - miR-21-3p - Positive Control - miR-27a-5p
512 EM
S5 o0s
2= o >06
£ 804 £ Toa
Zo2 202

) ]

Transfection Control

miR-21-3p mimic

hsa-miR-21-3p
5' -CAACACCAGUCGAUGGGCUGU-3"

44

miR-27a-5p mimic

miR-204-5p mimic
Transfection Control
miR-21-3p mimic
miR-27a-5p mimic
miR-204-5p mimic

hsa-miR-27a-5p hsa-miR-204-5p

5’ ~-AGGGCUUAGCUGCUUGUGAGCA-3" 5’ -UUCCCUUUGUCAUCCUAUGCCU-3"

Journal of Lipid Research Volume 56, 2015

with miR-21-3p mimic (Fig. 4A). Seven 3" UTR plasmid
constructs representing the three miR-21-3p candidate
target genes (GCHI, TNFAIP3, and CX3CLI) and three
joint miR-21-3p and miR-27a-5p candidate target genes
(HMOXI1, MAP2K7, and ILIR) did not show decreased

Fig. 4. Identification of candidate target genes of
miRs-21-3p and -27a-5p. A and B: For each gene, a
plasmid containing the 3" UTR was cotransfected
with miRNA mimic at 5 nM concentration into
HEK293 cells. Results for the miR-21-3p mimic trans-
fected cells (A) and for the miR-27a-5p mimic trans-
fected cells (B). Bars represent average + SD. N = 6. A
and B: Blue color indicates genes that are predicted
to be miR-21-3p and miR-27a-5p targets. Red color
indicates genes that are predicted to be miR-21-3p
targets. Black color indicates genes that are predicted
to be miR-27a-5p targets. GCH1vl and GCH1v2 rep-
resent two different 3° UTR isoforms of the same
gene GCHI. C and D: 3’ UTR luciferase assay positive
controls for miRs-21-3p and -27a-5p. For each miRNA,
a positive control plasmid containing the full-length
complementary sequence of the miRNA in triplicate
was generated. These positive control plasmids were
cotransfected with either mimic control (transfection
control), miR-21-3p, miR-27a-5p, or miR-204-5p (an
unrelated miRNA) into HEK293 cells. C: Results
from the miR-21-3p positive control and from the
miR-27a-5p positive control. Bars represent average
+ SD. N = 6. Asterisks indicate significant downregu-
lation following miRNA overexpression. * P < 0.1,
** P<0.05, ¥*¥* P<0.01.
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luciferase activity following miR-21-3p overexpression. Nu-
merous factors can contribute to the strength of miRNA-3
UTR interactions including location of predicted miRNA
binding site in the 3" UTR, extent of complementarity be-
tween miRNA seed sequence and target 3" UTR, and total
extent complementarity between the full-length miRNA
sequence and target 3 UTR (10). We hypothesized that
variation in one of these three factors was shared by the six
candidate genes leading to a lack of response following
miR-21-3p overexpression. However, upon closer exami-
nation, we were unable to find significant similarity among
the three factors in the six candidate genes.

In contrast, 10 out of 20 candidate genes contained pre-
dicted miR-27a-5p interaction sites as determined by mi-
RANDA. Using the luciferase reporter assay, we found that
all 10 predicted candidate genes showed decreased lucif-
erase activity in response to miR-27a-5p overexpression
(Fig. 4B). Furthermore, we observed that all 10 candidate
genes predicted by miRANDA to contain only miR-21-3p
binding sites also showed downregulation in response to
miR-27a-5p, independent of their response to miR-21-3p
overexpression (Fig. 4A, B).

miRNA recognition of its target 3’ UTRs is primarily me-
diated by complementary in the target 3" UTR to miRNA

seed sequence, positions 2-8 of the mature miRNA. How-
ever, studies using Argonaute (Ago)-bound miRNA/mRNA
pairings suggest that up to 45% miRNA targets lack a per-
fect seed sequence match (87). Therefore, we tested the
hypothesis that there was a nonspecific interaction between
miR-27a-5p and miR-21-3p target 3" UTR sites. We gener-
ated positive control luciferase plasmids for both miR-21-3p
and miR-27a-5p by inserting sequences that were comple-
mentary to the full sequence of miRs-21-3p or -27a-5p into
the luciferase plasmid. We then cotransfected the positive
control miRNA target plasmids with the miRNA mimics and
then measured luciferase activity 48 h after transfection. As
a negative control we cotransfected the positive control
miRNA target plasmids with miR-204-5p mimic, an unre-
lated miRNA that shows no sequence similarity to either
miR-21-3p or miR-27a-5p (Fig. 4C). As expected, both the
miRs-21-3p and -27a-5p positive controls showed no down-
regulation of luciferase activity in response to miR-204-5p
overexpression in addition to downregulation of luciferase
activity in response to overexpression of their respective
miRNA (Fig. 4C).

There was no effect of miR-21-3p or miR-204-5p over-
expression on the luciferase construct harboring the
miR-27a-5p complimentary sequence (Fig. 4C). However,
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we observed a decrease in luciferase activity of the miR-21-3p
positive control plasmid with miR-27a-5p overexpression and
not with miR-204-5p overexpression (Fig. 4C). This finding
suggested that there is possible direct interaction between
miR-21-3p target sites and miR-27a-5p that is not predicted
by in silico prediction methods (supplementary Table II).
Therefore, to confirm that miR-27a-5p can indeed interact
with predicted miR-21-3p sites in 3" UTRs of genes, we mu-
tated the predicted miR-21-3p site and measured luciferase
activity in response to miR-21-3p and miR-27a-5p overexpres-
sion. At random we selected the 3" UTR of the CBEPB gene
and mutated the miR-21-3p predicted target site (supple-
mentary Fig. VIII B). Upon overexpression of the two miR-
NAs, we found that luciferase activity decreased ~60% and
40% in response to miRs-21-3p and -27a-5p overexpression,
respectively (supplementary Fig. VIII A). In comparison,
mutation of the predicted miR-21-3p in the CBEPB 3’ UTR
abolished the effects of miRs-21-3p and -27a-5p overexpres-
sion on luciferase activity. These findings strongly suggest
that miR-27a-5p can interact with predicted miR-21-3p sites
in 3’ UTR leading to downregulation of mRNA expression
(supplementary Fig. VIII).

DISCUSSION

The relevance of the effects of oxGPs on endothelial
function in various pathologies, such as acute inflammation,
lung injury, and atherosclerosis, has been extensively doc-
umented (38). Here, we identified a role for two miRNAs,
miRs-21-3p and -27a-5p, in regulating the response of HAECs
to oxGPs. Using an unbiased global approach, we deter-
mined that the two miRNAs regulate the NF-kB signaling
pathway in ECs in response to additional inflammatory
stimuli including IL-1B. Using the 3’ UTR luciferase assay
system, we show interactions between the two miRNAs with
multiple transcripts in the NF-«xB signaling cascade sug-
gesting that these miRNAs act as fine-tuning regulators of
NF-kB signaling.

Profile of miRNA-expressed in ECs

The endothelium contributes to the regulation of nu-
merous physiological functions including the vasomotor
tone, hemostatic balance, and inflammation. Here we pres-
ent a catalog of miRNAs expressed in HAECs as identified
by next-generation sequencing of the small RNAs. We iden-
tified a total of 618 unique miRNAs expressed in HAECs.
Previous studies characterizing miRNA expression in ECs
from seven different vascular beds expression using miRNA
microarrays identified 166 EC miRNAs (39). Our study
identified 474 HAEC miRNAs in addition to replicating 144
of the 166 previously reported EC miRNAs. The greater
number of miRNAs detected in our study compared with
the previous study can in part be attributed to the use of
deep sequencing for detection. In contrast to microarray
methods, deep sequencing contains a greater dynamic
range for quantification of miRNA expression as well as
increased accuracy in distinguishing between similar miR-
NAs and allowing for identification of novel miRNAs (40).
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Previously reported deep-sequencing results identified
427 known and novel miRNAs expressed in HUVECs (41).
Our study identified 369 of these 427 miRNAs. While we
cannot rule out the differences in sequencing depth and
data analysis between the two studies, these results suggest
that although the majority of miRNAs are common be-
tween HAEGCs and HUVECGs, differences in miRNA expres-
sion may exist based on the vascular bed.

Characterization of miRNA-regulated biological pro-
cesses in ECs through identification of miRNA/mRNA in-
teractions has shown that miRNAs can act as key regulators
of numerous physiological processes in ECs including an-
giogenesis, lineage commitment, and inflammation (11,
42, 43). Of the 18 highly expressed EC miRNAs identified
in our study, 11 have been previously studied in ECs. Seven
of the 11 previously expressed miRNAs have been impli-
cated as regulators of angiogenesis. miRs-126-5p, -126-3p,
-27a-3p, -103a-3p, -30a-5p, and -let-7f are proangiogenic
and target known inhibitors of angiogenesis, including the
genes SPREDI, DLKI, SEMA6, TSP-1, and DLL4 to pro-
mote vessel development (11, 44-47). miR-24-3p, through
regulation of the transcription factor of GATA2 and PAK4,
acts to inhibit angiogenesis (48).

EC miRNAs in the immune response

In addition to angiogenesis, highly expressed EC miR-
NAs have also been shown to act as regulators of the in-
flammatory process. miR-126-3p, in addition to its role as a
modulator of angiogenesis, is a known anti-inflammatory
miRNA through direct repression of the leukocyte adhe-
sion molecule VCAM-1 (49). In addition, many miRNAs
that are expressed at moderate to low levels in our data set
have also been shown to regulate inflammation in ECs.
The moderately expressed miRs-17-5p and -31-5p directly
inhibit the transcription of leukocyte adhesion molecules
intracellular adhesion molecule-1 and E-selectin, respec-
tively (26). Along with miR-126-3p, this provides evidence
for miRNAs as direct suppressors of inflammation in ECs
(26, 49). In addition to direct suppression of the expres-
sion of inflammatory molecules, anti-inflammatory EC
miRNAs also act to regulate major signaling pathways. For
example, miRs-181b-5p, -155-bp, and -10a-5p act to sup-
press inflammation through inhibition of NF-kB signaling
(15, 43). Our studies identified two EC miRNAs that act as
inhibitors of inflammation in ECs, miRs-21-3-p and -27a-
5p, through regulation of NF-«kB signaling.

Regulation of NF-kB signaling by miRs-21-3p and -27a-5p
in ECs

NF-kB signaling is one of the key pathways in the activa-
tion of the immune response in ECs. Various environmen-
tal cues, including cytokines, bacterial infections, and
hemodynamic forces, can activate NF-«kB signaling in ECs
leading to the increased expression of leukocyte adhesion
molecules, cytokines, and chemokines (50-52). In EGCs,
miRNAs have been shown to suppress the activation of
NF-«B at various points in the signaling cascade. A key site of
miRNA-mediated suppression of NF-«kB signaling is through
degradation of the kinases responsible for phosphorylating



IkB repressor proteins. miRs-10a-5p, -155-5p, -199a-5p,
-223-3p, -15a-6p, and -16-5p all function in this manner to
repress NF-«B signaling (15, 53-55). In addition, EC miR-
NAs can also repress NF-«xB signaling by inhibiting the
translocation of the NF-kB subunits to the nucleus, such
as miR-181b-bp-mediated transcriptional repression of
importin-a3, an adaptor protein functioning in nuclear
protein import (43).

Based on our microarray data, we predicted that Ox-
PAPC induced an increase in the levels of miRs-21-3p and
-27a-5p to suppress NF-kB signaling in ECs. Previous stud-
ies from several groups have demonstrated that in HAECs
and HUVECGs, Ox-PAPC minimally activates or does not
activate the expression of many NF-kB targets strongly in-
duced by lipopolysaccharide (LPS), TNFa, or IL-1p such
as E-selectin and VCAM-1 (34, 35). Using a luciferase con-
struct containing three copies of the NF-kB responsive ele-
ment, it has previously shown that unlike TNFa, Ox-PAPC
treatment does not induce activation of NF-kB (33).
Rather, these and other studies indicate that Ox-PAPC is a
strong inhibitor of activation of NF-kB targets by LPS in all
EC types (35). Our studies suggest that the induction of
miRs-21-3p and -27a-5p by Ox-PAPC can be a possible
mechanism that suppresses the activation of NF-«kB signal-
ing in ECs.

In contrast to Ox-PAPC, IL-1 and TNFa have also been
shown to strongly induce synthesis of proinflammatory
molecules by the NF-kB pathway but have well established
feedback mechanisms to block long-term activation, in-
cluding miRNAs. Our studies demonstrate that miRs-21-3p
and -27a-5p are used to regulate NF-kB activation by these
divergent activators of inflammation.

Identifying miRNA targets

In an attempt to identify direct targets of miRs-21-3p
and -27a-5p, we used two in silico approaches. In our first
approach, we identified candidate genes by focusing on
genes whose expression was downregulated following
miRNA overexpression. While this approach has been well
established for the identification of miRNA targets, the
large number of genes whose expression was altered by
either miRs-21-3p or -27a-5p overexpression in our data
set, even at a highly conservative statistical cutoff, necessi-
tated candidate prioritization. In our second method, we
utilized an in silico-based approach for identifying miRNA
target genes by using multiple miRNA prediction pro-
grams to query the whole genome for predicted targets of
miRs-21-3p and -27a-5p. In comparison to direct measure-
ments of miRNA/mRNA interactions, the utilization of
miRNA prediction algorithms such as miRANDA, which
rely on base complementarity of the mature miRNA se-
quence in the 3" UTR, biased our final candidate gene list
to genes that contained sequences in the 3" UTR comple-
mentary to miRs-21-3p and -27a-5p seed sequence (56).

While numerous methods have been developed for the
identification of direct miRNA-mRNA interactions, the
application of these methods is highly dependent on
the miRNA-mRNA interaction being investigated. cross-
linking immunoprecipitation-based methods, which utilize

immunoprecipitation of Ago proteins in the RNA-induced
silencing complex complex in combination with cross-
linking of bound direct miRNA-mRNA interactions, have
the advantage of direct determination of in vivo miRNA-
mRNA interactions. However, it should be noted that low-
abundance target miRNA-mRNA interactions may not be
captured regardless of their affinity of interaction with Ago
(57).To validate our list of 20 candidate genes, we chose to
use the well-established 3" UTR luciferase assay. One of the
drawbacks of this method is its reliance on excessively high
overexpression of both the target UTR and miRNA to de-
termine affinity between the miRNA and its target.

Upon testing of these 20 candidate genes using the 3’
UTR luciferase assay, we made two distinct observations.
First, in testing miR-21-3p target sites, we were only able to
confirm downregulation for 11 of the 16 predicted target
genes, representing an ~69% concordance of miRNA/
mRNA interaction predictions for miR-21-3p by miRANDA
with experimental observation. In contrast, previous stud-
ies on the accuracy of miRNA prediction programs for
predicting true miRNA/mRNA interactions have reported
20-49% concordance between experimental validation
and in silico prediction for miRANDA (58, 59).

Second, we observed downregulation of all 10 putative
miR-21-3p targets containing no predicted miR-27a-5p tar-
gets with miR-27a-5p overexpression. We further confirm
this observation using a positive control luciferase plasmid
containing only the complementary sequence of miR-
21-3p. In addition, we do not observe this effect with miR-
21-3p overexpression and miR-27a-5p target sites. Upon
visual inspection of the mature sequences of miRs-21-3p
and -27a-5p, we have identified two regions of limited se-
quence similarity that may contribute to the interaction of
miR-27a-5p to miR-21-3p target sites. In mammals, canoni-
cal miRNA/mRNA interactions involve complementarity
between the 3" UTR and the given miRNA’s 5" end. The
first region of limited region of sequence similarity in-
volves bases 13 and 15-19 of miR-21-3p being identical to
bases 1-5 of miR-27a-5p, which represents a large fraction
of the miR-27a-5p seed sequence suggesting a possible
mechanism for downregulation of miR-21-3p targets by
miR-27a-5p.

Complementarity in other regions beyond the 2-8 base
pair seed sequence at the 5 UTR has also been reported to
mediate miRNA/mRNA interactions (10). One of these
alternate miRNA/mRNA interactions, centered miRNA
binding, involves the presence of 11 base perfect comple-
mentary starting at base 3, 4, or 5 of the miRNA sequence
to 3 UTR (60). In addition to similarity to miR-27a-5p
seed sequence, between bases 8 and 17 of both miRNAs,
bases 8, 9, 12, 14, and 16 are identical between the two
miRNAs, suggesting an alternate interaction site between
miR-21-3p sites and miR-27a-5p.

We show further evidence that miR-27a-5p can interact
with predicted miR-21-3p sites as mutation of the pre-
dicted miR-21-3p site in the 3" UTR of CBEPB abolished
the effects of both miRs-21-3p and -27a-5p overexpression
on luciferase activity. These observations strongly suggest
that these two miRNAs act to regulate gene expression in
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the NF-kB signaling pathway through both through down-
regulation miRNA-specific target genes and, in a synergis-
tic manner, through direct targeting of the same genes.

miRs-21-3p and -27a-5p modulate the extent of NF-xB
signaling in ECs

miRNAs are biological rheostats that act to fine-tune
gene expression to provide robustness and modulate the
extent of activation of the signaling cascade (61). One
mechanism of modulation of a signaling cascade is through
direct repression of both activators and repressors, as seen
in zebrafish miR-430 targeting both transforming growth
factor § nodal agonist squinty and nodal antagonist lefly
(62). In total, we found evidence for direct interactions
between miRs-21-3p and/or -27a-5p for 20 candidate genes
(Figs. 4, 5). Upon closer inspection of these 20 candi-
date genes, we found that several of these genes are either
known repressors of NF-«B signaling, such as TNFAIP3/A20
and TNIP1/ABIN-1, or activators of NF-kB signaling, such
as MAP2K7 (63). In addition, we found that 9 of the 20 can-
didate genes lie downstream of NF-«kB signaling (Fig. 5).
These two findings, taken in consideration with the ex-
perimental observations that both overexpression and
knockdown of miRs-21-3p and -27a-5p impairs p65 nuclear
translocation following IL-1$ treatment, suggest a dual
role for miRs-21-3p and -27a-5p interacting with both the
activators and regulators of NF-«B signaling.

Activation of gene expression in response to IL-1B is
complex and involves the activation of numerous signal-
ing cascades including c-Jun N-terminal kinase, MAPK,
and NF-kB (64). Following inhibition of miRs-21-3p and
-27a-5p with miRNA inhibitors, we did not observe the ex-
pected decrease in expression of E-selectin and VCAM-1
given that loss of the miRNAs led to a decrease in p65 nu-
clear translocation. Treatment of HAECs with IL-13 fol-
lowing knockdown of miR-21-3p leads to an increase in
the expression of E-selectin and VCAM-1 despite impaired
p65 nuclear translocation. Promoters of these two genes
contain binding sites for the activator protein 1 (AP-1)
family of transcription factors (65, 66). Therefore, despite
impaired p65 nuclear translocation in response to knock-
down of miR-21-3p, IL-13 could act through AP-1 to in-
duce the expression of E-selectin and VCAM-1.

The role of tissue specificity in the identification of miRs-
21-3p and -27a-5p target genes

Recently published reports have begun to characterize
gene targets of miRs-21-3p and -27a-5p in different tissue
types and diseases. Activation of epidermal growth factor
receptor signaling is key in the development and progres-
sion of numerous cancers such as head and neck squa-
mous cell carcinoma. Recently published work has shown
that miR-27a-5p, whose expression is decreased in head
and neck squamous cell carcinoma cell lines, acts to regu-
late epidermal growth factor receptor signaling through
the repression of v-akt murine thymoma viral oncogene
homolog 1 (AKT1) and mechanistic target of rapamycin
(30). NK-cells cytotoxicity is mediated through release
of granules containing proteins such as perforin and

48 Journal of Lipid Research Volume 56, 2015

granzymes to induce apoptosis. Recent work has shown
that expression of miR-27a-5p leads to loss of cytoxicity of
NK-cells through direct transcriptional repression of per-
forin 1 (PRFI) and granzyme B (GZMB), suggesting
miR-27a-5p as repressor of apoptosis (28).

Recent work has also implicated miR-21-3p as a regula-
tor of apoptosis and cell growth in allergic inflammation;
the continued presence of eosinophils at the site of in-
flammation is highly dependent on the secretion of granu-
locyte macrophage-colony-stimulating factor (GM-CSF),
which acts to suppress apoptosis (67). In culture, GM-CSF
upregulates the expression of miR-21-3p, which enhances
ERK activation leading to a suppression of apoptosis in eo-
sinophils, suggesting that miR-21-3p is a key component in
GM-CSF-mediated survival (27). In hepatocellular carci-
noma, increased expression of MAT2A and MAT2B, which
are targets of miR-21-3p, contributes to progression of the
tumor growth (29). In our data, we found downregulation
of the reported targets that are expressed in ECs (AKT1,
MAT2A, and MAT?2B) following 24 h overexpression (data
not shown). Given the known role of NF-«kB signaling in
the promotion of cell survival and proliferation, confirma-
tion of the downregulation of these genes in our own data
is suggestive of modulation of other key processes by these
two miRNAs in ECs.

In summary, our study catalogs the profile of expressed
miRNAs in HAECs both pre- and postexposure to Ox-
PAPC. Furthermore, we identified the miRNAs, miRs-21-3p
and -27a-5p, to be induced in ECs in response to OxPAPC,
IL-1B, and TNFa treatment. We find these two miRNAs act
to regulate NF-kB signaling through suppression of p65
nuclear translocation. We present evidence using the 3’
UTR luciferase assay that these two miRNAs modulate the
extent of activation NF-kB signaling by regulating genes
involved in both the suppression and activation of NF-kB
signaling. Taken together, our studies suggest an impor-
tant and complex role for miRs-21-3p and -27a-5p in the
regulation of NF-kB activation in HAECs.HE
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