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Adenosine-to-inosine (A-to-I) editing in the seed sequence of
microRNAs can shift the microRNAs’ targetomes and thus
their function. Using public RNA-sequencing data, we identi-
fied 35 vasoactive microRNAs that are A-to-I edited. We quan-
tified A-to-I editing of the primary (pri-)microRNAs in
vascular fibroblasts and endothelial cells. Nine pri-microRNAs
were indeed edited, and editing consistently increased under
ischemia. We determined mature microRNA editing for the
highest expressed microRNAs, i.e., miR-376a-3p, miR-376¢-
3p, miR-381-3p, and miR-411-5p. All four mature microRNAs
were edited in their seed sequence. We show that both ADAR1
and ADAR?2 (adenosine deaminase acting on RNA 1 and RNA
2) can edit pri-microRNAs in a microRNA-specific manner.
MicroRNA editing also increased under ischemia in vivo in a
murine hindlimb ischemia model and ex vivo in human veins.
For each edited microRNA, we confirmed a shift in targetome.
Expression of the edited microRNA targetomes, not the wild-
type targetomes, was downregulated under ischemia in vivo.
Furthermore, microRNA editing enhanced angiogenesis
in vitro and ex vivo. In conclusion, we show that microRNA
A-to-I editing is a widespread phenomenon, induced by
ischemia. Each editing event results in a novel microRNA
with a unique targetome, leading to increased angiogenesis.

INTRODUCTION

MicroRNAs (miRNAs) play an important role in processes involved
in cardiovascular disease, including neovascularization, atheroscle-
rosis, hypertension, and aneurysm formation.' MicroRNAs are short
non-coding RNAs that inhibit translation of the mRNAs they target
through partial complementary binding. In general, only the binding
of nucleotides 2-8 from the 5’ end of the microRNA, a microRNA’s
seed region, is required to induce target silencing.” As a result, micro-
RNAs can target hundreds of mRNAs, allowing them to regulate
complex, multifactorial physiological and pathological processes,
such as cardiovascular disease.” Our group has shown that multiple
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microRNAs from a single microRNA gene cluster, located on the
long arm of human chromosome 14 (14q32), are regulated under
ischemia and directly affect restoration of blood flow to ischemic
tissues.*

MicroRNAs are produced after a series of maturation steps of the pri-
mary transcript of microRNA genes (pri-microRNAs).” Pri-micro-
RNAs fold into hairpin-shaped, double-stranded RNA structures
that are sequentially cleaved by ribonucleases Drosha and Dicer,
yielding a microRNA duplex. Either side of the duplex can be incor-
porated into the RNA-induced silencing complex to become a func-
tional mature microRNA, distinguished as either the microRNA on
the 5’ or 3’ side of the pri-microRNA hairpin (microRNA-5p or mi-
croRNA-3p).”

However, similar to other RNA species, microRNA transcripts can
also be modified at the nucleotide level. Adenosine-to-inosine (A-
to-I) editing is the most prevalent RNA nucleotide modification
that changes the sequence of the RNA molecule.” The inosine pref-
erentially binds to cytidine and is therefore interpreted as guanosine
by the cellular machinery. This form of RNA editing is considered an
essential post-transcriptional modification, which is regulated in a tis-
sue- and context-specific manner.” In mammals, A-to-I editing is
catalyzed by either ADARI or ADAR2 (adenosine deaminase acting
on RNA 1 and 2), which are abundantly expressed throughout the
body.”

As ADARs target double-stranded RNA structures of at least 20 nt
long, A-to-I editing of microRNAs occurs in the pri-microRNA
stage.® In fact, previous studies have suggested that at least 16%
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Figure 1. Vasoactive Mature MicroRNAs Containing A-to-G Mismatches Indicative of A-to-I Editing

Heatmap displaying the percentage of A-to-I editing in human tissues of the 35 vasoactive mature microRNAs that were identified to contain potential microRNA editing sites
after manual literature curation in combination with reanalysis of public microRNA-seq datasets. The percentage of A-to-| editing was obtained by reanalysis of selected high-
quality public datasets (n = 1) and quantification of percentage A-to-G mismatches, indicative of A-to-I editing. Due to their near-complete sequence homology, editing of

(legend continued on next page)

Molecular Therapy: Nucleic Acids Vol. 21 September 2020 933


http://www.moleculartherapy.org

of all human pri-microRNAs contain sites that may be subject to A-
to-1 editing.'* Editing of a pri-microRNA can profoundly influence
microRNA maturation,'' and several pri-microRNA editing events
were shown to be associated with traits, including plasma high-den-
sity lipoprotein levels.'” However, if editing occurs in the seed se-
quences of either the microRNA-5p or microRNA-3p, editing can
completely alter the mature microRNA’s target selection, resulting

in regulation of a different set of target mRNAs, or “targetome”."’

Recently, we demonstrated that microRNA editing indeed plays a reg-
ulatory role in cardiovascular disease. We showed that the pri-micro-
RNA of miR-487b-3p, a microRNA from the 14q32 cluster, is A-to-I
edited in the seed sequence following ischemia.'* We found that the
edited mature microRNA (ED-microRNA) indeed
completely different targetome than does the unedited “wild-type”
microRNA (WT-microRNA). Because of this switch in the targetome,
ED-miR-487b-3p promotes angiogenesis and neovascularization,
whereas WT-miR-487b-3p does not. These findings demonstrated
that microRNA editing can play an important role in the endogenous
response to pathological stimuli such as ischemia. Whether vasoactive
microRNAs besides miR-487b-3p are also subject to A-to-I editing in
the vasculature, however, is still unknown.

selects a

Therefore, in this study, we aimed to identify vasoactive microRNAs
that are robustly A-to-I edited in vascular cells and to examine
whether the expression and editing of these microRNAs are regu-
lated under ischemic conditions. Next, we aimed to validate our
findings in a murine hindlimb ischemia (HLI) model and subse-
quently in human vascular tissue. Finally, we examined how editing
affects the function of vascular microRNAs, specifically with regard
to angiogenesis.

RESULTS

Identification of Potential MicroRNA Editing Sites

We identified microRNAs containing adenosines that can be subject
to A-to-I editing by manual literature curation, in combination with
reanalysis of public microRNA sequencing (microRNA-seq) datasets.
In total, 60 “editable” mature microRNAs originating from 56
different microRNA genes were found to contain robust, context-
dependent A-to-G mismatches, indicative of A-to-I editing (Table
S1). 35 of these editable microRNAs (58%), of which the vast majority
are located in the 14q32 locus (14 of 35, or 40%), could be linked to
vascular functions. These 35 vasoactive microRNAs contain a total
of 38 possible editing locations, which display a wide range of per-
centage of A-to-I editing across major human organs (Figure 1).
Most of these potential vasoactive mature microRNA editing loca-
tions are within the dominantly expressed mature microRNA of the
microRNA gene (25 of 38, 66%), and they are localized within the
mature microRNA’s seed sequence (26 of 38, 68%).
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MicroRNA Editing in Vascular Cells

Both endothelial cells and adventitial fibroblasts are known to play
crucial roles in cardiovascular pathology and angiogenesis.'” There-
fore, we determined whether these vasoactive microRNAs are also
edited in human umbilical vascular endothelial cells (HUVECs)
and human umbilical arterial fibroblasts (HUAFs), cultured either
under normal conditions or a combination of hypoxia and serum
starvation (hypoxia+starvation) to mimic ischemic conditions (Fig-
ure 2A). Measurements of HIF1A, VEGFA, and p53 expression and
visual inspection of the cells validated that the culture conditions suc-
cessfully induced hypoxia signaling and cell cycle arrest in both HU-
VECs and HUAFs (Figures SIA-S1D).

Screening of each of the selected pri-microRNAs revealed that 10
vasoactive microRNAs (29%), ie., miR-376al-3p, miR-376a2-5p
and —3p, miR-376b-3p, miR-376¢-3p, miR-381-3p, miR-411-5p,
miR-605-3p, miR-624-3p, and miR-487b-3p, were indeed A-to-I edi-
ted in human vascular cells (Figures 2B and 2C). Except for pri-miR-
605 and pri-miR-624, all edited pri-microRNAs are transcribed from
the 14932 microRNA mega-cluster. Each detected vascular pri-mi-
croRNA A-to-I editing location corresponds with one of the potential
microRNA editing sites that we identified previously. Strikingly, each
editing event is located within the microRNA’s seed sequence, and all
edited microRNAs, except for miR-376a2-5p and miR-624-3p, repre-
sent the dominant microRNA of the precursor microRNA duplex,
indicating that each editing event is potentially functionally signifi-
cant. In fact, these edited seed sequences are different from any other
validated microRNA seed sequence'® (TargetScan; http://www.
targetscan.org/vert_72/, release 7.2; Table S2).

pri-MicroRNA Editing

Quantification of pri-microRNA editing and expression revealed that
the rate of editing is regulated under hypoxia+starvation (Figure 2C).
We observed that both pri-microRNA editing and expression gener-
ally increase under these culture conditions in both cell types, result-
ing in a consistent increase in the expression of the ED-pri-micro-
RNA. An exception to the rule was pri-miR-381, for which the
editing rate decreased under hypoxia+starvation from 33% to 22%
(p < 0.1) in HUVECs. In HUAFs, however, pri-miR-381 editing
was induced approximately 6-fold under hypoxia+starvation, as
was the editing rate of pri-miR-411 (pri-miR-381, 4.3%-28%, p <
0.007; pri-miR-411, 1.3%-7.5%, p < 0.02). The baseline editing rate
also differed between HUVECs and HUAFs; pri-miR-376¢ and pri-
miR-381 showed a 1.5-fold and 6-fold higher editing rate in HUVECs
compared to HUAFs, respectively, while pri-miR-376a2-5p was only
edited in HUAFs (pri-miR-376¢, 35.5% versus 53%, p < 0.03; pri-
miR-381, 4.3% versus 27%, p < 0.007). Baseline pri-microRNA
expression was consistently higher and was also induced stronger
by hypoxia+starvation in HUAFs than in HUVECs. Combined, these

miR-376a1-3p, miR-376a2-3p, and miR-376b-3p could not be calculated separately, so their overall percentage editing is presented instead. Gray squares indicate
insufficient reads (<10). The location of the quantified editing within the microRNA’s sequence is highlighted in red, while the microRNA seed sequence is in bold. Adenosines
highlighted in orange were edited to a lower extent than the microRNA'’s primary editing site. MicroRNAs in blue are members of the 14932 microRNA cluster.
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results suggest that regulation of A-to-I editing under ischemic con-
ditions is cell type-specific.

Consistent with these findings, hypoxia+starvation also induced the
expression of A-to-I editing enzymes ADARI (both p150 and p110
isoforms) and ADAR?2, both at the mRNA and protein level (Figures
2D and 2E). Protein levels of ADARI and ADAR2 increased more in
hypoxic+starved HUAFs compared to hypoxic+starved HUVECs (at
least 2-fold versus ~1.5-fold induction, respectively). Regulation of
ADAR expression in response to either serum starvation or hypoxia
differed between HUVECs and HUAFs, indicating that ADARs are
also regulated in a cell type-specific manner (Figures S1E and SIF).

Mature MicroRNA Editing

To determine whether these edited pri-microRNAs are processed into
edited mature microRNAs, the four microRNAs with the highest
expression were selected, i.e., miR-376a-3p (the mature microRNA
produced by both pri-miR-376al and pri-miR-376a2), miR-376¢c-
3p, miR-381-3p, and miR-411-5p (Figure S2A). Table S3 provides a
comprehensive overview of all our subsequent findings organized
per selected microRNA. Expression levels of WT-microRNA and
ED-microRNA were quantified by version-specific quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR) assays
(Figure 3A). Due to technical limitations, ED-miR-376a-3p could
not be distinguished from ED-miR-376b-3p, which has near complete
sequence homology, resulting in quantification of their sum instead,
i.e.,, ED-miR-376a+b-3p. miR-376b-3p is generally expressed at 20-
fold lower levels than miR-376a-3p (Figure 3B). We found that
each of the selected edited pri-microRNAs is indeed processed to
an edited mature microRNA in both HUVECs and HUAFs. All of
these ED-microRNAs, except for ED-miR-376¢-3p,
completely novel seed sequence (Figure 3A) and thus form novel
mature microRNAs with a unique targetome.

have a

Mature MicroRNA Editing under Ischemic Conditions

Baseline mature microRNA expression was consistently higher in
HUAFs compared to HUVECs, but the percentage of mature ED-micro-
RNAs was generally lower (Figures 3B-3E). The percentage of ED-miR-
376a+b-3p and ED-miR-376¢-3p was approximately 60% and 25%,
respectively, a decrease compared to the percentage editing of pri-miR-
376a2-3p and pri-miR-376¢-3p in both cell types, suggesting certain edi-
ted pri-microRNAs are processed less efficiently than their WT counter-
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parts. Despite this, increases in the percentage of miR-376a+b-3p and
ED-miR-376¢-3p during hypoxia+starvation still mirrored changes in
the percentage of pri-microRNA editing. Moreover, consistent with
pri-microRNA editing findings, only HUVEC mature miR-381-3p edit-
ing decreased with hypoxia+starvation. These aspects of ischemia also
consistently induced total mature microRNA expression. As a result,
expression of all mature ED-microRNAs also significantly increased un-
der hypoxia+starvation in both HUVECs and HUAFs.

A microRNA has to be associated with an argonaute protein (AGO),
the active part of the RNA-induced silencing complex, to be func-
tional. To examine whether the ED-microRNAs are functional, we
performed AGO2 immunoprecipitation (IP) on lysates from HUAFs
cultured on either normal or hypoxia+starvation conditions and
measured the expression of WT-microRNAs and ED-microRNAs
in the IP fractions. Samples from normoxic cells showed enrichment
of both WT- and ED-microRNAs in the AGO2 precipitate, compared
to an immunoglobulin G (IgG) negative control, confirming that both
variants of the four investigated microRNAs enter the cell’s micro-
RNA machinery (Figure 3F). Conforming to their increased expres-
sion, AGO?2 binding of both the WT-microRNA and ED-microRNA
variants increased in hypoxic+starved cells. Furthermore, the per-
centage of microRNA editing increased in the AGO2 precipitates of
hypoxic+starved versus normoxic cells for three of the four investi-
gated microRNAs (Figure 3G).

ADAR1 and ADAR2 in MicroRNA Expression and Editing

To investigate the effect of ADAR] and ADAR2 on microRNA expres-
sion and editing, we used short interfering RNAs (siRNAs) to knock
down ADARI or ADAR?2 expression in HUAFs (Figure S3A). Knock-
down of either ADARI or ADAR2 decreased total pri-microRNA
expression by 2-fold to more than 10-fold compared to control siRNA
(Figure 4A). Furthermore, ADAR1 knockdown resulted in significant
reduction of pri-microRNA editing for all examined pri-microRNAs
except for pri-miR-376a2. Knockdown of ADAR2, however, only
affected editing of pri-miR-376al and pri-miR-376a2.

Consistent with these findings, mature microRNA expression and ed-
iting was similarly affected by the knockdown of ADARs (Figures 4B—
4E). ADARI1 knockdown reduced mature microRNA expression as
well as mature microRNA editing for all measured microRNAs,
except for editing of miR-376a+b-3p, which increased instead.

Figure 2. Identification of A-to-I Editing within Vasoactive pri-MicroRNAs and Regulation of Expression and Editing under Conditions That Mimic Ischemia
(A) Schematic overview detailing the screening of pri-microRNA A-to-I editing in vascular cells. Human umbilical venous endothelial cells (HUVECSs) and human umbilical
arterial fibroblasts (HUAFs) were cultured separately under “control” conditions (C) or hypoxia+starvation (H+S) to mimic ischemia. Complementary DNA (cDNA) from these
cells was subsequently used to screen the 35 selected vasoactive microRNAs for A-to-I editing by Sanger sequencing. The percentage of pri-microRNA editing quantified
from sequencing chromatograms and qPCR quantification of total pri-microRNA expression were used to calculate relative expression of edited pri-microRNAs. (B)
Representative chromatograms obtained by sequencing of pri-miR-381. A-to-I RNA editing sites were detected as an A-to-G change in the cDNA sequencing chro-
matogram, while being absent in the genomic DNA (gDNA) chromatogram. Location of editing within the microRNA'’s seed region is highlighted in yellow. (C) Expression of
unedited (WT) and edited (ED) pri-microRNA expression relative to U6 (top panels) and percentage pri-microRNA editing (oottom panels). (D and E) Fold change in relative
ADART1 (D) and ADAR2 (E) mRNA and protein expression upon culturing under hypoxia+starvation conditions. In the ADAR1 western blot, two isoforms are visible, known as
p150 and p110. Expression of both ADARs was normalized to stable household genes RPLPO or B-actin (for mRNA and protein expression, respectively) and expressed as
fold change of the CAD group. All data are presented as mean + SEM from three independent experiments performed with pooled cells from a total of 13 different umbilical
cords. #p < 0.01, *p < 0.05, **p < 0.01, **p < 0.001, versus control condition unless otherwise indicated by a two-sided Student’s t test.
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Figure 3. Specific Quantification of Normal and Edited Mature MicroRNAs in Vascular Cells

(A) Unedited mature microRNAs (WT-microRNAs) and edited mature microRNAs (ED-microRNAs) were quantified using version-specific TagMan gRT-PCR assays. Since
inosines resulting from A-to-I editing are recognized as a G, the functional seed sequence of each microRNA is also highlighted and whether this seed is unique or shared
by a different microRNA is noted. fUnvalidated microRNA according to TargetScan.16 (B-E) Relative mature WT-microRNA (green) and ED-microRNA (red) expression of
(B) miR-376a&b-3p, (C) miR-376¢-3p, (D) miR-381-3p, and (E) miR-411-5p in HUVECs and HUAFs cultured in control (C) conditions or hypoxia+starvation (H+S) to
mimic ischemia (top panels) and the corresponding percentage of mature ED-microRNA (bottom panels). Relative microRNA expression was normalized to UB. (F)
Relative expression of WT-microRNAs and ED-microRNAs in fractions after negative control IgG or AGO2 was immunoprecipitated from HUAFs cultured under control or

(legend continued on next page)
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ADAR?2 knockdown also decreased total mature microRNA expres-
sion but instead only decreased miR-376a+b editing. Our data suggest
that both ADARs play a role in expression of these 14q32 micro-
RNAs, while ADARI is responsible for A-to-I editing of all mature
microRNAs except for miR-376a-3p.

In Vivo MicroRNA Editing

We subjected C57BL/6 mice to HLI via single ligation of the left
femoral artery and measured mature WT-microRNAs and ED-micro-
RNAs in distinct whole-muscle tissues: the adductor, which remains
relatively normoxic, and the gastrocnemius and the soleus, which
become ischemic'” (Figure 5A). Of the four selected microRNAs, all
editing events are conserved in mice except for miR-376a-3p. The
seed sequence and editing are not conserved in the murine mmu-
miR-376a-3p, and therefore mmu-miR-376a was excluded from all ex-
periments using murine tissue. We observed differences in baseline mi-
croRNA expression and the percentage of ED-microRNA between
muscle tissues (Figure 5B). Furthermore, expression of ED-miR-
376¢-3p, ED-miR-381-3p, and ED-miR-411-5p was increased in the
gastrocnemius and soleus muscles 1 day (T1) after HLI compared to
before surgery (T0), but not in the adductor muscle. In contrast, at
day 3 after surgery (T3) ED-microRNA expression reduced to sub-
TO levels. Adarl expression also increased only in the ischemic gastroc-
nemius and soleus muscles, while Adar2 expression was induced in all
three muscles (Figures S3B-S3D). These results confirm that vasoactive
microRNAs are edited in response to ischemia in vivo as well as in vitro.

MicroRNA Editing in Human Tissues and Vascular Disease

To examine whether microRNA expression and editing in human
vascular tissue responds similarly to ischemic conditions, we used hu-
man venae saphenae magnae (VSMs) and internal mammary arteries
(IMAs), which were harvested during elective coronary bypass sur-
gery on patients with coronary artery disease (CAD). After culturing
the vessels ex vivo under control or hypoxia+starvation conditions for
24 h, expression and editing of all four selected microRNAs were
measured. Prior to this, the IMAs were separated manually into the
tunica adventitia and the tunica media/intima, while the VSMs
were left intact. Consistent with our in vitro and in vivo ischemia
models, expression of all ED-microRNAs increased significantly after
hypoxia+starvation in all vessel segments, except for the adventitia of
the IMAs, where trends toward increased expression were observed
(Figures 6A-6D). As before, WT-microRNA expression was often
also increased after hypoxia+starvation treatment. Nevertheless, a sig-
nificant increase in the percentage of editing was observed in at least
one of the vessel segments for miR-376a+b-3p, miR-376¢-3p, and
miR-411-5p (IMA adventitia, IMA media, and VSM, respectively).

Next, we examined microRNA A-to-I editing in patients with
ischemic disease by comparing mature microRNA expression in
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lower leg vein (LLV) samples from patients with CAD but without
clinically actionable peripheral artery disease (PAD) undergoing cor-
onary artery bypass surgery to LLV samples from patients with severe
PAD undergoing femoral artery to popliteal artery-bypass surgery
and to LLV samples from patients with end-stage PAD, undergoing
lower limb amputation.

We observed increased expression and editing in LLV tissues from
PAD patients compared to CAD patients (Figures 6E-6H). Of the mi-
croRNAs examined, ED-microRNA expression increased by at least
3-fold, and only the percentage editing of miR-376a+b-3p remained
largely unaffected. We also observed an increase in ADARI and
ADAR2 mRNA and protein expression in the veins from both
PAD and end-stage PAD patients (Figures 61, 6], and S4). These
data suggest that microRNA editing is actively regulated in ischemic
disease in humans.

Editing Induces a Shift in MicroRNA Targetomes

Since editing of the microRNA resulted in a completely novel seed
sequence for all but one microRNA, changes in putative targetomes
of the edited microRNAs were determined using three distinct target
prediction algorithms. We found that each WT-microRNA targe-
tome had less than 25% overlap with its respective ED-microRNA tar-
getome. The remaining overlap in targetomes was caused entirely by
mRNAs containing two separate binding sites for both the WT-mi-
croRNA and the ED-microRNA (Figure 7A), rather than single sites
that can bind both microRNA variants. In this analysis, the targe-
tomes of miR-376a-3p and miR-376b-3p were combined, as they
are nearly identical, both in microRNA sequence and in targetome
(more than 95% overlap between individual WT targetomes and
ED targetomes).

Pathway enrichment analysis of each targetome using the PANTHER
algorithm'® revealed that editing of the selected microRNAs shifts
their targetome toward overrepresentation of cadherin signaling
and/or Wnt signaling, with the exception of ED-miR-411-5p, which
shifts away from overrepresentation of cadherin signaling and Wnt
signaling (Figure 7A; Table S4).

Genes within each edited targetome could be linked to processes
involved in the response to ischemia, including bone morphogenetic
protein 2 (BMP2, target of ED-miR-376a+b-3p), cadherin-2 (CDH2,
target of WT-miR-411-5p and ED-miR-376¢-3p), and B cell lym-
phoma 2 (BCL2, target of ED-miR-376¢-3p and ED-miR-381-3p)
(Table S5).

Validation of Target mRNA Regulation
Next we set out to validate whether the single nucleotide change
found in each seed sequence of ED-microRNA indeed causes a shift

hypoxia+starvation conditions. Data are expressed as fold change of the control AGO2 immunoprecipitation (IP). (G) Percentage editing measured in AGO2 IP fractions.
All data are presented as mean + SEM from three independent experiments performed with pooled cells from a total of 13 different umbilical cords. *p < 0.01, **p < 0.05,
**p < 0.01, **p < 0.001, versus control condition unless otherwise indicated by a two-sided Student’s t test. Symbol color shows whether means of either WT or ED

expression are compared.
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Figure 4. Role of ADAR1 and ADAR2 in Vasoactive MicroRNA Editing and Maturation

(A-E) ADAR1 and ADAR2 were knocked down in HUAFs through transfection of an ADAR1-targeting or ADAR2-targeting siRNA (siADAR1 and siADAR2, respectively). The
subsequent effects on microRNA expression and editing were analyzed as in Figures 2 and 3 and compared to transfection with a negative control siRNA (siNegCtrl). (A)
pri-MicroRNA A-to-1 editing and expression. (B-E) Mature (B) miR-376a&b-3p, (C) miR-376¢-3p, (D) miR-381-3p, and (E) miR-411-5p expression relative to U6 (top panels)
and the corresponding percentage of mature microRNA-ED (bottom panels). All data are presented as mean + SEM from three independent experiments performed with
pooled cells from 13 different umbilical cords. #p < 0.01, *p < 0.05, *p < 0.01, **p < 0.001, versus siNegCitrl or as indicated by a two-sided Student’s t test.

in target site selection. We performed dual-luciferase reporter gene
assays using endogenous putative binding sequences from at least
one vasoactive target per microRNA (Figure 7B). The luciferase activ-
ity of the WT-miR-381-3p binding site containing the Kriippel-like
factor 3 (KLF3) sequence was indeed only repressed by WT-miR-
381-3p to 77% = 3% (p < 0.02) and not by ED-miR-381-3p (p =
0.7). Conversely, luciferase activity of the ED-miR-381-3p binding
site containing BCL2 and angiopoietin-2 (ANGPT2) sequences were
only inhibited by ED-miR-381-3p to 74% * 2% (p < 0.001) and

85% + 2% (p < 0.02), respectively. WT-microRNA- versus ED-micro-
RNA-specific regulation of vasoactive target sequences was similarly
validated for miR-376a-3p, miR-376¢-3p, and miR-411-5p. These re-
sults confirm that each editing event results in a complete shift in
target site recognition.

We then overexpressed either the WT-microRNA or ED-microRNA

in HUAFs and examined endogenous target mRNA regulation
(Figure 7C). Consistent with luciferase results, treatment with
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Figure 5. Mature MicroRNA Editing and Expression after Induction of Hindlimb Ischemia in Muscles Experiencing Ischemia or Increased Shear Stress
(A) Schematic representation of hindlimb ischemia induction by ligation of the femoral artery and the resulting ischemia downstream of the ligation site. Three different muscle
tissues were harvested before surgery (TO) or 1 and 3 days after surgery (T1 and T3). While the gastrocnemius and soleus experience ischemia after surgery, the adductor
remains relatively normoxic due to its more upstream anatomical location. (B-D) Mature (B) miR-376¢-3p, (C) miR-381-3p, and (D) miR-411-5p expression relative to U6 (top
panels) and the corresponding percentage of mature microRNA-ED (bottom panels) in the harvested muscles, presented as in Figure 3. All data are presented as mean +
SEM of muscles harvested from four different mice per time point. #0 < 0.01, *p < 0.05, **p < 0.01, **p < 0.001, versus TO unless otherwise indicated by a two-sided
Student’s t test. Symbol color shows whether means of either WT or ED expression are compared.

WT-miR-381-3p decreased endogenous KLF3 expression by 19% +
6% (p = 0.05) but did not affect BCL2 and ANGPT2 expression
(p = 0.6 and p = 0.4, respectively). Treatment with ED-miR-381-3p
did not affect KLF3 expression (p = 0.6), while expression of both
BCL2 and ANGPT2 were repressed by 30% (p > 0.04 for both). Simi-
larly, overexpression of other WT-microRNAs consistently decreased
WT targets only. Furthermore, treatment with ED-microRNAs suc-
cessfully repressed only the ED targets. Only WNT4 did not appear
to be affected by ED-miR-376a-3p in addition to WT-miR-376a-3p,
possibly through indirectly being affected by regulation of other
ED-miR-376a-3p targets. Overall, however, average vasoactive target
repression by ED-microRNAs was stronger than average target
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repression by WT-microRNAs (p < 0.001, Figure S5E). This is in
line with previous findings for WT-miR-487b-3p versus ED-miR-
487b-3p and could be a consequence of the additional I-C bond
(similar to a G-C bond) between ED-microRNAs and their target
mRNAs, which is stronger than the A-U bonds between WT-micro-
RNAs and their target mRNAs."*

To further validate our target predictions at a transcriptome-wide
level, we compared the target gene regulation after overexpression
of WT-miR-411-5p and ED-miR-411-5p using RNA-seq. miR-411-
5p was chosen because it was highly expressed in lower limb vein
(LLV) samples, its editing is highly conserved, and we have previously
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Figure 6. Mature MicroRNA Editing and Expression in Normoxic and Ischemic Human Vessels

(A) miR-376a+b-3p, (B) miR-376¢-3p, (C) miR-381-3p, and (D) miR-411-5p expression and editing in internal mammary arteries (IMAs, n = 5) and venae saphenae magnae
(VSMs, n = 3) cultured in ex vivo control (C) conditions or hypoxia+starvation (H+S) to mimic ischemia. Right before harvest, IMAs were separated manually into the tunica
media/intima (media) and the tunica adventitia (adv.), whereas VSMs were left intact. *p < 0.01, *p < 0.05, **p < 0.01, ***p < 0.001, versus its TO by a paired two-sided
Student’s t test. Symbol color shows whether means of either WT or ED expression are compared. (E) miR-376a+b-3p, (F) miR-376¢-3p, (G) miR-381-3p, and (H) miR-411-
5p expression and editing of the same microRNAs in lower leg vein (LLV) samples from three different patient groups with minimal to end-stage peripheral artery disease
(PAD). Normoxic LLV samples (n = 8) from patients with coronary artery disease (CAD) rather than PAD undergoing coronary artery bypass surgery were compared to LLV
samples (n = 6) from patients with severe PAD undergoing femoral artery to popliteal artery bypass surgery and to LLV samples (n = 8) from patients with end-stage PAD,
undergoing lower limb amputation. All mature microRNA expressions are normalized to U6. (I and J) Relative ADAR1 and ADAR2 mRNA (I) and protein (J) expression in the
LLV samples from different patient groups. Expression was normalized to stable household genes RPLPO or B-actin (for mRNA and protein expression, respectively)
and expressed as fold change of the CAD group. See Figure S4 for the western blots used for the ADAR protein quantification. For (E) and (J), all data are presented as
mean = SEM. *p < 0.05, *p < 0.01, ***p < 0.001, versus TO unless otherwise indicated by one-way ANOVA.

shown that other isoforms of this microRNA impact the cellular  dicted target genes based on using a binding score similar to or better
response to ischemia.'” We focused on the genes uniquely targeted  than those of the targets that were confirmed with other in vitro assays
by either WT-miR-411-5p and ED-miR-411-5p and filtered the pre-  (ie., a binding score >0.5) as a threshold value to minimize the
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inclusion of false-positive putative targets.'>'>*° The numbers of pre-

dicted targets detected in the RNA-seq dataset are summarized in Ta-
ble S6.

Consistent with our previous findings regarding target regulation, we
found that overexpression of WT-miR-411-5p specifically led to a
global downregulation of the WT targetome compared to a non-tar-
geting control microRNA, while ED-miR-411-5p specifically downre-
gulated the ED targetome (Figure S6). A direct comparison between
ED-miR-411-5p and WT-miR-411-5p overexpression showed that
the ED-miR-411-5p specifically decreases the ED targetome, while
alleviating the repression of the WT targetome relative to WT-miR-
411-5p overexpression (Figures 7D and 7E).

In Vivo Target Regulation

To examine target regulation in vivo after ischemia, we used whole-
genome expression data obtained via microarray in whole-muscle tis-
sue of C57BL/6 mice subjected to HLIL.>' For this analysis, we took the
human WT and ED targetomes of miR-376¢-3p, miR-381-3p, and
miR-411-5p (but not of miR-376a-3p due to lack of editing conserva-
tion). First, we determined which predicted human targets are
conserved as predicted targets in mice. Next, we also filtered these
predictions using a binding score threshold of 0.5 to minimize the in-
clusion of false-positive putative targets.'*'®
conserved predicted targets, as well as the fraction of predicted targets
detected in the microarray dataset, are summarized in Table S7.

* The numbers of

The average expression of all three ED-microRNAS’ targetomes were
downregulated significantly 1 day after induction of ischemia (Figures
7F-7H). In contrast, the WT-microRNAS’ targetomes were not
downregulated at any time point. Genes that are potentially targeted
by both the ED-microRNAs and WT-microRNAs were also downre-
gulated at both 1 and 3 days after induction of HLL

Next we examined whether the human targets that we validated (see
Figures 7B and 7C) were indeed regulated in the ischemic LLV sam-
ples from patients with PAD compared to the normoxic LLVs from
patients with CAD. Targets of WT-microRNAs were not downregu-
lated in the veins from patients with either PAD or end-stage PAD
(Figure S7A). In contrast, ED-microRNA targets BCL2, BMP2,
CHD2, and FGF2 showed decreased expression in veins from all
PAD patients, compared to CAD patients (Figure S7B). A fifth ED-
microRNA target, WNT4, was not expressed in these human LLVs.
When combined into a single set of targets, the expression of the
ED-microRNA targets was decreased significantly in both intermit-
tent PAD patients (p = 0.001) and end-stage PAD patients (p =
0.03, Figure 7J), whereas the expression of the WT-microRNA target
set was not regulated (Figure 7I).

Functional Effects of MicroRNA Editing

Finally, the functional implications of the observed A-to-I editing
events were examined using overexpression of either the WT-micro-
RNA or ED-microRNA in three different functional assays. First we
performed scratch-wound healing assays in HUAFs. We validated
that transfection-mediated microRNA overexpression results in the
desired changes in the percentage of microRNA editing (Figures
S5A-S5D). Overexpression of all four WT-microRNAs reduced
scratch-wound healing compared to the control. Treatment with
ED-miR-376¢-3p resulted in a comparable reduction in scratch-
wound healing as with WT-miR-376¢-3p. However, treatment with
ED-miR-376a-3p, ED-miR-381-3p, and ED-miR-411-5p resulted in
increased scratch-wound healing compared to the control and to their
WT-microRNA counterparts (Figure 8A).

Next we studied the functional effects of ED-microRNAs in HUVECs
by examining tube formation on Matrigel. We observed that overex-
pression of ED-miR-376¢-3p, ED-miR-381-3p, and ED-miR-411-5p

Figure 7. Targetome Predictions and Validation of Target Sequence Binding and Endogenous Target Regulation

(A) Venn diagram of putative targetomes for WT-microRNA (green) and ED-microRNA (red) representing the putative targets that all three prediction algorithms indicated to be
targeted. Within each putative targetome, significantly enriched pathways were displayed (see Table S4). (B) To examine the change in target binding induced by editing,
luciferase assays were performed with endogenous microRNA binding sequences from vasoactive targets for either a WT-microRNA or a ED-microRNA as indicated.
MicroRNA-specific target regulation was assessed by examining luciferase reporter activity after co-transfecting HelLa cells with a WT-microRNA mimic (green) or a ED-
microRNA mimic (red), normalized to transfection of a non-targeting microRNA mimic (Ctrl microRNA). (C) Endogenous target regulation within HUAFs after transfection-
mediated overexpression of microRNA mimics as indicated. For (B) and (C), data shown represent the averages of three independent experiments and are presented as
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, by a one-sample t test versus Ctrl microRNA or a two-sided Student’s t test to compare WT-microRNA versus ED-microRNA
treatments. (D and E) The log fold changes (FCs) of mMRNA expression calculated from RNA-seq data obtained after overexpression of ED-miR-411-5p compared to
overexpression of WT-miR-411-5p in HUAFs. Data represent averages of three independent experiments and are visualized using mean-difference plots, highlighting the
predicted target genes (with a 0.5 binding score threshold to minimize false positives; see Table S6) that were uniquely targeted by the WT-miR-411-5p (green, D) or ED-miR-
411-5p (red, E). The overall distribution of the logFC per targetome is shown in the boxplots. Differential expression of each targetome was tested using ROAST.®? Figure S6
shows target gene regulation by WT-miR-411-5p and ED-miR-411-5p compared to a non-targeting control microRNA. (F-H) Analysis of conserved targetome expression
with a predicted binding score of >0.5 (see Table S7) in whole-muscle tissue of C57BL/6 mice subjected to HLI using whole-genome expression data obtained via mi-
croarray.”' Mean fold change in targetome expression of WT, ED, or shared targets (green, red, and purple, respectively) of miR-376¢-3p (F), miR-381-3p (G), and miR-411-
5p (H) targets after HLI. Per targetome, the number of conserved targets that were detected above array background levels is indicated between brackets. Targetome
expression was normalized to expression of total number of genes detected (black line) and presented as mean + SEM of at least three different mice per time point. *p < 0.05,
**p < 0.01, versus whole-genome expression by a two-sided Student’s t test. (I and J) The combined average mMRNA expression of the WT-microRNA targets (1) or ED-
microRNA targets (J) validated in (B) and (C) within the LLV samples from three different patient groups (see Figure 6): CAD patients (LLVs without PAD, n = 8), PAD patients
(LLVs suffering severe PAD, n = 6), and end-stage PAD patients (LLVs suffering end-stage PAD, n = 8). Combined average expression levels were calculated using the
average expression of individual target genes shown in Figure S7 and are expressed as fold change of the CAD group. Data are presented as mean + SEM. *p < 0.05, **p <
0.01, by a one-sample t test.
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Figure 8. Functional Effect of WT-MicroRNAs and ED-MicroRNAs
on In Vitro and Ex Vivo Angiogenesis

(A) Representative images and quantification of scratch-wound healing
after overexpression of a WT-microRNA mimic or ED-microRNA mimic in
HUAFs relative to a non-targeting microRNA mimic (Ctrl microRNA).
White lines indicate original scratch wound area. (B) Representative
images and quantification of HUVEC tube formation after similar treat-
ment with microRNA mimics as indicated. (A and B) Data are presented
as mean = SEM from three independent experiments performed with
pooled cells from a total of 13 different umbilical cords. *p < 0.05, **p <
0.01, by a one-sample t test versus Ctrl microRNA or a two-sided Stu-
dent t test to compare WT-microRNA versus ED-microRNA treatments.
(C) Representative images and quantification of neovessel sprouting
from aortic ring segments treated with microRNA mimics as indicated.
Data are presented as mean + SEM of at least 30 aortic segments per
treatment, originating from 11 different mice. *p < 0.05, versus control
condition unless otherwise indicated by a two-sided Student’s t test.
Scale bars, 200 pm.
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induced more HUVEC tube formation than did their WT-microRNA
counterparts (Figure 8B).

Finally, we studied the effects of microRNA editing on complex neo-
vessel growth by culturing murine aortic segments ex vivo. We found
that, compared to control microRNA-mimic treatment, overexpres-
sion of ED-miR-376¢c-3p, ED-miR-381-3p, and ED-miR-411-5p
induced the outgrowth of neovessel sprouts, while their WT-micro-
RNA counterparts did not (Figure 8C).

Taken together, these three experimental setups demonstrate that
ischemia-induced editing of vascular microRNAs enhances their
angiogenic potential.

DISCUSSION

In this study, we demonstrate that post-ischemic induction of pri-mi-
croRNA A-to-I editing is a widespread phenomenon in vascular cells,
occurring in at least 10 vasoactive microRNAs (including miR-487b-
3p)."* MicroRNA editing appears relatively pervasive in the vascula-
ture, as pri-microRNA A-to-I editing was found in 29% of the 35 vaso-
active microRNAs that we identified as editable in a context-dependent
manner. For the four most prevalent microRNAs, i.e., miR-376a-3p,
miR-376¢-3p, miR-381-3p, and miR-411-5p, we demonstrate that in-
duction of pri-microRNA editing by mimicking ischemic conditions
also results in a significant increase in functional ED-microRNAs.
The expression of these microRNAs was also increased after HLI in vivo
and in veins from PAD patients. Strikingly, all the A-to-I editing events
that we identified were located in the seed sequence of the microRNAs.
We validated that seed-sequence editing indeed causes a shift in target
regulation for each of the four most prevalent microRNAs, leading to
pro-angiogenic functional changes in in vitro and ex vivo assays.

Our study shows an unprecedented number of microRNA editing
events that are actively regulated in response to a pathological stimulus.
Moreover, the newfound edited vascular microRNAs have a signifi-
cantly higher percentage of editing at both baseline and under ischemic
conditions compared to our initial discovery of ischemia-induced edit-
ing of miR-487b-3p. A study by Nigita et al.”* examined microRNA ed-
iting after hypoxia, albeit using a breast adenocarcinoma cell line and
RNA-seq instead. However, the authors could not establish unidirec-
tional regulation of microRNA editing or expression. In fact, they
found only five microRNAs that displayed A-to-I editing at low per-
centages, and none of these was a microRNA that we identified as edi-
ted in vascular cells. A probable explanation for the differences in mi-
croRNA editing is the tissue and context specificity of A-to-I editing.”
This hypothesis is supported by the differences in microRNA expres-
sion and A-to-I editing that we found between different human organs,
vascular cell types, and vessels (Figures 1, 3, and 5 respectively). Addi-
tionally, studies have shown that microRNA A-to-I editing is generally
reduced in human cancer tissues, which could explain the low editing

. . 321
observed in the human cancer cell line.>***

We observed that expression of both ED-pri-microRNAs and mature
ED-microRNAs is consistently increased in cells cultured under

hypoxia+starvation to mimic ischemic conditions. However, the in-
crease in percentage of pri-microRNA editing did not always result
in a similar increase in the percentage of mature microRNA editing,
such as for miR-411-5p. Similarly, a previous study also observed dif-
ferences between pri-miR-411-5p and mature miR-411-5p editing in
human brains.*” These differences in editing rates support the princi-
ple that pri-microRNA editing can affect microRNA processing dy-
namics, resulting in a reduced processing efficiency compared to
the unedited microRNA.'"*%*

A-to-I editing is directed by the enzymes ADARI1 and ADAR?2. In the
present study we showed that ischemia-induced vasoactive micro-
RNA editing was consistently paired with increased expression of
both ADARs in vitro and in vivo. ADAR1 and ADAR?2 are also known
to play editing-independent roles in microRNA biogenesis and matu-
ration, however.”®>° We found that this was indeed the case for all of
the examined microRNAs, as repression of either ADAR1 or ADAR2
also resulted in reduced expression of both WT and ED mature mi-
croRNAs. Additionally, knockdown of ADARs also resulted in
reduced expression of the pri-microRNAs. Since these primary mi-
croRNAs were formed from spliced-out introns or intergenic tran-
scripts that are usually degraded,”’ our data suggest that ADARs
may help preserve such pri-microRNA-containing transcripts and
facilitate microRNA biogenesis.

However, where processing was influenced by both ADARs equally,
editing of specific microRNAs was regulated by either ADARI or
ADAR? specifically. With the exception of pri-miR-376al1&2, and
the previously reported pri-miR-487b,'* all vascular pri-microRNA
editing depended solely on ADARI. For pri-miR-376a2 and pri-
miR-381-3p editing, these findings were in accordance with previous
ADAR perturbation experiments on human cancer cell lines.”** For
the rest of the vasoactive pri-microRNA editing, our results provide
the first clear validation of their dependency on ADARI in human
cells. Editing of pri-miR-376a2 was exclusively ADAR2-dependent.
Alternatively, pri-miR-376al editing depends both on ADARI and
ADAR?, similar to what we previously showed for editing of pri-
miR-487b-3p."* The mechanisms behind the selectivity of A-to-I ed-
iting of pri-microRNAs remain unclear, as ADAR] and ADAR?2 edit
distinct sets of microRNAs without a strict target sequence speci-
ficity.>”>** Nevertheless, microRNA editing events are often strongly
conserved, in contrast to editing events of other RNA species in the
human transcriptome.””*> Many of the microRNA-editing events
that we observed are conserved across species, including miR-381-
3p, miR-411-5p, and the miR-376 family, suggesting their biological
importance.'>**

Indeed, all of the editing sites that we identified were located within
the seed sequence of the microRNAs. Therefore, these editing events
could all lead to a novel microRNA, the ED-microRNA, which in-
hibits a completely different set of target mRNAs. The seed sequence
of each of the microRNAs that we found to be edited is different from
any validated microRNA.'® This confirms that each of these A-to-I
editing events produces an entirely new microRNA with a novel
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targetome. Through luciferase reporter gene assays and validation of
endogenous targets we showed that seed-sequence editing of miR-
376a-3p, miR-376¢c-3p, miR-381-3p, and miR-411-5p indeed
completely shifts its target site selection (Figure 7). Finally, we
demonstrated the relevance of ED-microRNAs in vivo by showing
that the increased expression of the edited microRNAs in mouse mus-
cles goes hand-in-hand with a decreased expression of ED-microRNA
targets but not of WT-microRNA targets.

Interestingly, pathway enrichment analyses of the putative targe-
tomes revealed that each microRNA editing event altered enrichment
for cadherin signaling genes and, for three of the four microRNAs,
also for Wnt signaling genes. Cadherins are known to play an impor-
tant role in vascular cell function and angiogenesis, while Wnt
signaling has been implicated to promote vascular remodeling and
even cardiovascular regeneration.’®” Using three different func-
tional assays we confirmed that editing-induced targetome changes
result in angiogenesis-associated functional changes. We assessed
the effect of WT-microRNAs and ED-microRNAs on in vitro
scratch-wound healing and tube formation, and ex vivo neovessel
sprouting, and consistently found that ED-microRNAs had increased
pro-angiogenic properties compared to the WT-microRNAs. These
results are in line with the effects of editing of miR-487b-3p, which
also enhanced in vitro and ex vivo angiogenesis."*

A technical limitation to current microRNA-editing studies is the fact
that it is yet not possible to manipulate microRNA editing in vascular
tissues specifically in vivo without also affecting the WT-microRNA
expression or without large-scale off-target effects. An alternative
in vivo experimental setup could be to quantify vascular ingrowth
into subcutaneously injected Matrigel plugs mixed with synthetic mi-
croRNAs. However, the potential clinical relevance of microRNA ed-
iting has already been demonstrated in the field of oncology. miR-
378a-3p editing was shown to prevent melanoma progression via
regulation of PARVA expression,”® and miR-455 editing was shown
to repress melanoma growth and reduce metastasis.”” Furthermore,
Franzén et al.'> found that specific editing events can sometimes be
associated with phenotypic traits, and Stellos et al.** demonstrated
the importance of A-to-I editing of the cathepsin S mRNA in cardio-
vascular disease. We provide new evidence herein that microRNA ed-
iting can play a direct role in cardiovascular disease. We demonstrate
that vasoactive mature microRNAs are also edited in vivo in response
to ischemia in a murine HLI model and in ex vivo-cultured human
arteries and veins. Furthermore, we found that mature microRNA ed-
iting is significantly increased in limb veins from patients with PAD,
compared to limb veins from patients with CAD (Figure 6). These re-
sults suggest that increased microRNA editing is clinically associated
with PAD.

Our unbiased screening for editable microRNAs resulted in a striking
enrichment for microRNAs from the 14q32 microRNA gene cluster.
Indeed of the 10 pri-microRNAs that we confirmed to be edited, 8 mi-
croRNAs originate from this single gene cluster, including the 4 high-
est expressed microRNAs, i.e., miR-376a-3p, miR-376¢-3p, miR-381-
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3p, and miR-411-5p. miR-487b-3p, which we previously reported to
be edited, is also transcribed from the 14q32 locus. The 14q32 locus
(I12F1 in mice) encodes >50 microRNA genes, and we, and others,
have previously shown that 14932 microRNAs, as well as the other
types of noncoding RNAs from this locus, play a vital regulatory
role in many aspects of cardiovascular physiology and pathol-
ogy.»'**!"*° Additionally, 14q32 microRNAs have been implicated
in rapid placental growth during gestation by regulating capillary for-
mation of the placenta’s labyrinth zone, which fits with the micro-
RNASs’ regulatory roles in angiogenesis during adulthood.”” We
now show that A-to-I editing of 14932 microRNAs also contributes
to the regulatory role of this locus in vascular remodeling.

In conclusion, we found widespread A-to-I editing of the seed
sequence of multiple vasoactive microRNAs, resulting in novel
mature microRNAs. Expression of each ED-microRNA was signifi-
cantly increased after ischemia, and microRNA editing was also
induced in ischemic veins from patients. Editing of miR-376a-3p,
miR-376¢-3p, miR-381-3p, and miR-411-5p causes a complete shift
in the targetome of the microRNA. The ED-microRNAs were func-
tionally different from the WT-microRNAs, and all ED-microRNAs
enhanced certain angiogenic properties, compared to their wild-type
counterparts. This study underlines the relevance of microRNA edit-
ing in the response to ischemia. Since the editing events identified
herein represent only a small subset of the total pri-microRNA editing
events,'’ future studies are likely to uncover many more editing
events relevant to cardiovascular disease.

MATERIALS AND METHODS

Identification of Vasoactive MicroRNAs Containing A-to-I
Editable Adenosines

To identify vasoactive microRNAs containing adenosines that can be
subject to A-to-I editing in a context-specific manner, we combined
manual literature curation with reanalysis of public microRNA-seq
datasets.

We first searched the PubMed database for studies that identified mi-
croRNA editing events by analyzing high-throughput small RNA-seq
datasets by searching for the search terms “microRNA” and “A-to-I
OR inosine” in the titles and abstracts (performed December 2017).
A total of eight studies were identified that fulfilled these criteria
and none was excluded.'>*?73%18-51 Op average, these studies iden-
tified approximately 40 mature microRNAs with statistically signifi-
cant A-to-I editing events. To ensure that microRNA candidates
were confidently edited, we only included editing events that were
identified in at least two different studies and/or were previously
shown to be ADAR-dependent. When selecting microRNA candi-
dates, no restrictions were applied to magnitude or tissue specificity
of the editing to prevent excluding context-dependent editing events.
This yielded a total of 60 confidently editable microRNAs (Table S1).

Next, the subset of “vasoactive” editable microRNAs was identified by
selecting microRNAs that were linked to vascular biology in previous
studies. This was done by searching the microRNAs in the PubMed
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database combined with the search term “cardiovascular OR vascular
OR vessel OR endothelial OR angiogenesis” (within the title and ab-
stract). MicroRNAs were considered vasoactive if at least one search
result indicated that the microRNA was involved in or associated with
cardiovascular function or disease (Table S1).

Finally, high-quality public microRNA deep-sequencing datasets
were reanalyzed using the “miR-seq browser” function of the miRGa-
tor webtool (http://mirgator.kobic.re.kr/)** to examine baseline prev-
alence and tissue specificity of selected microRNA editing in major
human organs. The datasets used were the ones with highest read
counts available: GSM548639 (whole brain), SRX050631 (heart),
SRX050632 (lung), SRX050633 (thymus), SRX050634 (ovary),
SRX050635 (testes), SRX050636 (spleen), SRX050637 (kidney),
SRX050638 (liver), and GSM494810 (peripheral blood mononuclear
cells [PBMCs]). The percentage of inferred editing was calculated per
editable adenosine by dividing total number of reads containing a G
mismatch in that position divided by the sum of the reads with an A
or a G in that position. In both cases, 3’ templated isomiR reads were
included since this does not alter the seed region and thus targets the
same genes. miR-376al-3p, miR-376a2-3p, and miR-376b-3p editing
could not be accurately calculated separately due to their near-com-
plete sequence homology, and was therefore expressed as percentage
editing of miR-376a+b-3p.

The identification procedure of vasoactive microRNAs containing A-
to-I editable adenosines is schematically summarized in Figure S8.

Isolation of Primary Vascular Cells from Human Umbilical Cords
Isolation and culturing of primary vascular human cells was per-
formed as described previously.'*

In brief, umbilical cords were collected from full-term pregnancies
and used for isolation of either HUAFs or HUVECs.

For HUAF isolation, the tunica adventitia was removed from the um-
bilical artery and incubated overnight in serum-rich medium
(DMEM GlutaMAX [Invitrogen, Gibco, Auckland, New Zealand],
10% heat-inactivated fetal bovine serum [FBS; PAA Laboratories,
Pasching, Austria], 10% heat-inactivated human serum, 100 U of
penicillin and 100 pg of streptomycin per mL [Lonza, Basel,
Switzerland], and nonessential amino acids [Gibco, #11140050]).
The next day the adventitia was incubated in a 2 mg/mL collagenase
type II solution (Worthington, Lakewood, NJ, USA) at 37°C. The re-
sulting cell suspension was filtered over a 70-pum cell strainer, pelleted,
and resuspended and plated in HUAF culture medium (DMEM Glu-
taMAX [Invitrogen], 10% heat-inactivated FBS [PAA], and 100 U of
penicillin and 100 pg of streptomycin per mL [Lonza]).

HUVECs were isolated from the umbilical veins by infusing a flushed
vein with 0.75 mg/mL collagenase type IT (Worthington Biochemical)
and incubated at 37°C for 20 min. The cell suspension was collected
and pelleted and resuspended in HUVEC culture medium (M199
[PAA], 10% heat-inactivated human serum [PAA], 10% heat-inacti-

vated newborn calf serum [PAA], 100 U of penicillin and 100 pg of
streptomycin per mL [Lonza]), 150 pg/mL endothelial cell growth
factor [kindly provided by Dr. Koolwijk, VU Medical Center, Amster-
dam, the Netherlands], and 5 U/mL heparin [LEO Pharma, Ballerup,
Denmark]). HUVECs were cultured in plates coated with 10 pg/mL
fibronectin (Sigma-Aldrich, Steinheim, Germany).

Cell Culture

Cells were cultured at 37°C in a humidified 5% CO, environment.
Culture medium was refreshed every 2-3 days. Cells were passed us-
ing trypsin-EDTA (Sigma-Aldrich) at 70%-80% confluency
(HUAFs) or 90%-100% (HUVECs). HUAFs were used up to passage
5 and HUVECs up to passage 3. Stock solutions of isolated HUAFs
and HUVEC:s up to passage 2 were stored at —180°C in DMEM Glu-
taMAX containing 20% FBS and 10% DMSO (Sigma-Aldrich). Ex-
periments were performed with pooled cells isolated from 13 different
donors.

In Vitro Acute Ischemia Model

For in vitro ischemia experiments, HUAFs and HUVECs were seeded
in separate 12-well plates at 70.000 or 100.000 cell per well, respec-
tively. After 24 h, medium was removed and cells were subjected to
either control conditions (normal culture medium and ~20% oxy-
gen) or by mimicking ischemic conditions for an additional 24 h.
Ischemic conditions were mimicked by culturing cells in starvation
medium and hypoxia (1% oxygen). HUAF starvation medium con-
sisted of DMEM GlutaMAX (Invitrogen) with 0.1% heat-inactivated
FBS (PAA) and 100 U of penicillin and 100 pg of streptomycin per
mL (Lonza). HUVEC starvation medium consisted of M199 (PAA),
10% heat-inactivated newborn calf serum (PAA), and 100 U of peni-
cillin and 100 pg of streptomycin per mL (Lonza). At the end of the
experiment, cells were washed with PBS and harvested with TRIzol
reagent (Invitrogen).

RNA Isolation and cDNA Synthesis

Total RNA was isolated with TRIzol (Invitrogen), according to the
manufacturer’s instructions. RNA concentration and purity were
examined by NanoDrop (NanoDrop Technologies, Wilmington,
DE, USA). For pri-microRNA experiments, DNase treatment was
performed using RQ1 RNase-free DNase (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. Total comple-
mentary DNA (cDNA) was prepared using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s protocol.

Quantification of pri-MicroRNA editing by Sanger Sequencing

pri-MicroRNA-seq was performed as previously described.*
Genomic DNA (gDNA) was isolated from the interphase according
to TRIzol reagent instructions to ensure observed cDNA sequencing
variation was not due to SNPs. The pri-microRNA of each selected
“editable” microRNA was individually amplified by PCR from
HUAF gDNA and cDNA samples with GoTaq DNA polymerase
(Promega) or HotStarTaq DNA polymerase (QIAGEN, Hilden, Ger-
many) (for primer sequences, see Table S8). Gel electrophoresis of the
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product was performed, after which the correctly sized DNA band
was excised and purified using a Wizard SV gel and PCR clean-up sys-
tem (Promega). Amplified and purified pri-microRNA samples were
submitted for Sanger sequencing to the Leiden Genome Technology
Center (Leiden, the Netherlands) according to their instructions.

A-to-I editing presents itself as A-to-G substitutions on the resulting
sequencing chromatograms. Therefore, the location of each genomic
adenosine was analyzed for the presence of a secondary guanosine
peak in the chromatogram from the c¢DNA samples. gDNA
sequencing chromatograms were used to ensure A-to-G substitutions
were cDNA-specific. The percentage pri-microRNA A-to-I editing
was calculated as described previously.” In summary, editing is equal
to the height of the editing peak (the secondary G peak) expressed as a
percentage of the combined heights of the overlapping A and G peaks.

Quantification of pri-MicroRNA and mRNA Expression

The expression of pri-microRNAs and mRNAs within cDNA samples
was quantified by qPCR using QuantiTect SYBR Green (QIAGEN)
on the ViiA7 real-time PCR system (Applied Biosystems). pri-Mi-
croRNA expression was normalized against the stably expressed
non-coding RNA U6. Pri-microRNA expression was combined
with percentage editing to calculate individual expression of WT-
pri-microRNA and ED-pri-microRNA. mRNA expression was
measured with intron-spanning primers and normalized against
RPLPO mRNA expression, a household gene that remains stable un-
der ischemic conditions*’. All primer sequences are provided in Table
S8.

ADAR1 and ADAR2 Protein Quantification by Western Blot
Protein was isolated from cell and human LLV lysates with TRIzol
(Invitrogen), according to the manufacturer’s instructions. Total pro-
tein concentration was quantified by a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA), after which protein concentration was normalized to 1 pg/
pL in Laemmli buffer (Bio-Rad, Hercules, CA, USA) containing
10% B-mercaptoethanol (Sigma-Aldrich).

Samples were heated to 95°C for 5 min and cooled before loading 1 pg
of protein per lane in a 4%-15% Mini-PROTEAN TGX precast pro-
tein gel (Bio-Rad). Protein separation was performed in a vertical
electrophoresis cell using premixed Tris/glycine/SDS running buffer
(both Bio-Rad). Proteins were transferred onto a nitrocellulose mem-
brane (GE Healthcare, Eindhoven, the Netherlands) by a wet transfer
using premixed Tris/glycine transfer buffer (Bio-Rad). The mem-
brane was blocked at room temperature in 5% non-fat dried milk
in TBS-T (150 mM NaCl, 50mM Tris, 0.05% Tween 20 [Sigma-Al-
drich]) and subsequently incubated overnight at 4°C with antibodies
against ADARI (Abcam ab168809, 1:500 dilution), ADAR2 (Abcam
ab64830, 1:500 dilution), or stable household protein B-actin (Abcam
ab8226, 1:1,000 dilution), diluted in 5% non-fat dried milk in TBS-T.
After multiples washes with TBS-T, the membrane was incubated at
room temperature with anti-rabbit peroxidase-conjugated secondary
antibody (31462, Thermo Fisher Scientific), diluted to 1:10,000 in 5%
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non-fat dried milk in TBS-T. Proteins of interest were revealed using
SuperSignal West Pico Plus chemiluminescent substrate (Thermo
Fisher Scientific) and imaged using the ChemiDoc touch imaging sys-
tem (Bio-Rad Laboratories). ADARI and ADAR?2 expression levels
were quantified relative to stable household protein B-actin using
Image].

Quantification of Mature MicroRNA Expression and Editing
Specific quantification of WT-microRNA expression and ED-micro-
RNA expression was performed using TagMan qRT-PCR microRNA
assays designed by and purchased from Applied Biosystems. WT-mi-
croRNA assays were predesigned while ED-microRNA assays were a
custom-designed TagMan small RNA assay specifically targeting the
edited sequence where the inosine was replaced by a guanosine
instead. Oligonucleotide sequences used for each custom ED-micro-
RNA-specific QRT-PCR assay are presented in Table S9.

Expression quantification was performed according to the manufac-
turer’s instructions. Briefly, RNA was reverse transcribed into micro-
RNA-specific cDNA using the TagMan microRNA reverse transcrip-
tion kit (Applied Biosystems). Samples were run in triplicate on a
ViiA7 (Applied Biosystems). Relative expression of WT-microRNA
and ED-microRNAs was calculated relative to noncoding household
RNA U6. Amplification efficiency of all QRT-PCR kits was character-
ized using serial dilution (Figures S2B-S2E) and incorporated in
expression calculations. The percentage of microRNA editing was
calculated per mature microRNA by expressing ED-microRNA as a
percentage of the combined expression of both WT-microRNA and
ED-microRNA.

AGO2 IP and Quantification of Associated MicroRNAs
RNA-binding protein IP (RIP) was performed using the EZMagna
RIP kit (Millipore). HUAFs were seeded in T75 flasks. After 24 h, me-
dium was removed and cells were subjected to either control condi-
tions (normal culture medium and ~20% oxygen) or hypoxia+
starvation conditions for an additional 24 h. Cells were then washed
with cold PBS, trypsinized, and pelleted at 300 x g using a tabletop
centrifuge. The cell pellet was then resuspended in 0.4% formalde-
hyde to crosslink RNA-protein complexes for 30 min on ice. Next,
cells were pelleted and washed twice with cold PBS, after which the
cell pellet was resuspended in complete RIP lysis buffer. Per RIP re-
action, HUAF lysate from two T75 culture flasks were incubated
with RIP buffer containing magnetic beads conjugated with anti-
bodies against AGO2 (Abcam ab32381) and negative control rabbit
control IgG (Millipore PP64B). After completing the RIP according
to the manufacturer’s protocol, the samples were treated with pro-
teinase K to digest protein, and RNA was isolated using TRIzol LS re-
agent (Invitrogen).

cDNA was made as described above. Finally, the expression of mature
WT-microRNAs and ED-microRNAs in each RIP fraction was
measured as described above to determine whether these microRNAs
are indeed associated with AGO2 and whether hypoxia+starvation
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conditions also affect the amount of microRNA associated with
AGO2.

siRNA-Mediated Knockdown of ADAR1 and ADAR2

Knockdown of ADARI and ADAR2 in HUAFs was performed as
previously described.'* Briefly, HUAFs were seeded in 12-well plates,
grown to 70% confluence, and then transfected using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s protocol,
with a final concentration of 27.5 nM siRNA. siRNA sequences
used were originally reported and validated by Stellos et al.*’ and
can be found in Table S10. After 48 h, cells were washed three times
with PBS and total RNA was isolated and cDNA was synthesized as
before. Expression of ADARI, ADAR2, and RPLP0O was quantified
to determine knockdown efficiency. Subsequent microRNA expres-
sion and editing analyses were performed as described above.

HLI Model

All animal experiments were approved by the Committee on Animal
Welfare of the Leiden University Medical Center (Leiden, the
Netherlands, approval reference no. 09163).

Adult male C57BL/6 mice, 8-12 weeks old (Charles River, Wilming-
ton, MA, USA), were housed in groups of three to five animals, with
free access to tap water and regular chow. The assignment of the mice
to the experimental groups was conducted randomly. All animals
were included in the study, and the definitions of inclusion and exclu-
sion criteria as well as primary and secondary endpoints were not
applicable.

Induction of HLI was performed as described previously.'* In brief,
mice were anesthetized by intraperitoneal injection of midazolam
(5 mg/kg, Roche Diagnostics, Almere, the Netherlands), medetomi-
dine (0.5 mg/kg, Orion, Espoo, Finland), and fentanyl (0.05 mg/kg,
Janssen Pharmaceuticals, Beerse, Belgium). Unilateral HLI was
induced by electrocoagulation of the left femoral artery proximal
to the superficial epigastric arteries. After surgery, anesthesia was
antagonized with flumazenil (0.5 mg/kg, Fresenius Kabi, Bad Hom-
burg vor der Hohe, Germany), atipamezole (2.5 mg/kg, Orion), and
buprenorphine (0.1 mg/kg, MSD Animal Health, Boxmeer, the
Netherlands). Mice were sacrificed by cervical dislocation, and the
adductor and gastrocnemius muscles were excised en bloc and
snap-frozen on dry ice before (T0) and at 1 and 3 days (T1 and
T3, respectively) after induction of HLI. Muscle tissues were crushed
with pestle and mortar, while using liquid nitrogen to preserve sam-
ple integrity. Tissue homogenates were stored at —80°C. Total RNA
was isolated from tissue powder by standard TRIzol-chloroform
extraction as before.

Collection of Surplus Human Artery and Vein Samples

All human artery and vein samples were collected at the Leiden Uni-
versity Medical Center. Collection, storage, and processing of the
samples were performed in compliance with the Medical Treatment
Contracts Act (WGBO, 1995) and the Code of Conduct for Health
Research using Body Material (Good Practice Code, Dutch Federa-

tion of Biomedical Scientific Societies, 2002) and the Dutch Personal
Data Protection Act (WBP, 2001).

Human VSMs and IMAs were harvested during elective coronary
bypass surgery on patients with CAD. Only surplus tissue was
collected. These samples were anonymized and no data were recorded
that could potentially trace back to an individual’s identity. Vessels
were left to rest overnight in culture medium (DMEM GlutaMAX
with 10% heat-inactivated fetal calf serum and 100 U of penicillin
and 100 pg of streptomycin per mL) at 37°C and 20% oxygen and
subsequently cultured for 24 h, either at control conditions (20% ox-
ygen and culture medium) or at hypoxia+starvation conditions (1%
oxygen and fetal calf serum reduced to 0.5%). VSMs were left intact
and snap-frozen directly. Before snap-freezing the IMAs, they were
separated manually into the tunica adventitia and the tunica media/
intima, while kept cold. Frozen tissues were crushed in liquid nitrogen
and total RNA was isolated from tissue powder by standard TRIzol-
chloroform extraction as described above.

Surplus LLV tissue samples were also collected during coronary
bypass surgery and femoral artery to popliteal artery bypass surgery.

LLVs from eight patients with end-stage PAD were obtained directly
after lower limb amputation. Inclusion criteria for the biobank were a
minimum age of 18 years and lower limb amputation, excluding
ankle, foot, or toe amputations. The exclusion criteria were suspected
or confirmed malignancy and inability to give informed consent.
Sample collection was approved by the Medical Ethics Committee
of the Leiden University Medical Center (protocol no. P12.265),
and written informed consent was obtained from these participants.

All human artery and vein samples were snap-frozen and stored at
—80°C. Frozen tissues were crushed in liquid nitrogen and total
RNA was isolated from tissue powder by standard TRIzol-chloroform
extraction as described above.

In Silico Target Prediction and Pathway Enrichment Analysis
Putative human targetomes of each microRNA were determined us-
ing three distinct target prediction algorithms to reduce the number
of false positives: TargetScan (http://www.targetscan.org/vert_72/),'°
miRanda  (http://www.microRNA.org),”* and Diana-MR-microT
(http://diana.imis.athena-innovation.gr/DianaTools/index.php).*°
TargetScan (version 6.2) and miRanda (2010 release) predictions
were obtained through the miRmut2go webtool (http://compbio.
uthsc.edu/miR2GO/home.php),>® Diana-MR-microT
predictions were obtained using its website. In the predictions,
the inosine was replaced with guanosine for the ED-microRNA
input sequence. No restrictions were applied for target prediction.
Genes were only considered to be a particular microRNA’s puta-
tive target gene when each of the three target prediction algo-
rithms identified them as a target.

whereas

For each targetome, the set of target genes of a particular microRNA,
overrepresented pathways were identified using PANTHER pathway
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enrichment analysis (http://www.pantherdb.org/, version 11),'* as
described previously.*

To identify putative target genes involved in the response to ischemia,
several relevant gene ontology terms were selected, including
“response to hypoxia,” “
geneontology.org/) (Table S5). Putative target genes exclusively tar-
geted by either the WT or ED variant of a particular microRNA
were considered involved in the response to ischemia when they

were associated with one or more of these terms.

angiogenesis,” and “migration” (http://

Dual-Luciferase Reporter Gene Assays

Constructs

3’ UTR sequences containing one or more WT-microRNA or ED-mi-
croRNA binding sites from endogenous target genes were amplified
from human cDNA using primers with a short extension containing
cleavage sites for Xhol (5’ end) and Notl (3’ end) (Table S8). For
BMP2, BCL2, and ANGPT2 (ED-miR-381-3p binding sequences
only) endogenous binding sequences were purchased from Integrated
DNA Technologies (IDT, Coralville, IA, USA) instead (Table S10).

Amplicons and synthetic sequences were digested with XhoI and NotI
and cloned in between the Xhol and NotI cleavage sites of the Psi-
CHECK-2 vector (Promega) at the 3’ end of the coding region of
the Renilla luciferase reporter gene. The sequence of each construct
was confirmed using Sanger sequencing.

Sequences of the primers used are available in Table S8.

Luciferase Assays

HeLa cells were cultured at 37°C under 5% CO, using DMEM
(Gibco) with high glucose and stable r-glutamine, supplemented
with 10% fetal calf serum and 100 U of penicillin and 100 pg of strep-
tomycin per mL (Lonza). For experiments, HeLa cells were grown to
75%-80% confluence in white 96-well plates in their normal growth
medium, at 37°C under 5% CO,. Lipofectamine 3000 (Invitrogen) in
Opti-MEM (Gibco) was used, according to the manufacturer’s in-
structions, to transfect each well with 30 ng of PsiCHECK-2 vector
containing endogenous microRNA binding sequences or the original
empty vector. Cells were co-transfected with 2 pmol of miRCURY
locked nucleic acid (LNA) microRNA mimic for either a WT-micro-
RNA, ED-microRNA, or negative control microRNA (Qiagen) at a
concentration of 10 nM. Firefly luciferase and Renilla luciferase
were measured in cell lysates using a Dual-Luciferase reporter assay
system (Promega) according to the manufacturer’s protocol on a Cy-
tation 5 plate reader (BioTek, Winooski, VT, USA). Firefly luciferase
activity was used as an internal control for cellular density and trans-
fection efficiency. The luminescence ratios were corrected for differ-
ences in baseline vector luminescence observed in the vehicle-treated
group and expressed as a percentage of scrambled control
luminescence.

Displayed luciferase data represent the averages from three indepen-
dent experiments.
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Endogenous Transcript Regulation by WT-MicroRNAs or
ED-MicroRNAs

Endogenous transcript regulation was examined by overexpression of
WT-microRNA or ED-microRNA in HUAFs. HUAFs were seeded in
12-well plates at 70,000 cells per well and grown for 12 h in culture
medium, after which the medium was replaced with starvation me-
dium to synchronize cell cycle. After another 12 h, Lipofectamine
RNAIMAX (Invitrogen) in Opti-MEM (Gibco) was used according
to the manufacturer’s instructions to transfect each well with 1 pg
of miRCURY LNA microRNA mimic for either a WT-microRNA,
ED-microRNA, or negative control microRNA (Qiagen). After 12
h, transfection medium was replaced with new starvation medium.
After 14 h (26 h total after transfection), cells were washed twice
with PBS and harvested with TRIzol reagent, after which RNA was
isolated.

To examine target mRNA expression of individual genes, total cDNA
was prepared and target mRNA expression was measured by qPCR as
described above. Target mRNA expression was normalized against
RPLPO. The intron-spanning primers used can be found in Table
S8. Displayed endogenous target regulations represent the averages
from three independent experiments.

Targetome Regulation by WT-miR-411-5p and ED-miR-411-5p
For each independent miR-411-5p overexpression experiment, at
least 500 ng of pooled total RNA was submitted to BGI Hong Kong
for RNA-seq. BGI's services included mRNA enrichment and purifi-
cation using oligo(dT) selection, RNA fragmentation, reverse tran-
scription, end repair, adaptor ligation, DNA nanoball synthesis, and
finally sequencing on the DNBseq platform.

Raw reads were filtered by BGI Genomics to remove adaptor se-
quences, contaminations, and low-quality reads. Quality of the clean
fastQ files was verified using FastQC version 0.11.8 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were then
mapped to the human genome using HISAT2 version 2.2.0 with
the pre-compiled index GRCh38_snp_tran’” and subsequently
assembled into transcripts using StringTie version 2.1.1.°® Transcript
abundance was estimated per gene using Rsubread version 2.0.1.>°
Read count normalization and filtering were done using edgeR, re-
taining all genes that had >1 counts per million (cpm) in three or
more samples.”’ Differential expression analysis was performed on
voom-transformed log, cpm values using limma.®" Finally, enrich-
ment of the predicted targetomes for WT and ED miR-411-5p was
tested using ROAST, a self-contained gene set test.”” p values were
calculated by simulation, using 999 rotations. Data were visualized us-
ing limma’s plotMD and R’s built-in boxplot functions.

In Vivo Targetome Regulation after HLI

For each human targetome, except the unconserved miR-376a-3p,
target genes that were also predicted to be target genes in mice accord-
ing to the murine Diana-MR-microT algorithm (http://diana.imis.
athena-innovation.gr/DianaTools/index.php)** were considered the
conserved murine targetome. On average, 62.5% of the human target
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genes were identified to be conserved targets in mice in this way (see
Table S7).

To assess which conserved targetomes are regulated in response to
HLI, we used a previously published whole-genome expression mi-
croarray dataset in which transcriptome expression was measured
before and after HLI in the adductor muscle (Nossent et al.*'). For
each gene detected above background levels (21,074 out of 45,200),
post-ischemic expression was calculated relative to its expression
before HLI (T0) by calculating the 22108(measured gene intensity) A yeryge
putative targetome expression was determined by calculating the
average post-ischemic change in expression of all genes within the
particular targetome. Targetome expressions were compared to the
average expression of all genes above the detection limit.

Effects of WT-MicroRNAs or ED-MicroRNAs on In Vitro Scratch-
Wound Healing

Effects of WT-microRNA or ED-microRNA overexpression on
scratch-wound healing of HUAFs were examined. HUAFs were
seeded and transfected as described above. Transfection medium
was removed after 12 h. Next, a p200 pipette tip was used to introduce
a scratch wound across the diameter of each well. Subsequently, the
cells were washed with sterile PBS and medium was replaced with
new serum starvation medium. Three locations along the scratch
wound were marked per well. The scratch wound at these sites was
imaged at time 0 h and 14 h after scratch wound introduction using
live phase-contrast microscopy (Axiovert 40C, Carl Zeiss, Oberko-
chen, Germany). After the 14-h time point, cells were washed three
times in PBS and then lysed and harvested in TRIzol for RNA isola-
tion as before. MicroRNA overexpression efficiency was validated by
measuring microRNA expression as described above. For each
imaged location, the area of the scratch wound at 0 h was superim-
posed on the 14-h scratch-wound area image. Scratch-wound healing
was then determined per well as the newly covered scratch-wound
area after 14 h using the wound-healing tool macro for Image]. Dis-
played scratch-wound healing represent the averages from three inde-
pendent experiments.

Effects of WT-MicroRNAs or ED-MicroRNAs on HUVEC Tube
Formation

HUVECs were seeded in 12-well plates in EBM-2 basal medium (CC-
3156, Lonza) supplemented with EGM-2 SingleQuots supplements
(CC-4176, Lonza). At 80% confluency, each well was transfected
with 1 pg of miRCURY LNA microRNA mimics as described before,
using Lipofectamine RNAIMAX (Invitrogen) in Opti-MEM (Gibco)
according to the manufacturer’s instructions. After 24 h, the trans-
fected HUVECs were detached using trypsin-EDTA (Sigma, Stein-
heim, Germany) and counted. Next, low-serum medium (EBM-2
basal medium [CC-3156] supplemented with 0.2% FBS and 1%
GA-1000) was used to seed 15,000 cells per well in a 96-well plate,
which was pre-coated with 50 pL/well of Geltrex extracellular matrix
(A1413202, Gibco). After a 12-h incubation, images of each well were
taken using live phase-contrast microscopy (Axiovert 40C, Carl

Zeiss). The total length of the tubes formed was analyzed using the
angiogenesis analyzer plugin for Image].

Effects of WT-MicroRNAs or ED-MicroRNAs on Ex Vivo
Angiogenesis

Mouse aortic ring assays were performed as described previously.
In brief, six thoracic aortas were removed from 8- to 10-week-old
mice, after which the surrounding fat and branching vessels were
carefully removed and the aorta was flushed with Opti-MEM (Gibco).
Aortic rings of ~1 mm were cut and the rings from each mouse aorta
were divided over 7 wells of 24-well plate groups for separate treat-
ments. The different groups were then transfected overnight with 1
pg of miRCURY LNA microRNA mimics, using 1.5 pL of Lipofect-
amine RNAIMAX (Invitrogen) in fresh Opti-MEM (Gibco) with a to-
tal volume of 500 pL.

4,63

The next day, 96-well plates were coated with 75 pL of collagen matrix
(collagen type I, Millipore) diluted in 1x DMEM (Gibco), and the pH
was adjusted with 5 N NaOH. One aortic ring per well was embedded
in the collagen matrix, for a total of at least 30 rings per pre-micro-
RNA treatment. After letting the collagen solidify for an hour,
150 pL of Opti-MEM supplemented with 2.5% FBS (PAA, Austria),
penicillin-streptomycin (PAA, Austria), and 30 ng/mL VEGF (R&D
Systems) was added. Medium was refreshed every 2 days and was sup-
plemented with microRNA mimics at a concentration of 100 nM,
without transfection agent. Images of each embedded aortic ring
and its neovessel outgrowth were made after 7 days using live
phase-contrast microscopy (Axiovert 40C, Carl Zeiss). The number
of neovessel sprouts was manually counted per aortic segment. Seg-
ments were excluded when they were too close to an obstacle (i.e.,
the wall of the well) or showed no outgrowth. Each neovessel
emerging from the ring was counted as a sprout. Individual branches
arising from each microvessel were counted as a separate sprout.

Statistical Analysis

All results are expressed as mean + SEM. Normality of data obtained
was examined using the Shapiro-Wilk’s normality test. Since all vari-
ables measured were continuous parameters, pairwise comparisons
were tested using either t tests or one-way ANOVA. p values less
than or equal to 0.05 were considered statistically significant.
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