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Chapter 5

ABSTRACT

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 identified 35 vasoactive microRNAs that are A-to-I edited. We quantified A-to-
[ 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 ADARI 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.
Keywords

microRNA, A-to-I editing, ischemia, peripheral artery disease, angiogenesis, target gene

regulation, ADAR, cardiovascular disease
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Post-ischemic A-to-| editing of vasoactive microRNAs

INTRODUCTION

MicroRNAs play an important role in processes involved in cardiovascular disease,
including neovascularization, atherosclerosis, 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 to 8 from the 5-end end of the microRNA, a microRNA’s seed region, is
required to induce target silencing?. As a result, microRNAs can target hundreds of
mRNAs, allowing them to regulate complex, multifactorial physiological and
pathological processes, like cardiovascular disease®. Our group has shown that multiple
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 primary
transcript of microRNA genes (pri-microRNAs)?. Pri-microRNAs fold into hairpin
shaped, double-stranded RNA structures which are sequentially cleaved by
ribonucleases Drosha and Dicer yielding a microRNA duplex. Either side of the duplex
can be incorporated into the RNA induced silencing complex to become a functional
mature microRNA, which are distinguished as either the microRNA on the 5’ or 3’ side
of the pri-microRNA hairpin (microRNA-5p or -3p)2.

However, like 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
preferentially 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 tissue- 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 nucleotides long,
A-to-I editing of microRNAs occurs in the pri-microRNA stage®. In fact, previous
studies have suggested that at least 16% of all human pri-microRNAs contain sites that

may be subject to A-to-I editing”'©. Editing of a pri-microRNA can profoundly
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influence microRNA maturation', and several pri-microRNA editing events were
shown to be associated with traits, including plasma HDL levels?. However, if editing
occurs in the seed-sequences of either the microRNA-5p or -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 regulatory role in
cardiovascular disease. We showed that the pri-microRNA of miR-487b-3p, a
microRNA from the 14g32 cluster, is A-to-I edited in the seed-sequence following
ischemia'®. We found that the edited mature microRNA (ED-microRNA) indeed selects
a completely different targetome than the unedited ‘wildtype’ microRNA (WT-
microRNA). Because of this switch in 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 like ischemia. Whether vasoactive
microRNAs besides miR-487b-3p are also subject to A-to-I editing in the vasculature
however, is still unknown.

Therefore, in this study, we aimed to identify vasoactive microRNAs which are
robustly A-to-I edited in vascular cells and to examine if the expression and editing of
these microRNAs is regulated under ischemic conditions. Next we aimed to validate
our findings in a murine hindlimb ischemia model and subsequently in human vascular
tissue. Finally, we examined how editing affects the function of vascular microRNAs,

specifically with regards to angiogenesis.

RESULTS

Identification of potential microRNA editing sites

We identified microRNAs containing adenosines which can be subject to A-to-I
editing by manual literature curation, in combination with reanalysis of public
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 (Supplemental Table I). 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
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miR-376a1-3p  AUCAUAGAGGAABAUCCACGU

miR-376a2-3p AUCAUAGAGGAAAAUCCACGU \\\ percentage mature miRNA editing )
miR-376b-3p AUCAUAGAGGAAAAUCCAUGUU 100%
;;;R:i;é;},-g- o &a&;&;&é;&g;{};}éééééi- o 251 250 171 102 1341 332 142 127 58 19.7
miR-381-3p UAUACAAGGGCAAGCUCUCUGU 337 245 180 304 276 291 285 . 207 77 25.9
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miR-376a2-5p GUAGAUUUUCCUUCUAUGGU 1.3 242 209 122 326 2741 33.9
miR-605-3p AGAAGGCACUAUGAGAUUUAGA 6.9 .
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miR-376a1-5p GUAGAUUCUCCUUCUAUGAGUA 91 1351 47 64 114 224 103 93 17.0
miR-377-3p  AUCACACAAAGGCAACUUUUGU 714 51 21 33 14 23 18 32 12 133 44
miR-378a-3p ACUGGACUUGGAGUCAGAAGGC 18 01 05 02 06 02 02 02 04 01 04
miR-379-5p UGGUAGACUAUGGAACGUAGG 157 09 69 09 11 14 23 07 32 0 33
miR-421-3p AUCAACAGACAUUAAUUGGGCGC |17 13 39 17 40 16 19 35 46 0 24
miR-455-5p  UAUGUGCCUUUGGACUAUCG o1 01 01 0 07 01 01 15 03
miR-494-3p  UGAAACAUACACGGGAAACCUC 0 02 02 0 01 01 01 0O 0 0 0.1 - 120%
miR-497-5p  CAGCAGCACACUGUGGUUUGU 55 20 (112 10 18 52 48 17 10 0 34
miR-497-3p  CAAACCACACUGUGGUGUUA 0 - 18.6 . 323 220 354 30.1
miR-503-5p  UAGCAGCGGGAACAGUUCUGCAG | 96 02 01 05 07 07 14 0 10 17 16
miR-539-5p  AGAAAUUAUCCUUGGUGUG 80 21 194 33 33 33 93 0 42 5.8
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Figure 1: Vasoactive mature microRNAs containing A-to-G mismatches indicative of
A-to-I editing. Heatmap displaying percentage 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. Percentage A-to-I 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-1 editing. Due to their near complete sequence homology, editing of miR-376al-3p,
miR-376a2-3p and miR-376b-3p editing could not be calculated separately, so their overall
percentage editing was presented instead. Gray squares indicate insufficient reads (<10).
The location of the quantified editing within the microRNA’s sequence are highlighted in
red, while the microRNAs 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 14q32 microRNA cluster. PBMCs, peripheral blood monocytes.
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Post-ischemic A-to-| editing of vasoactive microRNAs

total of 38 possible editing locations, which display a wide range of percentage A-to-I
editing across major human organs (Figure 1). The majority of these potential
vasoactive mature microRNA editing locations 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%).

MicroRNA editing in vascular cells

Both endothelial cells and adventitial fibroblasts are known to play crucial roles in
cardiovascular pathology and angiogenesis.® Therefore, 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 (Figure 2A). Measurements of
HIFIA, VEGFA and p53 expression and visual inspection of the cells validated that the
culture conditions successfully induced hypoxia signaling and cell cycle arrest in both

HUVECs and HUAFs (Supplemental Figure I A-D).

< 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 (HUVECs) 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. Percentage 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 chromatogram, 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 (bottom panels). (D-E) Fold change in relative ADARI (D) and ADAR2
(E) mRNA and protein expression upon culturing under hypoxia+starvation conditions.
In the ADARI western blot, 2 isoforms are visible, known as p150 and pll0. Expression
both ADARs was normalized to stable household genes RPLPO or beta-actin (for mRNA
and protein expression respectively) and expressed as fold change of the CAD group. All
data are presented as mean +SEM from 3 independent experiments performed with
pooled cells from a total of 13 different umbilical cords. #P<0.01, *P<0.05, **P<0.0l,
***P<0.001; versus control condition unless otherwise indicated by 2-sided Student ¢t
test.
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Screening of each of the selected pri-microRNAs revealed that 10 vasoactive
microRNAs (29%), 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
edited in human vascular cells (Figure 2B&C). Except for pri-miR-605 and pri-miR-
624, all edited pri-microRNAs are transcribed from the 14g32 microRNA mega-cluster.
Each detected vascular pri-microRNA A-to-I editing location corresponds with one of
the potential microRNA editing sites which 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, represent the dominant
microRNA of the precursor microRNA duplex, indicating that each editing event is
potentially functionally significant. In fact, these edited seed-sequences are different
from any other validated microRNA seed-sequence'® (www.targetscan.org, release 7.2;

Supplemental Table II).

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 generally increase under these culture conditions in
both cell types, resulting in a consistent increase in the expression of the edited pri-
microRNA (ED-pri-microRNA). An exception to the rule was pri-miR-38]1, 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% to 28%,
P<0.007 and pri-miR-411: 1.3% to 7.5%, P<0.02). The baseline editing rate also differed
between HUVECs and HUAFs; pri-miR-376c¢ 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-376c¢: 35.5% vs 53%, P<0.03; pri-miR-38l:
4.3% vs 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 results suggest that regulation of A-to-I editing under ischemic

conditions is cell-type specific.
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Consistent with these findings, hypoxia+starvation also induced the expression of
A-to-1 editing enzymes ADARI (both pl50 and pllO isoforms) and ADAR2, both at
mRNA and protein level (Figure 2D&E). Protein levels of ADARI and ADAR?2 increased
more in hypoxic+starved HUAFs compared to hypoxic+starved HUVECs (at least 2-fold
vs ~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 (Supplemental Figure I E&F).

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:
miR-376a-3p (the mature microRNA produced by both pri-miR-376al and pri-miR-
376a2), miR-376¢-3p, miR-381-3p and miR-411-5p (Supplemental Figure II A).
Supplemental Table III provides a comprehensive overview of all our subsequent
findings organized per selected microRNA. Expression of ‘wildtype’, unedited mature
microRNA (WT-microRNA) and edited mature microRNA (ED-microRNA) were
quantified by version-specific 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, 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-376c-3p, have a completely novel seed-sequence

(Figure 3A) and thus form novel mature microRNAs with a unique targetome.

Mature microRNA editing under ischemic conditions

Baseline mature microRNA expression was consistently higher in HUAFs compared
to HUVECs, but percentage mature ED-microRNA was generally lower (Figure 3B-E).
Percentage 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-376c-3p in both cell types, suggesting certain edited pri-microRNAs are

processed less efficiently than their wildtype counterparts. Despite this, increases in
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sequence/editing miRNAs with
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Figure 3: Specific quantification of normal and edited mature microRNAs in
vascular cells. (A) Unedited mature microRNAs (WT-microRNA) and edited mature
microRNAs (ED-microRNA) were quantified using version specific Tagman gqRT-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. funvalidated microRNA according to Targetscan'®. (B-
E) Relative expression of mature WT-microRNA (green) and ED-microRNA (red) in
HUVECs and HUAFs cultured in control (C) conditions or hypoxia+starvation (H+S) to
mimic ischemia (top panels) and the corresponding percentage mature ED-microRNA
(bottom panels). Relative microRNA expression was normalized to U6. (F) Relative
expression of WT-microRNAs and ED-microRNAs in fractions after negative control IgG
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percentage miR-376a+b-3p and ED-miR-376¢-3p during hypoxia+starvation still
mirrored changes in percentage pri-microRNA editing. Moreover, consistent with pri-
microRNA editing findings, only HUVEC mature miR-381-3p editing 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 under 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 functional. To examine if the ED-
microRNAs are functional, we performed AGO2-immunoprecipitation 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 IgG negative control, confirming that both variants of the
four investigated microRNAs enter the cell's microRNA-machinery (Figure 3F).
Conform their increased expression, AGO2 binding of both the WT-microRNA and ED-
microRNA variants increased in hypoxic+starved cells. Furthermore, the percentage
microRNA-editing increased in the AGO2 precipitates of hypoxic+starved versus

normoxic cells for three of the four investigated microRNAs (Figure 3G).

ADARI and ADARZ2 in microRNA expression and editing

To investigate the effect of ADARI and ADAR2 on microRNA expression and
editing, we used short interfering RNAs (siRNAs) to knockdown ADARI or ADAR2
expression in HUAFs (Supplemental Figure III-A). Knockdown of either ADARI and
ADAR?2 decreased total pri-microRNA expression by 2- to more than 10-fold compared
control siRNA (Figure 4A). Furthermore, ADARI knockdown resulted in a decrease in
pri-microRNA editing for all examined pri-miRs except for pri-miR-376a2. Knockdown

of ADAR2 however, only affected editing of pri-miR-376al and pri-miR-376a2.

< Figure 3 continued: ... or AGO2 was immunoprecipitated from HUAFs cultured under
control or hypoxia+starvation conditions. Data is 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 3 independent experiments performed with
pooled cells from a total of 13 different umbilical cords. #P<0.01, **P<0.05, **P<0.0],
***P<0.001; versus control condition unless otherwise indicated by 2-sided Student ¢
test. Symbol color shows whether means of either WT or ED expression are compared.
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Figure 4: Role of ADARI and ADAR2 in vasoactive microRNA editing and
maturation. (A-E) ADARI and ADAR2 were knocked down in HUAFs through
transfection of an ADARI-targeting or ADAR2-targeting siRNA (siADARI and siADAR2
respectively). The subsequent effects on microRNA expression and editing were analyzed
as in Figure 2&3 and compared to transfection with a negative control siRNA
(siNegCtrl). (A) Pri-microRNA A-to-I editing and expression. (B-E) Mature microRNA
expression relative to U6 (top panels) and the corresponding percentage mature
microRNA-ED (bottom panels). All data are presented as mean +SEM from 3
independent experiments performed with pooled cells from 13 different umbilical cords.
#P<0.01, *P<0.05, **P<0.01, ***P<0.001; versus siNegCtrl or as indicated by 2-sided
Student ¢ test.

Consistent with these findings, mature microRNA expression and editing was
similarly affected by the knockdown of ADARs (Figure 4B-E). ADARI 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.
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ADAR?2 knockdown also decreased total mature microRNA expression but instead only
decreased miR-376a+b editing. Our data suggests that both ADARs play a role in
expression of these 1432 microRNAs, 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 hindlimb ischemia via single ligation of the left
femoral artery and measured mature WT-microRNAs and ED-microRNAs 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 experiments using murine tissue. We
observed differences in baseline microRNA expression and percentage 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 (TO), 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 gastrocnemius and soleus
muscles, while Adar2 expression was induced in all three muscles (Supplemental
Figure III B-D). 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 human venae saphenae magnae
(VSM) and internal mammary arteries (IMA), which were harvested during elective
coronary bypass surgery on patients with coronary artery disease. After culturing the
vessels ex vivo under control or hypoxia+starvation conditions for 24h, expression and
editing of all four selected microRNAs was 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,
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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 (Tl 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
microRNA expression relative to U6 (top panels) and the corresponding percentage
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 4 different mice per
timepoint. #P<0.01, *P<0.05, **P<0.01, ***P<0.001; versus TO unless otherwise indicated
by 2-sided Student t test. Symbol color shows whether means of either WT or ED
expression are compared.

expression of all ED-microRNAs increased significantly after hypoxia+starvation in all
vessel segments, except for the adventitia of the IMAs, where trends towards increased

expression were observed (Figure 6A-D). As before, WT-microRNA expression was
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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 (IMA, n=5) and vena saphena
magna (VSM, n=3) cultured 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 paired 2-sided Student t test.
Symbol color shows whether means of either WT or ED expression are compared. (E-H)
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&]J) Relative ADARI 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 beta-actin (for mRNA and protein expression respectively) and
expressed as fold change of the CAD group. See Supplemental Figure IV for the
western blots used for the ADAR protein quantification. (E&]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.
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often also increased after hypoxia+starvation treatment. Nevertheless, a significant
increase in the percentage 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 lower leg vein (LLV) samples from patients
with coronary artery disease (CAD) but without clinically actionable peripheral artery
disease (PAD) undergoing coronary 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 (Figure 6E-H). Of the microRNAs 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
(Figure 6I1&] and Supplemental Figure IV). These data suggest 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 targetome had less than 25% overlap with its respective ED-microRNA
targetome. The remaining overlap in targetomes was caused entirely by mRNAs
containing two separate binding sites for both the WT-microRNA and the ED-
microRNA (Figure 7A), rather than single sites that can bind both microRNA variants.
In this analysis, the targetomes 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 towards
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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 and Supplemental Table IV).

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 lymphoma 2 (BCL2, target of ED-miR-376c-3p and ED-miR-381-3p)
(Supplemental Table V).

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 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
activity of the WT-miR-38 -3p binding site containing 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-microRNA specific regulation of vasoactive target sequences was similarly
validated for miR-376a-3p, miR-376c-3p and miR-411-5p. These results 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 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).
Similarly, overexpression of other WT-microRNAs consistently decreased WT targets
only. Furthermore, treatment with ED-microRNAs successfully 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-

173




Chapter 5

174

miR-376a+b-3p

miR-376c-3p

WT-targets

=3 WT-miRNA
B == ED-miRNA

rrepresented

ED-targets

miR-411-5p

overrepres
pathways

——

120

luciferase activity
percent of Ctrl miRNA)
@
o

= 40
construct: ANGPT2

miR-376a-3p miR-376¢-3p miR-381-3p miR-411-5p
— *% *% 120
—a — —

BMP2 WNT4  TGFBR1 CDH2 BCL2 KLF3 BCL2 ANGPT2 CDH6  TGFB2 FGF2
WT target ED targets WT target ED targets WT target ED targets WT targets ED target
c = LA miR-376a-3p miR-376c-3p miR-381-3p miR-411-5p
ez 15 P=0.06 _
H § —
-
s
i
1.04
3
52
oo
- O
o C
3
£ 05-
% ANGPT2 BMP2 WNT4  TGFBR1 BCL2 CHD2 KLF3 BCL2 ANGPT2 CHD6 TGFB2 FGF2
= WT target ED targets WT target ED targets WT target ED targets WT targets ED target
D ED- vs WT-miR-411-5p ED- vs WT-miR-411-5p miR-376¢-3p
. E. Fs.
2 P<0.01 . P=0.01 25 127 o wrsn) v shared 30)
? 2 [ e~ ED(190) — total (21074)
o (] g o 101
- o = H ‘Q-.
5 e & o %
H T 5 g 8 100+
< i < SE
4 4 ¢ 9 0.99
2 f= 2
: 8 . gioel T
2 3 2 [
g E g % 097— t t
S S © T0 ™ T3
T T
e 8 G miR-381-3p
= -targets = ED-targets 5=
o2 T T T T T o2 T T T T T g .5 1029 WT(@376) v shared (51)
0 5 10 15 0 5 10 15 ED ] o ED(125) — total (21074)
log-expression  overall log-expression  overall g ¢ 101
FC FC 3
28 100 gm0
Eo
SE
:‘E’, % 0.99
8
o F 098 . I
I " combined WT-miRNA J » combined ED-miRNA g ° 0.97 | } ’
- " - . > g T T T
|3 target regulation |3 target regulation i T0 T T3
sgoo 5g2°
<+ 40 < < .
59 20 —t— 59 15 H miR-411-5p
g 4 *k * 5=
5o S w§ 1057 o wrus) v shared(1)
ﬁg”’ T ﬁgﬂ) .............. & o ED(9) — total (21074)
| ¥ | ¥ -] E
86 SG 3
530.5 5205 ’—_L‘ :51'00 ="
'g g 0.0 T T % g 0.0 T T S g +
5 CAD  PAD end-stage 5 CAD  PAD end-stage S8 095
= PAD = PAD s v
o 8
ge '
g £ 0901 — } t
© TO T T3



Post-ischemic A-to-| editing of vasoactive microRNAs

miR-376a-3p targets. Overall, however, average vasoactive target repression by ED-
microRNAs was stronger than average target repression by WT-microRNAs (P<0.001,
Supplemental Figure V-E). This is in line with previous findings for WT- 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-microRNAs and their target mRNAs!,

< 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 employed prediction algorithms indicated to be targeted. Within each putative
targetome, significantly enriched pathways were displayed (see Supplemental Table
IV). (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
Hela 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. (B&C) Data shown represent the averages of 3
independent experiments and are presented as mean *=SEM. *P<0.05, **P<0.0l,
***P<0.001; by 1 sample t test versus Ctrl microRNA or 2-sided Student ¢ test to compare
WT-microRNA vs ED-microRNA treatments. (D&E) The log-fold changes (FC) of mRNA
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
3 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 Supplemental Table VI) 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®, Target gene regulation by WT- and ED-miR-411-5p compared to a non-
targeting control microRNA are shown in Supplemental Figure VI. (F-H) Analysis of
conserved targetome expression with a predicted binding score of >0.5 (see
Supplemental Table VII) in whole muscle tissue of C57BL/6 mice subjected to HLI
using whole-genome expression data obtained via microarray?. 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 which 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 3 different
mice per timepoint. *P<0.05, **P<0.01; versus whole-genome expression by two-sided
Student’s t-test. (I&]) The combined average mRNA expression of the WT-microRNA
targets (G) or ED-microRNA targets (I) validated in panels B&C within the LLV samples
from 3 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 was calculated using the
average expression of individual target genes shown in Supplemental Figure VII and
were expressed as fold change of the CAD group. Data is presented as mean +SEM.
*P<0.05, **P<0.01; by 1 sample t test.
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To further validate our target predictions at a transcriptome-wide level we
compared the target gene regulation after overexpression of WT- and ED-miR-411-5p
using RNA-seq. MiR-411-5p was chosen because it was highly expressed in lower limb
vein samples, its editing is highly conserved and we have previously shown that other
isoforms of this microRNA impact the cellular response to ischemia’®. We focused on
the genes uniquely targeted by either WT- and ED-miR-411-5p and filtered the
predicted target genes based using a binding score similar or better than those of the
targets that were confirmed with other in vitro assays (i.e. a binding score >0.5) as
threshold value to minimize the inclusion of false positive putative targets'*'¢29, The
number of predicted targets detected in the RNA-seq dataset are summarized in
Supplemental Table VI.

Consistent with our previous findings regarding target regulation, we found that
overexpression of WT-miR-411-5p specifically lead to a global downregulation of the
WT-targetome compared to a non-targeting control microRNA, while ED-miR-411-5p
specifically downregulated the ED-targetome (Supplemental Figure VI). A direct
comparison between ED- 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 (Figure 7D&E).

In vivo target regulation

To examine target regulation in vivo after ischemia, we used whole genome
expression data obtained via microarray in whole muscle tissue of C57BL/6 mice
subjected to hindlimb ischemia?'. For this analysis, we took the human WT- and ED-
targetomes of miR-376c¢-3p, miR-381-3p and miR-411-5p (but not of miR-376a-3p due to
lack of editing-conservation). 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 inclusion of false positive putative
targets'#1920, The number of conserved predicted targets, as well as the fraction of
predicted targets detected in the microarray dataset are summarized in Supp. Table VII.

The average expression of all three ED-microRNAs targetomes were
downregulated significantly 1 day after induction of ischemia (Figure 7F-H). In

contrast, the WT-microRNAs’ targetomes were not downregulated at any time-point.
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Genes that are potentially targeted by both the ED-microRNAs and WT-microRNAs
were also downregulated at both 1 and 3 days after induction hindlimb ischemia.

Next we examined if the human targets that we validated (see Figure 7B&C) were
indeed regulated in the ischemic LLV samples from patients with PAD compared to the
normoxic LLVs from patients with CAD. Targets of WT-microRNAs were not
downregulated in the veins from patients with either PAD or end-stage PAD
(Supplemental Figure VII-A). In contrast, ED-microRNA targets BCL2, BMP2, CHD2
and FGF2 showed decreased expression in veins from all PAD patients, compared to
CAD patients (Supplemental Figure VII-B). 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
intermittent 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-microRNA 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 percentage microRNA editing (Supplemental Figure V A-D).
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 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 overexpression of ED-miR-376c-3p, ED-
miR-381-3p and ED-miR-411-5p induced more HUVEC tube formation than their WT-
microRNA counterparts (Figure 8B).

Finally we studied the effects of microRNA editing on complex neovessel growth by
culturing murine aortic segments ex vivo. We found that, compared to control

microRNA-mimic treatment, overexpression of ED-miR-376c-3p, ED-miR-381-3p and
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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 treatment with microRNA mimics as indicated.
(A&B) Data is presented as mean +SEM from 3 independent experiments performed with
pooled cells from a total of 13 different umbilical cords. *P<0.05, **P<0.01; by 1 sample ¢
test versus Ctrl microRNA or 2-sided Student ¢ test to compare WT-microRNA vs ED-
microRNA treatments. (C) Representative pictures and quantification of neovessel
sprouting from aortic ring segments treated with microRNA mimics as indicated. Data is
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 2-sided
Student ¢ test. Scale bars are 200pum.

ED-miR-411-5p induces the outgrowth of neovessel sprouts, while their WT-microRNA
counterparts do 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-microRNA 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 vasculature, as pri-microRNA A-to-I editing was found in 29% of the
35 vasoactive microRNAs that we identified as editable in a context-dependent manner.
For the 4 most prevalent microRNAs, miR-376a-3p, miR-376¢-3p, miR-381-3p and miR-
411-5p, we demonstrate that induction of pri-microRNA editing by mimicking ischemic
conditions also results in a significant increase in functional edited mature microRNAs
(ED-microRNAs). The expression of these microRNAs was also increased after
hindlimb ischemia 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
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edited vascular microRNAs have a significantly higher percentage editing at both
baseline and under ischemic conditions compared to our initial discovery of ischemia-
induced editing of miR-487b-3p. A study by Nigita et al. examined microRNA editing
after hypoxia, albeit using a breast adenocarcinoma cell line and RNA-seq instead??.
However, the authors could not establish unidirectional regulation of microRNA
editing or expression. In fact, they found only 5 microRNAs that displayed A-to-I
editing at low percentages, and none of these were microRNAs that we identified as
edited in vascular cells. A probable explanation for the differences in microRNA editing
is the tissue- and context-specificity of A-to-I editing’. This hypothesis is supported by
the differences in microRNA expression and A-to-I editing that we found between
different human organs, vascular cell types and vessels (Figures 1, 3 and 5 respectively).
Additionally, studies have shown that microRNA A-to-I editing is generally reduced in
human cancer tissues, which could explain the low editing observed in the human
cancer cell line?*24,

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 increase in percentage pri-microRNA editing
did not always result in a similar increase in percentage mature microRNA editing, like
for miR-411-5p. Similarly, a previous study also observed differences between pri-miR-
411-5p and mature miR-411-5p editing in human brains®. These differences in editing
rates support the principle that pri-microRNA editing can affect microRNA processing
dynamics, resulting in a reduced processing efficiency compared to the unedited
microRNAM26:27,

A-to-I editing is directed by the enzymes ADARI] and ADAR2. In the present study
we showed that ischemia-induced vasoactive microRNA editing was consistently paired
with increased expression of both ADARs in vitro and in vivo. ADARI and ADAR2 are
also known to play editing-independent roles in microRNA biogenesis and maturation
however?®3%, We found that this was indeed the case for all the examined microRNAs,
as repression of either ADARI or ADAR2 also resulted in reduced expression of both
WT and ED mature microRNAs. Additionally, knockdown of ADARs also resulted in
reduced expression of the pri-microRNAs. Since these primary microRNAs were formed

from spliced out introns or intergenic transcripts which are usually degraded®, our data
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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 ADAR2 specifically. With the
exception of pri-miR-376al&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

2732 For the rest of the vasoactive pri-

experiments on human cancer cell lines
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.
Pri-miR-376al editing on the other hand depends both on ADARI and ADAR2, similar
to what we previously showed for editing of pri-miR-487b-3p. The mechanisms
behind the selectivity of A-to-I editing of pri-microRNAs remain unclear as ADARI and
ADAR?2 edit distinct sets of microRNAs without a strict target sequence specificity®>>34,
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?4,

Indeed, all 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 inhibits 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 targetome. Through
luciferase reporter gene assays and validation of endogenous targets we showed that
seed-sequence editing of miR-376a-3p, miR-376c-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 muscles goes hand-in-hand with a decreased expression of

ED-microRNA targets but not of WT-microRNA targets.
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Interestingly, pathway enrichment analyses of the putative targetomes revealed
that each microRNA editing event altered enrichment for Cadherin signaling genes
and, for 3 of the 4 microRNAs, also for Wnt signaling genes. Cadherins are known to
play an important role in vascular cell function and angiogenesis, while Wnt signaling
has been implicated to promote vascular remodeling and even cardiovascular
regeneration®®?’. Using three different functional 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'4.

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
microRNAs. However, the potential clinical relevance of microRNA-editing 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 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 cardiovascular disease*®. We provide new evidence here that microRNA
editing 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 hindlimb
ischemia model and in ex vivo cultured human arteries and veins. Furthermore, we
found that mature microRNA editing is significantly increased in limb veins from
patients with PAD, compared to limb veins from patients with CAD (Figure 6). These
results 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
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that we confirmed to be edited, 8 microRNAs originate from this single gene cluster,
including the four highest expressed microRNAs, miR-376a-3p, miR-376¢-3p, miR-381-
3p and miR-411-5p. MiR-487b-3p, which we previously reported to be edited, is also
transcribed from the 1432 locus. The 14g32 locus (I2F1 in mice) encodes >50
microRNA genes and we, and others, have previously shown that 1432 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 pathology*'44-4¢, Additionally, 14g32
microRNAs have been implicated in rapid placental growth during gestation by
regulating capillary formation of the placenta’s labyrinth zone, which fits with the
microRNAs’ regulatory roles in angiogenesis during adulthood*’. We now show that A-
to-I editing of 14q32 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 significantly increased after ischemia and microRNA editing was also
induced in ischemic veins from patients. Editing of miR-376a-3p, miR-376c-3p, miR-
381-3p and miR-411-5p causes a complete shift in the targetome of the microRNA. The
ED-microRNAs were functionally different from the WT-microRNAs and all ED-
microRNAs enhanced certain angiogenic properties, compared to their wildtype
counterparts. This study underlines the relevance of microRNA-editing in the response
to ischemia. Since the editing events identified here 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 which 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 microRNA
editing events by analyzing high throughput small RNA sequencing datasets by

searching for the search terms ‘microRNA’ and ‘A-to-I OR inosine’ in the titles and
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abstracts (performed December 2017). A total of 8 studies were identified that fulfilled
these criteria and none were excluded!®?*>3248-32_ On average, these studies identified
approximately 40 mature microRNAs with statistically significant A-to-I editing
events. To ensure microRNA candidates are 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 candidates, 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 (Supplemental Table I).

Next, the subset of ‘vasoactive’ editable microRNAs were identified by selecting
microRNAs which were linked to vascular biology in previous studies. This was done
by searching the microRNAs in the Pubmed database combined with the search term
‘cardiovascular OR vascular OR vessel OR endothelial OR angiogenesis’ (within title
and abstract). MicroRNAs were considered vasoactive if at least one search result
indicated that the microRNA was involved in or associated with cardiovascular
function or disease (Supplemental Table I).

Finally, high quality public microRNA deep sequencing datasets were reanalyzed

using the ‘miR-seq browser’ function of the miRGator webtool (mirgator.kobic.re.kr)>

to examine baseline prevalence 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 (PBMCs). Percentage
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-complete 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 Supplemental Figure VIII.
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Isolation of primary vascular cells from human umbilical cords

Isolation and culturing of primary vascular human cells was performed as
described previously™.

In brief, umbilical cords were collected from full- term pregnancies and used for
either human umbilical arterial fibroblasts (HUAF) or human umbilical venous
endothelial cells (HUVEC) isolation.

For HUAF isolation, the tunica adventitia was removed from the umbilical artery
and incubated overnight in serum rich medium (DMEM GlutaMAX™ (Invitrogen,
GIBCO, Auckland, New Zealand), 10% heat inactivated fetal bovine serum (PAA,
Pasching, Austria), 10% heat inactivated human serum, 100U penicillin & 100ug
streptomycin per mL (Lonza, Basel, Switzerland) and nonessential amino acids
(GIBCO #11140050)). The next day the adventitia was incubated in a 2mg/ml
collagenase type II solution (Worthington, Lakewood, NJ, USA) at 37 °C. The resulting
cell suspension was filtered over a 70um cell strainer, pelleted and resuspended and
plated in HUAF culture medium (DMEM GlutaMAX™ (Invitrogen), 10% heat
inactivated fetal bovine serum (PAA) and 100U penicillin & 100ug streptomycin per
mL (Lonza)).

HUVECs were isolated from the umbilical veins by infusing a flushed vein with
0.75 mg/ml collagenase type II (Worthington) and incubated at 37°C for 20 minutes.
The cell suspension was collected and pelleted and resuspended in HUVEC culture
medium (M199 (PAA), 10% heat inactivated human serum (PAA), 10% heat inactivated
newborn calf serum (PAA), 100U penicillin & 100pg streptomycin per mL (Lonza),
150pg/ml endothelial cell growth factor (kindly provided by Dr. Koolwijk, VU Medical
Center, Amsterdam, The Netherlands) and 5U/ml heparin (LEO Pharma, Ballerup,
Denmark)). HUVECs were cultured in plates coated with 10pug/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 using trypsin-EDTA (Sigma-Aldrich) at
70-80% confluency (HUAFs) or 90-100% (HUVECs). HUAFs were used up to passage
five and HUVECs up to passage three. Stock solutions of isolated HUAFs and HUVECs
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up to passage two were stored at -180°C in DMEM GlutaMAX™ containing 20% FBS
and 10% DMSO (Sigma-Aldrich). Experiments 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, respectively. After 24h, medium was
removed and cells were subjected to either control conditions (normal culture medium
and ~20% oxygen) or by mimicking ischemic conditions for an additional 24h.
Ischemic conditions were mimicked by culturing cells in starvation medium and
hypoxia (1% oxygen). HUAF starvation medium consisted of DMEM GlutaMAX™
(Invitrogen) with 0.1% heat inactivated fetal bovine serum (PAA) and 100U penicillin
& 100pg streptomycin per mL (Lonza). HUVEC starvation medium consisted of M199
(PAA), 10% heat inactivated newborn calf serum (PAA) and 100U penicillin & 100ug
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-miRNA experiments, DNase treatment
was performed using RQ1 RNase-Free DNase (Promega, Madison, WI, USA) according
to manufacturer’s instructions. Total complementary DNA (cDNA) was prepared using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,

CA, USA) according to manufacturer’s protocol.

Quantification of primary microRNA editing by Sanger sequencing

Primary microRNAs (pri-miRNA) sequencing 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-miRNA of each selected ‘editable’ microRNA was individually
amplified by polymerase chain reaction (PCR) from HUAF gDNA and cDNA samples
with GoTaq DNA Polymerase (Promega) or HotStarTaq DNA Polymerase (QIAGEN,
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Hilden, Germany) (for primer sequences, see Supplemental Table VIII). Gel
electrophoresis of the product was performed after which the correctly sized DNA
band was excised and purified using Wizard SV Gel and PCR Clean-Up System
(Promega). Amplified and purified pri-miRNA samples were submitted for Sanger
sequencing to the Leiden Genome Technology Center (Leiden, The Netherlands)
according to their instructions.

A-to-1 editing presents itself as A-to-G substitutions on the resulting sequencing
chromatograms. Therefore, the location of each genomic adenosine was analyzed for
presence of a secondary guanosine peak in the chromatogram from the cDNA samples.
gDNA sequencing chromatograms were used to ensure A-to-G substitutions were
c¢DNA specific. Percentage pri-miRNA A-to-l1 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-miRNA and mRNA expression
The expression of pri-miRNAs and mRNAs within ¢cDNA samples was quantified
by qPCR using Quantitect SYBR Green (QIAGEN) on the ViiA7 Real-Time PCR System
(Applied Biosystems). Pri-miRNA expression was normalized against the stably
expressed non-coding RNA U6. Pri-miRNA expression was combined with percentage
editing to calculate individual expression of WT- and ED-pri-miRNA. mRNA
expression was measured with intron-spanning primers and normalized against RPLPO
40

mRNA expression, a household gene that remains stable under ischemic conditions*°.

All primer sequences are provided in Supplemental Table VIII.

ADARI and ADAR?2 protein quantification by Western blot

Protein was isolated from cell and human LLV lysates with TRIzol (Invitrogen),
according to the manufacturer’s instructions. Total protein concentration was
quantified by Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA,
USA) after which protein concentration was normalized to 1pg/pL in Laemmli buffer

(Bio-Rad Laboratories, Hercules, CA, USA) containing 10% [-mercaptoethanol (Sigma-
Aldrich).
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Samples were heated to 95°C for 5 minutes and cooled before loading 1 pg of
protein per lane in a 4-15% Mini-PROTEAN TGM Precast Protein Gel (Bio-Rad
Laboratories). Protein separation was performed in Vertical Electrophoresis Cell using
premixed Tris/glycine/SDS running buffer (both Bio-Rad Laboratories). Proteins were
transferred onto a nitrocellulose membrane (GE Healthcare Life Sciences, Eindhoven,
The Netherlands) by a wet transfer using premixed Tris/glycine transfer buffer (Bio-
Rad Laboratories). The membrane was blocked at room temperature in 5% non-fat
dried milk in TBS-T (150mM NaCl; 50mM Tris; 0,05% Tween-20 (Sigma-Aldrich)) 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 beta actin (Abcam ab8226, 1:1000 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, ThermoFisher Scientific), diluted to 1:10000 in 5% non-fat dried milk in TBS-T.
Proteins of interest were revealed wusing SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (ThermoFisher Scientific) and imaged using the
ChemiDoc Touch Imaging System (Bio-Rad Laboratories). ADARI and ADAR2

expression was quantified relative to stable household protein beta actin using Image].

Quantification of mature microRNA expression and editing

Specific quantification of unedited ‘wildtype’ microRNA (WT-miRNA) expression
and edited microRNA (ED-miRNA) expression was performed using TagMan qRT-PCR
microRNA assays designed by and purchased from Applied Biosystems. WT-miRNA
assays were predesigned while ED-miRNA assays were custom designed TagMan Small
RNA assay specifically targeting the edited sequence where the inosine was replaced by
a guanosine instead. Oligo sequences used for each custom ED-miRNA specific qRT-
PCR assay are presented in Supplemental Table IX.

Expression quantification was performed according to manufacturer’s instructions.
Briefly, RNA was reverse transcribed into microRNA-specific cDNA using the Tagman
MicroRNA Reverse Transcription Kit (Applied Biosystems). Samples were run in
triplicate on a ViiA7 (Applied Biosystems). Relative expression of WT-miRNA and ED-

miRNAs was calculated relative to noncoding household RNA U6. Amplification
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efficiency of all qRT-PCR kits was characterized using serial dilution (Supplemental
Figure II B-E) and incorporated in expression calculations. Percentage microRNA
editing was calculated per mature microRNA by expressing ED-miRNA as a percentage

of the combined expression of both WT- and ED-miRNA.

AGOZ2 immunoprecipitation and quantification of associated miRNAs

RNA binding protein immunoprecipitation (RIP) was performed using the
EZMagna RIP kit (Millipore). HUAF cells were seeded in T75 flasks. After 24h, medium
was removed and cells were subjected to either control conditions (normal culture
medium and ~20% oxygen) or hypoxia+starvation conditions for an additional 24h.
Cells were then washed with cold PBS, trypsinized and pelleted at 300g using a table-
top centrifuge. The cell pellet was then resuspended in 0.4% formaldehyde to crosslink
of 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 reaction, HUAF lysate from 2 T75 culture flasks were incubated with
RIP buffer containing magnetic beads conjugated with antibodies 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 proteinase K to digest protein and RNA was isolated using TRIzol LS reagent
(Invitrogen).

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

AGO2.

siRNA mediated knockdown of ADARI 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 Supplemental Table X. After 48 hours, cells were washed 3 times with PBS
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and total RNA was isolated and cDNA was synthesized as before. Expression of ADARI,
ADAR2 and RPLPO was quantified to determine knockdown efficiency. Subsequent

microRNA expression and editing analyses were performed as described above.

Hindlimb Ischemia Model

All animal experiments were approved by the committee on animal welfare of the
Leiden University Medical Center (Leiden, The Netherlands, approval reference
number 09163).

Adult male C57BI/6 mice, 8 to 12 weeks old (Charles River, Wilmington, MA, USA)
were housed in groups of 3 to 5 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 definition of inclusion and
exclusion criteria as well as primary and secondary endpoints was 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), medetomidine (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 Homburg 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 (TO)
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 sample
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 University 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
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Federation of Biomedical Scientific Societies, 2002) and the Dutch Personal Data
Protection Act (WBP, 2001).

Human vena saphena magna (VSM) and internal mammary arteries (IMA) were
harvested during elective coronary bypass surgery on patients with coronary artery
disease. 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 100U penicillin & 100pg streptomycin per mL) at 37°C
and 20% oxygen and subsequently cultured for 24h, either at control conditions (20%
oxygen 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 lower limb vein (LLV) tissue samples were also collected during coronary
bypass-surgery and femoral artery to popliteal artery-bypass surgery.

LLVs from 8 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. PI2.265) 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 using three
distinct target prediction algorithms to reduce the number of false positives:

Targetscan (www.targetscan.org)'®, miRanda (www.microRNA.org)*® and Diana-MR-
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microT (diana.imis.athena-innovation.gr)??. Targetscan (version 6.2) and miRanda
(2010 release) predictions were obtained through the miRmut2go webtool

(compbio.uthsc.edu/miR2GQO)>® whereas Diana-MR-microT predictions were obtained

using its website. In the predictions, the inosine was replaced with guanosine for the
ED-miRNA input sequence. No restrictions were applied for target prediction. Genes
were only considered to be a particular microRNA’s putative target gene if each of the
3 target prediction algorithms identified them as a target.

For each targetome, the set of target genes of a particular microRNA,
overrepresented pathways were identified using PANTHER pathway enrichment

analysis (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”,

“angiogenesis” and “migration” (geneontology.org) (Supplemental Table V). Putative

target genes exclusively targeted by either the WT or ED variant of a particular
microRNA were considered involved in the response to ischemia if they were

associated with one or multiple of these terms.

Dual Luciferase Reporter Gene Assays

Constructs: 3’'UTR sequences containing one or more WT- or ED-miRNA 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 NotI (3‘-end)
(Supplemental Table VIII). For BMP2, BCL2 and ANGPT2 (ED-miR-381-3p binding
sequences only) endogenous binding sequences were purchased from IDT (Integrated
DNA Technologies, Coralville, USA) instead (Supplemental Table X).

Amplicons and synthetic sequences were digested with Xhol and Notl and cloned
in between the Xhol and NotI cleavage sites of the PsiCHECK™-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 Supplemental Table VIII.

Luciferase Assays: Hela cells were cultured at 37°C under 5% COz using DMEM

(GIBCO) with high glucose and stable L-glutamine, supplemented with 10% fetal calf

serum and 100U penicillin & 100ug streptomycin per mL (Lonza). For experiments,
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Hela cells were grown to 75-80% confluence in white 96 well plates in their normal
growth medium, at 37°C under 5% COaz. Lipofectamine 3000 (Invitrogen) in Opti-
MEM (GIBCO) was used, according to manufacturer’s instructions, to transfect each
well with 30 ng of PsiCHECK2-vector containing endogenous miRNA binding
sequences or the original empty vector. Cells were co-transfected with 2 pmol miRcury
LNA miRNA mimic for either a WT-miRNA, ED-miRNA or negative control miRNA
(QIAGEN) at a concentration of 10 nM. Firefly- and Renilla-luciferase were measured
in cell lysates using a Dual-Luciferase Reporter Assay System (Promega) according to
manufacturer’s protocol on a Cytation™ 5 plate reader (BioTek, Winooski, VT, USA).
Firefly luciferase activity was used as an internal control for cellular density and
transfection efficiency. The luminescence ratios were corrected for differences in
baseline vector luminescence observed in vehicle treated group and expressed as
percentage of scrambled control luminescence.

Displayed luciferase data represent the averages from three independent

experiments.

Endogenous transcript regulation by WT-miRNAs or ED-miRNAs

Endogenous transcript regulation was examined by overexpression of WT-miRNA
or ED-miRNA in HUAFs. HUAFs were seeded in 12 wells plates at 70.000 cells per well
and grown for 12h in culture medium after which the medium was replaced with
starvation medium to synchronise cell cycle. After another 12h, Lipofectamine
RNAIMAX (Invitrogen) in Opti-MEM (GIBCO) was used according to manufacturer’s
instructions to transfect each well with 1 pg of miRcury LNA miRNA mimic for either a
WT-miRNA, ED-miRNA or negative control miRNA (QIAGEN). After 12h, transfection
medium was replaced with new starvation medium. After 14h (26h 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 Supplemental Table VIII. Displayed endogenous target regulation represent

the averages from three independent experiments.
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Targetome regulation by WT-miR-411-5p and ED-miR-411-5p

For each independent miR-411-5p overexpression experiment, at least 500ng of
pooled total RNA was submitted to BGI Hong Kong for RNA-seq. BGI's services
included mRNA enrichment and purification using Oligo dT Selection, RNA
fragmentation, reverse transcription, end repair, adaptor ligation, DNA nanoball
synthesis and finally sequencing on the DNBseq platform.

Raw reads were filtered by BGI Genomics to remove adapter sequences,
contaminations and low-quality reads. Quality of the clean fastQ files was verified

using FastQC version 0.1.8 (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 was done using
edgeR, retaining all genes that had > 1 count per million (cpm) in = 3 samples®.
Differential expression analysis was performed on voom transformed log2 cpm values
using limma®2. Finally, enrichment 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 using limma’s

plotMD and R’s built-in boxplot functions.

In vivo targetome regulation after Hindlimb Ischemia
For each human targetome, except the unconserved miR-376a-3p, target genes
which were also predicted to be target genes in mice according to the murine Diana-

MR-microT algorithm (diana.imis.athena-innovation.gr)?® were considered the

conserved murine targetome. On average, 62.5% of the human target genes were
identified to be conserved targets in mice in this way (see Supplemental Table VII).
To assess which conserved targetomes are regulated in response to HLI, we used a
previously published whole genome expression microarray 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 (21074 out of

45200), post-ischemic expression was calculated relative to its expression before HLI
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(TO) by calculating the 22Log)(measured gene intensity) ' Ayerage 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 detection limit.

Effects of WT-miRNAs or ED-miRNAs on in vitro scratch-wound healing

Effects of WT-miRNA or ED-miRNA overexpression on scratch-wound healing of
HUAFs were examined. HUAFs were seeded and transfected as described above.
Transfection medium was removed after 12h. 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 Oh and 14h after scratch-wound introduction
using live phase-contrast microscopy (Axiovert 40C, Carl Zeiss, Oberkochen,
Germany). After the 14h timepoint, cells were washed 3 times in PBS and then lysed
and harvested in TRIzol for RNA isolation as before. MiRNA overexpression efficiency
was validated by measuring miRNA expression as described above. For each imaged
location, the area of the scratch-wound at Oh was superimposed on the 14h scratch-
wound area image. Scratch wound healing was then determined per well as the newly
covered scratch-wound area after 14h using the wound healing tool macro for Image].
Displayed scratch-wound healing represent the averages from three independent

experiments.

Effects of WT-miRNAs or ED-miRNAs 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 miRNA mimics as
described before, using Lipofectamine RNAIMAX (Invitrogen) in Opti-MEM (GIBCO)
according to manufacturer’s instructions. After 24h, the transfected HUVECs were
detached using trypsin-EDTA (Sigma, Steinheim, 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-wells plate, which was pre-
coated with 50 pL/well of Geltrex extracellular matrix (A1413202, Gibco). After 12
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hours incubation, pictures of each well were taken using live phasecontrast microscopy
(Axiovert 40C, Carl Zeiss). Total length of the tubes formed was analyzed using the

Angiogenesis Analyzer plugin for Image].

Effects of WT-miRNAs or ED-miRNAs on ex-vivo angiogenesis

Mouse aortic ring assays were performed as described previously*®4. 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 a 24 well plate groups for separate treatments. The
different groups were then transfected overnight with 1 pg of miRcury LNA miRNA
mimics, using 1.5 pL Lipofectamine RNAiIMAX (Invitrogen) in fresh Opti-MEM
(GIBCO) with a total volume of 500 pL.

The next day 96-well plates were coated with 75 pl collagen matrix (Collagen
(Type I, Millipore) diluted in Ix DMEM (Gibco) and pH adjusted with 5N NaOH). One
aortic ring per well was embedded in the collagen matrix, for a total of at least 30 rings
per pre-miRNA treatment. After letting the collagen solidify for an hour, 150 pl Opti-
MEM supplemented with 2.5% FBS (PAA, Austria), penicillin-streptomycin (PAA,
Austria) and 30 ng/mL VEGF (R&D systems). Medium was refreshed every 2 days and
was supplemented with microRNA mimics at a concentration of 100 nM, without
transfection agent. Pictures of each embedded aortic ring and their neovessel
outgrowth were made after 7 days using live phase-contrast microscopy (Axiovert 40C,
Carl Zeiss). The number of neovessel sprouts were manually counted per aortic
segment. Segments were excluded if 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 normality test. Since all variables measured were continuous
parameters, pairwise comparisons were tested using either t-tests or I-way ANOVA. P-

values less than or equal to 0.05 were considered statistically significant.
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Supplemental Figure I: In vitro ischemia conditions induce HIFIA, VEGFA, p53,
ADARI and ADAR?2 expression. (A)Primary human umbilical vascular endothelial cells
(HUVECs) and human umbilical arterial fibroblasts (HUAFs) were cultured either under
normal or ischemic culture conditions, mimicked using a combination of hypoxia and
serum starvation (H+S). Expression of hypoxia-inducible genes HIFIA (B) and VEGFA
(C) and p53 (D) were successfully increased upon H+S culture conditions. (D-E)
Regulation of ADARI (D) and ADAR2 (E) expression in response to either only serum
starvation or hypoxia or the combination. All data are presented as mean +SEM (n=3).
#P<0.1, *P<0.05, **P<0.01, ***P<0.001; versus control condition unless otherwise
indicated by 2-sided Student ¢ test.
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Supplemental Figure II: MicroRNA expression and characterization of the
microRNA qRT-PCR assays. (A) Overall mature miRNA expression in reads per million
(RPM) of microRNAs found edited at pri-miRNA level in vascular cells. Data are
displayed in descending order and were extrapolated from miRbase.org (only canonical
miRNA sequence reads were included). (B-E) Characterization of PCR efficiency of
TagMan WT-miRNA and custom ED-miRNA gRT-PCR kits by serial dilution of cDNA
from HUAF samples transfected with 0.1 pg of the miRNA. To do so, cycle threshold was
plotted versus the logarithmic function of the relative input. The equation: efficiency =
10CYslore) was used to calculate the corresponding real-time PCR efficiencies'.
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Supplemental Figure III: Expression of ADARs in vitro after knockdown and in
vivo after hindlimb ischemia. (A) After transfecting HUAFs with a negative control,
ADARI-targeted or ADAR2-targeted siRNA (siNegC, siADARI and siADAR2 respectively),
relative expression of ADARI and ADAR2 was measured by qRT-PCR to validate the
knockdown efficiency and specificity. Data was expressed as fold change relative to
siNegC and presented as mean +SEM (n=3 per treatment). (B-C) Relative expression of
Adarl isoforms P150 (B) and P1I0 (C) and Adar2 (D) in muscles before hindlimb
ischemia (TO) and 1 and 3 days after (T1 and T3 respectively) as determined by qRT-PCR.
Data was expressed relative to Rplp0O and presented as mean +SEM (n=3 per treatment).
*P<0.05, **P<0.01, ***P<0.001; versus siNegC or TO by two-sided Student’s t-test.

206



Post-ischemic A-to-l editing of vasoactive microRNAs

A CAD (#1-8) PAD (#9-14) end-stage PAD (#15-22)
patient # 1 2 3 4 9 10 1 15 16 17 18 19
E p150 » —— —
2 P10 | W — — - i — - — e ol

B-aCtin | e s G- " - e S et

patient # 5 6 7 8 12 13 14 20 21 22

p150 [ , r - e~
p110 B B o e - — — — —

B-actin | D D G G— — — D D —

B CAD (#1-8) PAD (#9-14) end-stage PAD (#15-22)
patient # 1 2 3 4 9 10 1" 15 16 17 18 19
ADARZ"‘—— ———-—-——_;d—‘

B-actin l_-——- - == -——--‘

patient # 5 6 7 8 12 13 14 20 21 22

ADAR2|--,-_.___.—=—.-..-"

factn = e - ————

Supplemental Figure IV: ADAR] and ADAR2 expression in lower limb veins of
patients with peripheral artery disease compared to coronary artery disease.
Westernblots of ADARI (A) and ADAR2 (B) expression in lower leg vein (LLV) samples
from different patient groups. Normoxic LLV samples (n=8) from patients with coronary
artery disease (CAD) undergoing coronary artery bypass-surgery were compared to
ischemic LLV samples (n=6) from patients with peripheral artery disease (PAD)
undergoing femoral artery to popliteal artery-bypass surgery and to critically ischemic
LLV samples (n=8) from patients with end-stage PAD, undergoing lower limb
amputation. Stable household gene beta-actin was used to normalize expression.
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Supplemental Figure V: Regulation of percentage miRNA editing and average
target mRNA regulation after overexpression of either a WI-miRNA or an ED-
miRNA. HUAF samples were transfected with 0.1 pg of either a WT-miRNA mimic
(WT), an ED-miRNA mimic (ED) or a control miRNA mimic (Ctrl). (A-D) Percentage
editing was calculated afterwards using version specific qRT-PCR assays. In each case,
overexpression of WT-miRNA successfully reduced overall percentage editing compared
to Ctrl and overexpression of ED-miRNA successfully increased percentage editing. Data
are presented as mean + SEM (n=3). *P<0.05, ****P<0.0001 versus Ctrl mimic by 2-sided
Student t test. (E) Average expression regulation of successful regulation of WT targets
by WT-miRNA overexpression and ED targets by ED-miRNA overexpression shown in
Figure 7C. Data are presented as mean + SEM. **P<0.001 by 2-sided Student t test.
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Supplemental Figure VI: Overall target gene regulation after overexpression of
WT-miR-411-5p or ED-miR-411-5p. The log-fold changes (FC) of mRNA expression
calculated from RNA-seq data obtained after overexpression of WT-miR-411-5p (A&B) or
ED-miR-411-5p (C&D) compared to overexpression of a non-targeting control microRNA
(Ctrl miRNA) in HUAFs. Data represent averages of 3 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 Supplemental Table VI)
that were uniquely targeted by the WT-miR-411-5p (green, A&C) or ED-miR-411-5p (red,
B&D). The overall distribution of the logFC per targetome is shown in the boxplots.
Differential expression of each targetome was tested using ROAST-.
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Supplemental Figure VII: Expression of validated WT-miRNA and ED-miRNA
target gene in lower limb veins of patients with and without peripheral artery
disease. (A&B) Relative mRNA expression of genes we validated (see Figure 7B&C) to
be targeted by the four selected WT-miRNAs (A) or ED-miRNAs (B) in lower leg vein
(LLV) samples from different patient groups. LLV samples from patients with coronary
artery disease (CAD) but not peripheral artery disease (PAD) (n=8) were compared to
LLV samples from patients with severe PAD (n=6) and LLV samples from patients with
end-stage PAD (n=8). Expression was normalized to stable household gene RPLPO and
expressed as fold change of the CAD group. Expression of WNT4 was not detected (N.D.)
in these samples. Data is presented as mean +SEM. *P<0.05, **P<0.01; by 2-sided
Student t test versus CAD.
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1. Identification of mature microRNAs containing A-to-l editable adenosines

Method: search Pubmed for studies that identified microRNA editing events by analyzing
small RNA sequencing datasets

Inclusion criteria: observed A-to-G mismatches in mature miRNA or pri-miRNA sequencing
reads that are either reported by multiple studies or validated to be ADAR-dependent

2. Remove microRNAs without previously reported link with vascular biology

Method: search each microRNA candidate in Pubmed with vascular search terms

Inclusion criteria: at least one search result that shows the microRNA is involved in or
associated with cardiovascular functioning or disease

3. Quantification of inferred mature miRNA editing in human major organs

Method: Reanalysis of high quality public RNA-seq datasets using miRgator webtool
(mirgator.kobic.re.kr)

Inclusion criteria: Per organ only the dataset with the highest read counts available were
used.

Supplemental Figure VIII: Identification of vasoactive microRNAs containing
tissue specific A-to-I editing. A schematic overview of the steps taken to identify
vasoactive microRNAs that can be A-to-I edited in a tissue and context dependent
manner, using manual literature curation and reanalysis of public RNA-seq datasets.
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SUPPLEMENTAL TABLES

Supplemental Table I. MicroRNAs containing A-to-I editable adenosines

Dominant Pubmed ID
side of linking miRNA
A-to-l editable Chrom miRNA Sequence and editable to vascular
# miRNAs osome duplex adenosines functioning Source of reported A-to-l editing in non-vascular tissue
1 miR-376a1-3p 14 3p AUCAUAGAGGAAAAUCCACGU 28968594  Kawahara et al. Science 2007; Kawahara et al. 2008
2 miR-376a2-3p 14 3p AUCAUAGAGGAAAAUCCACGU 28968594 Kawahara et al. Science 2007; Pinto et al. 2017
3 miR-376b-3p 14 3p AUCAUAGAGGAAAAUCCAUGUU 22248718  Kawahara et al. Science 2007; Kawahara et al. 2008
4 miR-376¢c-3p 14 3p AACAUAGAGGAAAUUCCACGU 24216752  Alon et al. 2012; Wang et al 2017
5 miR-381-3p 14 3p UAUACAAGGGCAAGCUCUCUGU 29540663  Alon et al. 2012; Wang et al. 2017
6 miR-411-5p 14 5p UAGUAGACCGUAUAGCGUACG 25832031 Kawahara et al. 2008; Chiang et al. 2010; Wang et al 2017
7 miR-376a2-5p 14 3p GUAGAUUUUCCUUCUAUGGU 26912672  Kawahara et al. Science 2007; Wang et al 2017
8 miR-605-3p 10 3p AGAAGGCACUAUGAGAUUUAGA 29221163  Pinto et al. 2017; Li et al. 2018
9 miR-624-3p 14 5p CACAAGGUAUUGGUAUUACCU 26149483  Pinto et al. 2017; Li et al. 2018
10 miR-487b-3p 14 3p AAUCGUACAGGGUCAUCCACUU 25085941  Van der Kwast et al. 2018
11 Let-7c-5p 21 5p UGAGGUAGUAGGUUGUAUGGUU 25814653 Pinto et al. 2017; Li et al. 2018
12  Let-7d-3p 9 5p CUAUACGACCUGCUGCCUUUCU 25814653  Pinto et al. 2017; Li et al. 2018
13 Let-7e-3p 19 5p CUAUACGGCCUCCUAGCUUUCC 28195197  Alon et al. 2012; Pinto et al. 2017
14  miR-24-2-5p 19 3p UGCCUACUGAGCUGARACACAG 24583309  Alon et al. 2012; Ekdahl et al. 2012
15  miR-27a-5p 19 3p AGGGCUUAGCUGCUUGUGAGCA 26892968  Pinto et al. 2017; Li et al. 2018
16  miR-27a-3p 19 3p UUCACAGUGGCUAAGUUCCGC 25814653 Pinto et al. 2017; Li et al. 2018
17  miR-98-5p X 5p UGAGGUAGUAAGUUGUAUUGUU 26367177  Pinto et al. 2017; Ishiguro et al. 2018
18  miR-99a-5p 21 5p AACCCGUAGAUCCGAUCUUGUG 27403035 Wang et al. 2017; Pinto et al. 2017
19  miR-130b-3p 22 3p CAGUGCAAUGAUGAAAGGGCAU 24898744  Pinto et al. 2017; Li et al. 2018
20 miR-151a-3p 8 5p CUAGACUGAAGCUCCUUGAGG 26149483  Kawahara et al. EMBO Rep. 2007; Wang et al. 2017
21 miR-200b-3p 1 3p UAAUACUGCCUGGUAAUGAUGA 25814653  Alon et al. 2012; Wang et al. 2017
22  miR-337-3p 14 3p CUCCUAUAUGAUGCCUUUCUUC 28461247  Wang et al 2017; Pinto et al. 2017
23 miR-376a1-5p 14 3p GUAGAUUCUCCUUCUAUGAGUA 26912672  Kawahara et al. Science 2007; Choudhury et al. 2012
24  miR-377-3p 14 3p AUCACACAAAGGCAACUUUUGU 26912672 Pinto et al. 2017; Li et al. 2018
25 miR-378a-3p 5 3p ACUGGACUUGGAGUCAGAAGGC 25814653 Alon et al. 2012; Pinto et al. 2017
26  miR-379-5p 14 5p UGGUAGACUAUGGAACGUAGG 26912672  Wang et al 2017; Pinto et al. 2017
27 miR-421-3p X 3p AUCAACAGACAUUAAUUGGGCGC 22952991 Alon et al. 2012; Tomaselli et al. 2015
28 miR-455-5p 9 3p UAUGUGCCUUUGGACUAUCG 25686251 Alon et al. 2012; Warnefors et al. 2014; Tomaselli et al. 2015
29 miR-494-3p 14 3p UGAAACAUACACGGGAAACCUC 25085941 Voellenke et al 2012; Li et al. 2018
30 miR-497-5p 17 5p CAGCAGCACACUGUGGUUUGU 28122380 Alon et al. 2012; Warnefors et al. 2014; Tomaselli et al.
31 miR-497-3p 17 5p CAAACCACACUGUGGUGUUA 25814653  2015; Wang et al. 2017; Pinto et al. 2017
32 miR-503-5p X 5p UAGCAGCGGGAACAGUUCUGCAG 24583309  Tomaselli et al. 2015; Pinto et al. 2017
33 miR-539-5p 14 3p AGAAAUUAUCCUUGGUGUG 27981363  Alon et al. 2012; Pinto et al. 2017
34 miR-589-3p 7 5p UCAGAACAAAUGCCGGUUCCCAGA 23465244  Alon et al. 2012; Wang et al. 2017
35 miR-1260b-5p 11 5p AUCCCACCACUGCCACCAU 23746831 Pinto et al. 2017; Kebria et al. 2016
36 miR-1251-5p 12 5p ACUCUAGCUGCCAAAGGCGCU - Wang et al. 2017; Pinto et al. 2017
37  miR-1295b-3p 1 5p AAUAGGCCACGGAUCUGGGCAA - Wang et al. 2017; Paul et al. 2017
38 miR-1301-3p 2 3p UUGCAGCUGCCUGGGAGUGACUUC - Wang et al. 2017; Pinto et al. 2017
39 miR-1304-3p 11 5p UCUCACUGUAGCCUCGAACCCC - Wang et al. 2017; Pinto et al. 2017
40 miR-301a-3p 17 3p CAGUGCAAUAGUAUUGUCAAAGC - Pinto et al. 2017; Li et al. 2018
41 miR-301b-3p 22 3p CAGUGCAAUGAUAUUGUCAAAGC - Pinto et al. 2017; Li et al. 2018
42  miR-3144-3p 6 5p AUAUACCUGUUCGGUCUCUUUA - Wang et al. 2017; Li et al. 2018
43  miR-3157-3p 10 5p CUGCCCUAGUCUAGCUGAAGCU - Tomaselli et al. 2015; Pinto et al. 2017
44 miR-3167-3p 11 5p AGGAUUUCAGAAAUACUGGUGU - Pinto et al. 2017; Ishiguro et al. 2018
45 miR-3622a-3p 8 5p UCACCUGACCUCCCAUGCCUGU - Wang et al. 2017; Pinto et al. 2017; Li et al. 2018
46  miR-3681-5p 2 unclear UAGUGGAUGAUGCACUCUGUGC - Pinto et al. 2017; Paul et al. 2017
47  miR-378b-3p 3 3p ACUGGACUUGGAGGCAGARA - Pinto et al. 2017; Li et al. 2018
48  miR-378c-5p 10 5p ACUGGACUUGGAGUCAGAAGAGUGG - Pinto et al. 2017; Li et al. 2018
49  miR-4510-5p 15 5p UGAGGGAGUAGGAUGUAUGGUU - Pinto et al. 2017; Li et al. 2018
50 miR-4662a-5p 8 5p UUAGCCAAUUGUCCAUCUUUAG - Pinto et al. 2017; Li et al. 2018
51 miR-488-3p 1 3p UUGAAAGGCUAUUUCUUGGUC - Pinto et al. 2017; Li et al. 2018
52 miR-532-5p X 3p CAUGCCUUGAGUGUAGGACCGU - Wang et al. 2017; Pinto et al. 2017
53  miR-556-3p 1 5p AUAUUACCAUUAGCUCAUCUUU - Pinto et al. 2017; Li et al. 2018
54  miR-561-3p 2 5p CAAAGUUUAAGAUCCUUGAAGU - Pinto et al. 2017; Li et al. 2018
55 miR-598-3p 8 3p UACGUCAUCGUUGUCAUCGUCA - Alon et al. 2012; Pinto et al. 2017
56  miR-625-3p 14 5p GACUAUAGAACUUUCCCCCUCA - Pinto et al. 2017; Li et al. 2018
57 miR-6503-3p 11 unclear GGGACUAGGAUGCAGACCUCC - Wang et al. 2017; Pinto et al. 2017
58 miR-664a-5p 1 3p ACUGGCUAGGGAAAAUGAUUGGAU - Wang et al. 2017; Pinto et al. 2017
59 miR-944-3p 21 3p AAAUUAUUGUACAUCGGAUGAG - Pinto et al. 2017; Li et al. 2018
60 miR-99b-3p 19 5p CAAGCUCGUGUCUGUGGGUCCG - Pinto et al. 2017; Paul et al. 2017
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Supplemental Table II. Seed sequence analysis of A-to-I edited pri-miRNAs

miRNA WT-miRI\.lA sequen.ce and pri-miRNA WT-miRNA Seed sequence ED-miRNA Seed sequence
A-to-1 editing location seed shared by seed shared by
miR-376a1-5p GUAGAUUCUCCUUCUAUGAGUA UAGAUUC none UGGAUUC none
miR-376a1-3p AUCAUAGAGGAAAAUCCACGU UCAUAGA miR-376a2+b-3p UCAUGGA none
miR-376a2-5p GGUAGAUUUUCCUUCUAUGGU GUAGAUU none GUGGAUU miR-8056*
miR-376a2-3p AUCAUAGAGGAAAAUCCACGU UCAUAGA miR-376al+b-3p UCAUGGA none
miR-376b-3p AUCAUAGAGGAAAAUCCAUGUU UCAUAGA miR-376al+a2-3p UCAUGGA none
miR-376¢-3p AACAUAGAGGAAAUUCCACGU ACAUAGA none ACAUGGA miR-4802-3P*
miR-381-3p UAUACAAGGGCAAGCUCUCUGU AUACAAG miR-300-3p AUGCAAG none
miR-411-5p UAGUAGACCGUAUAGCGUACG AGUAGAC none AGUGGAC none
miR-605-3p AGAAGGCACUAUGAGAUUUAGA GAAGGCA none GAGGGCA miR-3616-3p*
miR-624-3p CACAAGGUAUUGGUAUUACCU ACAAGGU none ACAGGGU none
miR-487b-3p" AAUCGUACAGGGUCAUCCACUU AUCGUAC none GUCGUAC none

* unvalidated microRNA according to Targetscan?.

f characterized previously by Van der Kwast et al. 2018°.
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Supplemental Table III. Overview of the findings per selected microRNA

miR-376a&b-3p miR-376¢c-3p miR-381-3p miR-411-5p
Experiment Figure Tissue WT ED % editing WT ED % editing WT ED % editing WT ED % editing

.m primary miRNA editing 2 HUVECs = ++ * ¥ * * i ¥ i * T *
m HUAFs = ++ + ++ ++ + + ++ + + ++ +
m mature miRNA editing HUVECs = * = = * * * = i * * =
% 3 HUAFs + ++ + ++ ++ + + + = + + =
Q AGO2 IP HUAFs + ++ + ++ ++ + + ++ + + + =
m hindlimb ischemia adductor excluded because edited + =/- - =+ - - ++ ~ =/-

S (adductor remains 5 gastrocnemius adenosine is not conserved in ++ + - + ++ = + + =

= relatively normoxic) soleus the murine mmu-miR-376a-3p =~ ++ + ++ ++ ~ =+ + +
> . IMA + ++ + + + ~/+ + + ~ + + =+
) ex vivo culture 6 VSM " . " - . . - oy . . . "
ischemic LLVs (PAD PAD patient LLVs ++ ++ =[+ + + + + + + ++ ++ =/+
patients) <mqmcm normoxic 6 end-stage PAD . . 4 . - ot . . . . . .

LLVs (CAD patients patient LLVs

. . - HUAFs siADAR1 = - = - -- - =/- -- - - -- -

5 piman miRNA editing , HUAFssADARZ |+ ] ] ) ) N ' ) N ] o N
° 0 . . HUAFs siADAR1 - =/- + - - - - - - - - =
<< mature miRNA editing HUAFs SIADAR2 /. ) i ) ) - /. /- - < - -

WT ED effectof| WT ED effect of| WT ED effect of| WT ED effect of
mimic  mimic  editing | mimic  mimic  editing | mimic mimic  editing | mimic mimic  editing

o & -2 wound healing HUAFs - + ++ - - = =/- + + =/- + +
S @2 tube formation 8 HUVECs ~/- /- ~ - ~[+ ++ =/- + + =/- + +
£ ® & neovessel sprouting aortic segments  [not conserved in mmu-miR-3769  =/- + ++ =/+ + + = + ++
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Supplemental Table IV. Enriched pathways within putative targetomes*

Total genes # of mapped Expected # of

mapped to genes in target genes Fold
pathway set targeted Enrichment Pvalue

WT-miR-376a+b-3p
ED-miR-376a+b-3p
Cadherin signalling

158 24 8.06 2.98 0.0007
pathway
Whnt signalling pathway 312 34 15.91 2.14 0.0062
WT-miR-376¢-3p
ED-miR-376¢-3p
Cadherin signalling

158 27 11.87 2.27 0.0395
pathway
WT-miR-381-3p
ED-miR-381-3p
Cadherin signalling

158 25 9.83 2.54 0.0046
pathway
Whnt signalling pathway 312 43 19.41 2.22 0.0010
WT-miR-411-5p
Cadherin signalling

158 23 4.94 4.66 0.0000
pathway
Whnt signalling pathway 312 31 9.76 3.18 0.0000
ED-miR-411-5p

* Putative targetomes were analyzed by the PANTHER pathway algorithm*. Only pathway
enrichments with P<0.05 after Bonferroni correction are reported.
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Supplemental Table V. Putative targets of WT-miRNAs or ED-miRNAs involved in one or
more selected processes related to the response to ischemia

Spreadsheets are too large for print, but can be requested.

Supplemental Table VI: Number of miR-411-5p targets detected using RNA-seq and
regulation of the unique targets

Unique
>0.5 Detected to either Fraction Fraction
Targe- binding in RNA- targetom down up P-
tome score seq e regulated regulated Direction Value FDR

WT-miR-411-5p overexpression vs Ctrl microRNA overexpression
WT 464 348 300 0.3133 0.0300 Down 0.002 0.003
ED 407 315 274 0.0547 0.0876 Up 0.579 0.579

ED-miR-411-5p overexpression vs Ctrl microRNA overexpression
WT 464 348 300 0.0733 0.0767 Down 0.987 0.987
ED 407 315 274 0.2299 0.0657 Down 0.022 0.043

ED-miR-411-5p overexpression vs WT-miR-411-5p overexpression
WT 464 348 300 0.0300 0.3333 Up 0.001 0.001
ED 407 315 274 0.2482 0.0438 Down 0.013 0.013

Overall regulation of unique targets was examined using limma’s roast function3®

Supplemental Table VII: Number of targets within each targetome and fractions conserved
and detected

no cutoff 0.5 score cutoff
conserved detected |conserved detected
microRNA targetset human| inmouse inarray | in mouse inarray

miR-376¢c WT only 879 590 67% 406 9% | 218 37% 157 39%
ED onIy 1200| 854 71% 609 719 | 266 31% 190 31%
shared 326| 207 63% 146 714 45 4 36 5%

miR-381 WT only 1259 | 959 7% 698 73% | 509 s3% 376 s4%

ED onIy 886 | 557 63% 391 7% | 169 30% 125 324
shared 387 | 248 4% 185 754 68 7% 51 8%
miR-411 WT only 557 256 4% 176 69% 58 23% 43 %
ED onIy 590| 307 s 218 71% 67 2% 49 4
shared 8| 37 wx 28 7% 1 34 1 4%
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Supplemental Table VIII: Primer sequences and purpose

Primer Used for: Sequence (5’ to 3’)
pri-miR-let7c_F amplification & TTGGAGGAGCTGACTGAAGAT
pri-miR-let7c_R sequencing ATGAAGAATTCCTCGACGGCT
pri-miR-let7d_F amplification & TTTGAAGTGCATCTGCCAAGT
pri-miR-let7d_R sequencing GCAAGGAAACAGGTTATCGGT
pri-miR-let7e_F amplification & TGGTCCCTGTCTGTCTGTCT
pri-miR-let7e_R sequencing TAAGGGTCCCTGAGTGGGG
pri-miR-1260b_F amplification & CAGGTGCTTACCGCAATCAG
pri-miR-1260b_R sequencing CTCCCAAGCAGCAGCAACAG
pri-miR-130b_F amplification & AGCCTGCATTCCAGGTCTCAG
pri-miR-130b_R sequencing AGGCAGCAAGCTCCCTTTCC
pri-miR-151a_F amplification & CTACAGTAGCTGAGCCTGGT
pri-miR-151a_R sequencing AGGTTTGGGCAACACCGA
pri-miR-200b_F amplification & CAGCTACTGAGCTTCCCAGC
pri-miR-200b_R sequencing TCGGCCGGTCGCTGC
pri-miR-24-2_F amplification & CCGCCTGTCCCCTGC
pri-miR-24-2_R sequencing CAGCCCACCCAGGGAAG
pri-miR-27a_F amplification & CTGAGCTCTGCCACCGAG
pri-miR-27a_R sequencing GCAAGGCCAGAGGAGGTGAG
pri-miR-337_F amplification & ATCCGAGCGCTTGCACTG
pri-miR-337_R sequencing AAGGGTGCAGAGGAGGGTC

pri-miR-376al_F

pri-miR-376al_R

amplification; qPCR

& sequencing

TTTCTGATGACTCAAGCACAGG
CGTCCTCCGAGGTTTTCAAAG

pri-miR-376a2_F

amplification &

TTGTGTTTGATGGATTGTACTTAGG

pri-miR-376a2_R sequencing CCTGATGGTGGCTTCAGTCC
pri-miR-376b_F amplification & ACTGTGTTCAGATTTGTCCTTTCC
pri-miR-376b_R sequencing TCAGGCCCTACGGTCTCTTC
pri-miR-376¢_F amplification & ATTTTGATAGATTGTGCTTAGGTTC
pri-miR-376¢_R sequencing AGGAATGTTTCCAAGCAGCA
pri-miR-377_F amplification & GGCATCTCGGTGTGTTCTTG
pri-miR-377_R sequencing GGGGTGTAGATGCCCCTGAG
pri-miR-378a_F amplification & GGAGTGAGCGGCTTGTATGG
pri-miR-378a_R sequencing GTGGGGAAGGTGACTCCACT
pri-miR-379_F amplification & GTGACGCCAACTTCAGGGG
pri-miR-379_R sequencing GTTGGCAACACCTCCAGGAA
pri-miR-381 F amplification & CCGTGAATGATAGTGAGAAC
pri-miR-381_R sequencing ACACATACCGCATCCCTTG
pri-miR-411 F amplification; gPCR  AAGGCCTTGGAGGGCTTTICTG
pri-miR-411 R & sequencing GACAGCGTTGTTTCCAGGAGC
pri-miR-487b_F amplification; gPCR  GAAGACGTACCAAGTCCACCC
pri-miR-487b_R & sequencing GCTCCAGAGTCTGCGCTCTT
pri-miR-494_F amplification & TTCGGCAGTTCTGTTTTGAT
pri-miR-494_R sequencing TCCAGGGTGGGATTTGATACT
pri-miR-497_F amplification & TGGGGTCTTCCCAGCACT
pri-miR-497_R sequencing TCCCAGGGCCAAGCCTC
pri-miR-503_F amplification & TATTCCTGGCTAGGCTGGGG
pri-miR-503_R sequencing ACTTACCTGCTGGGTAGGC
pri-miR-539_F amplification & TCACCATCTAACCTTGAGCCAAA
pri-miR-539 R sequencing ATGGCGTCCAGGAAGTCTGC
pri-miR-589_F amplification & AGCCTGAGAGACCGACCCT
pri-miR-589 R sequencing GCAGAAGGCAGGAATCCAGAG
pri-miR-605_F amplification & GAACTTTGGTAGAACTTTCACAGC
pri-miR-605_R sequencing CTGTAACATAGGTAACCTGTATCTG
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pri-miR-624_F amplification & GGTTTTGTGTTCTTGTAATGAAAAA
pri-miR-624_R sequencing ATCTTGTTCACTGAAACCACTT
pri-miR-98 F amplification & AAAGAGTCTGTCACCATGTAAAA
pri-miR-98 R sequencing TGCTAAGACTAAGTGTGAATATGCC
pri-miR-99a_F amplification & TTTTGACTCTTAATTGCATCAGATA
pri-miR-99a_R sequencing GCACTGTGTATAGCATTTTGTCA
pri-miR-376a2_F CGTGCTTTCCGGGATGAAAC
pri-miR-376a2_R gPCR CAGTCCAGCCATGATCCCAA
pri-miR-376b_F CAGAGCCCAGTCCTTCTTTG
pri-miR-376b_R gPCR CCTACGGTCTCTTCCAGAAACA
pri-miR-376¢c_F GGTTCATGCTTTCCAGGACTCA
pri-miR-376¢_R gPCR TCTTCCCTGATGGTGGTTTCAG
pri-miR-381_F AACCTGCCCAGTGCTATTGTT
pri-miR-381_R gPCR ACACACATACCGCATCCCTT
pri-miR-605_F TGTCTCTAGCCCTAGCTTGGTT
pri-miR-605_R gPCR AGCAATATACCTGTGGCTGTCA
pri-miR-624_F AAAGTGGTTTTGTGTTCTTGTAATG
pri-miR-624_R gPCR ACCACTTAGGTGTAATGCTATCTCA
U6-F AGAAGATTAGCATGGCCCCT
U6-R gPCR ATTTTGCGTGTCATCCTTGCG
ADAR1_human_F GCTTGGGAACAGGGAATCGC
ADAR1_human R GPCR CGCAGTCTGGGAGTTGTATTTC
ADAR2_human_F GGAAGCTGCCTTGGGATCAG
ADAR2_human_R GPCR GCTGCTGGAACTCATGTTTTCTTC
RPLPO_human_F TCCTCGTGGAAGTGACATCG
RPLPO_human_R aPCR TGTCTGCTCCCACAATGAAAC
p53_F TGACACGCTTCCCTGGATTG
p53_R aPCR TTTTCAGGAAGTAGTTTCCATAGGT
VEGFa_F ATCACCATGCAGATTATGCGG
VEGFa_R aPCR CCCCTTTCCCTTTCCTCGAAC
HIF1A_F TGTCTCTAGCCCTAGCTTGGTT
HIF1A_R gPCR AGCAATATACCTGTGGCTGTCA
Adarlp150_mouseF GGCACTATGTCTCAAGGGTTC
qPCR
Adarlp150_mouseR CCTGTGGCTGCGGGTATC
Adarlp110_mouseF qPCR TCACCAATCTGCGCCCTAAC
Adarlp110_mouseR GTGTCTGGTGAGGGAACACC
Adar2_mouse_F 4PCR GCTTGCCCTGAAGGAGTTTTG
Adar2_mouse_R CAGTGCTGCTGGAACTCATATTC
Rplp0_mouse_F GCGACCTGGAAGTCCAACTA
Rplp0_mouse_R GPCR ATCTGCTGCATCTGCTTGG

ANGPT2_3'UTR_F
ANGPT2_3'UTR_R

construct cloning
(WT-376a&b site)

CTCTCTCGAGTATCAACAGAAACGTGCCAT
CTGCGGCCGCGGGTGAATCTTGAGACATATAGC

WNT4_3'UTR_F
WNT4_3’UTR_R

construct cloning
(ED-376a&b site)

CTCTCTCGAGCTGAAGTCCCACCCTAGAACC
CTGCGGCCGCGTTTGTCTGCTTCCCAGGACT

TGFBR2_3'UTR_F

construct cloning

CTCTCTCGAGACTGTTCTATAGTTTTTCAGGATCT

TGFBR2_3’UTR_R (WT-376c site) CTGCGGCCGCATTCAAACATGACCATGCTAATAA
CHD2_3’UTR_F construct cloning CTCTCTCGAGGGGGGATGAGACCATGAGATT
CHD2_3’UTR_R (ED-376c site) CTGCGGCCGCTGTGCTAAGAACTTTTCTCCCT
KLF3_3'UTR_F construct cloning  CTCTCTCGAGATGAAGTTGCTCCGAGCTGTC
KLF3_3’UTR_R (WT-381 site) CTGCGGCCGCTCCCATTGGACTACAGAGTAGAAAC
CHD6_3'UTR_F construct cloning  CTCTCTCGAGTCTAAAAAGTCATGATTCCCCCACT
CHD6_3’UTR_R (WT-411 site) CTGCGGCCGCCGGCTCTGTTGGGCTAACG
TGFB2_3’'UTR_F construct cloning CTCTCTCGAGTTTGCCACATCATTGCAGAAG
TGFB2_3'UTR_R (WT-411 site) CTGCGGCCGCCCTATCTGAGAGGAAAATGTCTGC

FGF2_3'UTR_F
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FGF2_3'UTR_R (ED-411 site) CTGCGGCCECCGTCCTGAGTATTCGGCAAC
ANGPT2_F CAGCCCCTACGTGTCCAATG
ANGPT2_R GPCR GCCGTCTGGTTCTGTACTGC
BMP2_F CCAGACCACCGGTTGGAG
BMP2_R GPCR AAACTCCTCCGTGGGGATAG
WNT4_F GCTCCACACTCGACTCCTTG
WNT4_R aPCR CCCATGCACTGTCCTGTCAC
TGFBR1_F TCCTCGAGATAGGCCGTTTG
TGFBRL_R aPCR CCAGTTCCACAGGACCAAGG
CHD2_F ATGCAAGACTGGATTTCCTGAAG
CHD2_R aPCR TCTCACGGCATACACCATGC
BCL2_F AACATCGCCCTGTGGATGAC
BCL2_R aPCR GGGCCAAACTGAGCAGAGTC
KLF3_F TGACCCAGTTCCTGTCAAGC
KLF3_R gPCR TGTATTCCGTGCGACAGACC
CHD6_F GCTCTGGTTGCCATCCTTCTG
CHD6_R gPCR CCACCTTCGTCGTTGTAACTG
TGFB2_F CCCTGCTGCACTTTTGTACC
TGFB2_R GPCR AGGAGATGTGGGGTCTTCCC
FGF2_F ACCTGGCTATGAAGGAAGATGG
FGF2_R gPCR CGTTTCAGTGCCACATACCAAC

Gray highlighted sequences are primer extensions to flank the amplicon restriction enzyme

sites

Supplemental Table IX. Sequences of custom ED-miRNA specific qRT-PCR assays

Assay target Component Sequence
hairpin RT
primer

GTGCTAACGTGTGCAGGGACGGAGGACACGTTAGCACACGTGG
ED-miR-

CCGGCGATCATGGAGGAAAATC
376a+b-3p gPCR primers

TGCAGGGACGGAGGA
gPCR probe <VIC>ACGTTAGCACACGTGGAT<MGB>

hairpin RT
. P GTCGTATCCAGTGCAGGGACCGAGGACTGGATACGACACGTGG
. primer
ED-miR- CCGGCGAACATGGAGGAAATTC
TT
376¢-3p gPCR primers
TGCAGGGACCGAGGA
gPCR probe <VIC>CTGGATACGACACGTGGAA<MGB>
hairpin RT
. GGCGTTGGCAGTGCAGGGTCCGAGGTCTGCCAACGCCACAGAG
. primer
ED-miR- GCCGTATGCAAGGGCAAGC
381-3 PCR primers
P areie GTGCAGGGTCCGAGG
gPCR probe <VIC>CCAACGCCACAGAGAG<MGB>
hairpin RT
. GTCGTATCCAGTGCAGGGACCGAGGACTGGATACGACCGTACGC
rimer
ED-miR- P
. CCGCCTAGTGGACCGTATAGC
411-5p gPCR primers

TGCAGGGACCGAGGA
gPCR probe <VIC>CTGGATACGACCGTACGCT<MGB>

<VIC>, VIC fluorophore; <MGB>, minor groove binder
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Supplemental Table X: Sequences of siRNA and synthesized endogenous 3'UTRs

siRNA targets sequence
siADAR1 ADAR1 5'-GCUAUUUGCUGUCGUGUCA (dT) (dT) -3’
siADAR2 ADAR?2 5'-GAUCGUGGCCUUGCAUUAA (dT) (dT) -3’
siRNA control:  nothing 5-UCUCUCACAACGGGCAU (dT) (dT) -3’
3’UTR from sequence
CTCTCTCTCGAGGGAAAARAATAGCTAATTTGTATTTATATGTAATCAAAAGAAGTATCGGGTTTGTACA
TAATTTTCCAAAAATTGTAGTTGTTTTCAGTTGTGTGTATT TAAGATGAAAAGTCTACATGGAAGGTTAC
BMP2 TCTGGCAAAGTGCTTAGCACGTTTGCTTTTTTGCAGTGCTACTGTTGAGTTCACAAGTTCARGTCCAGAA
(ED-miR-  AAAAAAAGTGGATAATCCACTCTGCTGACTTTCAAGATTATTATATTATTCAATTCTCAGGAATGTTGCA
376a+b-3p GAGTGATTGTCCAATCCATGAGAATTTACATCCTTATTAGGTGGAATATTTGGATAAGAACCAGACATTG
binding CTGATCTATTATAGAAACTCTCCTCCTGCCCCTTAATTTACAGAAAGAATAAAGCAGGATCCATAGAAAT
site) AATTAGGAAAACGATGAACCTGCAGGARAGTGAATGATGGTTTGTTGTTCTTCTTTCCTAAATTAGTGAT
CCCTTCAAAGGGGCTGATCTGGCCAAAGTATTCAATAAAACGTAAGATTTCTTCATTATTGATATTGTGG
TCATATATATTTGCGGCCGCCTTCC
CTCTCTCGAGTTTTTACATTATTAAGAARAAARAGATTTATTTATTTAAGACAGTCCCATCARAACTCCTG
TCTTTGGAAATCCGACCACTAATTGCCAAGCACCGCTTCGTGTGGCTCCACCTGGATGTTCTGTGCCTGT
BCL2 AAACATAGATTCGCTTTCCATGTTGTTGGCCGGATCACCATCTGAAGAGCAGACGGATGGARAAAGGACC
(ED-miR-  TGATCATTGGGGAAGCTGGCTTTCTGGCTGCTGGAGGCTGGGGAGAAGGTGTTCATTCACTTGCATTTCT
376¢-3p TTGCCCTGGGGATATTTAATGACAACCTTCTGGTTGGTAGGGACATCTGTTTCTAAATGTTTATTATGTA
binding CAATACAGAAAAAAATTTTATAAAATTAAGCAATGTGARACTGAATTGGAGAGTGATAATACAAGTCCTT
sites) TAGTCTTACCCAGTGAATCATTCTGTTCCATGTCTTTGGACAACCATGACCTTGGACAATCATGAAATAT
GCATCTCACTGGATGCAAAGAAAATCAGATGGAGCATGAATGGTACTGTACCGGTTCATCTGGACTGCCC
CAGAAAAATAACTTCAAGCAAACATCCTATGCGGCCGCAG
CTCTCTCTCGAGTATCATTTATTTTTTACATTATTAAGAAAAAAAGATTTATTTATTTARGACAGTCCCA
TCAAAACTCCTGTCTTTGGAAATCCGACCACTAATTGCCAAGCACCGCTTCGTGTGGCTCCACCTGGATG
BCL2 TTCTGTGCCTGTARACATAGATTCGCTTTCCATGTTGTTGGCCGGATCACCATCTGARGAGCAGACGGAT
(ED-miR-  GGAAAAAGGACCTGATCATTGGGGAAGCTGGCTTTCTGGCTGCTGGAGGCTGGGGAGAAGGTGTTCATTC
381-3p TTCTTTGCCCTGGGGGCTGTGATATTAACAGAGGGAGGGTTCCTGTGGGGGGAAGTCCATGC
binding CTCCCTGGCCTGAAGAAGAGACTCTEEGCATAT GACT CACATGANGERTACC TGGCTGGGAGGARAAGAGT
sites) TGGGAACTTCAGATGGACCTAGTACCCACTGAGATTTCCACGCCGAAGGACAGCGATGGGAAAAATGCCC
TTAAATCATAGGAAAGTATTTTTTTAAGCTACCAATTGTGCCGAGARAAGCATTTTAGCAATTTATACAA
TATCATCCAGTACCTTAAGCCCTGATTGCGGCCGCCTTCC
CTCTCTCGAGACATCCCAGTCCACCTGAGGAACTGTCTCGAACTATTTTCAAAGACT TAAGCCCAGTGCA
ANGPT2 CTGARAGTCACGGCTGCGCACTGTGTCCTCTTCCACCACAGAGGGCGTGTGCTCGGTGCTGACGGGACCC
(ED-miR- ACATGCTCCAGATTAGAGCCTGTAAACTTTATCACTTAAACIMGERECACTTAACGGACCARAGCAAGAC
CCTARACATCCATAATTGTGATTAGACAGAACACCTATGCAAAGATGAACCCGAGGCTGAGAATCAGACT
3§L§p GACAGTTTACAGACGCTGCTGTCACAACCAAGAATGTTATGTGCAAGTTTATCAGTAAATAACTGGAAAR
binding CAGAACACTTTATTATACATTTATTAGCCTTAGCAGGCAATAAACCAAGAATCACTTTGAAGACACAGCA
sites) AAAAGTGATACACTCCGCAGATCTGAAATAGATGTGTTCTCAGACAACAAAGTCCCTTCAGAATCTTCAT

GEEGERT A A ATGTTATGAATATTAACAAGAAGT TGATTGAGAAAGCGGCCGCAG

Gray highlighted sequences are non-endogenous extensions containing restriction enzyme

sites for cloning. Bold highlights indicate miRNA binding sites.
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