220z ‘) Arenuer uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Journal of the American Heart Association

ORIGINAL RESEARCH

Endonuclease V Regulates Atherosclerosis
Through C-C Motif Chemokine Ligand
2-Mediated Monocyte Infiltration

Xiang Yi Kong “, PhD; Camilla Huse "/, MSc; Kuan Yang “*, PhD; Jonas @gaard “*/, MSc; Natalia Berges, PhD;
Erik Sebastian Vik, PhD; Meh Sameen Nawaz, PhD; Ana Quiles-Jiménez “/, PhD; Azhar Abbas, PhD;

Ida Gregersen ", PhD; Sverre Holm, PhD; Vigdis Bjerkli, BSc; Azita Rashidi, BSc; Cathrine Fladeby, PhD;
Rajikala Suganthan, MSc; Ellen Lund Sagen, BSc; Mona Skjelland, PhD; Anna Lang, PhD; Stig Ove Bge, PhD;
Magnar Bjeras, PhD; P&l Aukrust, PhD; Ingrun Alseth “/, PhD;* Bente Halvorsen, PhD*;

Tuva Berresdatter Dahl &, PhD

BACKGROUND: In cardiovascular diseases, atherosclerotic disorder are the most frequent and important with respect to mor-
bidity and mortality. Inflammation mediated by immune cells is central in all parts of the atherosclerotic progress, and further
understanding of the underlying mechanisms is needed. Growing evidence suggests that deamination of adenosine-to-
inosine in RNA is crucial for a correct immune response; nevertheless, the role of adenosine-to-inosine RNA editing in athero-
genesis has barely been studied. Several proteins have affinity for inosines in RNA, one being ENDOV (endonuclease V), which
binds and cleaves RNA at inosines. Data on ENDOV in atherosclerosis are lacking.

METHODS AND RESULTS: Quantitative polymerase chain reaction on ENDOV mRNA showed an increased level in human ca-
rotid atherosclerotic plaques compared with control veins. Inosine-ribonuclease activity as measured by an enzyme activity
assay is detected in immune cells relevant for the atherosclerotic process. Abolishing EndoV in atherogenic apolipoprotein
E-deficient (ApoE~") mice reduces the atherosclerotic plaque burden, both in size and lipid content. In addition, in a brain
stroke model, mice without ENDOV suffer less damage than control mice. Finally, lack of EndoV reduces the recruitment of
monocytes to atherosclerotic lesions in atherogenic ApoE~~ mice.

CONCLUSIONS: ENDOV is upregulated in human atherosclerotic lesions, and data from mice suggest that ENDOV promotes
atherogenesis by enhancing the monocyte recruitment into the atherosclerotic lesion, potentially by increasing the effect of
CCL2 activation on these cells.
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disease during the past 20 years, cardiovas-
cular disease is still the leading cause of death
in both developing and developed countries and
accounts for 17 million deaths each year according
to the World Health Organization.! In cardiovascu-
lar diseases, atherosclerotic disorders are the most

D espite decreased prevalence of cardiovascular

frequent and important with respect to morbidity
and mortality.> Atherosclerosis is a progressive dis-
ease with a bidirectional interaction between lipids
and inflammation as a major pathogenic hallmark.
Although great progress has been achieved in the
understanding of atherogenesis during the past de-
cades, the identification of all the signaling pathways
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CLINICAL PERSPECTIVE
What Is New?

RNA-editing enzymes and edited ribonucleo-
tide inosine are dysregulated in human carotid
atherosclerosis.

e Abolishing endonuclease V, a central regulator
of these processes, reduces plaque size and
ischemic stroke severity in preclinical models.

What Are the Clinical Implications?

e Endonuclease V may represent a novel thera-
peutic target in patients with atherosclerotic
disorders.

Nonstandard Abbreviations and Acronyms

ADAR1 adenosine deaminase acting on RNA 1
BMDM bone marrow—derived macrophage
ENDOV endonuclease V

PBMC peripheral blood mononuclear cell
VSMC vascular smooth muscle cell

that are involved in this complex process has not
been fulfilled.

Upon activation, immune cells respond rapidly
through a balanced secretion of cytokines, chemok-
ines, interferons, and growth factors to evoke a prop-
erly tuned innate immune response. For example,
hundreds of interferon-stimulated genes are upregu-
lated within 2 to 3 hours after macrophage activation.®
One of these genes is ADART (adenosine deaminase
acting on RNA 1),%® which is responsible for deamina-
tion of adenosine to inosine in RNA.® Growing evidence
suggests that ADART-mediated adenosine-to-inosine
editing is crucial for a correct immune response, in
particular the ability of recognition of endogenous (self)
double-stranded RNA that can be released during tis-
sue damage.’

Mammalian cells have enzymes that recognize
inosines in RNA. One of these is endonuclease V
(ENDQV), which binds and cleaves RNA at ino-
sines.?9 In humans, there seems to be a complex
alternative splicing of ENDOV mRNA and a specific
regulation of the various isoforms in different macro-
phage phenotypes.'® Although the in vitro activity of
mammalian ENDOV is well studied, the in vivo func-
tion is still unknown.

The role of adenosine-to-inosine RNA editing in
atherogenesis has barely been studied and data on
ENDQV are lacking. One study showed that ADART
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was essential for vascular remodeling and vascular
smooth muscle cell (VSMC) phenotypic modulation in
vivo by the inactivation of splice sites in VSMC con-
tractile genes."" Recently, Stellos et al showed that
adenosine-to-inosine editing controls the mMRNA sta-
bility of the extracellular matrix degradation enzyme
cathepsin S and that increased expression of ADART
in atherosclerotic inflammatory diseases results in in-
creased levels of cathepsin S.”2

We hypothesized that the interplay between
ADART1, adenosine-to-inosine editing, and ENDOV
could play a pathogenic role in the development and
progression of atherosclerosis. This hypothesis was
examined by different experimental approaches in-
cluding clinical and experimental studies particularly
focusing on leukocyte influx into the lesion and the
role of the prototypical proatherogenic chemokine/
chemokine receptors CCL2/CCR2 as well as VSMC
remodeling.

METHODS

Because of ethical restrictions from the Regional
Committee for Medical and Research Ethics in South-
East Norway, the data from the individual patients will
unfortunately not be made available to other research-
ers for purposes of reproducing the results or replicat-
ing the procedure.

Ethics

The protocols for human samples were approved by
the Regional Committee for Medical and Research
Ethics in South-East Norway, reference numbers S-
0923a 2009/6065 and 2017/2202. All participants
gave signed informed consent, and the study pro-
tocols were in agreement with the principles of the
Declaration of Helsinki.

The animal experiments have been approved by
the Norwegian National Animal Research Authority
with FOTS project license numbers 7927, 8395,
5336, and 21681. All animal experiments were per-
formed in accordance with the European Directive
2010/63/EU.

Patient Material

Patients who were referred to carotid endarterec-
tomy were consecutively enrolled in the Oslo Cohort
Study between 2005 and 2014 at the Department of
Neurology, Oslo University Hospital Rikshospitalet.
The indication for carotid endarterectomy was
based on current guidelines.'® Characteristics
of the 163 patients (mean age, 68.7 years; 67.1%
men) who donated carotid atherosclerotic plaques
retrieved during carotid endarterectomy are pre-
sented in detail in the Table. The patients with no
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Table. Baseline Variables in Patients (Carotid Plaques;
n=163)

Percentage (No.) or

Variable Mean=SD
Age,y 68.7+8.1
Male sex 671 (110)
BMI, kg/m? 26.2+3.8
Current smoking 44.5 (73)
Hypertension 64.6 (106)
Diabetes mellitus 22.0 (36)
Aspirin treatment 88.4 (145)
Statin treatment 90.9 (149)
CRP, mg/L 8.3+34.8
Leucocyte count, 10%/L 7.8+2.1
Platelets, 10%/L 277.7+76.6
Total cholesterol, mmol/L 4.3+1.2
LDL cholesterol, mmol/L 2.5+£0.9
HDL cholesterol, mmol/L 1.3+0.5
Triglycerides, mmol/L 1.5+1.0
HbA1c, % 6.2+1.5

BMIl indicates body mass index; CRP, C-reactive protein; HbA1c, hemoglobin
Atc; HDL, high-density lipoprotein; and LDL, low-density lipoprotein.

relevant symptoms had carotid stenosis that was
coincidentally detected during clinical examination
of patients with coronary or peripheral artery dis-
ease. For comparison of plagque analyses, healthy
arterial tissue samples were obtained from nonath-
erosclerotic common iliac arteries of organ donors
with no history of cardiovascular disease, de-
ceased from sudden death and approved for organ
transplantation. Characteristics on patients donat-
ing blood for peripheral blood mononuclear cells
(PBMCs) analysis are listed in Table S1. For com-
parison, PBMCs were also isolated from healthy
controls (n=33) based on disease history (mean
age, 66.6 years; 66.7% men).

PBMC Isolation

PBMCs were isolated from heparinized blood
from healthy controls and patients with stroke by
Isopaque-Ficoll (Lymphoprep, Fresenius Kabi Norge
AS) gradient centrifugation within 1 hour after blood
collection and stored at —80°C as cell pellets before
RNA isolation.

Animal Studies

The apolipoprotein E” (ApoE~-) EndoV/~'~ mouse strain
was generated by crossing EndoV~ mice described
previously™ and ApoE~~ mice (C57BL/6N, Taconic
Biosciences; Figure S1). Wild-type controls in the
EndoV/~ experiments were C57BL/6N mice. All mice
were housed under a 12-hour light-dark cycle with
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ad libitum access to food and water unless otherwise
stated.

For assessment of aortic root atherosclerosis, fe-
male ApoE~~ and ApoE~~ EndoV/~ mice were fed an
atherogenic diet (Research Diets Inc., Diet No. D12451
enriched with 0.25% cholesterol) for 10 weeks before
termination by cardiac puncture. Blood was collected
using a 1-mL syringe coated with 0.5 mol/L of EDTA
(Fluka, Sigma-Aldrich). EDTA blood was immediately
placed on ice and centrifuged within 30 minutes at
2000g (4°C) for 20 minutes to obtain platelet-poor
plasma. Cranial halves of the hearts were placed in
Tissue-Tek optimal cutting temperature (OCT) com-
pound (Tissue-Tek, Sakura Finetek) and frozen at
—80°C until analysis.

In the monocyte lesion recruitment experiment,
male ApoE~”~ and ApoE~”~ EndoV~ mice received
an injection of Fluoresbrite Polychromatic Red 1.0
um beads (2.5% solids-latex, Polysciences, Inc., No.
18660). Beads were diluted in sterile PBS (1:4 dilution)
and 250 plL was administered through caudal vein in-
jection. The mice were then fed an atherogenic diet
(Diet No. D12451) for 5 weeks before termination by
cardiac puncture. Blood and tissue samples were col-
lected as described previously.

Model of Hypoxia-Ischemic Stroke
Wild-type and EndoV/”~ mice underwent cerebral is-
chemic stroke at postnatal day 10 by permanent occlu-
sion of the common carotid artery followed by hypoxia
(Levine'®and Sheldon et al'®). Briefly, the mice were ad-
ministered an analgesic with buprenorphine (0.1 mg/kg)
before surgery and anesthetized with isoflurane (4% in-
duction, 2.5% maintenance in a 2:1 mixture of ambient
air and oxygen). After a small skin incision, the left com-
mon carotid artery was isolated and ligated by cauteri-
zation. All surgical procedures were performed within
5 minutes. The pups were then returned to the dam
for 1 hour to recover before 60 minutes of hypoxia with
10% O, at 36°C in a hypoxia chamber (Invivo2, Thermo
Fisher Scientific). After the procedure, the pups were re-
turned to the dam until harvesting at day 42.

Histological Analysis of the Aortic Root

Frozen hearts embedded in Tissue-Tek OCT com-
pound were sectioned from the caudal to the cranial
direction at 10-pm intervals on a cryostat. The sec-
tions were collected, starting at a 90-um distance
after the appearance of the aortic cusps and stop-
ping at 880 um. Great caution was taken to prevent
oblique sections. Sections were air dried and fixated
with either 4% paraformaldehyde or cold acetone.
Plaque size and lipid content were investigated in
paraformaldehyde-fixed sections collected at 100-pm
intervals, stained with Oil-Red-O (Sigma-Aldrich) and
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counterstained using hematoxylin (H-3404, Vector
Laboratories). Smooth muscle cell content was de-
termined using fluorescence staining with rabbit
anti-a-smooth muscle actin (ab124964, Abcam) and
Alexa-488 goat anti-rabbit secondary antibody (A-
11008, Thermo Fisher Scientific) on acetone-fixed aor-
tic root slides. Sirius Red (Histolab, Vastra Frélunda)
staining was done on paraformaldehyde-fixated slides.
Stained sections were scanned (Axio Scan.Z1, Zeiss)
and imported to an in-house, web-based digital slide
storage- and analysis system (z9.nird.sigma2.no) sys-
tem for evaluation and quantitative examination. Here,
atherosclerotic plaques in the aortic root were digitally
analyzed, and areal marker prevalence was quantified
using colorimetric detection of the Picrosirius red/fluo-
rescence/oil-red-O staining within the hue, saturation,
value/red, green, blue color space.

Bone Marrow-Derived Macrophages

Bone marrow was isolated by flushing femurs and
tibiae and culturing cells in Roswell Park Memorial
Institute 1640 medium (Invitrogen) containing 10%
heat-inactivated FCS, 100 U/mL penicillin, 100 mg/mL
streptomycin, 2 mmol/L t-glutamine, and 10 mmol/L
Hepes and supplemented with 15% L929-conditioned
medium to generate bone marrow—derived mac-
rophages (BMDMs). Medium was replaced every
3 days, and differentiated BMDMs were used for in
vitro assays 7 days after isolation.

For monitoring oxidized low-density lipoprotein ac-
cumulation, oxidized low-density lipoprotein  (Kalen
Biomedical, LLC) was stained with pHrodo Red, succin-
imidyl ester (Invitrogen, catalog number P36600) as de-
scribed by the manufacturer. Briefly, 100 pL of 1 mg/mL
oxidized low-density lipoprotein was incubated with 1 L
of 10.2 mmol/L pHrodo for 18 hours at 4°C in the dark
before use. PBS with pHrodo alone was used for negative
controls. BMDMs were seeded in 96-well plates (0.02 mil-
lion cells/well) and placed in the Incucyte S3 live cell sys-
tem. Pictures were taken with 15-minute time intervals and
analyzed with the Incucyte S3 2018C software. A fluores-
cent signal was related to confluent area in the wells.

For assessing random migration of BMDMSs in vitro,
cells were seeded on 12-well plates (MatTek Life Science)
coated with 0.02% gelatin (American Type Culture
Collection) for 15 minutes. The cells were left overnight
to attach and stimulated with the regular cell culture
media described previously or with media contain-
ing 0.2% FCS and 100 ng/mL CCL2 (R&D Biotechne).
Live cell imaging of migrating cells was acquired using
a Zeiss Axio Observer Z1 wide-field microscope con-
trolled by the Micro-Manager software 1 (version 2.0b).
The microscope was equipped with a 20x0.8 Numerical
Aperture air objective, a Complementary Metal-Oxide
Semiconductor camera (ORCA-Flash4.0, Hamamatsu)
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and a high-precision stage. During imaging, cells were
maintained at 37°C and 5% CO,. A grid of 4x4 adjacent
images was acquired once every 4 minutes using trans-
mitted light and a Differential Interference Contrast (I1=2)
condenser setting. Subsequently, image panels were
stitched together into mosaic images. Image stacks
were processed in a 3-step manner. First, background
correction was performed with Imaged (ImageJ2 and Fiji)
by subtracting the mean intensity of each stack across
the time points from each slice in that stack. Second,
a random subset of the images at various time points
were imported into llastik (imagej.net), and cell nuclei
were annotated using a pixel-wise classification setup.
Once the predictions from llastik were comparable with
the ability of the operator to discern individual nuclei, the
probability maps of the nuclei detections were exported
for the full range of images. Lastly, in Imaged, a workflow
was used that automatically applied TrackMate parti-
cle detection for the probability maps of the nuclei. The
workflow further used the results from the detected par-
ticles to calculate absolute and Euclidean means by an-
alyzing the movement of each individually detected cell
and also overlaying all cells in each well onto a migration
map, where the position of every cell was normalized to
its position at the first detected time point.

For RNA analysis, BMDMs were seeded in 24-well
plates (Thermo Fisher Scientific; 0.5 million cells/well)
with normal cell culture media. After overnight attach-
ment, the cells were incubated for 4 hours in normal
cell culture media with 100 ng/mL recombinant CCL2
(R&D Biotechne) before being washed with PBS and
lysed with RLT buffer from the RNeasy RNA isolation
kit (Qiagen).

MRNA Analysis

Total RNA was isolated under RNase-free conditions
using RNeasy spin columns, as described by the com-
pany (Qiagen). Isolated RNA was treated with DNase
(Qiagen) and stored at —80°C until further analysis. RNA
concentrations and purity based on the 260/280 and
the 260/230 ratios were assessed by spectrophotom-
eter absorbance (NanoDrop ND-1000, Thermo Fisher
Scientific). Equal amounts of total RNA were used for
synthesis of cDNA using the g-Script cDNA Synthesis kit
(Quanta Bioscience). Reverse transcriptase—quantitative
polymerase chain reaction was performed using
Perfecta SYBR Green Fastmix ROX (Quanta Bioscience)
and the 7900HT Fast Real-Time PCR System (Applied
Biosystems) with the accompanying software SDS 2.4.
Briefly, polymerase chain reaction conditions were 95°C
for 3 minutes, followed by 40 cycles of 95°C for 15 sec-
onds and 60°C for 60 seconds. Primers are listed in
Table S2. Target transcript levels were quantified by the
comparative Ct method using the nonregulated refer-
ence gene b-actin as endogenous control.
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Paired-end RNA sequencing of total RNA from
BMDMs from EndoV~~ and WT mice was performed
on Novaseq 6000 system from lllumina. Raw files were
trimmed with Fastp (version 0.20.0)' in paired-end
mode to remove contaminated adapters and reads
with Phred quality scores <30. Filtered reads were
mapped to mouse cDNA (GRCm38.p6, Ensembl re-
lease 98)'® by Kallisto (version 0.46.0) with 200 boot-
strap iterations.’® The output was then processed by
Sleuth (version 0.30.0) to obtain the significant differ-
entially expressed transcripts with the Wald test.?° The
b value is analogous to the fold change, and it is on
the natural-log scale, taking into account the inferential
variance estimated from bootstraps.

Quantification of Inosine

RNA was hydrolysed to ribonucleosides with 20 U ben-
zonase (Santa Cruz Biotechnology) and 0.2 U nuclease
P1 (Sigma-Aldrich) in 10 mmol/L ammonium acetate pH
6.0 and 1 mmol/L MgCl, at 40°C for 45 minutes and
then ammonium bicarbonate to 50 mmol/L and 0.002 U
phosphodiesterase | and 0.1 U alkaline phosphatase
(Sigma-Aldrich) were added and incubated further at
37°C for 45 minutes. The hydrolysates were added
to 3 volumes of acetonitrile and centrifuged (16 000g,
30 minutes, 4°C). The supernatants were dried and dis-
solved in 50 pL of water for the liquid chromatography
with tandem mass spectrometry analysis of modified
and unmodified ribonucleosides. Chromatographic
separation was performed using an Agilent 1290 Infinity
Il ultra high performance liquid chromatography system
with a ZORBAX RRHD Eclipse Plus C18 150x2.1 mm
ID (1.8 pm) column protected with a ZORBAX RRHD
Eclipse Plus C18 5x2.1 mm ID (1.8 um) guard column
(Agilent). The mobile phase consisted of water and meth-
anol (both added 0.1% formic acid) run at 0.23 mL/min,
for modifications starting with 5% methanol for 30 sec-
onds, followed by a 3-minute gradient of 5% to 15%
methanol, a 3-minute gradient of 15% to 90% metha-
nol, and a 4-minute re-equilibration with 5% methanol.
A portion of each sample was diluted for the analysis
of unmodified ribonucleosides, which was chromato-
graphed isocratically with 20% methanol. Mass spec-
trometric detection of inosines was performed using
an Agilent 6495 Triple Quadrupole system operating in
positive electrospray ionization mode, monitoring the
mass transitions with parameters as follows: molecular
weight, 268.1 Da; Q1 molecular ion, 267.1 m/z, atomic
mass unit (@mu); Q3 product ion, 135.1 m/z, amu; and
negative ionization polarity.

ENDOV Activity Assay

THP-1 cells and Jurkat cells (American Type Culture
Collection, LGC standards) were harvested by cen-
trifugation at 500g for 5 minutes, and T-rex cells
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overexpressing ENDOV (positive control?') were har-
vested by trypsinization. All cells were washed once
in PBS and then homogenized in radio immuno pre-
cipitation assay buffer (50 mmol/L Tris HCI pH 7.5,
150 mmol/L NaCl, 0.1% SDS, 0.5% Na-Deoxycholate,
0.5% Triton X100) and freshly added protease inhibi-
tor cocktail (PIC 1:100, Sigma-Aldrich), 1 mmol/L dith-
ithreitol (DTT), 100 U/mL RNase OUT (Invitrogen), and
400 pmol/L vanadyl ribonucleoside complex (VRC)
(BioNordika/New England Biolabs). Extracts were
cleared by centrifugation at 21 000g for 20 minutes,
and protein concentration was measured with the
Pierce BCA Protein assay (Thermo Fisher Scientific).
Endogenous ENDOV was immunoprecipitated from
protein extracts (1.5 mg) by incubating with 2 ug ENDOV
antibody (ab69400, Abcam) in 1 mL of buffer contain-
ing 100 mmol/L KCI, 5 mmol/L MgCl,, 10 mmol/L
HEPES pH 7.0, 0.5% IGEPAL CA-630 (Sigma-Aldrich),
1 mmol/L DTT, 100 U/mL RNase OUT, 400 umol/L
VRC and PIC (1:100). The mixtures were incubated
for 2 hours with slow rotation at 4°C. Protein A/G Plus
agarose beads (Santa Cruz) were added, and incuba-
tion continued overnight. The beads were collected by
centrifugation at 1000g for 5 minutes and washed 3
times with 1 mL NT2 buffer (50 mmol/L Tris HCI pH
7.4, 150 mmol/L NaCl, 1 mmol/L MgCl,, and 0.5%
IGEPAL CA 630). After the last wash, the liquid was re-
moved, and ENDQV activity was measured by adding
2 pL %2P-end-labeled single-stranded RNA substrate
(5-ACUGGACA[rI[rU[r]CUCCGAGG-3), 4 L reaction
buffer (final 10 mmol/L Tris HCI pH 7.5, 0.5 mmol/L
MnCl,, 50 mmol/L KCI, 1 mmol/L DTT, and 5% glyc-
erol) and 8 pL water as described in Berges et al.”®
Reactions proceeded at 37°C for 10 minutes and were
stopped by adding 10 uL formamide loading dye (80%
formamide, 10 mmol/L EDTA, 0.1% xylene cyanol, and
0.1% bromophenol blue). The samples were heated at
50°C for 5 minutes, and the reaction products sepa-
rated on 20% polyacrylamide/urea gels at 200 V for
1 hour in 1x taurine buffer. The $?P-labeled fragments
were visualized by phosphorimaging (Typhoon 9410
Variable Mode Imager).

Cholesterol and Triglyceride
Measurements

Plasma cholesterol and triglycerides were analyzed
using a colorimetric method according to manufac-
turer’s guidelines (Wako Chemicals GmbH).

Cytokine Measurements

Plasma interferon v, interleukin (L)-1B3, IL-4, IL-5,
keratinocytes-derived chemokine, tumor necro-
sis factor, and IL-10 levels were analyzed by using
U-plex Biomarker Groupl (mouse) kit (Meso Scale
Diagnostics) using a QuickPlex SQ120 instrument.



220z ‘) Arenuer uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Kong et al

Statistical Analysis

Statistical analyses were performed using the Student
t test. Correlation analysis was calculated using the
Spearman rank correlation coefficient. Statistical
analyses were conducted using Prism version 6.0
(GraphPad software). P<0.05 was considered statisti-
cally significant. Data are presented as mean+SD.

RESULTS

Higher Levels of ENDOV, ADAR1, and
Inosines in Human Carotid Plague mRNA
ENDOV has affinity for and cleaves inosine-containing
RNA.8® As RNA processing recently has been linked to
the atherosclerotic process,”? we examined mRNA levels
of ENDOV in nonatherosclerotic control arteries (n=13)
and in carotid plague from patients with atherosclerotic
disease (n=163). Patients with carotid atherosclerosis
had 2 times higher ENDOV mRNA levels compared with
control arteries (Figure 1A). When dividing the patients
according to the presence of preoperative symptoms
of ischemic stroke or transient ischemic attack ipsilat-
eral to the stenotic carotid artery <1 month (h=40), >1
and <2 months (n=25), >2 months and <6 month (n=24),
and those with symptoms for >6 months or without
any symptoms (n=74), we found no differences in the
levels of ENDOV mRNA in relation to symptom dura-
tion (Table S3). Moreover, ENDOV mRNA levels were
positively correlated with RNA expression of the pan-
leukocyte marker CD45, linking ENDOV to leukocyte
infiltration within the lesion (n=183; Figure 1B).

We next examined ENDOV enzyme activity in 2
human leukocyte cell lines, Jurkat (T cells) and THP-1
(monocytes) to verify the presence of functional ENDOV
protein in immune cell types relevant for atherogenesis.
When endogenous ENDQV isolated from these 2 cell
lines was incubated with inosine-containing RNA, we
detected a clear ENDOV cleavage product, showing
enzyme activity of ENDQV in both T cells and mono-
cytes (Figure 1C).

Finally, inosine levels in mMRBNA were significantly
upregulated (~2-fold) in carotid atherosclerotic lesions
(n=6) compared with nonatherosclerotic arteries (N=8;
Figure 1D). In line with this, mRNA levels of ADAR1
p150, the interferon-stimulated isoform and main
adenosine-to-inosine editing enzyme in human cells®
were also increased (=2-fold) in carotid atherosclerotic
samples (n=76) compared with nonatherosclerotic
samples (n=13; Figure 1E).

EndoV Deficiency Attenuates
Atherosclerosis in ApoE~- Mice

To elucidate the potential role of ENDOV in the ath-
erosclerotic process, we next examined the effect of
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Figure 1. ENDOV, ADAR1, and inosine levels are increased
in mRNA from human atherosclerotic plaques.

A, Reverse transcriptase—quantitative polymerase chain reaction
analysis of ENDOV gene expression in human carotid plaques
(n=163) compared with control arteries (n=13). B, Correlation
of ENDOV gene expression to the gene expression of the pan
leucocyte marker CD45. C, Enzyme activity assay of endogenous
ENDOV immunoprecipitated from T cells (Jurkat) and monocytes
(THP-1), shows cleavage of adenosine-to-inosine modified
RNA. D, Mass-spectrometric detection of inosines in mRNA in
the carotid plaque compared (n=6) to control arteries (n=8). E,
Reverse transcriptase—quantitative polymerase chain reaction
analysis of the main adenosine-to-inosine editing enzyme ADAR1
in carotid plaques (n=76) compared with control arteries (n=13).
Data are presented as means, and statistical analyses were
performed using the Student t test or Spearman correlation.
ADAR1 indicates adenosine deaminase acting on RNA 1; CP,
carotid plaque; Ctrl, controls; ENDQOV, endonuclease V; and nt,
nucleotides. *P<0.05, **P<0.005 and ****P<0.0001.

EndoV abolishment in experimental atherosclerosis
by crossing EndoV”~ and atherogenic ApoE~~ mice
(ApoE~~ EndoV/”~; Figure S1). The ApoE~~ EndoV~
and ApoE~~ mice were fed an atherogenic diet for
10 weeks before termination. Quantification of the aor-
tic root displayed significantly decreased plaque areas
in ApoE~~ EndoV/~ mice compared with ApoE~~ mice
(Figure 2A and 2B). In addition, the ApoE~~ EndoV"~
mice had a decreased lipid accumulation in the
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Figure 2. Reduced plaque area and lipid accumulation in the aortic root harvested from ApoE~'- EndoV-'- mice.

A, Lesion area and Oil-Red-O staining of the aortic root of ApoE~~ EndoV~- and ApoE~"- mice after 10 weeks on an atherogenic
diet. B, Calculated plaque area, presented as percentage of aortic root. C, Lipid accumulation measured as percentage Oil-Red-
O-positive area of the total plaque area. D, BW and cholesterol levels of ApoE~~ EndoV~'- and ApoE~~ mice. E, Staining of smooth
muscle cells in the lesion with a-SMA antibody and (F) calculated a-SMA-positive area presented as percentage of total plaque area.
G, Collagen staining with sirius red of the lesion area and (H) calculated sirius red—positive area presented as percentage of total
plaque area. Data are presented as mean (standard deviation). a-SMA indicates a—smooth muscle actin; BW, body weight; EndoV,

endonucleaseV; ApoE, apolipoprotein E; and NS, not significant. *P<0.05, ***P<0.0001.
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plaques compared with the ApoE~"~ mice as meas-
ured by Oil-Red-O staining (Figure 2C). In contrast,
there were no differences in body weight, cholesterol
levels (Figure 2D), or circulating inflammatory markers
(Table S4) between the 2 genotypes.

VSMCs play a key role in the development and the
stability of the atherosclerotic plaque,?® and notably,
ADAR1 has been suggested to influence VSMC phe-
notype.'" Herein, however, there were no significant dif-
ferences in VSMC content in the plaque area between
the 2 genotypes (Figure 2E and 2F). In accordance
with this, we found no difference in collagen level as
measured by Sirius red staining (Figure 2G and 2H).

ENDOV Deficiency Attenuates
Atherosclerosis in ApoE~~ Mice by
Impairing CCL2-Mediated Monocyte
Infiltration Into the Lesion

Recruitment and activation of monocytes to the ather-
osclerotic plaque leading to foam-cell formation within
the lesion is a hallmark of atherogenesis.?® We therefore
examined the lipid-accumulating capacity of BMDMs
of EndoV/~~ and wild-type mice. Using real-time moni-
toring of pHrodo-stained oxidized low-density lipo-
protein accumulation by macrophages, we found a
time-dependent and concentration-dependent in-
crease of lipid engulfment by the macrophages, but no
difference between the two genotypes was observed
(24-hour point presented in Figure 3A and 3B). Similar
findings were seen (no differences between the two
genotypes) when examining the migration capacity of
BMDM by real-time monitoring of macrophages plated
with cell culture media containing 10% FCS (Figure 3C
and 3D [left panels]). However, when BMDMs from
EndoV~ mice were stimulated with CCL2, one of the
main chemoattractants for recruiting monocytes to the
atherosclerotic plaque,? the cells had a drastic reduc-
tion in migration capacity compared with wild-type
BMDMs (Figure 3C and 3D [right panels]). Finally, to
study the in vivo migration and recruitment capacity
of EndoV~ monocytes, we labeled circulating mono-
cytes by injecting ApoE~~ EndoV/”~ and ApoE~~ mice
with fluorescent latex beads, shown to be engulfed
by circulating monocytes. After 5 weeks of feeding an
atherogenic diet, quantification of monocytes within
the plaque in the aortic root revealed a significantly re-
duced number of infiltrated monocytes into the athero-
sclerotic plague in ApoE~~ EndoV’~ mice compared
with ApoE~~ mice (Figure 3E and 3F).

Altered Response to CCL2 in BMDM
From ENDOV-Deficient Mice

To further examine how ENDQV affect the CCL2 sign-
aling, we stimulated BMDMs from both EndoV~ and
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wild-type mice with recombinant CCL2 and analyzed
the transcriptome using mMRNA sequencing analysis
(Figure 4A). In total, 567 transcripts were significantly
and differently regulated (g<0.05) between the two
genotypes after CCL2 stimuli; 337 was higher and 230
was lower in the CCL2-stimulated EndoV~ BMDMs
compared with the CCL2-stimulated wild-type BMDMs
(Figure 4B).

Gene ontology pathway analysis using Metascape?®
revealed regulation of several pathways involved in
atherosclerotic plague development (Figure 4C). Of
these, there were 2 migration-associated gene on-
tology terms, GO:0050900, “leukocyte migration,”
and GO:0002685, “regulation of leukocyte migration”
(Figure 4C). These gene ontology terms identified 33
uniquely regulated genes, where 22 were upregu-
lated and 11 downregulated (Figure 4D). As shown in
Figure 4E, the most upregulated gene in BMDMs from
EndoV~~ was CD47 with a 3 value of 4.9.

Dysregulated Interaction Between CD47
and ENDOV in Human Atherosclerosis?
CD47 is a “don’t eat me signal” on the cell surface and
is involved in a range of cellular processes, including
apoptosis, proliferation, adhesion, and migration.®
EndoV is shown to cleave RNA at inosines, and the
high expression of CD47 in the EndoV/~ mice could be
attributed to a lack of transcript degradation in the ab-
sence of ENDOV. However, inspection of adenosine-
to-inosine editing (observed as Adenosine to Guanine
mutations) in the RNA sequencing data when com-
pared with the mouse genomic sequence (GRCm38.
pP6, Ensembl release 98)'® in the CD47 transcript
showed no adenosine-to-inosine editing in either wild-
type or EndoV~ mRNA (data not shown).

As CD47 mRNA could be a putative target for
ENDQV, we next measured the CD47 mRBNA expres-
sion in human carotid plaques (n=75) and nonath-
erosclerotic arteries (n=13). Like ENDOV, CD47 was
markedly upregulated in the carotid plague compared
with nonatherosclerotic arteries (Figure 5A). Moreover,
although ENDOV mRNA levels were negatively cor-
related with mRNA levels of CD47 in PBMCs from
healthy individuals (n=35; R=-0.35; P<0.05; Figure 5B),
this correlation was not found in PBMCs from patients
with carotid atherosclerosis (n=24; R=-0.09; P=0.66;
Figure 5B), potentially indicating a systemic dysregu-
lated interaction between CD47 and ENDOV during
clinical atherosclerosis.

ENDOV Deficiency Protects Against
Hypoxia-Ischemic Stroke

The most important consequence of carotid athero-
sclerosis is an ischemic stroke. To examine the role
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Figure 3. No change in oxLDL clearance, but reduced migration capacity of macrophages abolished of EndoV.

Engulfment capacity of macrophages derived from bone marrow of EndoV~~ mice measured with oxLDL stained with pHrodo
(Invitrogen) and followed over time using the Incucyte system. A, Representative pictures of the 24-hour time point and (B) calculated
fluorescent signal at the 24-hour time point. In vivo tracking of macrophages derived from bone marrow of EndoV~- mice stimulated
with 10% FCS or CCL2 (C) track plot and (D) graph of mean Euclidean distance. (E and F) Representative pictures of in vivo tracking
of monocytes stained with fluorescent-labeled beads to the aortic root of the ApoE~/~ EndoV-~ mice compared with ApoE~~ mice and
graphical presentations of the numbers of fluorescent signals in the plaque area. Data are presented as mean+SD. oxLDL indicates
oxidized low-density lipoprotein; EndoV, endonucleaseV; and WT, wild type. *P<0.05, **P<0.01.

of EndoV during stress-induced ischemic stroke, we
applied the widely used Levine method,'® modified for
use in perinatal mice'® on the EndoV~ and wild-type
mice. A combination of hypoxia and cerebral ischemia
produces injury confined to the brain hemisphere ip-
silateral to the occluded common carotid artery. The

J Am Heart Assoc. 2021;10:e020656. DOI: 10.1161/JAHA.120.020656

mice were left for 42 days after injury to allow for re-
generation. When inspecting the brains, we found that
the damaged brain structures were partially restored in
both genotypes, but with reduced volume and exten-
sive scarring in the ipsilateral hemisphere. Serial cross-
sectioning of the entire forebrain was conducted, and
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Figure 4. Altered CCL2 gene regulation in macrophages from EndoV-'- mice as compared
with WT mice.

RNA sequencing analysis of BMDMs from EndoV~~ mice compared with BMDMs from WT mice
stimulated with CCL2: (A) Heat map of differentially expressed transcripts with a g<0.05, (B) pie chart
visualizing the alteration of gene expression in EndoV~- macrophages compared with WT macrophages,
and (C) pathway analysis. D, Heat map presentation of the genes annotated to migration in the pathway
analysis. E, Natural-log transformed b value as an estimator of the fold change of genes in D. BMDMs
indicates bone marrow derived macrophages; WT, wild type; and EndoV, EndonucleaseV.
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Figure 5. Gene expression of CD47 in human carotid atherosclerotic plaque and correlation between CD47 and ENDOV

gene expression in human PBMCs.

A, Reverse transcriptase—quantitative polymerase chain reaction analysis of CD47 gene expression in human carotid plaque
compared with control arteries. B, Correlation analysis of ENDOV and CD47 gene expression in peripheral blood mononuclear cells
isolated from healthy controls and (C) between ENDOV and CD47 gene expression in peripheral blood mononuclear cells isolated
from patients with ischemic stroke. Data are presented as means, and statistical analyses were performed using the Student ¢ test
or Spearman correlation. CP indicates carotid plaque; Ctrl, controls; and ENDOV, endonuclease V. ***P<0.001.

neuronal tissue loss was significantly decreased in
several slides of the EndoV”~ brains compared with
wild-type brains (Figure 6A and 6B). In addition, tis-
sue loss was significantly lower in the EndoV”~ ani-
mals when measuring total area loss as area under the
curve (Figure 6C), suggesting that ENDOV also may
impact acute stroke severity.

DISCUSSION

ENDOV homologs have been identified in all do-
mains of life, including bacteria, archaea, and eukar-
yotes. In contrast to EndoV from bacteria acting on
inosines in DNA, mammalian ENDOVs cleave at in-
osines in single-stranded and double-stranded RNA.
Although the in vitro role of ENDOV has been stud-
ied, the in vivo role is still unclear. In this report, we
show for the first time that ENDOV is expressed in
human arteries, with enhanced expression in human
carotid plaque as compared with a nonatheroscle-
rotic vessel. Within the lesion, ENDOV was posi-
tively correlated with the leukocyte marker CD45.
Furthermore, we showed that abolishing EndoV in
an atherogenic mouse model reduced the plaque
area and lipid content alongside with a decrease in
recruitment of monocytes into the lesion. Moreover,
the effects of EndoV deficiency in this mouse model
seemed to involved in attenuated CCL2 signaling
response. Finally, EndoV deficiency attenuated the
severity of hypoxia—ischemic stroke.

To the best of our knowledge, this is the first report
to study the role of ENDOV in human atherosclerosis.
There are a few reports on the ENDOV substrate, ino-
sine, and the main enzyme introducing inosine in RNA,

J Am Heart Assoc. 2021;10:e020656. DOI: 10.1161/JAHA.120.020656

ADAR1, in atherosclerotic disease. Stellos et al found
increased inosine levels and ADART expression in ath-
erosclerotic lesions,'® which is confirmed by this current
study. However, Fei et al showed that ADAR7-deficient
mice had an altered VSMC organization,'” an observa-
tion not seen in the EndoV~ mice. In our study, there
was no difference in the VSMC organization between
ApoE~~ EndoV~ and ApoE~~ mice, suggesting that
the ADAR1/inosine effect on VSMC is independent of
the function of ENDQV.

One of the main chemoattractants in the athero-
sclerotic lesion is CCL2.%4 Herein we found that when
macrophages from EndoV~~ mice were stimulated with
CCL2, the cells had a marked reduction of random
migration when compared with macrophages from
wild-type mice. In line with this, we found that ApoE~"~
EndoV~~ mice had a reduced number of macrophages
that had migrated to the plaque area when compared
with the ApoE~~ mice. When stimulating BDMDs from
EndoV~~ and wild-type mice with CCL2, several genes
were differently regulated between the genotypes,
including genes that are engaged in cell migration
and recruitment of monocytes. Mechanisms for how
ENDOV impacts gene expression of the migration-
related genes is at present unclear. ENDOV has been
shown to cleave RNA at inosines in vitro, suggesting
that an upregulation of certain mMRNA in EndoV”~ mice
could be attributed to impaired cleaving and degrada-
tion in the absence of ENDOV. However, when examin-
ing CD47 mRNA, one of the genes that were markedly
upregulated by CCL2 stimuli in EndoV”~ cells, we
found no adenosine-to-inosine editing in the CD47
transcript. We have previously shown that there is no
difference in the general inosine levels in different RNA
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Figure 6. ENDOV deficiency reduces tissue loss after hypoxia-ischemia.

A, Pictures of representative brain sections from WT and EndoV~~ mice (n=6) 42 days after infarction. B, Infarction size was
calculated as total volume loss of the ipsilateral hemispheres relative to the contralateral hemisphere in all sections extending from
brain levels 1 to 6 (anterior-posterior). C, Total area loss calculated as AUC. Data are presented as mean and SD. AUC indicates
area under the curve; contra, contralateral; EndoV, endonuclease V; ipsi, ipsilateral; and WT, wild type. *P<0.01 (scale bars=1 mm).

subpopulations isolated from EndoV~~ mice compared
with wild type, suggesting that ENDOV has other regu-
latory functions than cleaving at inosines in MRNA.' In
fact, we suggested that the function of ENDOV could
rather be binding and protection of the RNA from an
attack by other RNAses, leading to increased RNA lev-
els. Our RNA sequencing data support this idea, as
only 41% of the genes were lower in the EndoV"~ mice
and 59% were higher. However, further and more di-
rect studies are needed to understand details of the
gene-regulatory functions of ENDOV.

The most upregulated migration gene in the CCL2-
stimulated macrophages from EndoV”~ mice was
CD47. This gene has recently gained much attention
in regulating inflammation. Recently, Engelbertsen et
al found that abolishing this protein led to increased
atherosclerotic plaque burden in an atherosclerotic
mouse model.?” It is possible that some of the ben-
eficial effects of ENDOV deficiency on atherogenesis
in our model could be related to the upregulation of
CD47. We found that, whereas CD47 and ENDOV
were inversely correlated in mononuclear cells from
human healthy controls, this correlation was not seen
in PBMCs from patients with carotid atherosclerosis. It
is tempting to hypothesize that this ENDOV-mediated

J Am Heart Assoc. 2021;10:e020656. DOI: 10.1161/JAHA.120.020656

regulation is abolished in atherosclerosis and could
therefore represent an interesting target for the treat-
ment of this disorder.

Our findings herein may also have relevance to
stroke prevention and management. In fact, we pres-
ent data from a preclinical model showing that EndoV
deficiency decreases the stroke area after hypoxia—
ischemia stroke, suggesting that this enzyme may
be protecting against stroke severity. Our data also
suggest that CD47 could be an interesting molecular
target in the prevention of carotid atherosclerosis and
stroke development. Finally, although much focus has
been directed against epigenetic modifications, our
findings may suggest that epitranscriptomic modifi-
cations could represent a new field in the prevention
of carotid atherosclerosis and ischemic stroke.

The present study has some limitations.
Correlations do not necessarily mean a causal rela-
tionship. As the cell composition is different in athero-
sclerotic lesions compared with nonatherosclerotic
arteries, and as ENDQV is ubiquitously expressed, it
is hard to assess if the regulation of ENDQV is at-
tributed to an increase in the number of immune cells
or represents a difference in gene expression be-
tween atherosclerotic carotid plagues and common
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iliac arteries. However ethical consideration makes it
difficult to make more direct studies in human carotid
arteries from healthy individuals. Furthermore, we
also lack a direct pathway on how ENDQOV influences
gene expression, and further studies are needed.
Moreover, the regulation of atherogenesis may be dif-
ferent between sexes, and the present study lacks
a systemic comparison between female and male
mice. Finally, our stroke model may not necessarily
reflect the situation in carotid plaque—derived stroke,
and ideally this model should have been used on
ApoE~- EndoV~ and ApoE~~ mice.

In conclusion, ENDOV is upregulated in human ath-
erosclerotic lesions, and our mice studies suggest that
EndoV could promote atherogenesis by enhancing the
monocyte recruitment into the atherosclerotic lesion,
potentially by increasing the effect of CCL2 activation
on these cells.
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Table S1. Characteristics of patients with ischemic stroke and healthy controls (PBMC).

Patients Controls p
n=24 n=33

Age, years 67.3t11.4 66.616.3 0.78
Sex male, % (n)* 66.7 (16) 66.7 (22) 1.00
Smokers, % (n)* 25 (6) -

Diabetes, % (n)* 12.5 (3) -

Hypertension, % (n)* 70.9 (17) -

Anti-platelet treatment, % (n)* 79.2 (19) -

Statin treatment, % (n)* 70.8 (17) -

Leukocyte count, 10%/L 8.4+1.8 5.8+1.2 0.084
Platelets, 10%/L 234+107 256161 0.332
CRP, mg/L 8.1+13.6 2.342.7 0.025
Total cholesterol, mmol/L 4.3+1.6 6.0£1.1 <0.001
LDL, mmol/L 2.6+1.0 3.8£0.9 <0.001
TG, mmol/L 1.4+0.7 1.441.0 0.950
HDL, mmol/L 1.3+0.4 1.740.5 0.002
Creatinin, umol/L 82.4+£27.9 72.7+11.7 0.311
HbAlc, % 6.1+0.9 5.7+0.3 0.009

The values are given as mean (£SD) or * percentage (number).

CRP= high sensitivity C-reactive protein, LDL= low density lipoprotein, HDL= high density
lipoprotein, HbAlc= Haemoglobin Alc.
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Table S2. primer sequences used in RT-qPCR.

primer sequence

hEndoV (F) TTCCCTGAGCTCGAGGTGGTGT
hENDOV (R) CCATCCACAAGAAGGACCTGGG
hCDA45 (F) CCCCATGAACGTTACCATTTG
hCDA45 (R) GTCTCCATTGTGAAAATAGGCCTT
hADARp150 (F) GCCGCCCTTTGAGAAACTCT

hADARp150 (R)

TGAGCATAGCAAGTGGAGATACC

hCDA47 (F) AGAAGGTGAAACGATCATCGAGC
hCD47 (R) CTCATCCATACCACCGGATCT
hbeta-act (F) AGGCACCAGGGCGTGAT
Hbeta-act (R) TCGTCCCAGTTGGTGACGAT
Genotyping Primers

ApoE (F) GCCTAGCCGAGGGAGAGCCG
ApoE (R) TGTGACTTGGGAGCTCTGCAGC
ApoE~" (R) GCCGCCCCGACTGCATCT
EndoV (F) AGCCAGGAGTACAAGGAGCA
EndoV (R) GCAAGTGGGTGTTGGAGAGT
EndoV” (R) GGGGAACTTCCTGACTAGGG
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Table S3. Subgrouping of carotid patients.

Time from symptom

Relative EndoV mRNA

onset N levels Mean (SD)
>6 mnth 40 0.69 (0.48)
>2 mnth and <6 mnth 24  0.65 (0.28)
> 1 and <2 mnth 25 0.54(0.27)
<1 mnth 74 0.61(0.31)

The values are given as mean (£SD).




Table S4. Circulating inflammatory markers in EndoV7-ApoE7- compared to ApoE”/- mice.

ApoE" ApoE""EndoV-"- P
n=4 n=4

IFNy, pg/mL 0.39+0.39 0.29+0.13 0.42
IL-10, pg/mL 3.80+0.74 3.05+0.62 0.17
IL-4, pg/mL 0.27+0.19 0.35+0.30 0.81
IL-5, pg/mL 9.12+4.37 8.33+3.79 0.79
CXCL1, pg/mL 66.86+47.98 53.76+£19.92 0.63
TNF, pg/mL 43.49+4.49 36.24+11.71 0.29
Triglyceride, mg/dL 80.03+13.83 92.374£29.53 0.48
Cholesterol, mg/dL 728.36+181.89 720.89+257.35 0.96
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INF=I nterferon, IL= interleukin, CXCL1= C-X-C motif chemokine ligand 1, TNF= tumor
necrosis factor.



Figure S1. Genotyping of the ApoE”"EndoV- mice.
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Genotyping of ApoE”"EndoV~- mice by PCR. Expected size are 254 bp for ApoE™", 155 bp for
ApoE*™* (upper panel), 400 bp for EndoV " and 216 for EndoV *'* (lower panel).



