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ABSTRACT 

MicroRNAs are posttranscriptional regulators of gene expression. As microRNAs 

can target many genes simultaneously, microRNAs can regulate complex multifactorial 

processes, including post-ischemic neovascularization, a major recovery pathway in 

cardiovascular disease. MicroRNAs select their target mRNAs via full-complementary 

binding with their seed-sequence, i.e. nucleotides Ͳ-͸ from the ͵’-end of a microRNA. 

The exact sequence of a mature microRNA, and thus of its ͵’- and ͳ’- ends, is 

determined by two sequential cleavage steps of microRNA precursors, by 

Drosha/DGCR͸ and Dicer. When these cleavage steps result in nucleotide switches at 

the ͵’-end, forming a so-called ͵’-isomiR, this results in a shift in the mature 

microRNA’s seed-sequence. The role of ͵’-isomiRs in cardiovascular diseases is still 

unknown. 

Here we characterize the expression and function of the ͵’-isomiR of miR-ʹͱͱ (ISO-

miR-ʹͱͱ). ISO-miR-ʹͱͱ is abundantly expressed in human primary vascular cells. ISO-

miR-ʹͱͱ has a different ‘targetome’ from WT-miR-ʹͱͱ, with only minor overlap. The 

ISO-miR-ʹͱͱ/WT-miR-ʹͱͱ ratio is downregulated under acute ischemia, both in cells 

and a murine ischemia model, but is upregulated instead in chronically ischemic 

human blood vessels. ISO-miR-ʹͱͱ negatively influences vascular cell migration, 

whereas WT-miR-ʹͱͱ does not. Our data demonstrate that isomiR formation is a 

functional pathway that is actively regulated during ischemia. 

 

Keywords: microRNA, isomiR, cardiovascular disease, ischemia, angiogenesis, 

microRNA biogenesis, DROSHA  
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INTRODUCTION 

MicroRNAs are ∼ͲͲ nt-long small noncoding RNAs that regulate a wide range of 

physiological and pathological processes, including processes controlling 

cardiovascular function.Ͳ-͵ MicroRNAs are able to inhibit translation of protein coding 

transcripts (mRNAs). A single microRNA can target hundreds of mRNAs, often 

regulating an entire network or pathway simultaneously.Ͷ The microRNA’s “seed” 

sequence, nucleotides Ͳ to ͸ from the ͵’-end of the microRNA, predominantly 

determines target site recognition.ͷ,͸ 

The ͵’- and ͳ’-ends of a microRNA are determined during the maturation steps of 

the primary transcript of the microRNA gene, known as the pri-miRNA.͹,ͱͰ First the pri-

miRNA is cleaved in the nucleus by the Microprocessor complex composed of 

ribonuclease (RNase) III enzyme DROSHA and DGCR͸ to generate a hairpin-shaped 

precursor miRNA (pre-miRNA).ͱͱ The pre-miRNA is exported to the cytoplasm where it 

is processed further by RNase III enzyme DICER into a microRNA duplex.ͱͲ The 

separate strands of the duplex can be incorporated into the RNA-induced silencing 

complex (RISC) as functional mature microRNAs.ͱͳ 

Typically, microRNAs are annotated as a single defined sequence, and are listed as 

such in the principle public microRNA database, miRBase.ͱʹ However, deep sequencing 

studies have revealed that for many microRNAs, sequence variants with slightly 

different ͵′- and/or ͳ′-ends, known as isomiRs, can be generated from a single pri-

miRNA hairpin.ͱ͵ This type of ͵′ and ͳ′ heterogeneity derives from variations in 

processing by the DROSHA and/or DICER enzymes.ͱͶ-ͱ͸ These isomiRs have been 

shown to function like canonical microRNAs, since they associate actively both with 

the RISC and with translational machinery polysomes.ͱͰ,ͱ͹-Ͳͱ IsomiRs with ͵′-end 

variations, or ͵’-isomiRs, are expected to be functionally important as they result in an 

altered seed sequence, i.e. nucleotides Ͳ to ͸ from the ͵’-end, compared to the 

canonical microRNA, and are therefore expected to display altered target site selection. 

IsomiRs can have tissue specific expression and their expression profiles alone allow for 

discrimination between cancer types.Ͳͱ-Ͳͳ These observations suggest that isomiRs, and 

͵’-isomiRs in particular, can play an independent role in regulating pathophysiological 

processes. However, the specific roles of individual isomiRs and when they are 

regulated remain largely unknown. 
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MicroRNAs play a key role in cardiovascular disease.ʹ,͵,Ͳʹ Although cardiovascular 

diseases have a complex, multifactorial pathology, ischemia plays an intricate part in 

both the development and manifestation of most cardiovascular diseases. In response 

to ischemia, the adaptive growth of blood vessels, known as neovascularization, helps 

to restore blood flow. We have shown that the microRNAs from a large microRNA gene 

cluster located on the long arm of human chromosome ͱʹ (ͱʹqͳͲ) are regulated during 

ischemia in mice and can directly affect neovascularization.Ͳ͵ Interestingly, recent 

studies have shown that one of these ͱʹqͳͲ microRNAs, miR-ʹͱͱ, has a ͵’-isomiR.26 This 

miR-ʹͱͱ ͵’-isomiR (ISO-miR-ʹͱ ) has an additional ͵’ adenosine compared to the 

canonical ‘wildtype’ miR-ʹͱͱ (WT-miR-ʹͱͱ). The isomiR appears to be the result of a 

single nucleotide shift in DROSHA’s cleavage of the primary miR-ʹͱͱ transcript (pri-

miR-ʹͱͱ) (Figure ͱA). Currently however, the prevalence, regulation and function of 

ISO-miR-ʹͱͱ is unknown.  

In this study we demonstrate that ISO-miR-ʹͱͱ is at least ͵-fold more abundant 

than WT-miR-ʹͱͱ in primary human vascular cells and in venous tissue samples from 

patients with peripheral artery disease (PAD). Additionally, we show that ISO-miR-ʹͱͱ 

and WT-miR-ʹͱͱ expression is differentially regulated in cultured vascular fibroblasts 

under ischemic conditions and we confirm these findings in a murine hindlimb 

ischemia model. Finally, we demonstrate that ISO-miR-ʹͱͱ indeed targets a different 

and larger set of genes than WT-miR-ʹͱͱ, resulting in functional differences in 

angiogenesis in vitro. 

RESULTS 

Prevalence of ISO-miR-͸͵͵ 

We analyzed public microRNA-sequencing (miRNA-seq) datasets to examine the 

prevalence of ISO-miR-ʹͱͱ relative to WT-miR-ʹͱͱ in human and murine tissues. The 

miRNA-seq data showed that ISO-miR-ʹͱͱ is expressed in all examined tissues. ISO-

miR-ʹͱͱ expression relative to WT-miR-ʹͱͱ expression varied strongly per tissue 

(Figure ͱB&C). For example, in both human and murine datasets the ratio of ISO-miR-

ʹͱͱ over WT-miR-ʹͱͱ (ISO/WT-miR-ʹͱͱ) was below Ͱ.͵ skin tissue while the ratio was 

approximately ʹ in cardiac tissue. Furthermore, ISO/WT-miR-ʹͱͱ is decreased in 

datasets from murine whole body tissue of ͹.͵ days old embryos, ͱͲ.͵ days old embryos  



Post-ischemic regulation of miR-411’s 5’-isomiR 

65 

3 

 

Figure ͱ: Biogenesis and expression of miR-ʹͱͱ and its ͵’-isomiR. (A) The biogenesis 
of canonical ‘wildtype’ miR-ʹͱͱ (WT-miR-ʹͱͱ) and its ͵’-isomiR (ISO-miR-ʹͱͱ). 
Endonuclease DROSHA can cleave the primary miR-ʹͱͱ transcript at Ͳ distinct locations, 
which results in Ͳ different precursor microRNAs, WT-pre-miR-ʹͱͱ or ISO-pre-miR-ʹͱͱ. 
Mature WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ are produced after their respective pre-miRNAs 
and preferential incorporation into the RISC complex. Compared to WT-miR-ʹͱͱ, ISO-
miR-ʹͱͱ has an additional nucleotide at its ͵’-end (in blue) and therefore has a different 
seed sequence. (B-D) Public microRNA-seq datasets were analyzed to examine the 
prevalence of ISO-miR-ʹͱͱ relative to WT-miR-ʹͱͱ in human tissues (B, n=ͱ) murine 
tissues (C, n=ͱ) and during murine development (D, n≥ʹ). (E) Expression of WT-miR-ʹͱͱ 
and ISO-miR-ʹͱͱ in public microRNA-seq data from control murine embryonic stem 
cells and murine embryonic stem cells with a knockout of either Dgcrͼ (Dgcrͼ-/-) or 
Dicer (Dicer-/-) (n=ͱ or Ͳ). (D-E) Data are presented as mean ±SEM. *P<Ͱ.Ͱ͵, ***P<Ͱ.ͰͰͱ; 
versus embryos of day ͷ.͵ by Ͳ-sided Student t test. 
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and newborn mice when compared to ͷ.͵ days old embryos (ISO/WT-miR-ʹͱͱ 

Ͱ.ͲͶ±Ͱ.Ͱʹ, Ͱ.ͳͱ±Ͱ.Ͱͳ and Ͱ.Ͳͷ±Ͱ.Ͱͱ versus Ͱ.ʹͱ±Ͱ.Ͱͳ, P<Ͱ.Ͱͳ, P<Ͱ.Ͱ͵ and P<Ͱ.ͰͰͱ, 

respectively) (Figure ͱD). These observations suggest that WT-miR-ʹͱͱ and ISO-miR-

ʹͱͱ expression are differentially regulated over time. Both WT-miR-ʹͱͱ 

and ISO-miR-ʹͱͱ were confirmed to be products of the microRNA maturation pathway, 

since both their expression is abolished in murine embryonic stem cells deficient for 

either Dgcr͸ or Dicer (Figure ͱE). 

WT-miR-͸͵͵ and ISO-miR-͸͵͵ expression in vascular cells 

We then determined whether ISO-miR-ʹͱͱ is also abundantly expressed in primary 

human umbilical arterial fibroblasts (HUAFs) and human umbilical venous endothelial 

cells (HUVECs). Expression of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ were quantified using ͵’ 

Dumbbell-Polymerase-Chain-Reaction (͵’DB-PCR), specifically designed and validated 

to distinguish between the highly similar sequences of WT-mir-ʹͱͱ and ISO-miR-ʹͱͱ 

(Supplemental Figure I). We found that ISO-miR-ʹͱͱ is expressed at least ͵-fold 

higher than WT-miR-ʹͱͱ in both cell types (Figure ͲA). However, the expression of 

both WT-mir-ʹͱͱ and ISO-miR-ʹͱͱ was approximately ͳ-fold higher in HUAFs 

compared to HUVECs (Figure ͲA, P=Ͱ.ͰͲ and P=Ͱ.Ͱͷ respectively). Therefore, 

subsequent experiments were performed in HUAFs.  

We then cultured HUAFs under ischemic conditions to examine whether miR-ʹͱͱ 

expression is regulated under ischemia. Both Ͳʹh and ʹ͸h of ischemic culture 

conditions successfully induced hypoxic signaling and cell cycle arrest, as 

demonstrated by increased expression of HIF͵A, VEGFA and SDF͵, and p͹ͷ respectively 

(Supplemental Figure II). After Ͳʹh of ischemia,  

WT-miR-ʹͱͱ expression increased by ͳ.ͳ-fold while ISO-miR-ʹͱͱ expression 

increased by only ͱ.Ͷ-fold (Figure ͲB, upper panel, P=Ͱ.Ͱͱ and P=Ͱ.Ͱͳ versus control, 

respectively), decreasing ISO/WT-miR-ʹͱͱ from Ͷ.ʹ±ͱ.Ͱ under control conditions to 

ͳ.Ͳ±Ͱ.ʹ after Ͳʹh of ischemia (bottom panel, P=Ͱ.Ͱʹ). After ʹ͸h ischemic conditions, 

both WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ expression decreased again (upper panel, P=Ͱ.Ͱ͸ 

and P<Ͱ.Ͱ͵ versus Ͳʹh, respectively), but ISO/WT-miR-ʹͱͱ remained decreased 

(bottom panel, ʹ͸h ratio: ͳ.͹±Ͱ.ͳ; P=Ͱ.Ͱ͸). These data demonstrate that mature WT-

miR-ʹͱͱ and ISO-miR-ʹͱͱ are differentially regulated under ischemia in human primary 

vascular fibroblasts. 
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WT-pre-miR-͸͵͵ and ISO-pre-miR-͸͵͵ expression 

To determine at which step in the microRNA processing WT-miR-ʹͱͱ and ISO-

miR-ʹͱͱ are regulated, we also quantified ‘wildtype’ pre-miR-ʹͱͱ (WT-pre-miR-ʹͱͱ) and 

isomiR pre-miR-ʹͱͱ (ISO-pre-miR-ʹͱͱ) expression using ͵’DB-PCR. Similar to mature 

miRNA levels, ISO-pre-miR-ʹͱͱ expression was higher than WT-pre-miR-ʹͱͱ expression 

in primary arterial fibroblasts and followed a similar pattern under ischemic 

conditions: increased expression after Ͳʹh ischemia and subsequently decreased 

expression after ʹ͸h ischemia (Figure ͲC upper panel). However, the ISO/WT-pre-

miR-ʹͱͱ ratio did not decrease under ischemia and even appeared to increase slightly, 

although not statistically significant (Figure ͲC lower panel). To examine if ISO-miR-

ʹͱͱ’s mature and pre-miR levels are inversely correlated, we calculated the ISO-miR-

 
Figure Ͳ: WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ expression in primary vascular cells under 
ischemic conditions. (A-C) ͵’-Dumbbell-PCR was used to quantify WT-miR-ʹͱͱ (white) 
from ISO-miR-ʹͱͱ (dark gray) transcripts. In each graph, relative expression is presented 
in the upper panel while the corresponding ISO/WT-miR-ʹͱͱ ratio is shown in the 
bottom panel. (A) WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ expression in human umbilical venous 
endothelial cells (HUVECs) and human umbilical arterial fibroblasts (HUAFs). (B-C) 
Regulation of mature miR-ʹͱͱ expression (B) and pre-miR-ʹͱͱ expression (C) and their 
respective ISO/WT ratios after subjecting HUAFs to ischemic conditions for Ͳʹh or ʹ͸h. 
Ischemic conditions were induced by a combination of hypoxia and serum starvation, 
resulting in hypoxia signaling and cell cycle arrest (Supplemental Figure II). MiR-ʹͱͱ 
expression was normalized to UͶ and presented as fold of WT-miR-ʹͱͱ expression in the 
HUAF control group. (D) The mature/pre-miR ratio of ISO-miR-ʹͱͱ relative to the WT-
miR-ʹͱͱ’s mature/pre-miR ratio as calculated from data in panels B and C. All data are 
shown as mean ±SEM (n=ͳ). #P<Ͱ.ͱ, *P<Ͱ.Ͱ͵, **P<Ͱ.Ͱͱ; versus control condition unless 
otherwise indicated by Ͳ-sided Student t test. 
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ʹͱͱ’s mature/pre-miR ratio relative to the WT-miR-ʹͱͱ’s mature/pre-miR ratio. The 

ratio is significantly decreased in fibroblasts grown under ischemia (Figure ͲD). These 

results suggest that, while Drosha cleavage introduces differential expression between 

WT-pre-miR-ʹͱͱ and ISO-pre-miR-ʹͱͱ, it is the final maturation step that induces 

differential expression of mature WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ under 

ischemia.Regulation of factors involved in miRNA biogenesis 

In agreement with previous studies, we observed downregulation of important 

components of the microRNA machinery under ischemic conditions, including 

DROSHA and DICER (Figure ͳA).Ͳͷ,Ͳ͸ DROSHA has several isoforms, Ͳ of which were 

upregulated under ischemia but still expressed at relatively low levels (Figure ͳB). The 

dominant isoform on the other hand was modestly downregulated. Differential 

regulation of DROSHA isoforms is therefore unlikely to explain differential regulation 

of WT-miR-ʹͱͱ versus ISO-miR-ʹͱͱ. The enzymes adenosine deaminase acting on RNA ͱ 

(ADAR͵) and ADARͶ however, were upregulated under ischemia (Figure ͳC), as was 

shown previously.Ͳ͹,ͳͰ Although they were initially described to regulate RNA editing, 

both ADARͱ and ADARͲ have been shown to regulate microRNA processing.ͳͰ-ͳͲ 

Indeed when we specifically inhibit ADARͱ using siRNAs (Supplemental Figure III), 

both WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ are downregulated (Figure ͳD). Notably, both pre-

miRNAs are upregulated, indicating that ADARͱ facilitates processing of both WT- and 

ISO-pre-miR-ʹͱͱ (Figure ͳE). ADARͱ knockdown did not affect the ISO/WT-miR-ʹͱͱ 

ratios, indicating that ADARͱ does not selectively bind either isoform of miR-ʹͱͱ. 

WT-miR-͸͵͵ and ISO-miR-͸͵͵ expression in vivo 

Next we examined WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ expression in distinct whole-

muscle tissues (adductor, gastrocnemius and soleus) of C͵ͷBl/Ͷ mice before and after 

induction of acute hindlimb ischemia (HLI). We observed differences in baseline miR-

ʹͱͱ expression between the different muscles (Figure ʹA). Consistent with our in vitro 

results, expression of both WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ transiently increased in the 

ischemic gastrocnemius and soleus muscles ͱ day (Tͱ) after HLI compared to before 

surgery (TͰ). Also consistent with the in vitro data, the ISO/WT-miR-ʹͱͱ ratio 

decreased at both Tͱ and Tͳ. The decrease in ISO/WT ratio was not observed at the 

pre-miR-ʹͱͱ stage in either ischemic muscles, which is also consistent with our in vitro  
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Figure ͳ: Expression of microRNA biogenesis factors and the role of ADARs in miR-
ʹͱͱ biogenesis. (A) Expression of factors involved in microRNA biogenesis after culturing 
HUAFs under control or ischemic conditions, as quantified by qRT-PCR. (B) Relative 
expression of individual DROSHA isoforms as percentage of total DROSHA mRNA 
expression. (C) Expression of ADAR͵ and ADARͶ in control or ischemic HUAFs quantified 
by qRT-PCR. (A-C) *P<Ͱ.Ͱ͵, **P<Ͱ.Ͱͱ, ***P<Ͱ.ͰͰͱ; versus control condition by Ͳ-sided 
Student t test. (D-E) ADARͱ and ADARͲ were knocked down in HUAFs through 
transfection of an ADAR͵-targeting or ADARͶ-targeting siRNA (siADARͱ and siADARͲ 
respectively). The subsequent effects on WT- and ISO-miR-ʹͱͱ expression (D) and WT- and 
ISO-pre-miR-ʹͱͱ expression (E) were determined as in Figure Ͳ and compared to 
transfection with a negative control siRNA (siNegCtrl). (D-E) *P<Ͱ.Ͱ͵ versus siNegCtrl by 
Ͳ-sided Student t test. All data are presented as mean ± SEM (n=ͳ). 
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results (Figure ʹB). Furthermore, the ISO-miR-ʹͱͱ’s relative mature/pre-miR ratio was 

decreased at Tͳ in the ischemic gastrocnemius and soleus muscles, suggesting ISO-pre-

miR-ʹͱͱ processing is also lowered after acute ischemia in vivo compared to processing 

of WT-pre-miR (Figure ʹC). In this particular mouse model, the adductor remains 

relatively normoxic.ͱ Accordingly, we did not observed changes in the ISO/WT-miR-ʹͱͱ 

ratios (Figure ʹA-C). These results demonstrate that WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ 

expression are also differentially regulated in response to ischemia in vivo. 

WT-miR-͸͵͵ and ISO-miR-͸͵͵ expression in patients 

To examine miR-ʹͱͱ expression in patients with chronic ischemia we measured the 

ISO/WT-miR-ʹͱͱ ratio in chronically ischemic lower leg vein (LLV) samples from 

patients with end-stage peripheral artery disease (PAD), undergoing lower limb 

amputation. We compared these to asymptomatic LLV samples from patients with 

coronary artery disease (CAD) undergoing coronary artery bypass-surgery. We found 

that ISO-miR-ʹͱͱ was more abundantly expressed than WT-miR-ʹͱͱ in all LLV samples. 

Furthermore, the ISO/WT-miR-ʹͱͱ ratio was Ͳ.Ͳ-fold higher in the chronically ischemic 

LLV samples compared to the normoxic LLV samples (P=Ͱ.ͰͶ) (Figure ʹD). These data 

show that WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ are also differentially expressed during chronic 

ischemia in humans, however, expression patterns clearly differ from those under acute 

ischemia. 

In silico targetome predictions  

The ISO-miR-ʹͱͱ has a seed sequence that is different from any other human 

microRNA seed-sequence (www.targetscan.org, release ͷ.Ͳ)ͳͳ and will therefore have a 

unique targetome. To examine the differences between the targetomes of WT-miR-ʹͱͱ 

and ISO-miR-ʹͱͱ we used three distinct target prediction algorithms. We found that 

the targetome of ISO-miR-ʹͱͱ contains approximately twice as many putative target 

genes than the WT-miR-ʹͱͱ targetome (Figure ͵A). The majority of putative target 

genes are unique to either the WT- or the ISO-miR-ʹͱͱ targetome (͵͸% and ͷ͸% 

respectively). In fact, approximately half of the overlapping targets (ͱͲ͹ of ͲͶ͹, ʹ͸%) 

are shared targets only because the mRNAs have independent binding sites for both 

WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ, rather than containing a single binding site that can be 

targeted by both WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ.  
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Pathway enrichment analyses of the targetomes using the PANTHER algorithmͳʹ 

revealed that both the WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ targetomes contain 

overrepresentation of genes related to Cadherin signaling and Wnt signaling, most of 

which are shared targets (Figure ͵B and Supplemental Table I).  

 
Figure ʹ: MiR-ʹͱͱ regulation after acute hindlimb ischemia in mice and in human 
chronically ischemic lower limb veins. (A-B) MiR-ʹͱͱ expression was measured by ͵’-
DB-PCR in three different mouse muscle tissues were harvested before (TͰ) or ͱ and ͳ 
days after induction of hindlimb ischemia (Tͱ and Tͳ) (n=ʹ per group). While the 
gastrocnemius and soleus experience ischemia after surgery, the adductor remains 
relatively normoxic due to its more upstream anatomical location.ͱ Regulation of mature 
miR-ʹͱͱ expression (A) and pre-miR-ʹͱͱ expression (B) and ISO-miR-ʹͱͱ’s relative 
mature/pre-miR ratio (C) after hindlimb ischemia, displayed as described in Figure Ͳ. 
(D) ISO/WT-miR-ʹͱͱ ratio in lower leg vein (LLV) samples from normoxic LLV samples 
(n=͸) from patients with coronary artery disease (CAD) compared to critically ischemic 
LLV samples (n=͸) from patients with end-stage PAD, undergoing lower limb 
amputation. All data are presented as mean ± SEM. #P<Ͱ.ͱ, *P<Ͱ.Ͱ͵, **P<Ͱ.Ͱͱ, 
***P<Ͱ.ͰͰͱ; versus TͰ unless otherwise indicated by Ͳ-sided Student t test. Symbol color 
shows whether means of WT or ISO expression are compared. 
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Validation of differential target regulation 

In order to validate whether there are indeed WT-miR-ʹͱͱ specific targets, ISO-

miR-ʹͱͱ specific targets and shared targets, we selected at least one gene from each 

target group that could be linked to the response to ischemia: transforming growth 

factor beta-Ͳ (TGFBͶ, target of WT-miR-ʹͱͱ), cadherin-Ͳ (CDHͶ, shared target), 

cadherin-Ͷ (CDHͺ, shared target), tissue factor (Fͷ, target of ISO-miR-ʹͱͱ) and 

angiopoietin-ͱ (ANGPT͵, target of ISO-miR-ʹͱͱ). MicroRNA-binding to these genes was 

examined by incorporating their endogenous ͳ’UTR putative binding sequences in 

luciferase reporter constructs and performing reporter gene assays (Figure ͶA). 

Luciferase activity of the WT-miR-ʹͱͱ binding site-containing TGFBͶ sequence was 

indeed only repressed by WT-miR-ʹͱͱ to ͸͹±ͱ% (P=Ͱ.Ͱͱ) and not by ISO-miR-ʹͱͱ 

(P=Ͱ.͵). Luciferase activity of sequences from shared targets CDHͶ and CDHͺ was 

reduced by both WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ. Finally, luciferase activity of ISO-miR-

ʹͱͱ binding site-containing Fͷ and ANGPT͵ sequences was repressed only by ISO-miR-

ʹͱͱ to ͸͵±Ͳ% (P=Ͱ.Ͱͱ) and ͵Ͷ±͵% (P=Ͱ.Ͱͱ), respectively.  

Next, we overexpressed either WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ in HUAFs and 

examined endogenous target mRNA regulation (Figure ͶB). Consistent with luciferase 

 
Figure ͵: In silico prediction of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ targetomes. (A) Venn 
diagram of putative targetomes for WT-miR-ʹͱͱ (white) and ISO-miR-ʹͱͱ (dark gray) 
representing the putative target genes that were unanimously identified by all three 
employed prediction algorithms. (B) Significantly enriched pathways within the different 
targetomes and within the subset of shared targets (details in Supplemental Table I). 
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results, treatment with WT-miR-ʹͱͱ decreased endogenous expression of TGFBͶ, CDHͶ 

and, to a lesser extent, CDHͺ by ʹͳ±͹% (P=Ͱ.Ͱʹ), Ͳ͸±͵% (P=Ͱ.Ͱͳ) and Ͳͳ±ͲͰ% 

(P=Ͱ.ͳ), respectively, but did not decrease Fͷ or ANGPT͵ expression (P=Ͱ.͵ and P=Ͱ.ͷ). 

Conversely, treatment with ISO-miR-ʹͱͱ did not affect TGFBͶ expression (P=Ͱ.ͷ), while 

expression of CDHͶ, CDHͺ, Fͷ and ANGPT͵ were repressed by ʹͰ±͵% (P=Ͱ.Ͱͱ), 

ͳͰ±ͱͰ% (P=Ͱ.ͱ), Ͳ͸±Ͷ% (P=Ͱ.Ͱʹ) and ͳͶ±ͷ% (P=Ͱ.Ͱͳ), respectively.  

To confirm whether endogenous target mRNA regulation indeed results in 

regulation of protein levels, we selected TGFBͲ as target for the WT-miR-ʹͱͱ and 

ANGPTͱ as target for ISO-miR-ʹͱͱ. No secretion of TGFBͲ protein could be detected in 

the conditioned medium of our HUAFs (data not shown), but TGFBͲ was detected in 

whole cell lysates (Figure ͶC). Consistent with our findings on mRNA levels, TGFBͲ 

protein was significantly downregulated after treatment with WT-miR-ʹͱͱ (P=Ͱ.Ͱʹ), 

but not after treatment with ISO-miR-ʹͱͱ (P=Ͱ.ʹ). ANGPTͱ is secreted by HUAFs and 

ANGPTͱ levels in HUAF conditioned medium remained unaltered after treatment with 

WT-miR-ʹͱͱ (P=Ͱ.͸), but were decreased after treatment with ISO-miR-ʹͱͱ (P=Ͱ.ͰͰ͵) 

(Figure ͶD). These results confirm that ISO-miR-ʹͱͱ has a unique targetome that only 

partially overlaps with the targetome of WT-miR-ʹͱͱ.  

Functional effects of miRNA editing 

Functional effects of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ were examined by measuring 

HUAF cell migration using scratch-wound healing assays after overexpression of either 

microRNA. Changes in percentage ISO/WT-miR-ʹͱͱ ratio after microRNA 

overexpression were validated using ͵’DB-PCR (Supplemental Figure IV). Treatment 

with ISO-miR-ʹͱͱ reduced wound healing by Ͳʹ±ͳ% (P=Ͱ.Ͱͱ) compared to the control 

microRNA treatment, while WT-miR-ʹͱͱ treatment did not (P=Ͱ.ͳ) (Figure ͷ).  

DISCUSSION 

In this study we found that the ͵’-isomiR of miR-ʹͱͱ, ISO-miR-ʹͱͱ, is more 

abundant than miR-ʹͱͱ itself (WT-miR-ʹͱͱ) in primary human vascular fibroblasts and 

in human venous tissue samples. We demonstrate that ISO-miR-ʹͱͱ and WT-miR-ʹͱͱ 

expression are differentially regulated in response to ischemia in vitro as well as in vivo 

in a murine hindlimb ischemia model. We show that the observed differential  



Chapter 3 

74 

 

 
 

Figure Ͷ: Validation of differential target sequence binding and endogenous 
target regulation. (A) Schematic representation of the luciferase constructs that were 
used to examine the binding of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ to endogenous miRNA 
binding sequences from selected putative target genes. The selected genes predicted 
targets of either WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ or both as indicated. Constructs were co-
transfected with either WT-miR-ʹͱͱ, ISO-miR-ʹͱͱ or a non-targeting miRNA mimic (Ctrl 
miRNA) into HeLa cells. MicroRNA specific target site binding was assessed by 
examining luciferase reporter activity relative to that of the Ctrl miRNA (dotted line). (B) 
Endogenous target mRNA regulation relative to Ctrl miRNA treatment after transfection 
of HUAFs with microRNA mimics as indicated. (C) Relative TGFBͲ protein expression in 
HUAF whole  
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expression is regulated during processing from pre-miR-ʹͱͱ to mature miRNA, rather 

than during the biogenesis of the WT-pre-miR-ʹͱͱ and ISO-pre-miR-ʹͱͱ. The seed 

sequence of ISO-miR-ʹͱͱ is shifted by ͱ nucleotide compared to WT-miR-ʹͱͱ. We 

demonstrate that this seed-sequence shift causes ISO-miR-ʹͱͱ to target a unique and 

larger set of mRNAs compared to WT-miR-ʹͱͱ, leading to functional changes in the 

cellular response to ischemia.  

We found that the expression of ISO-miR-ʹͱͱ compared to WT-miR-ʹͱͱ varies 

between tissues and that ISO-miR-ʹͱͱ expression is at least ͳ-fold higher than that of 

WT-miR-ʹͱͱ in human vascular cells and whole vascular tissue. These findings are  

 

 

 

Figure ͷ: The effect of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ on in vitro scratch-wound 
healing. Representative images and quantification of HUAF scratch-wound healing after 
transfection with either WT-miR-ʹͱͱ (WT), ISO-miR-ʹͱͱ (ISO) or non-targeting miRNA 
mimic (Ctrl). White lines indicate original scratch wound area. Data points represent 
averages obtained from ͳ independent experiments and are presented as mean ± SEM. 
*P<Ͱ.Ͱ͵ by Ͳ-sided Student t test. 

 Figure Ͷ continued: cell lysates after transfection with indicated miRNA mimics as 
determined by Western blot. Expression was normalized per independent experiment to 
stable household protein Vinculin and expressed relative to Ctrl miRNA. (D) Relative 
ANGPTͱ levels in the conditioned medium of transfected HUAFs. All data points 
represent normalized averages obtained from ͳ independent experiments and are 
presented as mean ± SEM. *P<Ͱ.Ͱ͵, **P<Ͱ.Ͱͱ, ***P<Ͱ.ͰͰͱ; by ͱ sample t test versus Ctrl 
miRNA or Ͳ-sided Student t test to compare WT-miRNA vs ED-miRNA treatments. 
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consistent with previous studies which have shown that isomiRs in general can have 

tissue-specific expression.Ͳͱ-Ͳͳ The majority of these tissue-specific isomiRs were ͳ’-

isomiRs however, which have an unaltered seed sequence. Nevertheless, a recent study 

showed that expression of a subset of ͵’-isomiRs was tumor-specific enough to allow 

for tumor classification. Despite these findings, it remained unclear if changes in 

ISO/WT-miRNA ratio can be induced in response to pathophysiological changes. With 

the differential regulation of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ expression under ischemia, 

we provide evidence that ͵’-isomiR expression can indeed respond to 

pathophysiological changes. 

͵’-isomiR are generally formed by cleavage variations of either DROSHA or DICER 

during miRNA biogenesis.ͱͰ,ͳ͵ MiR-ʹͱͱ is located on the ͵’-pri-microRNA arm, which 

means DROSHA cleavage introduces the ͵’-end variation when cutting pri-miR-ʹͱͱ to 

pre-miR-ʹͱͱ. We found abundant ISO-pre-miR-ʹͱͱ expression, which confirms that 

alternative DROSHA cleavage is responsible for the ͵’-end variation of miR-ʹͱͱ. The 

factors that influence alternative DROSHA cleavage are largely unknown. We 

hypothesized that DROSHA’s different isoforms could be responsible for cleavage 

variation. However, isoform expression profiles suggested that this is unlikely since the 

transcript of one isoform clearly dominates total DROSHA expression in our primary 

human fibroblasts. 

It is assumed that the rate of differential cleavage that introduces the ͵’-end 

variation determines the isomiR’s abundance.ͳͶ,ͳͷ We found that ISO/WT-pre-miR-ʹͱͱ 

ratio increased under acute ischemia while the mature ISO/WT-miR-ʹͱͱ ratio 

decreased significantly. These findings demonstrate that the differential regulation of 

WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ under ischemia is not caused by changes in DROSHA 

cleavage. If not by DROSHA, changes in ISO/WT-miR-ʹͱͱ ratios can either be caused 

by changes in DICER substrate selection and cleavage or by altered microRNA turnover 

rates. Indeed, it has been shown that isomiRs of the same microRNA display different 

turnover rates. Although still poorly understood, a larger body of evidence indicates 

sequence variations in the ͳ’-end of the microRNA as responsible for altered turnover 

rates.ͳ͸ However, Guo et al showed for miR͹Ͳb-ͳp, also a vasoactive microRNA, that 

isoforms with an adenosine added in front of the original uracil at the ͵’-end, similar to 

ISO-miR-ʹͱͱ, are less stable and cleared faster.ͳ͹ This was found in unchallenged 
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HDMYZ cells however, so it was not investigated whether ischemia would alter these 

clearance rates. Although we cannot exclude an effect of altered isomiR turnover under 

ischemia, we do provide evidence here that the altered ISO-miR-ʹͱͱ/WT-miR-ʹͱͱ ratio 

is, at least in part, introduced during the final maturation step from pre-miR-ʹͱͱ to 

mature miR-ʹͱͱ.  

Several studies have shown that the ISO/WT-miRNA ratios of ͵’-isomiRs generated 

by alternative DICER cleavage can be modulated by DICERs cofactors TRBP and 

PACT.ͳͶ,ʹͰ While we did observed a decrease in the expression of TRBP and PACT 

under ischemia, this is unlikely to be responsible for regulating the ISO/WT-miR-ʹͱͱ 

ratio since the DICER cleavage site is identical for both miR-ʹͱͱ variants. However, we 

observed an initial increase of miR-ʹͱͱ expression under ischemia, which coincided 

with increased ADAR͵ and ADARͶ expression. ADARͱ facilitates microRNA biogenesis 

via direct interaction with DICER in order to increase its cleavage efficiency.ͳͱ,ʹͱ,ʹͲ 

Therefore, we hypothesized that ADARs play a role in regulation of WT-miR-ʹͱͱ and 

ISO-miR-ʹͱͱ. Even though ADARs did not affect ISO/WT-miR-ʹͱͱ ratio, we found that 

knockdown of ADARͱ decreased WT- and ISO-miR-ʹͱͱ expression. Simultaneously, 

expression of their pre-miRNAs increased, indicating that pre-miR-ʹͱͱ processing 

efficiency was decreased. These findings add to the growing body of evidence that 

ADARͱ regulates microRNA expression and function under pathological 

conditions.ͳͰ,ͳͲ,ʹͲ,ʹͳ Besides ADARͱ, many other RNA binding proteins (RBPs) can 

impact the processing of microRNAs in a highly (sequence-) specific manner.ʹʹ We 

have recently shown that the Cold Inducible RBP (CIRBP) and HADHB regulate 

processing of miR-ͳͲ͹ and miR-ʹ͹͵, but not of other closely related microRNAs under 

ischemia.ʹ͵ The Myocyte enhancer factor ͲA (MEFͲA), which is known as a DNA 

binding protein, also functions as an RBP, regulating microRNA biogenesis in a 

microRNA-specific manner.ʹͶ A recent study by Treiber et al even showed that many, if 

not all, individual microRNAs have their own RBP to facilitate microRNA biogenesis.ʹͷ 

Therefore, it is not at all unlikely that that there are also isomiR-specific RBPs that 

regulate their processing and expression. 

We found that the ISO/WT-miR-ʹͱͱ ratio is decreased in response to acute 

ischemia, in cultured fibroblasts, but also in murine muscle tissue. ISO-miR-ʹͱͱ has a 

unique seed-sequence that is different from WT-miR-ʹͱͱ as well as from any other any 
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known microRNA.ͳͳ We demonstrate that WT-miR-ʹͱͱ but not ISO-miR-ʹͱͱ 

downregulates TGFBͲ expression, a cytokine that affects many cellular processes, 

including angiogenesis.ʹ͸,ʹ͹ ISO-miR-ʹͱͱ on the other hand, specifically downregulates 

the expression of both Fͳ and ANGPTͱ, which can both stimulate cell migration and 

wound healing.͵Ͱ-͵ͳ Consistent with these findings, our in vitro scratch-wound healing 

assays demonstrate that ISO-miR-ʹͱͱ treatment decreases cell migration and wound 

closure, whereas WT-miR-ʹͱͱ does not. These findings imply that ISO-miR-ʹͱͱ is 

downregulated in response to acute ischemia in order to allow for a pro-angiogenic 

response that is further facilitated by an increase in the pro-angiogenic WT-miR-ʹͱͱ. In 

patients with end-stage PAD, the pro-angiogenic response is generally insufficient. We 

observed an increase in the ISO-miR-ʹͱͱ/WT-miR-ʹͱͱ ratio in lower limb veins from 

end-stage PAD patients, which may contribute to the lack of efficient 

neovascularization in these patients. 

In conclusion, we demonstrate that miR-ʹͱͱ has a ͵’-isomiR that is abundantly 

expressed in the vasculature. Maturation of WT-pre-miR-ʹͱͱ and ISO-pre-miR-ʹͱͱ are 

differentially regulated in the response to acute ischemia, resulting in a decreased 

mature ISO/WT-miR-ʹͱͱ ratio, both in vitro and in vivo. ISO-miR-ʹͱͱ has a unique 

targetome, which includes the pro-angiogenic genes Fͷ and ANGPT͵. In contrast to 

WT-miR-ʹͱͱ, ISO-miR-ʹͱͱ decreased in vitro scratch-wound healing, demonstrating 

that ISO-miR-ʹͱͱ and WT-miR-ʹͱͱ have distinct biological functions.  

By showing that the formation of isomiRs is an actively regulated process and that 

isomiRs have individual sets of target genes that differ from that of the canonical 

microRNAs, we demonstrate, for the first time in a cardiovascular setting, that yet 

another level of active regulation of gene and protein expression exists within the 

emerging field of noncoding RNAs. At this point, the impact of the reported findings 

cannot yet be overseen, but we are convinced that isomiRs will prove to be of 

importance in future microRNA-based therapeutic strategies. 

MATERIALS AND METHODS 

MiR-͸͵͵ expression in publicly available microRNA-seq datasets 

Publicly available microRNA-seq datasets were analyzed to examine ISO-miR-ʹͱͱ 

versus WT-miR-ʹͱͱ expression in human and murine tissues.  
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For human tissues, the following datasets were analyzed using the ‘miR-seq 

browser’ function of the miRGator webtool (mirgator.kobic.re.kr)͵ʹ: SRXͰ͵ͰͶͳͱ 

(heart), GSM͵ʹ͸Ͷͳ͹ (whole brain), SRXͰ͵ͰͶͳͲ (lung), SRXͰ͵ͰͶͳͷ (kidney), 

SRXͰ͵ͰͶͳ͸ (liver), GSMͷͶ͹ͰͰ͵ (skin), SRXͰ͵ͰͶͳ͵ (testes), SRXͰ͵ͰͶͳʹ (ovary), 

SRXͰ͵ͰͶͳͳ (thymus), SRXͰ͵ͰͶͳͶ (spleen), GSMʹ͹ʹ͸ͱͰ (PBMCs) and GSMͱͲͷ͹ͷʹͶ 

(plasma).  

For murine tissues, the following datasets were analyzed using the IsomiR Bank 

webtool (mcg.ustc.edu.cn/bsc/isomir)͵͵: GSM͵ͳ͹͸Ͷ͸ (heart), GSM͵ͳ͹͸Ͷ͹ (brain), 

GSM͵ͳ͹͸ͷͰ (lung), GSM͵ͳ͹͸ͷͲ (kidney), GSM͵ͳ͹͸ͷͱ (liver), GSM͵ͳ͹͸ͷʹ (skin), 

GSM͵ͳ͹͸ͷͷ (testicular), GSM͵ͳ͹͸ͷ͸ (ovaries), GSM͵ͳ͹͸ͷͳ (pancreatic), GSM͵ͳ͹͸ͷͶ 

(salivary gland), GSM͵ͱͰʹ͵ͷ-GSM͵ͱͰʹͶͰ (day ͱͲ.͵ embryos), GSM͵ͱͰʹͶͱ-GSM͵ͱͰʹͶʹ 

(day ͹.͵ embryos), GSM͵ͱͰʹͶ͵-GSM͵ͱͰʹͶ͸ (day ͷ.͵ embryos), GSM͵ͱͰʹʹ͵-

GSM͵ͱͰʹ͵Ͷ (whole body newborn mice), GSMͳͱʹ͵͵Ͳ & GSMͳͱʹ͵͵͸ (Wild type ESCs), 

GSMͳͱʹ͵͵ͷ & GSMͳͱʹ͵͵͹ (DGCR͸ knock out ESCs) and GSMͳͱʹ͵͵ͳ (Dicer knock out 

ESCs).  

In each case, we extracted the number of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ reads or 

reads per million within a particular sample. The ISO/WT-miR-ʹͱͱ ratio was simply 

calculated by dividing the ISO-miR-ʹͱͱ reads by the WT-miR-ʹͱͱ reads. 
 

Isolation of primary vascular cells from human umbilical cords 

Isolation and culturing of primary human umbilical arterial fibroblasts (HUAF) 

was performed as described previouslyͲ͵,ͳͰ.  

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), ͱͰ% heat inactivated fetal bovine serum (PAA, 

Pasching, Austria), ͱͰ% heat inactivated human serum, ͱͰͰ U penicillin and ͱͰͰ µg 

streptomycin per mL (Lonza, Basel, Switzerland) and nonessential amino acids 

(GIBCO #ͱͱͱʹͰͰ͵Ͱ)). The next day the adventitia was incubated in a Ͳmg/ml 

collagenase type II solution (Worthington, Lakewood, NJ, USA) at ͳͷ °C. The resulting 
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cell suspension was filtered over a ͷͰμm cell strainer, pelleted, resuspended and plated 

in HUAF culture medium (DMEM GlutaMAX™ (Invitrogen), ͱͰ% heat inactivated fetal 

bovine serum (PAA) and ͱͰͰU penicillin and ͱͰͰug streptomycin per mL (Lonza)). 

HUVECs were isolated from the umbilical veins by infusing a flushed vein with 

Ͱ.ͷ͵ mg/ml collagenase type II (Worthington) and incubated at ͳͷ°C for ͲͰ minutes. 

The cell suspension was collected and pelleted and resuspended in HUVEC culture 

medium (Mͱ͹͹ (PAA), ͱͰ% heat inactivated human serum (PAA), ͱͰ% heat inactivated 

newborn calf serum (PAA), ͱͰͰ U penicillin and ͱͰͰ µg streptomycin per mL (Lonza), 

ͱ͵Ͱμg/ml endothelial cell growth factor (kindly provided by Dr. Koolwijk, VU Medical 

Center, Amsterdam, The Netherlands) and ͵ U/ml heparin (LEO Pharma, Ballerup, 

Denmark)). HUVECs were cultured in plates coated with ͱͰ µg/ml fibronectin (Sigma-

Aldrich, Steinheim, Germany). 
 

Primary cell culture  

Cells were cultured at ͳͷ°C in a humidified ͵% COͲ environment. Culture medium 

was refreshed every Ͳ-ͳ days. Cells were passed using trypsin-EDTA (Sigma-Aldrich) at 

ͷͰ-͸Ͱ% confluency (HUAFs) or ͹Ͱ-ͱͰͰ% (HUVECs). HUAFs were used up to passage 

five and HUVECs up to passage three. Stock solutions of isolated HUAFs and HUVECs 

up to passage two were stored at -ͱ͸Ͱ°C in DMEM GlutaMAX™ containing ͲͰ% FBS 

and ͱͰ% DMSO (Sigma-Aldrich). 
 

In vitro ischemia model 

For in vitro ischemia experiments, HUAFs were seeded in separate ͱͲ well plates at 

ͷͰ.ͰͰͰ cells per well and subsequently cultured in either: control conditions for ʹ͸h 

(normal culture medium and ~ͲͰ% oxygen), ʹ͸h ischemic conditions (starvation 

medium and hypoxia of ͱ% oxygen) or Ͳʹh ischemic conditions (initial Ͳʹh normal 

culture medium and ~ͲͰ% oxygen followed by Ͳʹh starvation medium and hypoxia of 

ͱ% oxygen). Starvation medium consisted of DMEM GlutaMAX™ (Invitrogen) with 

Ͱ.ͱ% heat inactivated fetal bovine serum (PAA) and ͱͰͰ U penicillin and ͱͰͰ µg 

streptomycin per mL (Lonza). For consistency with the Ͳʹh ischemic conditions group, 

medium of the ʹ͸h control condition and ʹ͸h ischemic condition groups was also 

refreshed after Ͳʹh. At the end of the experiment, cells were washed with phosphate-

buffered saline (PBS) and harvested with TRIzol Reagent (Invitrogen).  
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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 RQͱ 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. 
 

Specific quantification of WT- and ISO-miR-͸͵͵ by ͹’ Dumbbell-PCR  

The expression of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ was quantified using a self-

designed TaqMan qPCR assay specific enough to distinguish the one nucleotide 

difference at the ͵’-end of the miRNAs. The assay was designed and performed based 

on the previously described ͵’-DB-PCR method.͵Ͷ,͵ͷ An overview of primer, probe and 

adapter sequences are provided in Supplementary Table II.  

In brief, ͵Ͱng of total RNA were combined with ͵pmol synthetic ͵’-adapters 

(synthesized by Integrated DNA Technologies, IDT) which are specific for either WT-

miR-ʹͱͱ or ISO-miR-ʹͱͱ. After heating the samples to ͹Ͱ °C for ͳ min, the samples were 

buffered with Tris-HCl and MgClͲ (Invitrogen) (final concentration ͵ mM and ͱͰ mM 

respectively, pH ͸.Ͱ). The ͵’-adapters were then annealed to the WT-miR-ʹͱͱ or ISO-

miR-ʹͱͱ within the sample (ͲͰ min at ͳͷ °C) and subsequently ligated to each other at 

ͳͷ°C for ͳͰ min using Tʹ RNA Ligase Ͳ (RnlͲ; New England Biolabs, Ipswich, MA, 

USA), followed by overnight incubation at ʹ°C. After reheating the samples to ͹Ͱ °C 

for Ͳ min, reverse transcription of the ligated RNA was performed using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and a miR-ʹͱͱ specific 

RT primer (ͱ µM). The expression of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ within cDNA 

samples was quantified by qPCR using WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ specific PrimeTime 

LNA probes combined with a primer set specific for the ligated RNA product. The 

specificity of the assay was confirmed using synthetic sequences (Supplemental 

Figure I). qPCRs were performed on the ViiAͷ Real-Time PCR System (Applied 

Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems). MiR-ʹͱͱ 

expression was normalized against noncoding household RNA Uͺ, also quantified by a 
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TaqMan assay (Applied Biosystems). In all graphs, the expression of WT-miR-ʹͱͱ and 

ISO-miR-ʹͱͱ is presented as fold change, relative to the expression of WT-miR-ʹͱͱ in 

the control condition. 

WT-pre-miR-ʹͱͱ and ISO-pre-miR-ʹͱͱ were quantified using the same ͵’-DB-PCR 

method, but instead using pre-miR-ʹͱͱ specific primers. 
 

Quantification of mRNA expression  

The expression of mRNAs within cDNA samples was quantified by qPCR using 

Quantitect SYBR Green (QIAGEN) on the ViiAͷ Real-Time PCR System (Applied 

Biosystems). mRNA expression was measured with intron-spanning primers and 

normalized against RPLPʹ mRNA expression, a household gene that remains stable 

under ischemic conditionsͲ͹. All primer sequences are provided in Supplementary 

Table III. 
 

siRNA mediated knockdown of ADAR͵ and ADARͶ 

Knockdown of ADARͱ and ADARͲ in HUAFs was performed as previously 

describedͳͰ. Briefly, HUAFs were seeded in ͱͲ well plates, grown to ͷͰ% confluence 

and then transfected using Lipofectamine RNAiMAX (Invitrogen) according to the 

manufacturer′s protocol, with a final concentration of Ͳͷ.͵ nM siRNA. siRNA 

sequences used were originally reported and validated by Stellos et al.Ͳ͹ and can be 

found in Supplemental Table VI. After ʹ͸ hours, cells were washed ͳ times with PBS 

and total RNA was isolated and cDNA was synthesized as before. Expression of ADAR͵, 

ADARͶ and RPLPʹ was quantified to determine knockdown efficiency. Subsequent 

microRNA expression 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 Ͱ͹ͱͶͳ). 

Adult male C͵ͷBl/Ͷ mice, ͸ to ͱͲ weeks old (Charles River, Wilmington, MA, USA) 

were housed in groups of ͳ to ͵ animals, with free access to tap water and regular 

chow. The assignment of the mice to the experimental groups was conducted 

randomly.  
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Induction of HLI was performed as described previouslyͳͰ. In brief, mice were 

anesthetized by intraperitoneal injection of midazolam (͵mg/kg, Roche Diagnostics, 

Almere, The Netherlands), medetomidine (Ͱ.͵mg/kg, Orion, Espoo, Finland) and 

fentanyl (Ͱ.Ͱ͵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 

(Ͱ.͵mg/kg, Fresenius Kabi, Bad Homburg vor der Höhe, Germany), atipamezole 

(Ͳ.͵mg/kg, Orion) and buprenorphine (Ͱ.ͱmg/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 (TͰ) 

and at ͱ and ͳ days (Tͱ and Tͳ 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 -͸Ͱ°C. Total RNA was isolated from 

tissue powder by standard TRIzol-chloroform extraction as before. 
 

Collection of human lower limb vein samples 

Human lower limb vein (LLV) samples were collected at the Leiden University 

Medical Center. 

Surplus LLV tissue from patients with CAD was collected during coronary bypass-

surgery. These samples were anonymized and no data were recorded that could 

potentially trace back to an individual’s identity. Collection, storage, and processing of 

the samples were performed in compliance with the Medical Treatment Contracts Act 

(WGBO, ͱ͹͹͵) and the Code of Conduct for Health Research using Body Material 

(Good Practice Code, Dutch Federation of Biomedical Scientific Societies, ͲͰͰͲ) and 

the Dutch Personal Data Protection Act (WBP, ͲͰͰͱ). 

Furthermore, LLVs from ͸ patients with end-stage PAD were obtained directly 

after lower limb amputation. Inclusion criteria for the biobank were a minimum age of 

ͱ͸ 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. PͱͲ.ͲͶ͵) and written informed 

consent was obtained from these participants. 
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All LLV samples were snap-frozen and stored at -͸Ͱ°C. Frozen LLV 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 targetomes of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ were determined using three 

distinct target prediction algorithms to reduce the number of false positives: 

Targetscan (www.targetscan.org)ͳͳ, miRanda (www.microRNA.org)͵͸ and Diana-MR-

microT (diana.imis.athena-innovation.gr)͵͹. Targetscan (version Ͷ.Ͳ) and miRanda 

(ͲͰͱͰ release) predictions were obtained through the miRmutͲgo webtool 

(compbio.uthsc.edu/miRͲGO)ͶͰ whereas Diana-MR-microT predictions were obtained 

using its website. No restrictions were applied for target prediction. Genes were only 

considered to be a particular microRNA’s putative target gene if each of the ͳ 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 ͱͱ)ͳʹ as described previously.Ͷͱ  
 

Dual Luciferase Reporter Gene Assays 

Constructs: ͳ’UTR sequences containing one or more WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ 

binding sites from endogenous target genes were amplified from HUAF cDNA using 

primers with a short extension containing cleavage sites for XhoI (͵‘-end) and NotI (ͳ‘-

end) (Supplemental Table III). For ANGPT͵ the endogenous binding sequence was 

purchased from IDT (Integrated DNA Technologies, Coralville, USA) instead 

(Supplemental Table IV). 

Amplicons and synthetic sequences were cloned in the PsiCHECK™-Ͳ vector 

(Promega) at the ͳ’-end of the coding region of the Renilla luciferase reporter gene. 

The sequence of each construct was confirmed. 

Sequences of the primers used are available in Supplemental Table III. 

Luciferase Assays: HeLa cells were cultured at ͳͷ°C under ͵% COͲ using DMEM 

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

serum and ͱͰͰU penicillin and ͱͰͰug streptomycin per mL (Lonza). For experiments, 

HeLa cells were grown to ͷ͵-͸Ͱ% confluence in white ͹Ͷ well plates. Lipofectamine 
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ͳͰͰͰ (Invitrogen) in Opti-MEM (GIBCO) was used, according to manufacturer’s 

instructions, to transfect each well with ͳͰng of PsiCHECKͲ-vector containing 

endogenous miRNA binding sequences or the original empty vector. Cells were co-

transfected with Ͳ pmol miRcury LNA miRNA mimic for either a WT-miR-ʹͱͱ, ISO-

miR-ʹͱͱ or negative control miRNA (QIAGEN). Firefly- and Renilla-luciferase were 

measured in cell lysates using a Dual-Luciferase Reporter Assay System (Promega) 

according to manufacturer’s protocol on a CytationTM ͵ 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 normalized averages from three 

independent experiments. 
 

Endogenous transcript regulation by WT-miR-͸͵͵ or ISO-miR-͸͵͵ 

Endogenous transcript regulation was examined by overexpression of WT-miR-ʹͱͱ 

or ISO-miR-ʹͱͱ in HUAFs. HUAFs were seeded in ͱͲ wells plates at ͷͰ.ͰͰͰ cells per 

well and grown for ͱͲh in culture medium after which the medium was replaced with 

starvation medium to synchronize cell cycle. After another ͱͲh, Lipofectamine 

RNAiMAX (Invitrogen) in Opti-MEM (GIBCO) was used according to manufacturer’s 

instructions to transfect each well with Ͱ.ͱpg of miRcury LNA miRNA mimic for either 

a WT-miR-ʹͱͱ, ISO-miR-ʹͱͱ or negative control miRNA (QIAGEN). After ͱͲh, 

transfection medium was replaced with new starvation medium. After ͱʹh (ͲͶh total 

after transfection), cells were washed twice with PBS and harvested with TRIzol 

reagent, after which RNA was isolated, total cDNA was prepared and target mRNA 

expression was measured by qPCR as described above. Target mRNA expression was 

normalized against RPLPʹ. The intron spanning primers used can be found in 

Supplemental Table III. Displayed endogenous target regulation represent the 

normalized averages from three independent experiments. 
 

Regulation of TGFBͶ and ANGPT͵ by WT-miR-͸͵͵ or ISO-miR-͸͵͵ 

Endogenous protein regulation was also examined by overexpression of WT-miR-

ʹͱͱ or ISO-miR-ʹͱͱ in HUAFs through transfection. This time, ͵Ͱ.ͰͰͰ cells per well 
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were seeded per well in ͱͲ wells plates to grow for ͱͲh in culture medium followed by 

synchronization by switching to starvation medium for Ͷh. HUAFs were then 

transfected with Ͱ.ͱpg of miRcury LNA miRNA mimic for either a WT-miR-ʹͱͱ, ISO-

miR-ʹͱͱ or negative control miRNA (QIAGEN), using Opti-MEM (GIBCO) and 

Lipofectamine RNAiMAX (Invitrogen) according to manufacturer’s instructions. ʹ͸h 

after transfection, conditioned medium was collected, cells were washed twice with 

PBS and harvested with TRIzol reagent (Invitrogen). 

No TGFBͲ could be detected in the HUAF conditioned medium using the Human 

TGF-beta Ͳ Quantikine ELISA Kit (DBͲ͵Ͱ, R&D systems, Minneapolis, MN, USA) 

according to manufactures instructions. Therefore, protein was isolated from cell 

lysates with TRIzol (Invitrogen), according to the manufacturer’s instructions. Total 

protein concentration was quantified by Pierce BCA Protein Assay Kit (ThermoFisher 

Scientific) after which protein concentration was normalized to ͱµg/µL in Laemmli 

buffer (Bio-Rad Laboratories, Hercules, CA, USA) containing ͱͰ% β-mercaptoethanol 

(Sigma-Aldrich). 

Samples were heated to ͹͵°C for ͵ minutes and cooled before loading ͱ µg of 

protein per lane in a ʹ–ͱ͵% 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 ͵% non-fat 

dried milk in TBS-T (ͱ͵ͰmM NaCl; ͵ͰmM Tris; Ͱ,Ͱ͵% Tween-ͲͰ (Sigma-Aldrich)) and 

subsequently incubated overnight at ʹºC with antibodies for TGFBͲ (abͳͶʹ͹͵, Abcam, 

Cambridge, UK) or stable household protein Vinculin (hVIN-ͱ, Novus Biologicals, 

Centennial, CO, USA), diluted to ͱ:͵ͰͰ in ͵% non-fat dried milk in TBS-T. After 

multiples washes with TBS-T, the membrane was incubated at room temperature with 

anti-mouse peroxidase conjugated secondary antibody (ͳͱʹͳͲ, ThermoFisher 

Scientific), diluted to ͱ:ͱͰͰͰͰ in ͵% non-fat dried milk in TBS-T. Proteins of interest 

were revealed using SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(ThermoFisher Scientific) and imaged using the ChemiDoc Touch Imaging System 
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(Bio-Rad Laboratories). TGFBͲ expression was quantified relative to stable household 

protein Vinculin using ImageJ.  

Levels of secreted ANGPTͱ in HUAF conditioned medium were quantified using 

the Human Angiopoietin-ͱ Quantikine ELISA Kit (DANGͱͰ, R&D systems, 

Minneapolis, MN, USA) according to manufactures instructions. 

Displayed endogenous protein regulation represent the normalized averages from 

three independent experiments.  
 

Scratch-wound healing assays 

Effects of WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ overexpression on scratch-wound healing of 

HUAFs were examined. HUAFs were seeded and transfected as described above. 

Transfection medium was removed after ͱͲh. Next, a pͲͰͰ 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 Ͱh and ͱʹh after scratch-wound introduction 

using live phase-contrast microscopy (Axiovert ʹͰC, Carl Zeiss, Oberkochen, 

Germany). After the ͱʹh timepoint, cells were washed ͳ 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 Ͱh was superimposed on the ͱʹh scratch-

wound area image. Scratch-wound healing was then determined per well as the newly 

covered scratch-wound area after ͱʹh using the wound healing tool macro for ImageJ. 

Displayed scratch-wound healing represent the averages from three independent 

experiments. 

 

Statistical Analysis 

All results are expressed as mean ± SEM. Since all variables measured were 

continuous parameters, pairwise comparisons were tested using t-tests. P-values less 

than or equal to Ͱ.Ͱ͵ were considered statistically significant. 
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SUPPLEMENTAL FIGURES 

 

 
Supplemental Figure I: Specificity of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ quantification by 
Dumbbell-PCR. To quantify WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ we designed TaqMan qPCR 
assay based on the previously described ͵’-Dumbbell-PCR method.1,2 The specificity of the 
assay was validated by performing quantification on synthetic sequences of either WT-miR-
ʹͱͱ or ISO-miR-ʹͱͱ (n=ͳ). When a signal was detected for either WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ, 
the resulting cycle quantification values are presented as mean ±SEM. When no signal was 
detected this is indicated as Not Detected (ND). 
 

 
Supplemental Figure II: In vitro ischemia conditions induce HIFͱA, VEGFA, SDFͱ and 
p͵ͳ. Primary human umbilical arterial fibroblasts (HUAFs) were cultured under normal or 
ischemic culture conditions, mimicked using a combination of hypoxia and serum 
starvation. Expression of hypoxia-inducible genes HIFͱA (A), VEGFA (B), SDFͱ (C) and cell 
cycle arrest marker p͵ͳ (D) were successfully increased upon ischemic culture conditions. 
All data are presented as mean ±SEM (n=ͳ). *P<Ͱ.Ͱ͵, ***P<Ͱ.ͰͰͱ; versus control condition 
unless otherwise indicated by Ͳ-sided Student t test. 
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Supplemental Figure III: Knockdown of ADARͱ and ADARͲ in primary vascular 
fibroblasts. After transfecting HUAFs with a negative control, ADAR͵-targeted or ADARͶ-
targeted siRNA (siNegC, siADARͱ and siADARͲ respectively), relative expression of ADAR͵ 
(A) and ADARͶ (B) 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=ͳ per treatment). 
 
 
 
 

 
 
Supplemental Figure IV: Regulation of ISO/WT-ʹͱͱ ratio after overexpression of 
either WT-miR-ʹͱͱ or ISO-miR-ʹͱͱ. HUAF samples were transfected with Ͱ.ͱ pg of either a 
WT-miR-ʹͱͱ mimic (WT), an ISO-miR-ʹͱͱ mimic (ISO) or a control miRNA mimic (Ctrl). 
ISO/WT-miR-ʹͱͱ ratio was determined by ͵’-DB-PCR. Overexpression of WT-miR-ʹͱ  
successfully reduced ISO/WT-miR-ʹͱͱ ratio compared to Ctrl and overexpression of ISO-
miR-ʹͱͱ successfully increased ISO/WT-miR-ʹͱͱ ratio. Data are presented as mean ± SEM 
(n=ͳ). **P<Ͱ.Ͱͱ, ***P<Ͱ.ͰͰͱ versus Ctrl mimic by Ͳ-sided Student t test. 
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SUPPLEMENTAL TABLES 

Supplemental Table I. Enriched pathways within WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ targetomes* 

  
Total genes 
mapped to 

pathway 

# of mapped 
genes in 

target set 

Expected # 
of genes 
targeted 

Fold 
Enrichment 

  

  

  

P value  

WT-miR-411 
  

        

Cadherin signalling 
pathway 

158 23 4.94 4.66  0.0000 

Wnt signalling 
pathway 

312 31 9.76 3.18  0.0000 

       

shared targets of WT- and ISO-miR-411          

Cadherin signalling 
pathway 

158 18 2.06 8.72  0.0000 

Wnt signalling 
pathway 

312 21 4.08 5.15  0.0000 

       

ISO-miR-411 
  

        

Cadherin signalling 
pathway 

158 24 9.69 2.48  0.0251 

Wnt signalling 
pathway 

312 38 
19.13 1.99 

 0.0149 

* Putative targetomes were analyzed by the PANTHER pathway algorithmͳ. Only pathway 
enrichments with P<Ͱ.Ͱ͵ after Bonferroni correction are reported. 
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Supplemental Table II. Sequences of WT-miR-ʹͱͱ and ISO-miR-ʹͱͱ specific Dumbbell-PCR 
Component Sequence 
WT-miR-411  

5’-adapter TCTACTACTCAGTGCGTGGGAGGGTGTGTGGTCTTGCTTGGTGTG
CACTGrArG 

miR-411 RT primer TTCGTACGCTATAC 

miR-411 qPCR 
primers 

 
F: GAGGGTGTGTGGTCTTG 
R: TTCGTACGCTATACGGTC 

pre-miR-411 RT 
primer 

ACATACGTCACAGATAAAGCGT 

pre-miR-411 qPCR 
primers 

F: ACATACGTCACAGATAAAGCGT 
R: GAGGGTGTGTGGTCTTGCTT 

TaqMan LNA probe /Flu/CA+C+T+GA+G+T+AGT/3IABkFQ/ 

ISO-miR-411  

5’-adapter 
CTACTATCTCAGTGCGTGGGAGGGTGTGTGGTCTTGCTTGGTGTG
CACTGrArG 

miR-411 RT primer TTCGTACGCTATAC 

miR-411 qPCR 
primers 

F: GAGGGTGTGTGGTCTTG 
R: TTCGTACGCTATACGGTC 
 

pre-miR-411 RT 
primer 

ACATACGTCACAGATAAAGCGT 

pre-miR-411 qPCR 
primers 

F: ACATACGTCACAGATAAAGCGT 
R: GAGGGTGTGTGGTCTTGCTT 

TaqMan LNA probe /Flu/CAC+T+GA+G+A+T+AGT/3IABkFQ/ 

/Flu/, fluorophore; /3IABkFQ/, 3' Iowa Black® Fluorescence Quencher 
Nucleotides in bold and preceded by a ‘+’ are locked nucleic acid (LNA) nucleotides 
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Supplemental Table III: Primer sequences and purpose 

Primer Used for: Sequence (5’ to 3’) 
ADAR1_F qPCR 

GCTTGGGAACAGGGAATCGC 
ADAR1_R CGCAGTCTGGGAGTTGTATTTC 
ADAR2_F qPCR GGAAGCTGCCTTGGGATCAG 
ADAR2_R GCTGCTGGAACTCATGTTTTCTTC 
ANGPT1_F qPCR 

CCAGTACAACACAAACGCTCTG 
ANGPT1-R CTGCTGTATCTGGGCCATCTC 
CDH2_F qPCR 

ATGCAAGACTGGATTTCCTGAAG 
CDH2_R TCTCACGGCATACACCATGC 
CDH6_F qPCR 

GCTCTGGTTGCCATCCTTCTG 
CDH6_R CCACCTTCGTCGTTGTAACTG 
DICER1_F qPCR 

ATCGCCTTCACTGCCTTTTG 
DICER1_R TTTTCAGCTAAAATCCGCAGG 
DROSHA2_F qPCR 

AAAAAAGAGTATAAGAGATCTGGAAGGAG 
DROSHA_R CTCGGGCTCTTTTTCCTTG 
DROSHA1_F qPCR 

AAAAAGAGTATAAGAGATCTGGAAGTCG 
DROSHA_R CTCGGGCTCTTTTTCCTTG 
DROSHA3_F qPCR 

TACGAACGGAGCAGTCGC 
DROSHA_R CTCGGGCTCTTTTTCCTTG 
DROSHA4_F qPCR 

GCTACGAACGGAGCAGGAG 
DROSHA_ R CTCGGGCTCTTTTTCCTTG 
F3_F qPCR 

CAGCCCGGTAGAGTGTATGG 
F3_R GTGGGGAGTTCTCCTTCCAG 
HIF1A_F qPCR 

TGTCTCTAGCCCTAGCTTGGTT 
HIF1A_R AGCAATATACCTGTGGCTGTCA 
p53_F qPCR TGACACGCTTCCCTGGATTG 
p53_R TTTTCAGGAAGTAGTTTCCATAGGT 
PACT_F qPCR 

CGTTGGTGACATAACCTGCAC 
PACT_R AGGCATTAAGGGGTCAGGAAC 
RPLP0_F qPCR 

TCCTCGTGGAAGTGACATCG 
RPLP0_R TGTCTGCTCCCACAATGAAAC 
TGFB2_F qPCR 

CCCTGCTGCACTTTTGTACC 
TGFB2_R AGGAGATGTGGGGTCTTCCC 
TRBP_F qPCR 

CCTAATTTCACCTTCCGGGTCA 
TRBP_R GCAGTGAAGAGTCTAGGGGAGA 
U6_F qPCR 

AGAAGATTAGCATGGCCCCT 
U6_R ATTTTGCGTGTCATCCTTGCG 
VEGFa_F qPCR ATCACCATGCAGATTATGCGG 
VEGFa_R CCCCTTTCCCTTTCCTCGAAC 
CDH2_3’UTR_F Construct 

cloning 
CTCTCTCGAGAGGGTGAACTTGGTTTTTGGAC 

CDH2_3’UTR_R CTGCGGCCGCACTTACTGCTCCCACCACAA 
CDH6_3’UTR_F Construct 

cloning 
CTCTCTCGAGTCTAAAAAGTCATGATTCCCCCACT 

CDH6_3’UTR_R CTGCGGCCGCCGGCTCTGTTGGGCTAACG 
F3_3’UTR_F Construct 

cloning 
CTCTCTCGAGTGGAAGGAAATTGGGTGCAT 

F3_3’UTR_R CTGCGGCCGCAGTCACCAAAATGTATTATAAGCG 
TGFB2_3’UTR_F Construct 

cloning 
CTCTCTCGAGTTTGCCACATCATTGCAGAAG 

TGFB2_3’UTR_R CTGCGGCCGCCCTATCTGAGAGGAAAATGTCTGC 

Gray highlighted sequences are primer extensions to flank the amplicon restriction enzyme sites 
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Supplemental Table IV: Sequences of siRNA and synthesized endogenous ͳ’UTRs 

siRNA  targets  sequence 

siADAR1 ADAR1  5′-GCUAUUUGCUGUCGUGUCA(dT)(dT)-3′ 
siADAR2  ADAR2  5′-GAUCGUGGCCUUGCAUUAA(dT)(dT)-3′ 
siRNA control:  nothing  5′-UCUCUCACAACGGGCAU(dT)(dT)-3′ 

3’UTR      sequence 

ANGPT1 
(ISO-miR-
411 
binding 
sites) 

CTCTCTCGAGCTCGACTATAGAAAACTCCACTGACTGTCGGGCTTTAAAAAGGGAAGAAACTGCTGAGCT 
TGCTGTGCTTCAAACTACTACTGGACCTTATTTTGGAACTATGGTAGCCAGATGATAAATATGGTTAATT 
TCATGTAAAACAGAAAAAAAGAGTGAAAAAGAGAATATACATGAAGAATAGAAACAAGCCTGCCATAATC 
CTTTGGAAAAGATGTATTATACCAGTGAAAAGGTGTTATATCTATGCAAACCTACTAACAAATTATACTG 
TTGCACAATTTTGATAAAAATTTAGAACAGCATTGTCCTCTGAGTACATAGCATGTTTATATCTGCAAAA 
AACCTAATAGCTAATTAATCTGGAATATGCAACATTGTCCTTAATTGATGCAAATAACACAAATGCTCAA 
AGAAATCTACTATATCCCTTAATGAAATACATCATTCTTCATATATTTCTCCTTCAGTCCATTCCCTTAG 
GCAATTTTTAATTTTTAAAAATTATTATCAGGGGAGAAAAATTGGCAAAACTATTATATGTAAGGGAAAT 
ATATACAAAAAGAAAATTAATCATAGTCACGCGGCCGCAG 

Gray highlighted sequences are non-endogenous extensions containing restriction enzyme 
sites for cloning. Bold highlights indicate putative miRNA binding sites. 
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