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Abstract 
 

 Acute kidney injury (AKI) refers to a rapid decline in kidney function and increases the 

risk for chronic kidney disease (CKD). Yet, no effective treatments exist. Ischemia-reperfusion 

(I/R) injury is a major cause of AKI in clinical settings such as cardiac surgery and kidney 

transplant. In I/R AKI, endothelial injury contributes to capillary rarefaction, tubulointerstitial 

fibrosis, and the transition to CKD. microRNAs are short non-coding RNAs that potently 

regulate gene expression.  We previously showed that miR-486-5p protects against kidney I/R 

injury in mice. However, the effect of miR-486-5p on long-term vascular outcomes after kidney 

I/R injury were unexplored, and its targets in endothelial cells undefined. The aims of this project 

were to (1) evaluate the effect of miR-486-5p on kidney I/R injury in rats, focusing on long-term 

vascular function and the AKI to CKD transition, (2) determine the effect of miR-486-5p in 

cultured endothelial cells, and (3) conduct a systematic review of dysregulated miRNAs in 

human AKI.  

We demonstrated that only early delivery of miR-486-5p to rats with kidney I/R prevents 

kidney injury and protects against CKD development and endothelial dysfunction. Unexpectedly, 

early and delayed delivery of miR-486-5p attenuated I/R-induced kidney endothelial nitric oxide 

synthase (eNOS) expression. In cultured endothelial cells, miR-486-5p decreases eNOS protein 

levels without targeting the eNOS 3’ untranslated region. miR-486-5p also inhibits angiogenesis 

in vitro in an eNOS-dependent manner. Biotinylated miR-486-5p pull-down identified multiple 

predicted and novel transcripts, including MAML3 – a transcriptional coactivator of Notch 

signaling – as targeted by miR-486-5p. Selective MAML3 knockdown inhibits eNOS protein 

levels, suggesting that miR-486-5p inhibits angiogenesis via targeting of MAML3 and resultant 

eNOS downregulation. For the third aim, our systematic review of miRNAs in human AKI 
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identified potential AKI biomarkers and highlighted important clinical miRNA study 

methodological limitations.  

This thesis advances our earlier work on the therapeutic potential of miR-486-5p in pre-

clinical AKI. The prevention of capillary rarefaction and systemic vascular dysfunction only by 

early miR-486-5p administration suggest that early gene responses to I/R injury are critical for 

the transition from acute to chronic kidney disease. Although no adverse vascular effects were 

observed in vivo, miR-486-5p conferred an eNOS-dependent anti-angiogenic effect in cultured 

endothelial cells, possibly by targeting MAML3. These findings support a novel pathway 

regulating endothelial function.  
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Chapter 1: Introduction 
 

 
1-1 Overview of microRNA biogenesis 
 

microRNAs (miRNAs) are short non-coding RNAs of approximately 22-25 nucleotides in 

length that were originally discovered in Caenorhabditis elegans in 19931. Since then, over 

2,000 miRNA species have been identified in humans, although the functional significance of 

many is uncertain2. miRNAs are highly conserved across species and potent regulators of gene 

expression3. In this regard, it is estimated that over 60% of human protein-coding genes are 

miRNA targets3.   

Most miRNAs are produced via canonical miRNA biogenesis whereby RNA polymerase II 

generates the pri-miRNA transcript4. The pri-miRNA is cleaved in the nucleus by the 

microprocessor complex comprised of Drosha and DiGeorge Syndrome Critical Region 8 

(DGCR8) to produce the precursor-miRNA (pre-miRNA)5. The pre-miRNA is exported to the 

cytoplasm and processed by the RNase III endonuclease Dicer to generate the mature miRNA 

duplex via removal of the terminal loop4. The final mature miRNA form depends on 

directionality as either the 5p or 3p strand of the mature miRNA duplex can be the guide strand 

that is loaded onto an Argonaute (AGO) protein to form the miRNA-induced silencing complex 

(RISC)4. For any particular miRNA, the proportion of AGO-loaded 5’ or 3’ strands is influenced 

by the identities of the 5’ nucleotides6 and the thermodynamic stability at the 5’ ends of the 

miRNA duplex7. However,  tissue-specific differences in 5p/3p ratios support a role for other 

regulatory mechanisms determined by the cellular environment8.  
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1-2 miRNA mechanisms of action: regulation of target gene expression   

The miRNA-RISC complex primarily mediates post-transcriptional gene silencing by 

binding to the 3’ untranslated region (UTR) of its target mRNAs, resulting in either inhibition of 

translation or mRNA de-adenylation and degradation9. However, miRNA functions and cellular 

localization are more complex4. For instance, miRNA binding sites for target gene repression 

have been detected in other regions of mRNAs including the 5’ UTR and within coding 

sequences4. Although miRNAs are traditionally known to exert their effects in the cytoplasm, 

there is evidence that miRNA-RISC complex shuttles to the nucleus. Human AGO interacts with 

TNRC6A that functions as a nuclear-cytoplasmic shuttling protein to bring AGO into the 

nucleus10. In addition, the karyopherin importin 8 regulates the movement of RISC into the 

nucleus by binding the AGO-miRNA complex11. Studies have identified mature miRNAs within 

nuclei using RNA sequencing or microarray methods,  and emerging nuclear miRNA functions 

including gene silencing at the transcriptional and post-transcriptional levels as well as activation 

of mRNA transcription12. Moreover, nuclear miRNAs have been associated with euchromatin at 

sites of active gene transcription, although the role of the miRNA-RISC complex in the 

regulation of chromatin structure and gene transcription is not clearly defined13.   

Canonical binding of a miRNA to its target mRNA 3’ UTR involves the miRNA seed 

sequence comprising nucleotides 2-7 at the 5’ end14. Genome analysis of 3’ UTR sequences 

across different species suggests that over 30% of human protein coding genes demonstrate 

evolutionary conservation for miRNA targeting14.  Yet, there is increased complexity behind 

miRNA-mRNA interactions, including in the 3’ UTR where non-canonical interactions have 

been reported15. In this regard, other miRNA responsive elements (MREs) for pairing of a 

miRNA to its mRNA target include miRNA centered sites16 and extended base pairing within the 
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3’ end of the miRNA, referred to as 3’ supplemental or compensatory binding17. Although the 

predominant miRNA-mRNA interactions involve binding of the miRNA seed sequence to its 3’ 

UTR target, individual miRNAs can exhibit distinct binding patterns with additional target sites 

within coding exons, introns, 5’ UTRs, and non-mRNA targets including circular RNAs, 

ribosomal RNA, and long non-coding RNAs18. Not surprisingly, an individual miRNA can have 

hundreds to thousands of targets19.  

 
1-3 miR-486-5p biogenesis and tissue distribution 
 

miR-486-5p is a muscle-enriched miRNA that is conserved among mammals20. miR-486-5p 

was initially discovered as a skeletal muscle-enriched miRNA that is downregulated in muscle 

biopsies from patients with Duchenne muscular dystrophy21. miR-486-5p is highly expressed in 

skeletal and cardiac muscle, with moderate expression in lung, liver, bladder, and brain22, 23,  and  

is also highly expressed in erythroid cells with increasing levels throughout erythropoiesis24.                                                                                                                                                              

miR-486-5p is transcribed from an intron within the ANK1 locus on chromosome 8p11.21, 

which encodes both the Ankyrin 1 gene expressed primarily in erythroid cells and the muscle-

specific isoform sAnk1. Human miR-486-1 and mouse miR-486a-5p are transcribed in the same 

direction as Ank1 to generate either miR-486-5p or -3p from opposite ends of the pre-miRNA 

hairpin. Unlike typical pre-miRNA duplex strand dissociation, miR-486-5p biogenesis in 

erythroid cells specifically exhibits Argonaute 2 (AGO2) – Slicer dependence to remove the star 

(3p) strand, generating mature miR-486-5p25. Further, catalytically inactive AGO2 promotes 

miR-486 duplex arrest and decreased miR-486-5p activity in erythroid cells25. Since the only 

other tissue where AGO2 is dominantly expressed is skeletal muscle25, AGO2 enzymatic activity 

appears to be linked to endogenous miR-486-5p activity. 
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1-4 miR-486-5p targets and functions in pre-clinical disease models  

1-4.1 Overview of most prominent miR-486-5p targets  

miR-486-5p has been implicated in a wide variety of diseases. Based on 3’ UTR sequence  

homology (https://miRDB.org), over 300 predicted miR-486-5p targets have been identified, 

although not all have been validated as direct targets, a process typically done via luciferase 

reporter assay. The most prominent miR-486-5p targets are discussed here.  For an in-depth 

exploration of miR-486-5p targets in non-malignant diseases, we refer to our narrative review on 

this topic20, included in Appendix A.  

  

1-4.2 Skeletal muscle: myogenic differentiation and skeletal muscle catabolism 

Phosphatase and tensin homolog (PTEN) and Forkhead Box Protein 01 (FOXO1) are the 

earliest validated miR-486-5p targets and the most prominent in skeletal muscle disorders22.  

PTEN is a lipid phosphatase that negatively regulates the phosphatidyl-inositol-3-kinase 

(PI3K)/Akt (protein kinase B) pathway by dephosphorylation of the intracellular messenger 

phosphatidyl-inositol-triphosphate (PIP3) to PIP2, resulting in inhibition of cellular growth, 

proliferation, and survival26. The FOXO1 transcription factor is involved in insulin and insulin-

like growth factor-1 (IGF-1) signaling. More specifically, FOXO1 is a negative regulator of Akt 

activation but is also inhibited by phosphorylated Akt27.  

miR-486-5p is a regulator of myogenesis as it is required for myoblast function and 

viability28. Transient upregulation of miR-486-5p after muscle injury has been associated with 

normal muscle regeneration28, and miR-486-5p expression is downregulated in muscle biopsies 

from patients with Duchenne muscular dystrophy21, thus implicating miR-486-5p in primary 

skeletal muscle disorders. In addition to downregulated skeletal muscle expression in patients 
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with Duchenne muscular dystrophy21, miR-486-5p levels are reduced in dystrophin-deficient 

mice23. Muscle-specific miR-486-5p over-expression in dystrophin-deficient mice targeted 

‘dedicator of cytokinesis 3’ (DOCK3) and PTEN in dystrophin-deficient skeletal muscle, 

resulting in increased Akt phosphorylation and improved muscle structure and function23.  

Further, miR-486-5p protects against muscle catabolism in pre-clinical models of chronic 

kidney disease (CKD) and glucocorticoid-induced muscle wasting through targets PTEN and 

FOXO129, 30. In CKD, the uremic environment increases glucocorticoid production and 

suppresses Akt signaling, ultimately resulting in FOXO1 dephosphorylation and translocation to 

the nucleus, where it activates the transcription of E3 ubiquitin ligases that promote muscle 

proteolysis31, 32. In mice with CKD-induced muscle wasting, intra-muscular administration of 

miR-486-5p targets FOXO1 and PTEN, resulting in decreased E3 ubiquitin ligase levels and 

improved muscle mass30. In a mouse model of glucocorticoid-induced muscle wasting, exosomal 

miR-486-5p also suppressed the nuclear translocation of FOXO1, associated with 

downregulation of muscle atrophy markers29. These data suggest that miR-486-5p is a potential 

therapeutic target for disorders of muscle catabolism and that its protective effect is associated 

with targeting of PTEN and FOXO1.  

 

1-4.3 Cardiac developmental and myocardial ischemia  

In post-natal cardiac growth, miR-486-5p expression is driven by a member of the myocardin 

family of transcription factors (MRTF-A). In this regard, Small et al demonstrated an inverse 

relationship between miR-486-5p and PTEN protein levels during post-natal cardiac growth with 

miR-486-5p levels rising over 4 weeks after birth while PTEN protein levels decline22. 

Moreover, miR-486-5p overexpression in cardiomyocytes decreases PTEN and FOXO1 protein 
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levels and increases Akt activation, thereby implicating miR-486-5p as a regulator of post-natal 

cardiac growth associated with Akt signaling activation22.  

miR-486-5p has also been studied as a potential therapeutic intervention in animal models of 

cardiac ischemia-reperfusion (I/R) injury and myocardial infarction. In mice with cardiac I/R 

injury, ventricular miR-486-5p overexpression33, exosomal miR-486-5p34, or administration of 

either systemic or cardiomyocyte-specific adeno-associated virus-mediated miR-486-5p35 

reduced infarct size and inhibited cardiomyocyte apoptosis, associated with downregulated 

PTEN expression and Akt activation. Further, adeno-associated virus-expressing miR-486-5p 

preserved long-term cardiac function and prevented cardiac fibrosis with maintained suppression 

of PTEN and FOXO1 protein levels35.  

 Moreover, in mice and non-human primates subjected to myocardial infarction via left 

anterior descending coronary artery ligation, intra-myocardial administration of exosomal miR-

486-5p reduced infarct size, improved heart function and increased long-term cardiac vascular 

density36. RNA sequencing of mouse hearts revealed downregulation of miR-486-5p target 

mRNA for matrix metalloproteinase-19 (Mmp-19), which encodes a protein highly expressed in 

cardiac fibroblasts that modulates vascular endothelial growth factor A (VEGFA) secretion36. 

Thus, miR-486-5p confers a pro-angiogenic effect in experimental myocardial infarction, 

possibly via a paracrine mechanism involving fibroblast Mmp-19 and cleavage of extracellular 

VEGFA.  

1-4.4 Ischemic stroke  

The therapeutic potential of exosomal miR-486-5p was recently evaluated in a rat model of 

ischemic stroke via middle cerebral artery occlusion37. The authors demonstrated that exosomal 

miR-486-5p delivery after middle cerebral artery occlusion improved neurological function and 
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increased brain microvascular density in association with decreased PTEN expression and 

increased Akt phosphorylation37. These data suggest that miR-486-5p targeting of PTEN to 

activate Akt signaling contributes to the promotion of angiogenesis and neurological recovery 

after cerebral ischemic injury37.  

1-4.5 Pulmonary and cardiac fibrosis  

Transforming growth factor-beta (TGF-b) signaling drives the nuclear translocation of Smad 

proteins, thereby activating the transcription of pro-fibrotic genes such as alpha-smooth muscle 

actin, collagens, and fibronectin, ultimately leading to organ fibrosis38. miR-486-5p targeting of 

the Smad family of transcription factors protects against organ fibrosis in pre-clinical models. In 

mouse fibroblasts, miR-486-5p targets and decreases Smad2 levels, thus inhibiting pro-fibrotic 

gene expression and proliferation39. Further, administration of miR-486-5p to mice exposed to 

silica or bleomycin attenuates pulmonary fibrosis39. In experimental models of heart failure, IgE 

signaling has been shown to promote pathological cardiac remodeling in association with 

upregulated Smad1 levels and TGFb signaling40. Treatment of IgE-stimulated cardiac fibroblasts 

with miR-486-5p decreased Smad1 and collagen levels41. Further, lentivirus-mediated miR-486-

5p delivery by tail vein injection in mice attenuated myocardial fibrosis41. Thus, miR-486-5p 

confers anti-fibrotic effects in select pre-clinical models of organ fibrosis via targeting of Smad 

family members, resulting in inhibition of TGF-b signaling and decreased expression of pro-

fibrotic genes.  

 

1-5 Acute kidney injury and the transition to chronic kidney disease 

 
1-5.1: Overview of kidney structure, function, and microvasculature  
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 The kidneys regulate fundamental processes including the elimination of toxins and 

waste as well as fluid, electrolyte, and acid-base homeostasis. The basic kidney anatomy from 

the outermost layers moving inward includes the kidney cortex, medulla, and papilla which 

protrudes into the renal pelvis (Figure 1A)42. The medulla is further sub-divided into the outer 

and inner medulla, and the outer medulla consists of the outer stripe (corticomedullary junction) 

and inner stripe. The basic kidney structure consists broadly of nephrons, collecting ducts, and 

the microvasculature. A human kidney contains approximately 1 million nephrons – although 

this number varies between individuals – and importantly, the number of nephrons is set at birth 

and lost nephrons cannot be replaced42. Structurally, a nephron consists of a glomerulus, the 

kidney’s filtering unit, connected to a tubule that ultimately drains into a collecting duct. The 

nephron tubule is further subdivided into distinct functional components including: proximal 

convoluted tubule (PCT), proximal straight tubule (PST), the thin descending and ascending 

limbs and thick ascending limb of the loop of Henle, distal convoluted tubule (DCT), connecting 

tubule, cortical connecting duct, and outer medullary and inner medullary collecting ducts.  

 Glomeruli form the selectively permeable filtration barrier that allows for the passage of 

water and small solutes but excludes blood cells and macromolecules based on size and charge42. 

Plasma is filtered from the glomerulus to Bowman’s space through the fenestrated capillary 

endothelium, the glomerular basement membrane, and the epithelial cell layer comprised of 

podocytes42. Filtrate enters the proximal tubule where most of the filtered water and solutes are 

reabsorbed. Proximal tubular cells have a prominent brush border and large mitochondria for 

active and transcellular secondary transport processes. Of note, the S3 segment of the proximal 

tubule is involved in drug secretion via organic anion transporters42 and is also considered to be 

the most susceptible to ischemic injury43 44, presumably because this segment has high energy 
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consumption required for transport function and faces an inability to sustain ATP levels in 

ischemic injury45, 46.  Filtrate progresses through the tubular segments (loop of Henle, distal 

tubule), where luminal water and electrolyte composition is modified by reabsorption or 

secretion until the filtrate is delivered to the collecting ducts for the formation and elimination of 

urine. 

The kidney has a complex microvasculature equipped to withstand extreme differences in 

osmolality and oxygenation between the outer cortex and inner medullary regions47. In humans, 

overall renal blood flow averages 4mL/gram tissue/min, although the outer cortex receives 

approximately 5mL/g/min with consecutively deeper regions receiving less flow per unit weight, 

down to 0.5mL/g/min at the inner medulla47. The renal artery delivering blood flow enters the 

renal pelvis where it branches into the interlobar arteries. The interlobar arteries extend through 

the renal column and give rise to the arcuate arteries that run along the corticomedullary junction 

without entering the medulla. The arcuate arteries form the cortical radial arteries (i.e. 

interlobular arteries) that ascend radially to deliver blood to the outer cortex. The interlobular 

arteries give rise to the glomerular afferent arterioles, which are also the major resistance vessels 

controlling the glomerular filtration rate (GFR). Afferent arterioles terminate to form the 

glomerular capillary network (where the primary filtrate is formed) which gives rise to the 

efferent arteriole. Blood leaves glomeruli via the efferent arterioles, and perfusion of cortical 

peritubular capillaries and the renal medulla is post-glomerular. Cortical efferent arterioles give 

rise to the oxygen-rich cortical peritubular capillaries that course along proximal and distal 

tubules. Efferent arterioles of juxtamedullary glomeruli give rise to the descending arteriolar vasa 

recta which form the capillary networks that supply the renal medulla. The venous ascending 

vasa recta drain the renal medulla to return to the cortex42, 47 (Figure 1B).  
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Figure 1. Schematic representation of (A) kidney structural organization and (B) the kidney 
microvasculature. Figure created with Biorender.  
 
 
1-5.2 Acute kidney injury: Clinical definition, prevalence, and associated complications 
 

Acute kidney injury (AKI) refers to a rapid decline in kidney function. The causes of AKI 

in clinical settings are diverse, including I/R injury (for example in the context of cardiovascular 

surgery, shock, or delayed graft function in kidney transplantation), sepsis, nephrotoxins, 

immune-mediated injury, or obstruction. Clinically, the diagnosis of AKI is made based on serum 

creatinine (SCr) concentration and/or urine output48, although these measures have limitations 

including a lack sensitivity for early AKI diagnosis and inability to distinguish AKI etiology49.  

AKI affects up to 20% of hospitalized patients50 with a higher prevalence in intensive care unit 

settings and confers a high in-hospital mortality rate that rises  up to 50% for severe AKI51. Renal 

replacement therapy with dialysis is a supportive strategy for the management of refractory AKI-

related complications related to electrolytes, acid-base status, uremia, pericarditis, or fluid 

management48.  
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Patients who recover from AKI remain at risk of long-term adverse consequences. A 

meta-analysis of 82 studies comprising 2 million hospitalized adults followed for at least 1 year 

demonstrated that those who experienced an episode of AKI had an approximate 2-fold increased 

risk of death, 2-fold increased risk of new or progressive CKD, and 4-fold increased risk of 

kidney failure compared to patients without AKI52. Although pre-hospitalization variables 

including kidney function, rate of kidney function decline and proteinuria may have some 

confounding effect on cardiovascular complications, AKI remains an independent risk factor for 

long-term cardiovascular outcomes and mortality53. A retrospective cohort study of hospitalized 

pediatric patients with AKI not requiring dialysis demonstrated a higher risk of developing CKD 

and hypertension over a median 9.7 year follow up54. Consequently, considering the prevalence 

of AKI, its associated in-hospital complications and long-term outcomes, its incremental cost in 

Canada is substantial, estimated at $200 million annually55. Yet, despite the health and economic 

burden of AKI, no effective treatments exist and preventative measures are limited48. 

 
1-5.3 Pathophysiology of I/R AKI: tubular and endothelial cell injury  
 
 The pathophysiology of I/R AKI has been studied using rodent models whereby renal 

artery clamping for a set amount of time temporarily inhibits oxygen and nutrient delivery to the 

kidneys with subsequent reperfusion, initiating a cascade of pathological cellular responses56. 

Kidney I/R injury is characterized by acute tubular injury and necrosis, and renal vascular 

endothelial injury and dysfunction. Kidney ischemia leads to decreased renal blood flow and 

cellular ATP depletion, initiating renal tubular epithelial cell and microvascular injury. 

Histological findings of acute tubular injury include tubular cell necrosis and apoptosis, loss of 

the brush border in proximal tubular cells, tubular epithelial cell detachment from the basement 

membrane and sloughing into the tubular lumen with the formation of intra-tubular casts43. In 
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addition to tubular injury, kidneys with acute tubular necrosis develop interstitial edema due to 

microvascular permeability and back-leak of tubular filtrate from intra-tubular obstruction43.  

Along with histological changes, I/R injury results in decreased GFR, and thus decreased kidney 

function.  In addition to decreased renal blood flow, the reduction in GFR during the initiation 

phase may be mediated in part via activation of tubuloglomerular feedback43. In this regard, 

acute tubular injury impairs the proximal tubule’s ability to reabsorb sodium, resulting in 

increased sodium delivery to the macula densa, leading to afferent arteriolar vasoconstriction.  

The extension phase of ischemic kidney injury – a result of prolonged decreased renal 

blood flow with hypoxia and inflammation – is most pronounced at the corticomedullary 

junction. In contrast, the return of kidney cortical blood flow during this phase promotes the 

recovery of kidney tubular epithelial cells of the outer cortex43. Early endothelial cell injury 

alters vascular reactivity, compromises capillary barrier function, and increases vascular 

permeability, all of which contribute to the extension of tubular injury and declining kidney 

function57. Earlier studies in rodents demonstrated impaired renal hemodynamics after kidney 

I/R injury. For instance, post-ischemic rat kidneys exhibited impaired renal blood flow auto-

regulation extending up to 1 week after AKI recovery, despite restoration of total renal blood 

flow58. Moreover, altered vascular reactivity is linked to loss of endothelial nitric oxide synthase 

(eNOS) function59, a key enzyme that produces nitric oxide (NO). eNOS is expressed at high 

levels in the medulla and is a known regulator of medullary blood flow60. In kidney I/R injury, 

impaired perfusion of peritubular capillaries occurs early upon reperfusion and can be 

ameliorated by restoring eNOS function61. Consequently, eNOS is also an important regulator of 

microvascular blood flow in ischemic AKI.  
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Increased vascular permeability is a consequence of the activation of injured 

endothelium, resulting in leukocyte adhesion and infiltration, thereby exacerbating kidney injury. 

Endothelial activation is characterized by increased endothelial cell surface expression of 

adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1), leukocyte adhesion and 

infiltration within hours of I/R injury62, 63. In addition, injured endothelial cells express 

chemokine (C-X3-C motif) ligand 1 (CX3CL1), a chemoattractant for chemokine receptors C-

X3-C chemokine receptor 1 (CX3CR1) and C-C chemokine receptor 2 (CCR2) on the surface of 

monocytes and macrophages, thus promoting macrophage infiltration early in kidney I/R injury, 

with exacerbation of kidney injury from the production of pro-inflammatory cytokines64.   

  

1.5-4 Maladaptive tubular repair after I/R AKI leads to kidney fibrosis 

Although tubular epithelial cells undergo apoptosis, migration and proliferation to repair 

and restore tubular integrity and kidney function, some populations of tubular epithelial cells 

exhibit abnormal repair with adverse long-term consequences65. Functionally, maladaptive repair 

has been linked to abnormal cell cycle kinetics, and pro-fibrotic and pro-inflammatory signaling 

between tubular epithelial cells and other cell types. Canaud et al reported that a sub-population 

of injured proximal tubular cells undergo cell cycle arrest and assume a senescent pro-fibrotic 

phenotype66. Further, Kirita et al performed single nucleus sequencing of mouse kidneys up to 6 

weeks after bilateral I/R injury and identified sub-clusters of proximal tubular cells that persisted 

and exhibited down-regulated proximal tubular cell terminal differentiation markers along with 

up-regulated genes involved in pro-inflammatory and pro-fibrotic signaling67. More specifically, 

ligand-receptor interactions between these “failed repair proximal tubular cells” and other cell 

types revealed vasoconstrictor and pro-fibrotic signaling to endothelium, pro-fibrotic signaling to 
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fibroblasts, and pro-inflammatory and pro-fibrotic cytokines to leukocytes67. Moreover, in a 

mouse model of unilateral kidney I/R (with intact contralateral kidney), Xu et al demonstrated a 

role for immune-mediated tubular atrophy driven by macrophage persistence in the injured 

kidney, which promoted a T-cell and neutrophil-mediated pro-inflammatory environment68. In 

kidney biopsies from patients with acute tubular necrosis, the authors showed that T cell and 

neutrophil numbers negatively correlated with recovery of kidney function68. Thus, maladaptive 

repair of proximal tubular cells after injury is associated with persistent inflammation and pro-

fibrotic signaling, leading to interstitial fibrosis and tubular atrophy, thus contributing to the 

transition from AKI to CKD. However, the underlying molecular mechanisms remain 

incompletely understood.   

 

1-5.5 Impaired vascular recovery after AKI contributes to the development of CKD   

 Unlike the injured tubular epithelium, the renal microvasculature displays reduced 

regenerative capacity after ischemic AKI, which might predispose to CKD development due to 

persistent intra-renal hypoxia and impaired medullary function57. In rats with bilateral kidney I/R 

injury, Basile et al demonstrated that although kidney function normalized by 1 week after I/R 

with normal histological tubular morphology at 8 weeks, post-ischemic kidneys had a permanent 

30-50% reduction in peritubular capillary density localized to the inner stripe of the outer 

medulla by 4 weeks and tubulointerstitial fibrosis by 40 weeks69. Functionally, the rats also 

developed urinary concentrating defects suggesting impaired medullary function69. In addition, 

rats post-AKI exhibited a blunted pressure-natriuresis response along with impaired medullary 

blood flow when subjected to elevations in renal perfusion pressure, and developed hypertension 

in response to increased dietary salt intake70. While ischemic AKI had no impact on baseline 



 15 

blood pressure (BP) long-term, post-AKI rats fed a high salt diet following renal recovery 

developed sodium-dependent hypertension, albuminuria, and tubulointerstitial fibrosis71. These 

pre-clinical studies suggest that permanent reduction in microvascular capillary density impairs 

medullary function, thus contributing to sodium-sensitive hypertension and interstitial fibrosis 

after AKI.  

 Although many studies have demonstrated a direct relationship between peritubular 

capillary loss and kidney fibrosis in kidney I/R injury models72, kidney fibrosis is not necessarily 

progressive65 and the relationship between these entities is likely more complex.  A comparison 

of different pre-clinical AKI models in mice including cisplatin, glycerol-induced 

rhabdomyolysis, and unilateral kidney I/R injury with delayed contralateral nephrectomy found 

that the level of peritubular capillary rarefaction was more closely associated with CKD 

progression than the level of kidney fibrosis73. This suggests a possible direct causal relationship 

between peritubular capillary rarefaction (and not fibrosis per se) and decline in long-term 

kidney function.  

 Since reversible peritubular capillary loss has also been observed in kidney I/R injury73, it 

is not clear if the consequences of early endothelial injury confer permanent microvascular loss. 

Potential mechanisms contributing to permanent peritubular capillary rarefaction include 

endothelial cell apoptosis, endothelial-to-mesenchymal transition (EMT), and pericyte activation 

and loss43. The contribution of endothelial cell apoptosis to capillary rarefaction following I/R 

AKI has been inconsistent in the pre-clinical literature, although the kidney transplant literature 

suggests that endothelial cell apoptosis as a cause of microvascular loss impacts long-term 

allograft survival74. Burger et al demonstrated kidney endothelial cell apoptosis after kidney I/R 

injury in mice, which was attenuated by systemic administration of human cord blood-derived 
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endothelial colony-forming cell (ECFC)-derived exosomes75. Yet, Horbelt et al could not identify 

apoptotic endothelial cells after kidney I/R injury using Tie-GFP mice to label kidney endothelial 

cells76. Thus, endothelial cell apoptosis after kidney I/R injury has been difficult to capture, 

possibly because of the transient nature of terminal deoxynucleotidyl transferase dUTP nick-end 

labeling (TUNEL)-positive structures in immunohistochemical analyses or perhaps due to other  

pathways driving endothelial cell fate. In this regard, Basile et al employed a transgenic mouse 

model to trace renal endothelial cell fate following I/R AKI77. The authors demonstrated 

interstitial expansion of endothelial cells in areas lacking blood flow that co-localized with 

myofibroblast markers, suggesting that reduced vascular density post-I/R AKI is mediated, in 

part, from an endothelial phenotypic change termed EMT77. 

Lastly, the loss of interactions between endothelial cells and neighbouring cells may 

contribute to the permanent reduction in microvascular density. Pericytes are smooth muscle 

cells directly connected to endothelial cells that support vascular stability78. Renal pericytes are 

most concentrated within the outer medulla where they detect and respond to vasoactive signals 

from endothelial cells by regulating medullary blood flow via the vasa recta79. In kidney I/R 

injury, pericytes become activated, detach from the peritubular capillaries and migrate to the 

interstitium where they differentiate into myofibroblasts78. Inhibition of platelet-derived growth 

factor receptor (PDGFR)a/b activation after AKI decreases pericyte activation, downregulates 

PDGF and TGFb expression, and decreases macrophage infiltration and fibrosis80. Consequently, 

pericyte activation and detachment can de-stabilize the endothelium, increase vascular 

permeability, and contribute to capillary rarefaction and fibrosis78.  
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1-6 miRNAs for acute kidney injury 

  
 miRNAs can be detected in biological fluids including plasma/serum, and urine4. Indeed, 

circulating miRNAs are highly stable and resistant to nuclease digestion81.  Circulating miRNAs 

exist in non-membrane bound form associated with the AGO2-ribonucleoprotein complex – the 

predominant form identified in human plasma – and within extracellular vesicles82, 83.  Given 

their stability in biological fluids, miRNAs have been evaluated as potential diagnostic 

biomarkers for a variety of human diseases including but not limited to cancers84, cardiovascular 

diseases85, neurodegenerative diseases86 and CKD87. Dysregulated miRNAs have also been 

studied as potential biomarkers in specific populations with AKI. For example, urinary and 

plasma miR-21 has been reported dysregulated in cardiac surgery-associated AKI88, 89. In kidney 

transplantation, there has been interest in both circulating miRNAs and miRNA profiles from 

graft biopsies as diagnostic signatures for acute rejection. For instance, miR-210 was 

downregulated in urine samples from patients with acute T-cell mediated rejection (TCMR) and 

its expression correlated with severity of TCMR and immunosuppression therapy90, thus 

suggesting clinical relevance.   

miRNAs regulate important biological processes related to AKI pathophysiology and the 

development and progression of CKD, a topic extensively reviewed by Mahtal et al91. The 

earliest evidence supporting an important role for miRNAs in kidney function derived  from 

animal models of CKD. More specifically, inhibition of miRNA biogenesis in mouse podocytes 

via conditional Dicer knockout resulted in loss of podocyte miR-30a expression, with functional 

consequences including glomerular injury and progression to kidney failure92. Mouse models of 

diabetic nephropathy demonstrated that miR-192 is upregulated in glomeruli of diabetic mice, 

associated with increased TGFb and Col1A2 levels93, and that miR-377 overexpression was 
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associated with increased fibronectin production94, thus suggesting a pathogenic role for these 

miRNAs in kidney fibrosis.   

In AKI,  proximal tubular and endothelial cell injury involve pathways regulating 

apoptosis, inflammation, metabolism, angiogenesis, and fibrosis43. Wei et al demonstrated that 

mice with targeted deletion of Dicer from proximal tubular cells exhibited global downregulation 

of microRNAs within the kidney cortex and were more resistant to kidney I/R injury, suggesting 

a pathogenic role for microRNAs in ischemic AKI for the first time95.  However, there is 

increasing evidence for the protective effect of miRNAs in pre-clinical AKI models. A systematic 

review and meta-analysis of miRNAs as therapeutics for pre-clinical AKI included 70 studies 

with 42 miRNAs as potential therapeutic targets96. Of these, miR-21 (14 studies), miR-146 (4 

studies), and miR-155 (3 studies) were the most frequently investigated miRNAs. Most 

interventional miR-21 studies involved the administration of miR-21 antagomirs. Overall, miR-

21 antagonism in kidney I/R injury was associated with increased apoptosis, inflammation, and 

exacerbation of kidney injury96.  

 

1-6.1  miR-486-5p in ischemic acute kidney injury and the renal vasculature  

 Our laboratory’s work in kidney I/R injury began with endothelial colony forming cells 

(ECFCs) and ECFC-derived small extracellular vesicles (exosomes)75 which ultimately 

identified miR-486-5p as a potential therapy for ischemic AKI97.  miR-486-5p is highly enriched 

within extracellular vesicles including human adipose and bone marrow mesenchymal stem cell-

derived exosomes98. Our lab previously showed that intravenous (i.v.) administration of human 

cord blood ECFC-derived exosomes to mice with kidney I/R injury protected kidney function 

and attenuated histological injury and apoptosis97. MicroRNA profiling demonstrated that these 
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exosomes were most highly enriched in miR-486-5p97. To determine whether the kidney-

protective effect of exosomes could be attributed to miR-486-5p, ECFCs were transfected with 

miR-486-5p antagomir, resulting in the production and isolation of miR-486-5p-deficient 

exosomes. Administration of miR-486-5p-deficient exosomes to mice with kidney I/R-injury had 

no kidney-protective effects97. These data strongly suggested that ECFC-derived exosomes 

protected against ischemic kidney injury via exosomal transfer of miR-486-5p. A subsequent 

study from our laboratory demonstrated that direct i.v. administration of lipid-packaged miR-

486-5p to mice with kidney I/R injury at the time of reperfusion also conferred the same renal 

protective effect99. Further, at 24 hr after kidney I/R, miR-486-5p decreased protein levels of its 

target PTEN, and downregulated the expression of genes involved in apoptosis and tumor 

necrosis factor-α (TNF-α) signaling in proximal tubular cells99.  

 Although miR-486-5p targets PTEN and decreases apoptosis, associated with the 

prevention of kidney97, 99, cardiac33-35, and cerebral37 ischemic injury in pre-clinical models, its 

effect on endothelial injury, the vasculature, and the AKI to CKD transition remains unknown. In 

human umbilical vein endothelial cells (HUVECs) subjected to hypoxia-reoxygenation (H/R), 

ECFC-derived exosomes decreased PTEN expression and apoptosis, while exosomes from 

ECFCs transfected with miR-486-5p antagomir did not97. These data suggest that exosomal 

transfer of miR-486-5p could plausibly target PTEN and prevent endothelial cell apoptosis in 

kidney ischemic injury. In this regard, our laboratory infused ECFC-derived exosomes to mice 

with kidney I/R injury and showed decreased renal endothelial cell apoptosis and attenuated 

endothelial cell proliferation induced by I/R75. Yet, RNA sequencing of kidney CD31+ 

endothelial cells isolated from mice with kidney I/R injury and treated with miR-486-5p did not 

identify differentially expressed genes related to apoptosis. RNA sequencing did reveal 
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decreased expression of pro-inflammatory genes with miR-486-5p treatment – including 

members of the chemokine ligand (CXCL) subfamily and ICAM-199.  

 Although these data suggest that miR-486-5p might protect against renal microvascular 

injury via decreasing endothelial cell apoptosis, endothelial activation and inflammation, the pre-

clinical literature contains conflicting evidence regarding the role of miR-486-5p on the 

vasculature. Exosomal transfer of miR-486-5p promoted angiogenesis in animal models of 

cutaneous wound healing100, myocardial infarction36, and ischemic stroke37 associated with 

targeting Sp5, Mmp-19, and PTEN, respectively. In contrast, administration of miR-486-5p 

mimic to HUVECs targeted CADM1, resulting in increased cell permeability and invasion 

without impacting angiogenesis101. Yet, when administered to HUVEC spheroids, miR-486-5p 

mimic inhibited sprouting angiogenesis102. Thus, effects of miR-486-5p on the vasculature 

remain unclear and could have long-term implications on microvascular recovery following AKI.  

Moreover, there is controversy surrounding the biological effect of potential PTEN 

suppression by miR-486-5p. In the context of the AKI-CKD transition, adverse effects of PTEN 

inhibition have been reported103. In this regard, pharmacological inhibition of PTEN worsened 

ischemic104 and cisplatin-induced AKI105 in mice. Further, kidneys from mice treated with PTEN 

inhibitor and subjected to kidney I/R injury had increased levels of phosphorylated Akt (S473) 

and demonstrated increased interstitial fibroblast proliferation, inflammatory cytokine 

expression, and tubulointerstitial fibrosis106. In addition, after AKI, regenerating proximal tubular 

cells with persistent PTEN loss failed to differentiate and displayed a pro-fibrotic phenotype107, 

suggesting that suppressed PTEN levels are associated with maladaptive tubular epithelial cell 

repair and contribute to kidney fibrosis107 and the transition to CKD. 

 



 21 

1-7  Rationale and hypothesis 

AKI is a common complication among hospitalized patients with a high in-hospital 

mortality rate. Patients who recover from AKI are at increased risk of adverse long-term 

consequences including death, progressive CKD, and kidney failure. Although maladaptive 

tubular epithelial cell repair and permanent renal microvascular loss following AKI contribute to 

the development of tubulointerstitial fibrosis, the molecular mechanisms driving these processes 

and the AKI-CKD transition are not well-defined. Consequently, no effective therapies exist, and 

preventative measures for AKI are limited. miRNAs are potent regulators of gene expression that 

regulate signaling pathways involved in fundamental biological processes relevant to AKI 

pathophysiology. Despite over a decade of research involving miRNA therapeutics for pre-

clinical AKI, less is known about miRNAs in human AKI. While miR-486-5p attenuates 

ischemic AKI in mice, its effect on the vasculature and the AKI to CKD transition is unclear and 

its targets in endothelium remain undefined.  

The three major aims of this thesis were (1) to evaluate the effect of miR-486-5p in 

ischemic AKI in rat with a focus on the vasculature and the AKI to CKD transition; (2) to 

determine the effect of miR-486-5p in endothelium; (3) to conduct a systematic review of 

miRNAs in human AKI to identify potential miRNAs that hold promise as clinical 

bionmarkers or therapeutic candidates. In the first aim,  the rat model was selected 

specifically for ease of conducting vascular studies but also to determine if miR-486-5p 

effectively protects against AKI in a rodent model other than mouse. Our overall hypothesis was 

that (1) early administration of miR-486-5p to rats with kidney I/R injury would protect against 

ischemic AKI and prevent renal microvascular injury and (2) delayed miR-486-5p administration 
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might confer adverse long-term renal and vascular outcomes after AKI, based on possible 

inhibitory effects on PTEN and conflicting data on angiogenic responses.  

The main objectives of Manuscript 1 were to: (1) determine if early administration of 

miR-486-5p in kidney I/R protects against ischemic AKI in rats, (2) determine whether early 

administration of miR-486-5p impacts the development of peritubular capillary rarefaction, 

kidney fibrosis, and global vascular function, and (3) determine whether the timing of miR-486-

5p administration impacts long-term kidney and vascular outcomes. These objectives were 

accomplished using a rat model of kidney I/R injury with administration of miR-486-5p mimic 

(or scramble [scb] miRNA negative control) at the start of reperfusion (early) or after 4 and 21 

days of reperfusion (delayed), with assessment of kidney and vascular outcomes after 10 weeks.  

The main objectives of Manuscript 2 were to: (1) determine the effect of miR-486-5p on 

endothelial cell functions in vitro, and (2) identify the mRNA targets for miR-486-5p in cultured 

endothelial cells. These objectives were accomplished using HUVECs treated with miR-486-5p 

mimic (or scb miRNA) and subjected to normoxia or H/R, followed by assessments of gene 

expression and cellular functions. miR-486-5p targets were identified using a biotinylated 

miRNA pulldown approach.  

The main objective of Manuscript 3 was to conduct a systematic review of dysregulated 

miRNAs in human AKI to identify potential clinical miRNA biomarker and therapeutic 

candidates. This objective was accomplished using a systematic search strategy, and data were 

reported descriptively as a qualitative synthesis.   
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Preface to Manuscripts 
 

 
All manuscripts included in this thesis were written during my PhD studies. The references for 

each manuscript are included at the end of each chapter, while references for the Introduction and 

Discussion chapters are found in the Reference section at the end of this thesis. The supplemental 

information for main manuscripts is included in the thesis Appendix section, and I provide links 

to the online information for published manuscripts. In addition, two manuscripts related to this 

thesis are included in the Appendix section. Thesis chapters are prefaced with a brief summary 

(including author contributions) connecting the manuscript to the thesis.  

 
 

List of manuscripts in the main thesis 

Manuscript I is published in Clinical Science (2024): I am first author  

Manuscript II is accepted for publication at the Journal of Cellular and Molecular Medicine 

(2025): I am first author  

Manuscript III is published in Renal Failure (2024): I am first author  

 

List of manuscripts in the Appendix 

Manuscript IV (narrative review) is published in Cellular and Molecular Life Sciences (2022): I 

am first author  

Manuscript V (systematic review protocol) is published in the Canadian Journal of Kidney 

Health and Disease (2021): I am first author 
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Chapter 2: Manuscript I 

 
 
Connection to thesis: In this manuscript, we show that miR-486-5p effectively mitigates 

ischemic kidney injury in rats and provide evidence that it prevents I/R-induced renal endothelial 

injury. The manuscript demonstrates that early administration of miR-486-5p prevents long-term 

peritubular capillary rarefaction, kidney fibrosis, and systemic endothelial dysfunction. We also 

evaluated the effect of delayed miR-486-5p administration, revealing no protective or additional 

adverse impact on long-term kidney or systemic vascular outcomes.  Lastly, this study showed 

that miR-486-5p inhibits I/R-induced upregulation of kidney eNOS protein expression, a finding 

that is further explored in Manuscript II.  

 
Manuscript status: published in Clinical Science (PMID:38739452) 
 
 
Author contributions: The study was conceived and designed by Kevin D. Burns, Adrianna 

Douvris, and José L. Viñas. Adrianna Douvris and José L. Viñas conducted experiments and 

performed data analyses. Joseph Zimpelmann assisted with animal surgeries, tissue extraction, 

and myography. Alexey Gutsol conducted histopathologic analyses. Dylan Burger provided 

assistance with vascular function studies. Adrianna Douvris wrote first drafts of the manuscript, 

which were edited by Kevin D. Burns. All authors reviewed and approved the final manuscript.  
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Abstract  

Aim 

Acute kidney injury (AKI) increases the risk for progressive chronic kidney disease (CKD). 

MicroRNA (miR)-486-5p protects against kidney ischemia reperfusion (IR) injury in mice, 

although its longterm effects on the vasculature and development of CKD are unknown. We 

studied whether miR-486-5p would prevent the AKI to CKD transition in rat, and affect vascular 

function. 

Methods 

Adult male rats were subjected to bilateral kidney IR followed by i.v. injection of liposomal-

packaged miR-486-5p (0.5 mg/kg). Kidney function and histologic injury were assessed after 24 

h and 10 weeks. Kidney endothelial protein levels were measured by immunoblot and 

immunofluorescence, and mesenteric artery reactivity was determined by wire myography. 

Results 

In rats with IR, miR-486-5p blocked kidney endothelial cell increases in intercellular adhesion 

molecule-1 (ICAM-1), reduced neutrophil infiltration and histologic injury, and normalized 

plasma creatinine (p<0.001). However, miR-486-5p attenuated IR-induced kidney endothelial 

nitric oxide synthase (eNOS) expression (p<0.05). At 10 weeks, kidneys from rats with IR alone 

had decreased peritubular capillary density and increased interstitial collagen deposition 

(p<0.0001), and mesenteric arteries showed impaired endothelium-dependent vasorelaxation 

(p<0.001). These changes were inhibited by miR-486-5p. Delayed miR-486-5p administration 

(96 h, 3 weeks after IR) had no impact on kidney fibrosis, capillary density, or endothelial 

function. 
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Conclusion  

In rats, administration of miR-486-5p early after kidney IR prevents injury, and protects against 

CKD development and systemic endothelial dysfunction. These protective effects are associated 

with inhibition of endothelial ICAM-1 and occur despite reduction in eNOS. miR-486-5p holds 

promise for the prevention of ischemic AKI and its complications. 

 
Keywords: 
acute kidney injury, ischemia, microRNA, endothelium, vasculature, myography 
 

Clinical Perspectives 

• Ischemia-reperfusion (IR) acute kidney injury is associated with permanent reduction of 
peritubular capillary density, tubulointerstitial fibrosis, and transition to chronic kidney 
disease (CKD). miR-486-5p protects against kidney IR injury in mouse, but its long-term 
effect on the vasculature and CKD development is unknown. 

• In rats with kidney ischemia, miR-486-5p administered at the start of reperfusion 
inhibited ischemia-induced endothelial intercellular adhesion molecule-1 and preserved 
kidney function, despite inhibiting upregulation of kidney endothelial nitric oxide 
synthase. After 10 weeks, rats with early administration of miR-486-5p showed no 
evidence of CKD, or systemic endothelial dysfunction.  

• This study highlights the potent protective effects of early intervention with miR-486-5p 
on rat kidney ischemic injury and its longterm complications. The prevention of late 
capillary loss and vascular dysfunction by miR-486-5p support the critical importance of 
early gene responses in programing the transition from acute to chronic kidney disease. 
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Introduction  

Acute kidney injury (AKI) affects up to 20% of hospitalized patients and confers a high mortality 

risk (1). Patients who recover are at increased risk of progressive chronic kidney disease (CKD) 

(2). An important cause of AKI is ischemia-reperfusion (IR) injury, characterized by acute 

tubular injury, necrosis/apoptosis, and endothelial cell injury (3). Recovery involves repair and 

regeneration of tubular epithelial cells, although this process can be incomplete, resulting in 

interstitial fibrosis and tubular atrophy (4). Further, in kidney IR injury, endothelial damage alters 

vascular reactivity (5, 6) and increases the surface expression of adhesion molecules such as 

intercellular adhesion molecule-1 (ICAM-1) (7), thereby compromising capillary barrier function 

(8), and driving inflammatory cell infiltration (7, 9, 10). Endothelial injury results in capillary 

loss, exacerbating chronic hypoxia and propagating tubular injury. These changes contribute to 

the transition to CKD (11-13), marked by tubulointerstitial fibrosis.  

Treatment options for AKI remain limited, and microRNAs (miRNAs) have emerged as 

potential novel therapeutics. miRNAs are short non-coding RNAs that potently regulate gene 

expression by binding the 3‘untranslated region (UTR) of target messenger RNAs (mRNAs) to 

induce degradation or inhibit translation (14).  A systematic review identified 42 miRNA species 

as therapeutic targets in rodent models of AKI (15). We have shown that one of these miRNAs, 

miR-486-5p, protects against kidney IR injury in mice, associated with inhibition of apoptosis 

and decreased kidney expression of the miR-486-5p target gene phosphatase and tensin homolog 

(PTEN) (16, 17). miR-486-5p also significantly downregulated proximal tubular activation of 

genes involved in apoptosis and tumor necrosis factor (TNF)-α signaling (17).  

Despite these findings, the effect of miR-486-5p on the transition to CKD remains 

unknown. In this regard, persistent PTEN loss in proximal tubules following IR injury may cause 
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dysfunctional tubule regeneration and fibrosis (18), conferring a negative impact on recovery 

from AKI.  Long-term effects of miR-486-5p on the vasculature are also unclear. In a pre-clinical 

study of myocardial infarction, exosomal transfer of miR-486-5p increased vascular endothelial 

growth factor (VEGFA) signaling and enhanced cardiac angiogenesis (19). Exosomal miR-486-

5p promoted microvascular cell proliferation, migration and angiogenesis after cutaneous wound 

healing, by targeting the transcriptional repressor Sp5 (20). In contrast, in cultured endothelial 

cells miR-486-5p was found to inhibit sprouting angiogenesis (21).   

The uncertainty regarding potential adverse effects of miR-486-5p on long-term kidney 

and vascular function prompted the current studies, in which we first determined if miR-486-5p 

administered at the start of reperfusion would protect against ischemic AKI in rat, and then 

studied the impact on late development of peritubular capillary rarefaction and kidney fibrosis. 

We also tested if delayed administration of miR-486-5p after IR would impact peritubular 

capillary density, development of kidney fibrosis, and systemic endothelium-dependent vascular 

function.  

 

Materials and Methods  

Kidney IR Injury 

Male Sprague Dawley rats aged 6-8 weeks, weighing 250-300 g, were purchased from Charles 

River Laboratories (Senneville, QC, Canada) and housed at the University of Ottawa Animal 

Care Facility. All animal experiments were conducted at the University of Ottawa. Animal 

protocols were approved by the Animal Care Ethics Committee at the University of Ottawa and 

performed according to the recommendations of the Canadian Council for Animal Care.  All rats 

were anesthetized with inhaled isoflurane. Briefly, the vaporizer was set to 4% then 2% 

isoflurane at 1.5 litres per minute for induction and maintenance of anesthesia, respectively.  
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There was no significant difference in the duration of anesthesia amongst all groups. Bilateral 

flank incisions were performed, followed by bilateral renal artery clamping for 45 min. Lipid-

encapsulated miR-486-5p mimic (Invivofectamine 3.0, Thermo Fisher Scientific, Waltham, MA, 

USA) or scramble (scb) miRNA (Thermo Fisher Scientific) was administered as a single dose of 

0.5 mg/kg by tail vein injection at the start of reperfusion (17), or as delayed administration of 

two doses 96 h and 3 weeks after reperfusion. Sham rats underwent surgery without renal artery 

clamping. The number of rats ranged from 6 to 14 per experimental group. 24 h and 10 weeks 

after reperfusion, rats were anesthetized with inhaled isoflurane for kidney blood flow 

measurements followed by euthanasia by decapitation (while anesthetized with isoflurane) for 

blood and tissue collection. Figure 1 provides a timeline schematic of the experimental protocol 

including number of rats used and mortality rate (3/114 rats, 2.6%).  
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Regional kidney blood flow  

At 24 h or 10 weeks after surgery, rats were anesthetized with inhaled isoflurane and placed in 

the right lateral decubitus position. A left flank incision exposed the left kidney, which was 

decapsulated, and regional blood flow was measured by laser doppler flowmetry (ABLPHN20 

20G probe, Transonic Scisense Inc, London, ON, Canada) with the laser doppler probe mounted 

onto a micromanipulator attached to a stereotaxic frame. Baseline cortical blood flow was 

measured by resting the probe on the kidney surface and baseline medullary blood flow was 

measured by inserting the probe to a depth of 3.0-4.5 mm (measured with the frame) into the 

kidney parenchyma (22). Probe placement within the medulla was verified at the end by 

dissection. Results are reported as absolute values of tissue perfusion (arbitrary units).   

 

Biochemistry 

Blood samples were collected in heparinized tubes for plasma separation. Plasma creatinine (Cr) 

and blood urea nitrogen (BUN) were measured by IDEXX Laboratories (Toronto, ON, Canada) 

(17). Urine albumin and creatinine were measured by rat albumin ELISA (Nephrat II) and 

Creatinine Companion assay (both from Ethos Biosciences, Logan Township, NJ, USA). 

 

Real-time PCR  

Total RNA was isolated from whole kidney, liver, heart, and spleen using the miRNeasy micro 

kit (Qiagen Inc., Toronto, ON, Canada). Reverse transcription and real-time PCR for miR-486-5p 

was performed via TaqManTM MicroRNA Assay (Life Technologies Inc, Toronto, ON, Canada) 

with the Applied Biosystems 7300 real-time PCR system (Foster City, CA, USA). Endogenous 
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U6 snRNA was used for normalization, and the relative levels of miR-486-5p were calculated 

using the 2-∆∆Ct method (23).  

 

Histology 

Kidneys were fixed in 3% paraformaldehyde and embedded in paraffin. All histological analyses 

were performed in a blinded manner by a pathologist (co-author A.G.). Tubular injury was 

detected by periodic acid Schiff stain, and semi-quantified using a scoring system (0-4) as 

described (24). Apoptosis was measured by terminal deoxynucleotidyl transferase-mediated 

dUTP nick-end labeling (TUNEL) assay (ApopTag Plus Kit, MilliporeSigma Canada Ltd, 

Etobicoke, ON, Canada), as described (17), with counting of stained nuclei. Collagen was 

detected by picrosirius red staining as the percentage of collagen relative to the total area.  

ICAM-1 (1:100, mouse monoclonal, Abcam Inc, Toronto, ON, Canada), endothelial nitric 

oxide synthase (eNOS, 1:100, rabbit monoclonal, Abcam Inc), CD31 (1:250 goat anti-CD31, 

R&D Systems Inc., Burlington, ON, Canada), and a-smooth muscle actin (1:500 mouse a-SMA, 

Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were detected  by immunofluorescence on 

frozen cryostat sections (OCT embedded, 10 µm thickness). For quantification of eNOS signal, 

only arterial segments ≥ 200 µm in length were counted to eliminate the effect of varying angles 

on fluorescence intensity (25). 

Levels of a-smooth muscle actin (1:1000 mouse a-SMA, Santa Cruz Biotechnology, 

Inc.), neutrophil myeloperoxidase (1:1000 rabbit anti-MPO, Abcam Inc), macrophage-specific 

glycoprotein F4/80 (1:250 rabbit anti-F4/80, Abcam Inc),  vascular endothelial growth factor 

receptor-2 (1:1000 VEGFR2, rabbit, Cell Signaling, Whitby, ON, Canada), and CD31 (1:500 

goat anti-CD31, R&D Systems Inc.) were measured in kidney corticomedullary sections by 
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immunohistochemistry. Interstitial peritubular capillary density was estimated with CD31 

staining as the percent positive area per field of view. All primary antibodies were visualized 

with ImmPRESS Polymer Detection Kits (Vector Laboratories, Inc., Newark, CA, USA). All 

images were acquired with the Zeiss Imager A1 microscope (Carl Zeiss, Oberkochen, Germany) 

equipped with the Olympus camera DP73 (Olympus Canada, Richmond Hill, ON, Canada). 

Images were analyzed by ImageJ software (NIH, Bethesda, MD, USA). 

 

In-situ hybridization (ISH) 

miR-486-5p, random sequence (negative control) miRNA, and positive control probes were 

prepared by Advanced Cell Diagnostics (Newark, CA, USA). ISH was performed on paraffin-

embedded kidney sections using the miRNAscopeTM HD (RED) Assay according to the 

manufacturer’s protocol (Advanced Cell Diagnostics).   

 

Immunoblots 

Lysates from whole kidney or human umbilical vein endothelial cells (HUVECs) were resolved 

by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, blocked in 

5% milk for 1 h, and incubated for 16 h at 4˚C with primary antibodies against PTEN, eNOS, 

VEGFR2 (all 1:1000, Cell Signaling), VEGFA (1:1000, Santa Cruz Biotechnology, Inc.),  and 

ICAM-1 (1:1000, R&D Systems (rat), 1:1000, Cell Signaling; human). Loading controls b-actin 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (both 1:4000, Cell Signaling) were 

incubated for 1 h at room temperature. Washed membranes were incubated with horseradish 

peroxidase-conjugated secondary antibodies anti-rabbit (1:5000, Abcam) or anti-goat (1:5000, 

Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature, and visualized by 
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chemiluminescence. Densitometry was performed using ImageJ software (NIH) Bethesda, MD, 

USA.   

 

Cell culture and hypoxia/reoxygenation (H/R) 

HUVECs were obtained from American Type Culture Collection (ATCC, via Cedarlane Corp., 

Burlington, ON, Canada) and cultured at 37ºC in 5% CO2 in EBM2 medium supplemented with 

microvascular growth factors and 2% fetal bovine serum (Lonza, Basel, Switzerland, catalog # 

CC-3156). Cells were transfected with 1 nM miR-486-5p mimic or scramble miRNA in RNA-

iMax (all from Thermo Fisher Scientific) and subjected to H/R as described (24). 

 

Blood pressure 

Systolic blood pressure (SBP) was measured via tail-cuff plethysmography (CODA®, Kent 

Scientific Corp, Torrington, CT, USA). 8 weeks after surgery, average SBP was calculated from 

sessions comprised of 15 cycles each to achieve at least 10 accepted readings. Rats underwent 3 

to 4 days of training prior to measurements.  

 

Wire myography  

Rat mesenteries were dissected and placed in ice-cold physiological saline solution (PSS). 

Segments (1.6-2.0 mm) of second-order branches (vessel diameter 300-550 µm) were mounted 

onto a Multi-Wire Myograph system (DMT, Ann Arbor, MI, USA) and equilibrated in PSS with 

95% O2 and 5% CO2 at 37˚C. Initial vessel viability was confirmed by contractile response to 60 

mM potassium chloride (KCl), and vascular function assessment was performed by addition of 

acetylcholine (Ach, 10 µM) to vessels pre-constricted with phenylephrine (5 µM). Only vessels 
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with viable endothelium (minimum 45% vasodilatory response of phenylephrine pre-constricted 

vessels to Ach) were included in analyses. Endothelium-dependent and -independent 

vasorelaxation was evaluated in response to Ach or sodium nitroprusside (SNP), respectively (1 

nM to 10 µM). Data are presented as percentage of maximal constriction. 

 

Statistical Analyses 

Results are expressed as mean ± SEM, and statistical comparisons were conducted using 1- or 2-

way analysis of variance (ANOVA) with Tukey post-test as appropriate. Statistical analyses were 

performed with GraphPad Prism 9.4 (GraphPad Software, Inc., San Diego, CA, USA). Statistical 

significance was set at p<0.05.   

 

Results  

miR-486-5p localizes to the kidney and protects against ischemic injury  

Preliminary experiments with the bilateral IR model in rat demonstrated peak elevation of 

plasma Cr after 24 h, with partial recovery by 72 h and return to baseline Cr by 4 weeks. A dose 

of 0.5 mg/kg of miR-486-5p was selected from preliminary experiments (n=3) showing efficacy.  

At 24 h after kidney IR injury, miR-486-5p levels were increased in the kidneys of rats 

administered miR-486-5p by real-time PCR (Figure S1). miR-486-5p levels were also 

significantly increased in the liver and spleen of miR-486-5p-treated rats, but not in the heart. By 

in situ hybridization, rats treated with miR-486-5p demonstrated its localization within proximal 

tubular cells and interstitial capillary endothelial cells (Figure 2). Probe signal intensity was 

highest in rats that received miR-486-5p (Figure 2), and was absent in the negative control using 

a scramble probe. In situ hybridization did not detect miR-486-5p within macrophages from 

kidneys of rats with IR.   
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miR-486-5p potently protected against kidney ischemic injury, attenuating the ischemic 

injury-induced rise in plasma Cr and BUN levels (Figure 3).  

Laser doppler flowmetry demonstrated that miR-486-5p preserved cortical blood flow 

and enhanced medullary blood flow (Figure S2). At 24 h, kidneys from miR-486-5p-treated rats 

showed decreased tubular injury, decreased infiltration of neutrophils and macrophages, and 

diminished apoptosis (Figure 4).   
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Effect of miR-486-5p on endothelial protein levels  

Since miR-486-5p was detected within endothelial cells 24 h after injection and preserved 

regional kidney blood flow and kidney function, we performed immunoblots and histological 

analyses for proteins involves in vascular function and endothelial activation (3, 24, 26). ICAM-

1 was detected in capillary endothelium, with significantly increased levels after kidney IR injury 

by both immunoblot and immunofluorescence (Figure 5). This effect was blocked by miR-486-

5p (Figure 5). We also transfected HUVECs with miR-486-5p and subjected them to H/R; this 

revealed significant attenuation of the H/R-induced upregulation of ICAM-1 (Figure S3).  
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Kidney IR injury upregulated eNOS protein levels, observed within endothelial cells of 

terminal arterioles, and this was inhibited by miR-486-5p on immunoblot and 

immunofluorescence (Figure 6). IR injury also increased whole kidney VEGFA by immunoblot 

analysis, and this was inhibited by miR-486-5p (Figure 7), although immunohistochemistry did 

not permit precise localization on either paraffin-embedded or frozen sections (not shown). To 

determine if the effects of miR-486-5p on eNOS and VEGFA protein levels were specific to 

kidney, we conducted immunoblot analysis on liver tissue isolated from the rat groups. The 

results show that kidney IR had no significant effect on liver expression of eNOS or VEGFA, 

and miR-486-5p injection did not alter levels (Figure S4). 



 40 

 



 41 

 

 

Decreased VEGFR2 levels were observed after kidney IR injury by immunoblot. 

Immunohistochemistry demonstrated staining localized within glomeruli and interstitial 

endothelial cells and showed that miR-486-5p attenuated this IR-induced decrease (Figure 7).    

In our previous studies involving mice with kidney IR injury, administration of miR-486-

5p was associated with decreased PTEN protein levels (16, 17). In rat, however, miR-486-5p had 

no effect on kidney PTEN protein levels at 24 h (Figure 8).  
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Effect of early administration of miR-486-5p on peritubular capillary density and 

endothelial function at 10 weeks  

Since miR-486-5p inhibited ischemia-stimulated kidney eNOS and VEGF protein at 24 h, rats 

were followed for 10 weeks to determine the impact on development of capillary rarefaction and 

interstitial fibrosis (13, 27).  At 10 weeks, rats with IR injury alone recovered kidney function 

with normalization of plasma Cr and BUN (Figure 2) and without significant increase in 

albuminuria (Figure S5). Kidneys from these rats had increased collagen fiber content by 

picrosirius red staining and decreased CD31+ peritubular capillary density (Figure 9). Post-

ischemic kidneys showed increased staining for the pro-fibrotic myofibroblast marker a-SMA, 

and F4/80+ macrophages (Figure 9). By contrast, kidneys from rats treated with miR-486-5p had 

preserved peritubular capillary density and decreased staining for interstitial collagen fibers, a-

SMA and F4/80 macrophages.  
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Recovery from AKI is associated with impaired kidney hemodynamics (28), hypertension 

(28, 29), and peripheral vascular dysfunction (29). At 10 weeks, all groups of rats had similar 

kidney cortical and medullary blood flows, and systolic blood pressure (SBP) (Figure S6). 

However, mesenteric arteries from rats with IR alone (or treated with scb miRNA) showed 

impaired endothelium-dependent vasorelaxation, which was prevented by early administration of 

miR-486-5p (Figure 10). There were no significant differences in the endothelium-independent 

vasodilatory responses to SNP amongst the groups.  
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Late administration of miR-486-5p does not affect AKI to CKD transition 

We next determined if late administration of miR-486-5p might affect vascular function or 

transition to CKD. Rats were administered a first dose of miR-486-5p (0.5 mg/kg i.v.) at 96 h 

after IR, and a second dose at 3 weeks. At 24 h after the first dose, RT-qPCR revealed increased 

kidney levels of miR-486-5p (Figure S7). At that time point (120 h after kidney IR), kidney 

eNOS protein expression remained significantly increased in rats with IR alone, but not in rats 

with IR injury treated with miR-486-5p (Figure S7).  

In all rats subjected to kidney IR injury, plasma Cr and BUN were significantly increased 24 h 

after IR, with return towards baseline by 96 h, and complete recovery by 3 weeks, sustained to 

10 weeks (Figure S8). Late and repeated miR-486-5p dosing did not prevent development of 

kidney fibrosis or preserve capillary density at 10 weeks (Figure 11). Similarly, unlike the 

protective effect of early miR-486-5p treatment, delayed administration of miR-486-5p did not 

preserve Ach-mediated vasodilation in mesenteric arteries at 10 weeks (Figure 12).  
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Discussion 

Treatment options for AKI are limited (30). We previously showed that direct administration of 

miR-486-5p protects against kidney IR injury in mice, associated with downregulation of PTEN 
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expression (17). Although pre-clinical studies support the pro-angiogenic potential of miR-486-

5p (19, 20), an anti-angiogenic effect has been reported in cultured endothelial cells (21). 

Furthermore, persistent PTEN loss following kidney injury may promote dysfunctional tubule 

regeneration and fibrosis (18). We hypothesized that early administration of miR-486-5p would 

prevent ischemic AKI and the transition to CKD, with potential for delayed miR-486-5p 

administration to exert a negative impact on the vasculature. Our results indicate that miR-486-

5p protects against ischemic AKI in rat, associated with inhibition of ICAM-1 upregulation and 

decreased inflammatory cell infiltration. Early administration of miR-486-5p prevented 

peritubular capillary loss, interstitial fibrosis, and systemic endothelial dysfunction after 10 

weeks, whereas delayed administration of miR-486-5p after peak kidney injury had no impact on 

long term kidney or systemic vascular outcomes.  

The mechanism by which miR-486-5p prevents ischemic AKI remains unclear but may 

involve multiple gene targets. In the present studies, in situ hybridization localized miR-486-5p 

within rat proximal tubular cells and interstitial capillary endothelial cells, suggesting a direct 

effect of miR-486-5p on these cells. Although miR-486 levels are increased within mouse kidney 

macrophages after unilateral ureteral obstruction (31), we were unable to detect miR-486-5p in 

kidney macrophages in rats with ischemic injury alone or rats treated with scramble miR, 

suggesting that endogenous levels are below detectability by this method. Relatively few 

macrophages were present within kidneys from mice treated with miR-486-5p, precluding 

quantification by in situ hybridization. Taken together, our data suggest that macrophage miR-

486-5p is unlikely to contribute to the protective effect.   

We showed that miR-486-5p inhibited IR-induced upregulation of ICAM-1, eNOS, and 

VEGFA while preserving VEGFR2 expression. Since these are not predicted targets of miR-486-
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5p, the regulatory mechanism remains unknown. We previously identified differentially 

expressed genes involved in apoptosis and TNF-a signaling in proximal tubular cells from mice 

with kidney IR injury treated with miR-486-5p (17). In pre-clinical models of kidney (17) and 

cardiac (32, 33) IR injury, miR-486-5p decreases PTEN protein expression and inhibits 

apoptosis. miR-486-5p also transiently downregulated kidney PTEN mRNA at 4 h after kidney 

IR injury in mice (17), yet the present study found no effect of miR-486-5p on PTEN protein 

expression at 24 h after kidney IR injury in rat. It is plausible that early, transient downregulation 

of miR-486-5p target gene expression contributes to its protective effect while minimizing 

potential long-term negative consequences. In this regard, sustained PTEN knockdown in kidney 

IR injury confers a pro-fibrotic phenotype (18), while pharmacological inhibition of PTEN has 

been shown by Zhou et al to exacerbate ischemic kidney injury in mice (34).   

In kidney IR injury, outer medullary hypoperfusion exacerbates tubular epithelial cell 

injury and contributes to permanent peritubular capillary loss (35). Collett et al demonstrated that 

infusion of conditioned medium from endothelial-colony forming cells (ECFCs) protected 

against rat kidney IR injury and early loss of medullary blood flow, and inhibited IR-induced 

ICAM-1 expression (10). Interestingly, we previously showed that cord blood ECFC-derived 

conditioned medium contains small extracellular vesicles (exosomes) that inhibit ICAM-1 

upregulation in HUVECs subjected to H/R injury (24) and confer a protective effect against 

kidney IR injury in mice via exosomal transfer of miR-486-5p (16). In the present studies, miR-

486-5p preserved renal blood flow and attenuated endothelial injury as evidenced by inhibition 

of IR-induced ICAM-1 upregulation along with decreased inflammatory cell infiltration. 

Although ICAM-1 is not a predicted direct miR-486-5p target, miR-486-5p inhibited its 

upregulation in vivo and in vitro in transiently transfected HUVECs subjected to H/R injury. 
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These results strongly suggest that miR-486-5p preserves endothelial function by targeting 

pathways involved in endothelial cell activation and leukocyte adhesion/migration. Indeed, 

targeting of this pathway by miR-486-5p may represent an important mechanism for its 

protective effect in ischemic AKI. 

Although eNOS is also not a predicted direct target of miR-486-5p, its administration 

early or late after IR injury decreased total kidney eNOS expression compared to rats with IR 

alone. Other studies have reported IR-induced upregulated eNOS protein levels (36, 37), 

presumably as a protective mechanism to preserve kidney perfusion. Nitric oxide (NO) is an 

important regulator of kidney microvascular blood flow (38) with evidence for beneficial effects 

(5, 39-41) but also potential for worsening (42) in kidney IR injury. In this regard, both non-

selective NOS or eNOS inhibition decrease apoptosis after kidney IR injury, and eNOS activity 

has been linked to inducible NOS (iNOS) overexpression and increased apoptosis (43, 44). IR-

induced eNOS upregulation may also contribute to eNOS uncoupling, a phenomenon that results 

in superoxide and free radical production and scavenging of NO to form peroxynitrite (45, 46). 

Further, in mice, eNOS overexpression increased liver IR injury, inducing protein nitration, 

transaminitis, and apoptosis (47). Thus, it is plausible that inhibition of IR-induced eNOS 

expression by miR-486-5p might prevent injury related to reactive nitrogen species. On the other 

hand, our data indicate that miR-486-5p preserves endothelial function, and enhanced NO 

production as a response to IR may not be necessary. Further studies are required to determine 

role of miR-486-5p-induced inhibition of eNOS expression in the protective response to kidney 

IR injury.  

AKI is associated with long-term increased risk of systemic vascular disease and 

hypertension (48). Post-ischemic rats developed mesenteric artery dysfunction at 10 weeks, 
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while early administration of miR-486-5p preserved endothelium-dependent vasorelaxation. In 

mice, systemic vascular dysfunction with impaired endothelium-dependent vasorelaxation has 

been reported 4 weeks after kidney IR injury, with a role for activation of the endothelin system 

as mediator (29).  While the role of miR-486-5p in modulating the endothelin system after 

kidney IR injury is unknown, in human pulmonary artery smooth muscle cells miR-486-5p 

increased the expression and secretion of endothelin-1 (49). However, the effect of miR-486-5p 

on biological pathways via its target genes depends on cell type or experimental model (50).  

In this study, we showed that delayed administration of miR-486-5p at 96 h and 3 weeks after 

kidney IR injury did not prevent peritubular capillary rarefaction, development of 

tubulointerstitial fibrosis, or systemic endothelial dysfunction. In rats with kidney IR injury, 

Leonard et al. showed that VEGF administration preserved microvascular density when 

administered early post-IR but lacked effect on vessel recovery when administered late (3 weeks) 

after IR (36). miR-486-5p has an anti-fibrotic effect in pre-clinical models of pulmonary and 

cardiac fibrosis via targeting of Smad1/2 and inhibition of transforming growth factor (TGF)-b 

signaling (51, 52). The pathogenesis of tubulointerstitial fibrosis after kidney IR injury is likely 

complex beyond TGF-b signaling, involving permanent microvascular damage (13, 27) and 

release of inflammatory mediators such as high mobility group box-1 (HMGB1) from injured or 

necrotic tubular cells (53).  In mice, early delivery of miR-486-5p targets genes involved in 

injury pathways in kidney IR, including TNF-a signaling and apoptosis (17). In rat, we show that 

miR-486-5p inhibits endothelial activation and preserves endothelial function. Early 

administration of miR-486-5p after kidney IR injury is therefore critical to prevent permanent 

peritubular capillary loss and the transition to CKD, and indeed our data suggest this process is 

programmed to occur soon after reperfusion.  
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Our study has certain limitations. First, experiments were performed exclusively on male 

rats. In this regard however, in previous studies we showed that female mice are significantly 

less susceptible to kidney IR injury (54). Second, considerable variability in extent of injury 24 h 

after reperfusion was observed in the rat model of bilateral IR, a feature that is widely recognized 

(55). Third, we used a volatile anesthetic (isoflurane) in our rat kidney IR model, as such 

anesthetics are routinely administered in clinical practice, including cardiovascular surgeries that 

represent an important cause of kidney IR injury in humans. We recognize that volatile 

anesthetics have renoprotective effects (56), although we carefully controlled for this issue by 

providing all rats with the same anesthetic treatment. Fourth, SBP evaluation by non-invasive tail 

cuff plethysmography may not have been sensitive enough to detect mild but significant changes 

in blood pressure. Furthermore, laser doppler flowmetry is ideally suited for measuring relative 

blood flow changes, and not absolute flow.  

In summary, miR-486-5p administered as a single dose at the start of reperfusion protects 

against ischemic AKI in rat, preserves early endothelial function, prevents peritubular capillary 

loss and tubulointerstitial fibrosis and preserves endothelium-dependent vasorelaxation. Further, 

despite inhibition of eNOS protein expression, delayed administration of miR-486-5p after peak 

injury has no long-term adverse or protective effects. These results suggest that miR-486-5p is a 

promising treatment for the prevention of ischemic AKI and associated long-term complications.  
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Chapter 3: Manuscript II 
 

 
Connection to thesis: This manuscript evaluates the effect of miR-486-5p on eNOS expression 

in cultured endothelial cells and determines the impact of miR-486-5p-induced eNOS 

downregulation on endothelial cell function in vitro. The manuscript provides novel information 

regarding direct miR-486-5p targets in endothelial cells and introduces a pathway regulating 

eNOS expression and angiogenesis via its target MAML3.  These data suggest there could be 

potential for miR-486-5p to have negative effects on endothelial function, although this has not 

yet been shown in vivo.  
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Abstract 

Background: Kidney ischemia-reperfusion (I/R) is associated with endothelial injury. 

Administration of miRNA (miR)-486-5p protects against rat kidney I/R injury, with localization 

to capillary endothelial cells, although it inhibits I/R-induced endothelial nitric oxide synthase 

(eNOS) protein expression. Here, we studied the effect of miR-486-5p on eNOS and endothelial 

cell function and determined its mRNA targets. 

Methods: Human umbilical vein endothelial cells (HUVECs) were transfected with miR-486-5p 

mimic and assayed for proliferation, migration, and network formation. Biotinylated miR-486-5p 

was transfected for pulldown of bound mRNA, followed by RNA sequencing.  

Results: miR-486-5p markedly decreased eNOS mRNA and protein in HUVECs (p<0.0001) and 

decreased eNOS protein in human pulmonary microvascular endothelial cells (p<0.05), although 

eNOS was not a direct target of miR-486-5p. miR-486-5p inhibited angiogenesis, which was 

rescued with eNOS plasmid transfection. RNA sequencing of biotinylated miR-486-5p pulldown 

RNA revealed highly significant enrichment in predicted targets FOXO1, FOXP1, TNFSF4, 

MAML3, and CELSR3, and in the non-predicted target SPCS2. RT-qPCR validated these 

transcripts as inhibited by miR-486-5p. While silencing of FOXO1 had no impact on eNOS 

protein, MAML3 silencing inhibited eNOS levels.  

Conclusion: miR-486-5p inhibits angiogenesis in endothelial cells via eNOS down-regulation, 

which involves selective targeting of MAML3. These data support a novel pathway regulating 

endothelial cell function.   

 
Introduction  
 
MicroRNAs (miRNAs) are small non-coding RNAs, averaging 22 nucleotides in length, and are 

evolutionarily conserved post-transcriptional regulators of genes involved in key biological 
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processes including cell differentiation, growth, and proliferation (1).  More than 60% of human 

protein-coding genes are estimated to be miRNA targets (2).  miRNAs primarily regulate protein 

expression by binding the 3’ untranslated region (UTR) of target mRNA to induce post-

transcriptional gene silencing via mRNA degradation or inhibition of translation (1). However, 

other binding sites have been identified within 5’ UTRs, introns, and exons of mRNAs as well as 

non-mRNA targets including long non-coding and circular RNAs (3). In addition, individual 

miRNA exhibit distinct target binding patterns (3). Not surprisingly, studies aimed at identifying 

miRNA-mRNA interactions have identified hundreds to thousands of targets per miRNA (4-6).  

miR-486-5p is a muscle-enriched miRNA that regulates signaling pathways involved in 

apoptosis, cell proliferation, migration, and angiogenesis (7). Pre-clinical studies have 

demonstrated that miR-486-5p improves muscle function in muscular dystrophy (8), protects 

against skeletal muscle wasting (9, 10) and cardiac ischemia-reperfusion (I/R) injury (11), and 

attenuates pulmonary (12) and cardiac fibrosis (13).  We previously showed that both direct miR-

486-5p administration and exosomal transfer of miR-486-5p protected against kidney I/R injury 

in mice associated with down-regulation of its target gene phosphatase and tensin homolog 

(PTEN) and genes involved in apoptosis and inflammation (14, 15). miR-486-5p administered 

early to rats with kidney I/R localized to peritubular capillary endothelial cells and prevented 

development of late kidney fibrosis and systemic endothelial dysfunction after ischemic kidney 

injury (16).   

Despite its protective short and long-term effects in kidney I/R injury, in rats miR-486-5p 

unexpectedly inhibited I/R-induced upregulation of kidney endothelial nitric oxide synthase 

(eNOS) (16), suggesting potential adverse effects on vascular function.  In this regard, whether 

miR-486-5p directly affects angiogenesis is unclear. Administration of miR-486-5p to cultured 
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human umbilical vein endothelial cells (HUVECs) inhibited its target CADM1, resulting in 

increased cell permeability and invasion, without affecting angiogenesis (17), while in HUVEC 

spheroids, miR-486-5p inhibited sprouting angiogenesis (18). In contrast, exosomal miR-486-5p 

promoted angiogenesis in animal models of myocardial infarction (19), cutaneous wound healing 

(20), and ischemic stroke (21). Consequently, the effects of miR-486-5p on endothelial cell 

function are unclear and its mRNA targets remain undefined.  Here, we studied the effect of 

miR-486-5p on eNOS and endothelial cell function in vitro. Experiments were conducted in 

normoxic endothelial cells and with exposure to hypoxia-reoxygenation (H/R) to mimic I/R 

injury from our in vivo studies (14, 16). We also conducted a biotinylated miRNA pull-down 

assay to identify mRNA targets for miR-486-5p in cultured endothelial cells.  

 
Methods 
 
Cell culture  

HUVECs were purchased from American Type Culture Collection (PCS-100-013, ATCC, via 

Cedarlane Corp., Burlington, ON, Canada), and cultured at 37ºC in 5% CO2 in EBM2 medium 

supplemented with microvascular growth factors and 2% FBS (Lonza, Basel, Switzerland, 

catalog # CC-3156). HUVECs between passages 4-7 were used for all experiments. Human 

pulmonary microvascular endothelial cells (HPMECs) were purchased from ScienCellTM 

(Catalog # 3000, Carlsbad, CA, USA) and cultured at 37ºC in 5% CO2 in Endothelial Cell 

Medium (ScienCellTM catalog # 1001), supplemented with 5% FBS, growth supplement, and 

penicillin/streptomycin. Only HPMECs between passages 4-6 were used. For all functional 

assays and target validation experiments, HUVECs were transfected with 1 nM miRVanaTM miR-

486-5p mimic or scramble (scb) miRNA in lipofectamine RNAiMax (Thermo Fisher Scientific, 

Waltham, MA, USA). For miR-486-5p inhibition, HUVECs were transfected with 10 nM 
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miRVanaTM miR-486-5p inhibitor (Thermo Fisher Scientific). For gene silencing, HUVECs were 

transfected with 5 nM eNOS siRNA, 5 nM FOXO1 siRNA, or 10 nM MAML3 siRNA 

(SilencerSelect, Thermo Fisher).  

For H/R experiments, HUVECs were transfected with miR-486-5p or scb miRNA and after 24 hr 

were subjected to hypoxia (1% O2, 5% CO2, 94% N2) for 24 hr, followed by re-oxygenation in 

standard culture conditions for up to 24 hr.  

 

Immunoblot and phospho-kinase array 

At 48 hr post-transfection, HUVECs were lysed in radioimmunoprecipitation assay (RIPA) 

buffer or nuclear and cytoplasmic extraction (NETN) buffer (latter specifically for MAML3 

immunoblot). Lysates were resolved by SDS-polyacrylamide gel electrophoresis, transferred to 

nitrocellulose membranes, blocked in 5% milk for 1 hr, and incubated for 16 hr at 4ºC with 

primary antibody against eNOS (#32027), phospho-eNOS (#9571), FOXO1 (#2880), PTEN 

(#9552), (all 1:1000, Cell Signaling, Whitby, ON, Canada) or MAML3 (NB100-2129; 1:1000; 

Novus Biologicals, Toronto, ON, Canada). Membranes were incubated with primary antibody 

against glyceraldehyde-3-phosphate dehydrogenase (GAPDH,1:5000, Cell Signaling, #2118) for 

1 hr at room temperature. Washed membranes were incubated with horseradish peroxidase-

conjugated anti-rabbit secondary antibody (1:5000, Abcam, Toronto, ON, Canada) for 1 hr at 

room temperature, and visualized by chemiluminescence. Densitometry was performed using 

ImageJ software (NIH, Bethesda, MD, USA).  

 Screening for relative levels of phosphorylated protein kinases in HUVEC lysates from 

miR-486-5p or scb miRNA-transfected cells was performed using the Proteome Profiler 

Phospho-Kinase array kit as per manufacturer’s recommendations (Catalog # ARY003C, R&D 
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Systems Inc, Burlington, ON, Canada). Images were obtained using Image Lab Software (Bio-

Rad, Mississauga, ON, Canada). 

 

Luciferase reporter assay 

Reporter vectors containing Firefly and Renilla Luciferases with wild type or mutant eNOS 

3’UTR were obtained from Genecopeia (Rockville, MD, USA). The pEZX-MT06-eNOS 3’ 

UTR-f/rLuc or mutant eNOS 3’ UTR-f/rLuc vectors (50 ng) were transfected into HUVECs in a 

96-well plate with Lipofectamine 3000 alone, or with 10 nM miR-486-5p mirVana mimic 

(Thermo Fisher). Luciferase activity was determined after 24 hr using a Dual Luminescence 

assay kit (Genecopeia) by an Orion II microplate luminometer (Berthold Detection Systems, 

Pforzheim, Germany).  

 

5-bromo-2’-deoxyuridine (BrdU) cell proliferation assay 

Cell proliferation was evaluated by measuring BrdU incorporation during DNA synthesis (Cell 

Proliferation ELISA, BrdU (colorimetric), Roche, Laval, QC, Canada) as per the manufacturer’s 

protocol. HUVECs were seeded at a density of 7.5x103 cells per well (normoxia) or 5x103 cells 

per well (H/R) in a 96-well plate and transfected with 1 nM miR-486-5p, 1 nM scb miRNA, or 5 

nM eNOS siRNA in lipofectamine RNAiMax, or with lipofectamine alone. After 24 hr, the 

media was replaced. Normoxic cells were incubated for another 24 hr, and then labeled with 

10µM BrdU. For H/R, the cells were then placed in 1% O2 for 24 hr, followed by reoxygenation 

for 24 hr, and then labeled with 10µM BrdU. Normoxic and H/R HUVECs were incubated for 2 

hr at 37ºC for labeling. The labeling medium was removed, cells were dried at 60ºC for 1 hr, 

fixed, incubated with anti-BrdU for 90 min, washed, and incubated with substrate solution. After 
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15 min, absorbances were read at 370 nm with reference wavelength 492 nm. The data are 

presented as absorbance 370 nm minus absorbance 492 nm, normalized relative to untreated 

controls.  

 

Scratch wound assay 

HUVECs were seeded at a density of 1x104 cells per well onto a 96-well ImageLock plate 

(Sartorius, Ann Arbor, MI, USA) coated with an attachment factor (Thermo Fisher Scientific). 

Cells were transfected with 1 nM miR-486-5p, 1 nM scb miRNA, or 5 nM eNOS siRNA in 

Lipofectamine RNAiMax or with Lipofectamine alone for 24 hr. After another 24 hr of normoxia 

or 24 hr of hypoxia (1% O2), a WoundMaker (Sartorius) was used to create a uniform scratch in 

each well as per the manufacturer’s protocol. The plate was placed in the Incucyte S3 Live-Cell 

Analysis System (Sartorius), and images for cell migration were acquired every 2 hr for 24 hr. 

Wound area was determined using Image J (22).  

 

Matrigel network formation assay  

HUVECs were seeded into 6 well plates and transfected with 1 nM miR-486-5p, 1 nM scb 

miRNA, or 5 nM eNOS siRNA in Lipofectamine RNAiMax. To determine whether eNOS 

rescues in vitro network formation, HUVECs were reverse-transfected with miR-486-5p and 

eNOS plasmid together or with miR-486-5p and mutated eNOS S1179A plasmid. pcDNA3-

eNOS-GFP (23) and pcDNA-eNOS S1179A (24) were purchased from Addgene (# 22444 and 

#22485). In vitro network formation assays were performed 48 hr post-transfection. Briefly, each 

well of a 96 well plate was coated with 50µL of Matrigel (Corning, Bedford, MA, USA) and 

incubated at 37ºC for 30 min for polymerization. HUVECs were collected by trypsinization, 
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counted using Trypan Blue with a hemocytometer, and seeded at a density of 1.5x104 cells per 

well. At 4 hr, 8 hr, and 24 hr post-seeding, Tag Image File Format (TIFF) images of capillary-like 

networks were captured using a Zeiss Axio Image M2 microscope equipped with digital camera. 

For hypoxia, cells plated onto Matrigel were incubated in 1% O2 for 8 hours post-seeding, 

followed by imaging. Images were not quantified at 24 hr post-seeding (16 hr of reoxygenation) 

due to significant cell loss in Matrigel coated plates. Images were processed using the 

Angiogenesis function of ImageJ (25). 

 

Biotinylated miRNA pulldown 

3’ biotinylated miR-486-5p and 3’ biotinylated cel-miR-67 negative control were purchased from 

Horizon Discovery Biosciences (Waterbeach, Cambridge, UK). HUVECs were seeded into 10 

cm2 plates. The pulldown protocol was adapted from Wani et al (26)  and Martin et al (6). 3’Bi-

miR-486-5p or 3’-Bi-cel-miR were transfected in Lipofectamine RNAiMax at a final 

concentration of 10 nM.  After 24 hr, cells were lysed in ice-cold hypotonic lysis buffer (10 mM 

KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 7.5), 5 mM dithiothreitol (DTT), 0.5% Igepal CA-

630, 60 U/mL Superase-In RNase inhibitor (Thermo Fisher Scientific), and 1x protease inhibitor 

(MilliporeSigma, Oakville, ON, Canada)). Lysates were placed on dry ice for 5 min and allowed 

to thaw. Lysates were then centrifuged at 12,000 x g for 2 min at 4ºC to clear debris. The 

supernatants were transferred to clean 1.5 mL microfuge tubes, and NaCl was added to a final 

concentration of 1 M.  

 Streptavidin magnetic beads (Dynabeads MyOne Streptavidin C1, Thermo Fisher 

Scientific) were prepared on the day of transfection. 125 µL of MyOne C1 beads (per 600 pmol 

biotinylated RNA) were washed with 1x bead binding and wash buffer (5 mM Tris-HCl (pH 
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7.5), 0.5 mM EDTA, 1 M NaCl), and made RNase-free by incubating in Solution A (0.1 M 

NaOH, 0.05 M NaCl), then in Solution B (0.1 M NaCl) (26). Beads were blocked overnight at 

4ºC with 1 mg/mL Ultrapure bovine serum albumin and 1 mg/mL yeast tRNA (Thermo Fisher 

Scientific). The pre-blocked beads were incubated with lysate supernatant for 30 min at room 

temperature and then washed in hypotonic lysis buffer plus 1 M NaCl. After the last wash, the 

beads were resuspended in 100 µL nuclease-free water for RNA isolation.  

 

RNA isolation and RNA sequencing 

RNA was isolated with the miRNeasy micro kit (Qiagen Inc., Toronto, ON, Canada) with 

modifications to purify RNAs > 200 nucleotides. Briefly, 700 µL of Qiazol was added to the 

beads, followed by 140 µL of chloroform. After incubation at room temperature for 3 min, the 

samples were centrifuged at 12,000 x g for 15 min at 4ºC. For each sample, the aqueous phase 

was transferred to a new 1.5 mL microfuge tube containing 1x volume of 70% ethanol. The 

mixture was then transferred to a RNeasy micro-spin column and purified according to the 

manufacturer’s protocol. The RNA was eluted in 25 µL of nuclease-free water. RNA sample 

quality assessment was performed with the Fragment Analyzer (Agilent) and concentration 

measured with the Qubit 3.0 (Thermo Fisher Scientific).  Next-generation sequencing libraries 

were prepared with the Ultra II directional RNA kit (New England Biolabs Ltd., Ipswich, MA, 

USA) using 15 ng of RNA input.  Sequencing (RNA-Seq) was performed with the Nextseq 2000 

P2 100 cycle flow cell (Illumina, San Diego, CA, USA).  

 

Bioinformatics 
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After sequencing of pulldown RNA, the libraries were quantified using salmon v1.10.1 (27) in 

version 3.14.0 of the nf-core RNAseq pipeline (28). The gene/sample count matrix generated 

from salmon results was loaded into the R statistical analysis package and filtered to remove 

genes with no detected reads in any sample. Differential expression between biotinylated miR-

486-5p and biotinylated cel-miR-67 pulldown RNA was evaluated using DESeq2 (29). Principal 

component analysis (PCA) was performed using the DESeq2 plotPCA function. Given the 

expected lower level of biological variability between replicates, the alpha (FDR/q-value) cutoff 

parameter was set to 0.01. Raw fold changes were moderated using the ‘apeglm’ method for lfc 

shrinkage (30) in DESeq2; the presented log2FoldChange values represent these shrunken log 

fold change estimates. Significantly differentially expressed genes were identified using an 

adjusted p-value (padj; Benjamin-Hochberg corrected p-value) cut-off of 0.01. Predicted targets 

of miR-486-5p were obtained from the miRDB target prediction database (31, 32)  (downloaded 

2024-06-27).  

 

Real-time qPCR 

Total RNA was isolated from HUVECs 24 hr post-transfection using the miRNeasy micro kit 

(Qiagen). Reverse transcription and real-time qPCR for eNOS, FOXO1, FOXP1, TNFSF4, 

CELSR3, MAML3, SPCS2, and PTEN were performed via TaqManTM Gene Expression Assays 

(Life Technologies, Inc., Toronto, ON, Canada) using the Applied Biosystems 7300 real-time 

PCR system (Foster City, CA, USA). Endogenous GAPDH was used for normalization of 

mRNA levels. The relative levels of genes of interest were calculated using the 2-∆∆Ct method 

(33).   
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Statistical Analyses 

All experiments were performed in duplicate or triplicate technical replicates, with at least 3 

biological replicates. Results are expressed as mean ± SEM, and statistical comparisons were 

conducted using one- or two-way analysis of variance (ANOVA) with Tukey’s post-test as 

appropriate. Statistical analyses were performed with GraphPad Prism 10 (GraphPad Software, 

Inc., San Diego, CA, USA). Statistical significance was set at p<0.05. Statistical analysis of 

RNA-seq results is described above in ‘Bioinformatics’. 

 
Results 
 
miR-486-5p reduces eNOS mRNA and protein levels in cultured endothelial cells 

 
A phosphokinase array was first performed to screen for the impact of miR-486-5p mimic on 

protein phosphorylation in HUVECs. miR-486-5p decreased the levels of phosphorylated eNOS 

at serine 1177, but also had an inhibitory effect on the levels of several other phosphorylated 

kinases (Supplemental Figure 1). We then tested the effect of miR-486-5p transfection on eNOS 

mRNA and protein in HUVECs. At 1 nM or 10 nM, miR-486-5p markedly decreased eNOS 

mRNA and protein, as well as phospho-eNOS (S1177) protein levels (Figure 1a,b). We attempted 

miR-486-5p inhibition in HUVECs with miR-486-5p antagomir, although the Ct values for 

endogenous miR-486-5p indicated low levels, and a reduction in miR-486-5p with miR-486-5p 

antagomir was not demonstrated (data not shown). Furthermore, there was no effect of miR-486-

5p antagomir on eNOS protein levels, while eNOS silencing confirmed antibody specificity 

(Figure 1c). Accordingly, further experiments focused on a gain-of-function approach in 

endothelial cell functional assays. To determine if the inhibition of eNOS was specific to 

HUVECs, we studied the effect of miR-486-5p in a different endothelial cell line. In cultured 
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human pulmonary microvascular endothelial cells, miR-486-5p also significantly inhibited eNOS 

protein levels (Figure 1d). From the miRNA target prediction database (miRDB; 

https://mirdb.org) eNOS has not been identified as a predicted miR-486-5p target. We therefore 

conducted a luciferase reporter assay, which demonstrated that miR-486-5p does not directly 

target the eNOS 3’ UTR (Figure 1e).  
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Effect of miR-486-5p on HUVEC proliferation and migration  

We evaluated the functional effects of miR-486-5p in HUVECs under normoxic conditions and 

upon exposure to H/R. In either condition, miR-486-5p had no impact on cell proliferation, 

although selective knockdown with eNOS siRNA significantly inhibited this process (Figure 2a). 

HUVECs subjected to H/R exhibited decreased migration during re-oxygenation compared to 

normoxic cells (Figure 2b). Selective eNOS knockdown significantly inhibited cell migration 

under both conditions (Figure 2b). In contrast, miR-486-5p had no impact on cell migration in 

normoxia but tended to decrease migration by 24 hr in H/R (Figure 2b).  

 

Effect of miR-486-5p on network formation (angiogenesis)  

miR-486-5p transfection inhibited angiogenesis in normoxic HUVECs, with decreased number 

of network nodes at all time points post-seeding up to 24 hr (Figure 3a), and decreased network 

nodes after 8 hr of H/R (Figure 3b). eNOS siRNA transfection had a similar inhibitory effect on 

angiogenesis in normoxia and with H/R (Figure 3a,b). To determine the impact of miR-486-5p-

induced eNOS downregulation on HUVEC angiogenesis, we first treated cells with a nitric oxide 

(NO) donor to attempt to rescue the inhibitory effect of miR-486-5p. DETA-NONOate releases 

NO at a slow rate and has been shown to induce a pro-angiogenic response at 10 µM (34). At a 

concentration of 10 µM, DETA-NONOate did not rescue the inhibitory effects of miR-486-5p or 

eNOS siRNA, while at a higher dose (100 µM), it inhibited network formation (data not shown). 

Consequently, HUVECs were co-transfected with miR-486-5p and eNOS plasmid (to restore 

eNOS expression) for attempted rescue of impaired angiogenesis. eNOS plasmid transfection 

increased levels of eNOS protein in these cells (Supplemental Figure 2). Co-transfection of 

eNOS plasmid with miR-486-5p restored angiogenesis, with increased network nodes at 8 hr and  
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24 hr post-seeding (Figure 4a). In contrast, co-transfection with mutated eNOS at S1179A, 

lacking the phosphorylation site for activation, did not rescue the anti-angiogenic effect of miR-

486-5p (Figure 4b).  

 

Biotinylated miR-486-5p pulldown identifies miR-486-5p targets in HUVECs  

To identify potential targets of miR-486-5p that might mediate eNOS inhibition, HUVECs were 

transfected with biotinylated miR-486-5p or biotinylated cel-miR-67 negative control for 24 hr, 

followed by biotinylated RNA pulldown with streptavidin beads and RNA sequencing. Initial 

transcript mapping with filtering to remove genes that were not detected yielded a total 24,605 

genes. Principal component analysis (PCA) revealed a clear separation between the miR-486-5p 

and control RNA pulldowns (Figure 5). After DESEq2 normalization with a cut-off adjusted p-

value of 0.01, filtering out genes with low expression levels (7,631 genes, 31%) and genes with 
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extreme outlier replicates (126 genes, 0.5%), we retained 2,325 significantly differentially 

expressed genes. Of these, 1,729 had higher abundance and 596 lower abundance in the miR-

486-5p pulldown (Supplemental File 1).  

 

Comparing RNA-seq results to predicted miR-486-5p targets from miRDB (331 

predicted targets), 40 transcripts (12% of predicted targets) were identified as having a fold 

change significantly different from zero and enriched in the miR-486-5p pulldown compared to 

control. Thus, the majority of genes (1,689/1,729, 97.7%) identified as enriched in the miR-486-

5p pulldown are not found in the miRDB predicted target database. From predicted miR-486-5p 

targets, the ones most significantly increased in the miR-486-5p pulldown included FOXO1, 

ZNF37A, TNFSF4, FOXP1, RASSF3, GLIPR2, and GOLGA3, while CELSR3 had the highest 

fold change (Table 1, Figure 5). Notably, the most statistically significantly enriched transcript 
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from the miR-486-5p pulldown RNA was SPCS2, which is not a predicted target of miR-486-5p 

(Figure 5). As expected, eNOS mRNA was not identified in the pulldown.  

 

 

We selected transcripts for validation by qPCR based on their adjusted p-values and log 

fold changes. HUVECs were transfected with 1 nM miR-486-5p mimic or scb miRNA, and total 

RNA was isolated after 24 hr. FOXO1, FOXP1, TNFS4, MAML3, CELSR3 and SPCS2 mRNAs 

were significantly decreased by miR-486-5p (Figure 6). PTEN mRNA, a validated miR-486-5p 

target reported in several studies including kidney (15) and cardiac I/R injury (11, 35), skeletal 

muscle disorders (36), and ischemic stroke (21), was not identified in our miR-486-5p pulldown. 

Although miR-486-5p mimic transfection in HUVECs did not decrease PTEN mRNA across a 

range of concentrations, a small decrease in PTEN protein levels was observed (Supplemental 

Figure 3).  

 

 



 75 

 

Selective knockdown of MAML3 inhibits eNOS protein expression 

We used our miR-486-5p pulldown data to probe the link between miR-486-5p and eNOS 

expression. FOXO1 regulates eNOS transcription (37), and FOXO1 protein levels are 

significantly inhibited by miR-486-5p (Figure 7a). siRNA-mediated FOXO1 knockdown had no 

statistically significant impact on eNOS protein levels, although there was a trend towards 

increased eNOS protein (Figure 7b). MAML3 knockdown inhibits angiogenesis linked to miR-

486-5p (18), and MAML3 is a positive regulator of eNOS activation (38). We show that miR-

486-5p significantly decreased MAML3 mRNA (Figure 6) and protein levels (Figure 7c). In 

contrast to FOXO1, siRNA-mediated MAML3 knockdown in HUVECs significantly inhibited 

eNOS protein expression (Figure 7d).  
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Discussion  
 
Angiogenesis is the biological process of new blood vessel formation from existing ones (39). 

Tight regulation of angiogenesis is critical because while this process is physiological during 

embryogenesis, wound healing, and I/R injury, it can be pathological in other contexts such as 

diabetic retinopathy, tumour growth and metastases (39). In this regard, regulatory miRNA 

networks play an important role in the temporal coordination of angiogenic processes in 

endothelial cells including proliferation and migration (40). miR-486-5p has been reported to 

have variable effects on angiogenesis, depending on cell type, target organ or direct delivery 

versus exosomal transfer (18-21). On the other hand, eNOS, which generates nitric oxide (NO), 
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is a major regulator of endothelial function (41) and stimulates angiogenesis (42). Here, we 

demonstrate that administration of miR-486-5p mimic to cultured endothelial cells reduces 

eNOS protein expression and inhibits angiogenesis. Inhibition of eNOS expression was observed 

in two cell lines, suggesting conservation of effect across human endothelial cell types. The 

inhibitory effect of miR-486-5p on angiogenesis was rescued by co-transfecting eNOS plasmid. 

Although our data cannot completely exclude an effect of miR-486-5p on kinases targeting 

eNOS phosphorylation (S1177), our phosphokinase array revealed no significant differences in 

the levels of phosphorylated Akt (S473, T308) or in checkpoint kinase (Chk-2) by miR-486-5p, 

and kinases targeting eNOS phosphorylation (S1177) were not enriched in the miR-486-5p pull-

down RNA. Taken together, these data suggest that the anti-angiogenic effect of miR-486-5p is 

mediated through inhibition of eNOS expression. Finally, since eNOS mRNA is not a direct 

target of miR-486-5p, biotinylated miRNA pull-down of transcripts was conducted to identify a 

potential pathway regulating eNOS expression.   We identified MAML3 as a highly enriched 

target of miR-486-5p, and its silencing significantly inhibited eNOS protein expression. These 

data suggest a pathway whereby miR-486-5p targets MAML3 mRNA, leading to inhibition of 

eNOS expression and reduction in angiogenesis. 

MAML3 is a nuclear protein that functions as a transcriptional co-activator for Notch 

signaling, a highly conserved pathway that influences cell fate decisions (43), organogenesis, and 

tumour angiogenesis (38). Notch signaling activates eNOS during embryonic cardiac 

development (44). In a mouse model, Patenaude et al demonstrated that endothelial Notch was 

required for tumour growth and perfusion in response to vascular endothelial growth factor 

(VEGF) by regulating eNOS activation (38). Rosano et al showed that long non-coding RNA 

LINC02802 promotes sprouting angiogenesis in HUVECs by acting as a competing endogenous 
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RNA for miR-486-5p (18). Furthermore, overexpression of MAML3 counter-acted miR-486-5p’s 

inhibitory effect, supporting a role for Notch signaling in angiogenesis (18).  Our data in 

HUVECs are in concordance with Rosano et al (18) although the mechanism by which miR-486-

5p targeting of endothelial MAML3 regulates eNOS expression and NOTCH signaling requires 

further study. 

 
 Unexpectedly, we found that miR-486-5p had no significant effect on endothelial cell 

migration or proliferation while selective eNOS knockdown inhibited both processes.  Although 

we focused on MAML3, individual miRNAs have numerous gene targets. For example, we 

validated that miR-486-5p decreased FOXO1 mRNA and protein levels, but also showed that 

silencing of FOXO1 had no statistically significant impact on eNOS protein levels, although 

there was a trend towards increased eNOS protein levels. FOXO1 is a transcription factor 

involved in the regulation of cell proliferation, apoptosis, and metabolism (45). Endothelial-

specific deletion of FOXO1 in mice increased endothelial cell proliferation whereas 

overexpression restricted vascular expansion, thus implicating FOXO1 as a regulator of vascular 

growth (46). In addition, a study of postnatal neovascularization demonstrated that FOXO1 

bound the eNOS promoter, inhibited eNOS protein expression, and inhibited angiogenesis in 

cultured endothelial cells (47). Thus, targeting of FOXO1 by miR-486-5p could plausibly 

compensate for the functional consequences of miR-486-5p-mediated eNOS inhibition, although 

the effect of FOXO1 on NO production remains unknown. Consequently, the absence of effect of 

miR-486-5p on endothelial cell proliferation or migration could be due to targeting of FOXO1 

(or other targets) involved in these cellular processes. 

Several techniques are available to probe for miRNA-mRNA interactions. High-

throughput sequencing of RNAs isolated by crosslinking immunoprecipitation (HITS-CLIP) (48) 
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and photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-

CLIP) (4) identify mRNA fragments bound to Argonaute proteins, but, infer interactions between 

protein bound mRNAs and miRNAs bioinformatically (6). In contrast, the method used here, 

involving transfection of biotinylated miRNA followed by streptavidin purification and RNA 

sequencing of bound mRNA identifies transcripts with a high degree of specificity (49, 50). The 

number of transcripts enriched in our pulldown RNA is consistent with other studies that used 

either biotinylated miRNA pulldown (6) or other target identification approaches (4). For 

instance, Martin et al used the biotin pulldown technique on ten miRNAs, identifying an average 

of 1,500 genes per miRNA that were significantly enriched in the pulldown RNA, with the 

majority as non-predicted targets (6).  

False positive targets could arise from non-specific interactions, but the complexity of 

miRNA-mRNA interactions also provides a plausible explanation for the large number of 

transcripts enriched in the miR-486-5p pull-down RNA, exceeding the predicted targets from 

miRDB (331 transcripts, 40 of which were identified in our pull-down). Similarly, a study by Tan 

et al used biotinylated miR-522 pulldown and identified 547 enriched transcripts, of which only 

53 were predicted by TargetScan (49). Although canonical binding involves the miRNA seed in 

its 5’ region (nucleotides 2-7), the presence of imperfect seed matches has been reported (51). 

Other miRNA responsive elements (MREs) for miRNA/mRNA pairing include miRNA centered 

sites (52), and extended base pairing within the 3’ region of miRNA, known as 3’ supplemental 

binding (53) or 3’ compensatory binding (2). MREs have also been identified within 5’ UTRs (3) 

and within coding regions (3, 54). In this regard, Martin et al showed that 82.7% of their 

significantly enriched transcripts contained a seed or centered miRNA binding site, suggesting 

that this approach identifies miRNA targets with high sensitivity while minimizing false positive 
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target identification (6). In the current studies, we identified SPCS2 as a highly enriched target, 

although it is absent from miR-486-5p target prediction databases. However, manual analysis of 

the SPCS2 3’ UTR sequence (UCSC Genome Browser, https://genome.ucsc.edu) reveals that it 

contains a binding site to the miR-486-5p seed region (position 2-7 from the 5’ end of miR-486-

5p). Consequently, our miR-486-5p pulldown RNA-seq data are likely to include novel miR-

486-5p targets in cultured endothelial cells.  

 
We acknowledge certain limitations of our study due to cell model and other 

methodologies. HUVECs are macrovascular endothelial cells and are therefore not the ideal 

model to recapitulate microcirculatory pathophysiology (55) and our study provides limited data 

on pulmonary microvascular endothelial cells. Biotinylated miRNA pulldown can detect targets 

that are translationally repressed but is less likely to detect targets that are degraded (6). In this 

regard, inhibition of PTEN protein by miR-486-5p has been reported in cardiomyocytes (11), 

skeletal muscle (36), brain microvascular endothelial cells (21), and in HUVECs subjected to 

H/R and treated with exosomes enriched in miR-486-5p (15). However, PTEN was not enriched 

in our pulldown RNA. Given there was a trend for decreased PTEN protein levels by miR-486-

5p, transcript degradation remains a possibility. Other considerations include the effects of cell 

type (7, 56) and cellular environment (57) on miRNA-target interactions and cellular functions. 

In addition, changes in mRNA or protein levels also depend on rates of transcription (58) and 

protein stability or half-life (59). Finally, administration of exogenous miRNA mimic in vitro 

could account for reported differences in miR-486-5p targets and functions.  For example, only 

exosomal miR-486-5p confers pro-angiogenic effects across diverse experimental models (19-

21), in contrast to the inhibitory effects of miR-486-5p mimic in the present studies, suggesting 

other cargo within exosomes such as the RNA-induced silencing complex (RISC) along with the 
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transferred miRNA.  Transfection of exogenous miRNA mimic in vitro delivers 

supraphysiological levels that compete for the RISC, reducing the availability of miRNA binding 

proteins for endogenous miRNAs (57). Consequently, administration of exogenous miRNAs may 

reduce the effectiveness of endogenous miRNA target gene repression (60).  

 
In summary, we show that miR-486-5p inhibits angiogenesis in HUVECs, mediated by 

down-regulation of eNOS expression. Biotinylated miR-486-5p pulldown identified an 

enrichment of multiple transcripts in HUVECs, reflecting both predicted and novel targets. 

Targeting of MAML3 by miR-486-5p contributes to inhibition of eNOS expression and thereby 

angiogenesis, implicating the Notch pathway as a regulator of eNOS expression and endothelial 

cell function.   

 
 
Data availability statement 

The data set from the biotinylated miR-486-5p pull-down RNA sequencing is available from the 

GEO repository (GSE281065). All data are available by contacting the corresponding author.  

 

Funding 

This study was supported by a grant to K.D.B. from the Canadian Institutes of Health Research 

(CIHR) [grant number 388364], and by funds from the Jones Family Foundation at The Ottawa 

Hospital Foundation.  

 

Acknowledgements: 

The authors would like to acknowledge the assistance of StemCore Laboratories Genomics Core 

Facility for library preparation and RNA sequencing (OHRI, uOttawa), RRID:SCR_012601. The 



 82 

authors also acknowledge the Cell Biology and Image Acquisition Core (RRID: SCR_021845). 

The authors thank Dr. Julie Ouellette from Dr. Baptiste Lacoste’s laboratory (Ottawa Hospital 

Research Institute) for the in vitro Matrigel-based network formation assay protocol, and Dr. Ana 

Dias from Dr. Balwant Tuana’s laboratory (University of Ottawa, Department of Cellular and 

Molecular Medicine) for assistance with plasmid preparation.   

 

Author’s contributions: This study was conceived and designed by KDB and AD. AD and AM 

conducted experiments and performed data analyses. CJP performed bioinformatic analyses and 

contributed to manuscript preparation. AD drafted the initial manuscript. AD, AM, CJP, DB, and 

KDB contributed to manuscript review and editing. All authors reviewed and approved the final 

manuscript. KDB is the guarantor of the manuscript.  

 
 
Conflict of interest statement: The authors have no conflict of interest to declare. 
 
Additional information supplemental data figures are provided in Appendix B.  
 
 
 
References: 
 
 
1. Jonas S and Izaurralde E. Towards a molecular understanding of microRNA-
mediated gene silencing. Nature Reviews Genetics 2015; 16: 421-433. DOI: 
https://doi.org/10.1038/nrg3965. 
2. Friedman RC, Farh KK-H, Burge CB, et al. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome Research 2009; 19: 92-105. DOI: 
https://doi.org/10.1101/gr.082701.108. 
3. Broughton JP, Lovci MT, Huang JL, et al. Pairing beyond the Seed Supports MicroRNA 
Targeting Specificity. Molecular Cell 2016; 64: 320-333. DOI: 
http://dx.doi.org/10.1016/j.molcel.2016.09.004. 
4. Hafner M, Landthaler M, Burger L, et al. Transcriptome-wide identification of RNA-
binding protein and microRNA target sites by PAR-CLIP. Cell 2010; 141: 129-141. DOI: 
https://doi.org/10.1016/j.cell.2010.03.009. 



 83 

5. Lal A, Thomas MP, Altschuler G, et al. Capture of MicroRNA–Bound mRNAs 
Identifies the Tumor Suppressor miR-34a as a Regulator of Growth Factor Signaling. PLoS 
Genet 2011; 7: e1002363. DOI: https://doi.org/10.1371/journal.pgen.1002363. 
6. Martin HC, Wani S, Steptoe AL, et al. Imperfect centered miRNA binding sites are 
common and can mediate repression of target mRNAs. Genome Biology 2014; 15: R51. 
DOI: https://doi.org/10.1186/gb-2014-15-3-r51. 
7. Douvris A, Viñas JL and Burns KD. miRNA-486-5p: signaling targets and role in non-
malignant disease. Cellular and Molecular Life Sciences 2022; 79. DOI: 
https://doi.org/10.1007/s00018-022-04406-y. 
8. Alexander MS, Casar JC, Motohashi N, et al. MicroRNA-486–dependent modulation 
of DOCK3/PTEN/AKT signaling pathways 
improves muscular dystrophy–associated symptoms. J Clin Invest 2014; 124: 2651-2667. 
DOI: https://doi.org/10.1172/JCI73579. 
9. Li Z, Liu C, Li S, et al. BMSC-Derived Exosomes Inhibit Dexamethasone- Induced 
Muscle Atrophy via the miR-486-5p/FoxO1 Axis. Front Endocrinol 2021; 12: 681267. DOI: 
https://doi.org/10.3389/fendo.2021.681267. 
10. Xu J, Li R, Workeneh B, et al. Transcription factor FoxO1, the dominant mediator of 
muscle wasting in chronic kidney disease, is inhibited by microRNA-486. Kidney 
International 2012; 82: 401-411. DOI: https://doi.org/10.1038/ki.2012.84. 
11. Bei Y, Lu D, Bär C, et al. miR-486 attenuates cardiac ischemia/reperfusion injury and 
mediates the beneficial egect of exercise for myocardial protection. Molecular Therapy 
2022; 30: 1675-1691. DOI: https://doi.org/10.1016/j.ymthe.2022.01.031. 
12. Ji X, Wu B, Fan J, et al. The Anti-fibrotic Egects and Mechanisms of MicroRNA-486-
5p in Pulmonary Fibrosis. Scientific Reports 2015; 5: 14131. DOI: 
https://doi.org/10.1038/srep14131. 
13. Zhao H, Yang H, Geng C, et al. Elevated IgE promotes cardiac fibrosis by suppressing 
miR-486a-5p. Theranostics 2021; 11: 7600-7615. DOI: https://doi.org/10.7150/thno.47845. 
14. Viñas JL, Spence M, Porter CJ, et al. micro-RNA-486-5p protects against kidney 
ischemic injury and modifies the apoptotic transcriptome in proximal tubules. Kidney 
International 2021; 100: 597-612. DOI: 10.1016/j.kint.2021.05.034. 
15. Viñas JL, Burger D, Zimpelmann J, et al. Transfer of microRNA-486-5p from human 
endothelial colony forming cell–derived exosomes reduces ischemic kidney injury. Kidney 
International 2016; 90: 1238-1250. DOI: 10.1016/j.kint.2016.07.015. 
16. Douvris A, Viñas JL, Gutsol A, et al. miR-486-5p protects against rat ischemic kidney 
injury and prevents the transition to chronic kidney disease and vascular dysfunction. 
Clinical Science 2024; 138: 599-614. DOI: https://doi.org/10.1042/CS20231752. 
17. Sun B, Han Y and Shi M. Stromal-derived miR-486-5p promotes metastasis of non-
small-cell lung cancer cells by targeting the CADM1/tight junctions axis in vascular 
endothelial cells. Cell Biol Int 2021; 45: 849-857. DOI: https://doi.org/10.1002/cbin.11531. 
18. Rosano S, Parab S, Noghero A, et al. Long Non-Coding RNA LINC02802 Regulates In 
Vitro Sprouting Angiogenesis by Sponging microRNA-486-5p. Int J Mol Sci 2022; 23: 1653. 
DOI: 10.3390/ijms23031653. 



 84 

19. Li Q, Xu Y, Lv K, et al. Small extracellular vesicles containing miR-486-5p promote 
angiogenesis after myocardial infarction in mice and nonhuman primates. Sci Transl Med 
2021; 13: eabb0202. DOI: 10.1126/scitranslmed.abb0202. 
20. Lu Y, Wen H, Huang J, et al. Extracellular vesicle-enclosed miR-486-5p mediates 
wound healing with adipose derived stem cells by promoting angiogenesis. J Cell Mol Med 
2020; 00: 1-15. DOI: 10.1111/jcmm.15387. 
21. Bao H, Mao S, Hu X, et al. Exosomal miR-486 derived from bone marrow 
mesenchymal stem cells promotes angiogenesis following cerebral ischemic injury by 
regulating the PTEN/Akt pathway. Scientific Reports 2024; 14: 18086. DOI: 
https://doi.org/10.1038/s41598-024-69172-2. 
22. Suarez-Arnedo A, Figueroa FT, Clavijo C, et al. An image J plugin for the high 
throughput image analysis of in vitro scratch wound healing assays. PLoS ONE 2020; 15: 
e0232565. DOI: https://doi.org/10.1371/journal.pone.0232565. 
23. Sowa G, Liu J, Papapetropoulos A, et al. Tragicking of Endothelial Nitric-oxide 
Synthase in Living Cells. J Biol Chem 1999; 274: 22524-22531. DOI: 
https://doi.org/10.1074/jbc.274.32.22524. 
24. Fulton D, Gratton J-P, McCabe TJ, et al. Regulation of endothelium-derived nitric 
oxide production by the protein kinase Akt. Nature 1999; 399: 597-601. DOI: 
https://doi.org/10.1038/21218. 
25. Carpentier G. Contribution: angiogenesis analyzer. ImageJ News 2012; 5. 
26. Wani S and Cloonan N. Profiling direct mRNA-microRNA interactions using 
synthetic biotinylated microRNA-duplexes. bioRxiv 2014. DOI: 
https://doi.org/10.1101/005439. 
27. Patro R, Duggal G, Love MI, et al. Salmon: fast and bias-aware quantification of 
transcript expression using dual-phase inference. Nat Methods 2017; 14: 417-419. DOI: 
https://doi.org/10.1038/nmeth.4197. 
28. Ewels PA, Peltzer A, Fillinger S, et al. The nf-core framework for community-curated 
bioinformatics pipelines. Nat Biotechnol 2020; 38: 276-278. DOI: 
https://doi.org/10.1038/s41587-020-0439-x. 
29. Love MI, Huber W and Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biology 2014; 15: 550. DOI: 
https://doi.org/10.1186/s13059-014-0550-8. 
30. Zhu A, Ibrahim JG and Love MI. Heavy-tailed prior distributions for sequence count 
data: removing the noise and preserving large digerences. Bioinformatics 2018. DOI: 
https://doi.org/10.1093/bioinformatics/bty895. 
31. Liu W and Wang X. Prediction of functional microRNA targets by integrative 
modeling of microRNA binding and target expression data. Genome Biology 2019; 20: 18. 
32. Chen Y and Wang X. miRDB: an online database for prediction of functional 
microRNA target. Nucleic Acids Research 2020; 48: D127-D131. 
33. Pfagl MW. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research 2001; 29: e45. DOI: https://doi.org/10.1093/nar/29.9.e45. 
34. Ridnour LA, Isenberg JS, Espey MG, et al. Nitric oxide regulates angiogenesis 
through a functional switch involving thrombospondin-1. PNAS 2005; 102: 13147-13152. 
DOI: https://doi.org/10.1073/pnas.0502979102. 



 85 

35. Zhu H-h, Wang X-t, Sun Y-h, et al. MicroRNA-486-5p targeting PTEN Protects Against 
Coronary Microembolization-Induced Cardiomyocyte Apoptosis in Rats by activating the 
PI3K/AKT pathway. European Journal of Pharmacology 2019; 855: 244-251. DOI: 
https://doi.org/10.1016/j.ejphar.2019.03.045. 
36. Alexander MS, Casar JC, Motohashi N, et al. Regulation of DMD pathology by an 
ankyrin-encoded miRNA. Skeletal Muscle 2011; 1: 27. DOI: https://doi.org/10.1186/2044-
5040-1-27. 
37. Xia N, Strand S, Schlufter F, et al. Role of SIRT1 and FOXO factors in eNOS 
transcriptional activation by resveratrol. Nitric Oxide 2013; 32: 29-35. DOI: 
http://dx.doi.org/10.1016/j.niox.2013.04.001. 
38. Patenaude A, Fuller M, Chang L, et al. Endothelial-Specific Notch Blockade Inhibits 
Vascular Function and Tumor Growth through an eNOS-Dependent Mechanism. Cancer 
Res 2014; 74: 2402-2411. DOI: https://doi.org/10.1158/0008-5472.CAN-12-4038. 
39. Walsh DA. Pathophysiological Mechanisms of Angiogenesis. Advances in Clinical 
Chemistry 2007; 44: 187-212. DOI: https://doi.org/10.1016/S0065-2423(07)44006-9. 
40. Rosano S, Corà D, Parab S, et al. A regulatory microRNA network controls 
endothelial cell phenotypic switch during sprouting angiogenesis. eLife 2020; 9: e48095. 
DOI: https://doi.org/10.7554/eLife.48095. 
41. Fulton DJR. Transcriptional and Posttranslational Regulation of eNOS in the 
Endothelium. Advances in Pharmacology 2016; 77: 29-51. DOI: 
http://dx.doi.org/10.1016/bs.apha.2016.04.001. 
42. Smith TL, Oubaha M, Cagnone G, et al. eNOS controls angiogenic sprouting and 
retinal neovascularization through the regulation of endothelial cell polarity. Cellular and 
Molecular Life Sciences 2022; 79: 37. DOI: https://doi.org/10.1007/s00018-021-04042-y. 
43. Wu L, Sun T, Kobayashi K, et al. Identification of a Family of Mastermind-Like 
Transcriptional Coactivators for Mammalian Notch Receptors. Molecular and Cellular 
Biology 2002; 22: 7688-7700. DOI: https://doi.org/10.1128/MCB.22.21.7688–7700.2002. 
44. Chang ACY, Fu Y, Garside VC, et al. Notch Initiates the Endothelial-to-Mesenchymal 
Transition in the Atrioventricular Canal through Autocrine Activation of Soluble Guanylyl 
Cyclase. Developmental Cell 2011; 21: 288-300. DOI: 
https://doi.org/10.1016/j.devcel.2011.06.022. 
45. Tzivion G, Dobson M and Ramakrishnan G. FoxO transcription factors; Regulation by 
AKT and 14-3-3 proteins. Biochim Biophys Acta 2011; 1813: 1938-1945. DOI: 
https://doi.org/10.1016/j.bbamcr.2011.06.002. 
46. Wilhelm K, Happel K, Eelen G, et al. FOXO1 couples metabolic activity and growth 
state in the vascular endothelium. Nature 2016; 529: 216-220. DOI: 
https://doi.org/10.1038/nature16498. 
47. Potente M, Urbich C, Sasaki K-i, et al. Involvement of Foxo transcription factors in 
angiogenesis and postnatal neovascularization. J Clin Invest 2005; 115: 2382-2392. DOI: 
https://doi.org/10.1172/JCI23126. 
48. Chi SW, Zang JB, Mele A, et al. Argonaute HITS-CLIP decodes microRNA-mRNA 
interaction maps. Nature 2009; 460: 479-486. DOI: https://doi.org/10.1038/nature08170. 



 86 

49. Tan SM, Kirchner R, Jin J, et al. Sequencing of Captive Target Transcripts Identifies 
the Network of Regulated Genes and Functions of Primate-Specific miR-522. Cell Reports 
2014; 8: 1225-1239. DOI: http://dx.doi.org/10.1016/j.celrep.2014.07.023. 
50. Tan SM and Lieberman J. Capture and Identification of miRNA Targets by Biotin 
Pulldown and RNA-seq. Methods Mol Biol 2016; 1358: 211-228. DOI: 
https://doi.org/10.1007/978-1-4939-3067-8_13. 
51. Moore MJ, Scheel TKH, Luna JM, et al. miRNA–target chimeras reveal miRNA 3’-end 
pairing as a major determinant of Argonaute target specificity. Nature Communications 
2015; 6: 8864. DOI: https://doi.org/10.1038/ncomms9864. 
52. Shin C, Nam J-W, Farh KK-H, et al. Expanding the MicroRNA Targeting Code: 
Functional Sites with Centered Pairing. Molecular Cell 2010; 38: 789-802. DOI: 
https://doi.org/10.1016/j.molcel.2010.06.005. 
53. Grimson A, Farh KK-H, Johnston WK, et al. MicroRNA Targeting Specificity in 
Mammals: Determinants Beyond Seed Pairing. Mol Cell 2007; 27: 91-105. DOI: 
https://doi.org/10.1016/j.molcel.2007.06.017. 
54. Zhang K, Zhang X, Cai Z, et al. A Novel Class of MicroRNA Recognition Elements That 
Function Only in Open Reading Frames. Nat Struct Mol Biol 2018; 25: 1019-1027. DOI: 
https://doi.org/10.1038/s41594-018-0136-3. 
55. Chi J-T, Chang HY, Haraldsen G, et al. Endothelial cell diversity revealed by global 
expression profiling. Proc Natl Acad Sci USA 2005; 100: 10623-10628. DOI: 
https://doi.org/10.1073pnas.1434429100. 
56. Kohram F, Fallah P, Shamsara M, et al. Cell type-dependent functions of microRNA-
92a. J Cell Biochem 2018; 119: 5798-5804. DOI: https://doi.org/10.1002/jcb.26765. 
57. Diener C, Keller A and Meese E. The miRNA-target interactions: An underestimated 
intricacy. Nucleic Acids Research 2024; 52: 1544-1557. DOI: 
https://doi.org/10.1093/nar/gkad1142. 
58. Cloonan N, Brown MK, Steptoe AL, et al. The miR-17-5p microRNA is a key regulator 
of the G1/S phase cell cycle transition. Genome Biology 2008; 9: R127. DOI: 
https://doi.org/10.1186/gb-2008-9-8-r127. 
59. Schwanhäusser B, Busse D, Li N, et al. Global quantification of mammalian gene 
expression control. Nature 2011; 473: 337-342. DOI: https://doi.org/10.1038/nature10098. 
60. Khan AA, Betel D, Miller ML, et al. Transfection of small RNAs globally perturbs gene 
regulation by endogenous microRNAs. Nat Biotechnol 2009; 27: 549-555. DOI: 
https://doi.org/10.1038/nbt.1543. 
 

 

 

 

 
 



 87 

Chapter 4: Manuscript III 
 

 
Connection to thesis: This manuscript is a systematic review of dysregulated miRNAs in human 

AKI. The manuscript identified the most frequently reported dysregulated miRNAs within and 

across categories of AKI that have potential as AKI biomarkers and as candidates for further 

mechanistic studies. The manuscript also reports on important limitations that impact the 

interpretation of results due to study design, methodological, and data normalization factors. 

Thus, these findings can help inform study design for higher quality clinical studies in this area.  

 
Manuscript status: published in Renal Failure (PMID: 39477814) 
 

Author Contributions: Kevin D. Burns conceptualized the study. Risa Shorr, Adrianna Douvris, 

and Kevin D. Burns designed and conducted the literature search strategy. Adrianna Douvris, 

José L. Viñas, Shareef Akbari, Karishma Tailor, Dylan Burger and Kevin D. Burns conducted 

study screening, data extraction and quality assessment in pairs. Adrianna Douvris conducted 

qualitative data analyses and drafted the initial manuscript.  Manoj M. Lalu provided important 

input on study design and data analysis. Adrianna Douvris, Dylan Burger, Manoj M. Lalu, and 

Kevin D. Burns contributed to manuscript review and editing. All authors approved the final 

version. Kevin D. Burns is the guarantor of the manuscript.  

 

 

 

 

 
 
 



 88 

Systematic Review of MicroRNAs in Human Acute Kidney Injury 
 

Adrianna Douvris1,2, Jose L. Viñas1. Shareef Akbari3, Karishma Tailor1, Manoj M. Lalu4, Dylan 
Burger1,2, and Kevin D. Burns1,2 

 
Affiliations 

1. Division of Nephrology, Department of Medicine and Kidney Research Centre, Ottawa 
Hospital Research Institute, University of Ottawa 

2. Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, ON, 
Canada 

3. Division of Nephrology, Department of Medicine, McMaster University, Hamilton, ON, 
Canada 

4. Department of Anesthesiology and Pain Medicine, Clinical Epidemiology and 
Regenerative Medicine Program, Blueprint Translational Research Group, The Ottawa 
Hospital Research Institute, The University of Ottawa and The Ottawa Hospital, Ottawa, 
ON, Canada  

 
ORCID ID for authors: 
Adrianna Douvris: 0000-0001-9578-9785 
Jose L. Viñas: 0000-0001-7770-7133 
Manoj M. Lalu: 0000-0002-0322-382X 
Dylan Burger: 0000-0003-3951-2911  
Kevin D. Burns: 0000-0002-1482-5826 
 
 
Correspondence:  Kevin D. Burns MD CM, FRCPC 
1967 Riverside Dr., Rm. 535 
Ottawa, ON 
Canada K1H 7W9 
 
Word count: 4334 
 
Tables/figures, references: Figures: 6, Tables: 2, References: 113 
 
Keywords: acute kidney injury, microRNA, cardiac surgery, nephrotoxic, sepsis, kidney 
transplant 
 

 

 

 

 



 89 

Abstract 

Introduction: Early diagnosis of acute kidney injury (AKI) is limited with current tools. 

MicroRNAs (miRNAs) are implicated in AKI pathogenesis in preclinical models, but less is 

known about their role in humans. We conducted a systematic review to identify dysregulated 

miRNAs in humans with AKI. 

Methods: We searched Ovid MEDLINE, Embase, Web of Science, and CENTRAL (August 21, 

2023) for studies of human subjects with AKI. We excluded reviews and pre-clinical studies 

without human data. The primary outcome was dysregulated miRNAs in AKI.  Two reviewers 

screened abstracts, reviewed full texts, performed data extraction and quality assessment 

(Newcastle Ottawa Scale).  

Results: We screened 2,456 reports and included 92 for synthesis without meta-analysis. All 

studies except one were observational. Studies were grouped by etiology of AKI: cardiac 

surgery-associated (CS-AKI, n=13 studies), sepsis (n=25), nephrotoxic (n=9), kidney transplant 

(n=26), and other causes (n=19). In total, 128 miRNAs were identified to be dysregulated across 

AKI studies (45 miRNAs upregulated, 55 downregulated, 28 both). miR-21 was the most 

frequently reported (n=17 studies) and it was increased in all etiologies except CS-AKI where it 

was decreased (n=3 studies). Study limitations included bias due to targeted approaches, absence 

of clinical data/controls, and miRNA normalization methods. Overall study quality was fair 

(median 5/9, range 2-8 points).  

Conclusion: Dysregulated miRNAs, particularly miR-21, have potential as AKI biomarkers. 

These results should be interpreted cautiously due to methodological limitations. Standardized 

methods and unbiased approaches are needed to validate candidate miRNA biomarkers. 
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Registration: International Prospective Register of Systematic Reviews (PROSPERO 

CRD42020201253) 

 

Introduction 

Acute kidney injury (AKI) is a common complication among hospitalized patients (1) with the 

highest prevalence in intensive care units (ICU) (2). AKI confers an increased risk of progressive 

chronic kidney disease (CKD) (3) and mortality (1, 2).  Prompt diagnosis may have specific 

treatment implications since underlying causes of AKI are diverse, including ischemia-

reperfusion injury, sepsis, nephrotoxins, and immune-mediated injury.  

Currently, the standard for AKI diagnosis is based on serum creatinine concentration 

(SCr) and/or urine output (4), but important limitations include the lack of sensitivity for early 

AKI identification, and the inability to distinguish etiology (5). Other AKI biomarkers have been 

explored to address this gap, including neutrophil gelatinase-associated lipocalin (NGAL), 

kidney injury molecule-1 (KIM-1), insulin-like growth factor-binding protein 7 (IGFBP7), and 

tissue inhibitor of matrix metalloproteinase 2 (TIMP-2) (5). NGAL, produced primarily by the 

thick ascending limb of the loop of Henle and collecting duct intercalated cells (5),  has been 

shown to predict AKI in cardiac surgery (6) and in critically ill patients (7). It can also aid in 

distinguishing pre-renal from intrinsic injury (8). Proximal tubular KIM-1 is increased in 

response to ischemic and nephrotoxic injury (9). In addition to its biomarker role, KIM-1 has 

protective effects in ischemic AKI (10). In clinical studies, the product of IGFBP7 and TIMP-2 

(termed “Nephrocheck”) was superior to other biomarkers in predicting severe AKI (11, 12). 

While of potential utility, these biomarkers do not differentiate between causes of intrinsic 

kidney injury. In this regard, urinary chemokine C-X-C motif ligand 9 (CXCL9) has recently 
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been validated as a diagnostic biomarker for acute interstitial nephritis (13), a potentially 

treatable cause of AKI.  

 MicroRNAs (miRNAs) are non-coding RNAs consisting of 18-22 nucleotides that are 

evolutionarily conserved across species and that regulate gene expression by post-transcriptional 

gene silencing (14).  miRNAs are secreted in biological fluids including human plasma or serum, 

and urine (15), and are enriched within circulating extracellular vesicles (16). Accordingly, 

miRNAs have been studied in humans as potential diagnostic biomarkers for cancers (17, 18), 

cardiovascular diseases (19, 20), abdominal aortic aneurysm (21), neurodegenerative diseases 

(22), and non-alcoholic fatty liver disease (23).  

 miRNAs regulate diverse biological processes related to AKI pathophysiology including 

apoptosis, cell proliferation, angiogenesis, inflammation, and cell differentiation (14). A 

systematic review of miRNAs in pre-clinical studies of lab animal models of AKI identified 42 

miRNAs with therapeutic potential (24). Of these, miR-21 was the most frequently studied, with 

gene deletion studies demonstrating exacerbation of kidney injury with increased apoptosis and 

inflammation (24).  While miRNAs have been measured in humans with varying causes of AKI 

(14, 25), their role as biomarkers or prognostic indicators remains unclear. We therefore 

conducted a systematic review to identify and characterize the most promising miRNA 

candidates as biomarkers and potential therapeutic targets in humans with AKI.  

 

Methods 

This systematic review was conducted according to our protocol that was published (26) and 

registered in the International Prospective Register of Systematic Reviews (PROSPERO 
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CRD42020201253). This report follows the Preferred Reporting items for Systematic Reviews 

and Meta-analysis (PRISMA) guidelines (see PRISMA checklist, Supplementary file S1).  

Eligibility Criteria 

We included original research studies (observational and interventional) of human participants 

evaluating miRNAs in AKI, and excluded reviews, editorials, conference abstracts, and pre-

clinical (i.e. lab cell culture and animal based) studies of AKI without human data. Studies of 

both pediatric and adult populations were considered. The exposure (AKI) was defined by AKIN 

or RIFLE criteria according to the KDIGO clinical practice guidelines for AKI (4), and 

comparator groups were human subjects without AKI. We included all etiologies of AKI and 

excluded patients with end-stage kidney disease receiving renal replacement therapy. The 

primary outcome included miRNA levels relative to study controls from all biological samples 

(26).  

Search Strategy 

The systematic search was performed in Ovid MEDLINE, Embase, and Web of Science. The 

search strategy included terms related to AKI and miRNAs in human subjects and was 

constructed in consultation with an information specialist (Risa Shorr, MLS, The Ottawa 

Hospital Learning Services; full search strategy can be found in Supplementary file S2). The 

search was originally run July 15, 2020 and last updated August 21, 2023. The search was also 

supplemented by manually screening the reference list of all included studies, which did not 

yield additional material.  

Study Selection  
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Search results were uploaded to Covidence (Veritas Health Innovation, Melbourne, Australia). 

Study screening by titles and abstracts, and full text review was performed by pairs of 

independent reviewers. Disagreements were resolved by consensus after discussion. Attempts to 

contact study authors occurred in some instances for clarification. 

 

Data Extraction 

Data extraction and quality assessment were performed independently by pairs of reviewers 

using Research Electronic Data Capture  (REDCap) (27). Information included study 

characteristics, cause of AKI, kidney function details, methods of miRNA measurements (sample 

type, unbiased or targeted approach, normalization method), and dysregulated miRNAs.  

Disagreements were resolved by consensus after discussion.  

 

Quality Assessment and Data Synthesis 

We used the Newcastle Ottawa Scale (NOS) for the quality assessment of observational studies 

(28). A meta-analysis of the primary outcome was not performed due to the degree of clinical 

and methodological heterogeneity between studies (26). Data are instead reported descriptively 

as a qualitative synthesis, using the SWiM (29) reporting guidelines as a framework, focusing on 

the methodologies used for miRNA measurements and the identification of dysregulated 

miRNAs. Studies were categorized according to etiology of AKI. We reported the overall 

sources of miRNA measurements across all studies and organized sources of miRNAs with 

respect to AKI etiology. Only validated dysregulated miRNAs were reported for studies that 

included a validation cohort after initial high-throughput screen. Dysregulated miRNAs within 

and across AKI etiologies were identified as reported in (i) ≥ 3 studies, (ii) 2 studies, or in single 
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studies.  

 

Deviations from protocol 

As described in the protocol, all observational and interventional published studies evaluating 

miRNAs in human AKI that met our inclusion criteria were included, but conference abstracts 

were ultimately excluded.  Secondary outcomes associated with miRNA levels (ie kidney 

function, AKI severity, recovery of kidney function, and in-hospital mortality) were recorded in 

Supplementary table 1 when available, but not analyzed further due to overall paucity of data. 

Based on available study data, exploratory outcomes were not evaluated. We were ultimately 

unable to account for confounders (ie age, medical comorbidities, medications). Finally, meta-

analysis was not performed due to clinical heterogeneity (miRNA variant, sample source, AKI 

etiology). 

 

Results 

Search results and overview 

Study Design 

 We identified 2,456 studies (PRISMA diagram, Figure 1).  Following screening, 92 

studies met eligibility criteria.  Detailed information on each study including design, study 

populations, miRNA measurement methods, miRNA findings, and references is provided in 

Supplementary Table 1. All studies (with the exception of one randomized controlled trial of 

remote ischemic preconditioning for cardiac surgery) were observational, including case-control, 

prospective cohort, and retrospective cohort studies. There were no interventional studies of 

miRNAs in humans with AKI. The majority of studies (60, 65%) focused on miRNAs as 
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diagnostic or prognostic biomarkers, while 32 (35%) were mechanistic pre-clinical lab cell 

culture and animal studies that also contained limited human data. Measurements of kidney 

function were not reported in 22%, while 32% lacked information on the timing of miRNA 

measurements. 

 

 

 

 The 92 studies were categorized as AKI associated with cardiac surgery (CS-AKI, n=13), 

sepsis (n=25), nephrotoxins (n=9), kidney transplant recipients (n=26), or other causes (n=19) 

(Figure 2 and Supplementary Table 1). Within the category of other causes, 12 studies included 

mixed etiologies of AKI (acute tubular necrosis (ATN), sepsis, nephrotoxic, acute 

glomerulonephritis (GN), obstruction, pre-renal). The others included acute GN (n=1), acute 
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obstruction (n=1), hepatorenal syndrome (n=1), cardiorenal syndrome (n=3), and one study did 

not report on cause of AKI.  Most studies were restricted to adult subjects and only 3 included 

pediatric subjects. Although most studies used appropriate disease controls, within the sepsis-

associated and other causes of AKI categories, 40% and 37%, respectively, used control groups 

comprised exclusively of healthy individuals.  
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miRNA sample sources, measurement methods, and data normalization 

Among all studies, the most common sources for miRNA measurements were serum or plasma 

(n=42), urine (n=27), and kidney tissue (n=16) (Figure 3a).  Plasma or serum miRNAs were 

most commonly reported in CS-AKI, sepsis, nephrotoxic, and other causes of AKI, whereas 

studies of kidney transplant-associated AKI reported mostly miRNAs from kidney tissue, urine, 

and peripheral blood mononuclear cells (PBMCs) (Figure 3b).  

 

   miRNA levels were measured using high-throughput (36%) or targeted (64%) 

approaches. Of the studies with high-throughput screens, 85% included a validation step with 

RT-qPCR. The sepsis-associated AKI category included the highest number of targeted studies 
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(20/25, 80%).  The most frequent normalization method for circulating miRNAs was with 

endogenous U6 (26/60, 43%), followed by exogenous ‘spike-in’ controls (21/60, 35%), or other 

endogenous controls (10/60, 17%). For urinary miRNAs, normalization occurred using 

exogenous (13/27, 48%) or endogenous controls (13/27, 48%), while 3 studies did not report a 

normalization method. 

 

Most common dysregulated miRNAs in human AKI 

We identified 30 miRNAs reported in 3 or more studies (Figure 4a), and 14 miRNAs reported in 

2 studies (Figure 4b) across all categories of AKI. miR-21 was the most commonly reported 

dysregulated miRNA, with up-regulation in AKI due to nephrotoxins (30), kidney transplants 

(31-35), and other causes (36-38). In contrast, miR-21 was mostly down-regulated in CS-AKI 

(39-41). In studies of sepsis-associated AKI, miR-21 was either increased (42, 43) or decreased 

(44, 45). Of note, studies in CS-AKI demonstrated transient miR-21 dysregulation. For instance, 

baseline (pre-surgery) miR-21 was decreased in patients who developed CS-AKI (39, 40). Post-

operatively, serum and urine miR-21 levels were lowest after 6 hours, and gradually rose over 24 

hr, suggesting transient down-regulation. Kang et al performed remote ischemic preconditioning  

in pediatric cardiac surgery and demonstrated protection against CS-AKI, associated with 

transient up-regulation of miR-21 over 24 hr post-operatively, followed by a return to baseline by 

5 days (41).  
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miR-423 was up-regulated in AKI due to nephrotoxins (30, 46), sepsis (43), and kidney 

transplants (47), and down-regulated in cardiorenal syndrome (48). miR-223 was up-regulated in 

CS-AKI (49), kidney transplants (34, 35, 47, 50, 51), and sepsis (44), while miR-30a was 

increased in nephrotoxic AKI (46, 52, 53) or AKI due to other causes (36). miR-155, implicated 

in immune system function (54), was increased in acute transplant rejection (31, 34, 51, 55)  and 

in patients with acute GN (56), and either increased or decreased in sepsis-associated AKI (42, 

57). Similarly, miR-142 was increased in acute rejection (51, 55, 58), but also in kidney 

transplant recipients with delayed graft function (58) and unspecified graft dysfunction (50), and 

in sepsis-associated AKI (59). miR-16 was both increased and decreased in AKI associated with 

sepsis (44, 59, 60) and other causes (36, 61, 62), and increased in delayed graft function in 

kidney transplantation (63). Changes in miR-16 levels in AKI were dependent on the biological 

fluid sampled for miRNA measurement, with increased levels in urine, and decreased levels in 

plasma/serum. miR-192 was both increased and decreased in CS-AKI (49, 64, 65), and 

decreased in AKI associated with nephrotoxins (66) and other causes (36).  
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 The most frequently reported down-regulated miRNAs were miR-126 and miR-125. 

miR-126 was down-regulated across several categories including AKI due to sepsis (67), 

nephrotoxins (68), kidney transplants (35), or other causes (69, 70). miR-125 was down-

regulated in transplant-associated AKI (31, 35, 71, 72), CS-AKI (73), and AKI due to other 

causes (74, 75). Lastly, of the miRNAs identified from at least 2 studies, 70% were reported as 

up- or down-regulated in AKI. In nephrotoxic AKI, two studies showed that the source of 

biological fluid impacted the outcomes as levels of miR-19b and miR-20a changed in opposing 

directions between serum and urine (68, 76).  

 Table 1 summarizes the most prominent dysregulated miRNAs in AKI, reported in 5 or 

more studies, highlighting the sample sources, biological functions, and potential clinical 

applications.   

Table 1: Most prominent differentially expressed miRNAs in human AKI 

miRNA AKI category miRNA 
source 

Biological role Clinical relevance 

miR-10a Transplant33, 77 

Sepsis44,78, 
CS-AKI49, 73, 
Other70 

Urine, 
Plasma/ 
serum 

Aggravates kidney IR 
injury in mice, increases 
apoptosis79 

 

Potential biomarker  

miR-16 Sepsis44,59,60, 
Other36,61,62, 
Transplant63 

Urine, 
Plasma/ 
serum 

Increases tubular cell 
apoptosis and kidney 
injury80 

Potential urinary 
biomarker   

miR-21 CS-AKI39-41 

Transplant31-35 
Other36-38 

Serum, 
Urine, 
Kidney 

 

Increased by ischemic 
preconditioning41, 
Inhibits apoptosis and 
inflammation in AKI81,72 

Potential biomarker: peri-
operative levels for CS-
AKI, DGF 

miR-125 Transplant31, 35, 

7`, 72, Other74, 75 
Kidney, 
PBMCs, 
Serum 

Cell adhesion, 
proliferation, immune 
responses83 

Potential biomarker for 
DGF and AR 

miR-126 Transplant35 
Nephrotoxic68 

Sepsis67 

Other33,69,70 

Kidney, 
Plasma/ 
serum, 
Urine 

Attenuates kidney IR injury 
and microvascular 
damage84 

Potential marker of 
vascular injury and 
therapeutic target 

miR-142 Transplant50, 51, 

55, 58 

Sepsis59 

Kidney, 
PBMCs, 

Urine 

Deficiency may promote 
allograft tolerance; 
regulator of Treg cell 
homeostasis85 

 Potential biomarker for 
acute graft dysfunction 
and therapeutic target 
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miR-146 Transplant31, 86, 

87 

Other37, 70 

Sepsis44 

Kidney, 
Urine, 

Plasma/ 
serum 

Decreases inflammation via 
inhibition of IRAK1 and 
CXCL886 

Potential therapeutic 
target for kidney IR injury  

miR-155 Transplant31, 34, 

51, 55 

Acute GN56 

Kidney, 
Urine 

 

Adaptive immunity, T cell 
response56 

  

Potential biomarker for 
TCMR and therapeutic 
target  

miR-192 CS-AKI49, 64, 65 

Other36, 38 

Nephrotoxic66 

Urine, 
Plasma/ 
serum 

Promotes kidney injury88, 
mediates tubular cell 
growth arrest89 

Potential early biomarker 
for CS-AKI  

miR-210 Transplant34, 55, 

77, Other36, 37, 61, 

70, Sepsis44 

Urine, 
Plasma/ 
serum 

Stimulates angiogenesis, 
inhibits inflammation90 

Potential biomarker for 
AR, predictor of long-
term graft function 

miR-223 Transplant34, 35, 

47, 50, 51, 
Sepsis44, 
CS-AKI49 

Kidney, 
PBMCs 

Decreases inflammation 
and pyroptosis in septic 
AKI91 

Potential biomarker for 
AR  

miR-320 Sepsis44, 
Other36, 61, 
Transplant72, 
CS-AKI49 

Kidney, 
Plasma/ 
serum 

 

Kidney levels increased in 
IR injury92 

 

Potential biomarker for 
AKI 

miR-423 Nephrotoxic30, 

46,Transplant47 

Sepsis43 

Other48 

PBMCs, 
Urine 

Pro-apoptosis, endoplasmic 
reticulum and oxidative 
stress93 

Potential biomarker for 
nephrotoxic AKI 
  

Abbreviations: AKI: acute kidney injury; AR: acute rejection; CS-AKI: cardiac surgery 
associated AKI, CXCL8: C-X-C chemokine motif ligand 8; DGF: delayed graft function; GN: 
glomerulonephritis; IR: ischemia reperfusion; IRAK1: interleukin 1 receptor associated kinase 1; 
PBMCs: peripheral blood mononuclear cells, TCMR: T-cell mediated rejection 
 
 

Dysregulated miRNAs in human AKI reported only once 

The majority of dysregulated miRNAs in human AKI (84/128, 66%) were identified from single 

studies both within and across kidney injury categories. Of these 84 miRNAs, 17 (20%) were 

reported from targeted studies, with the majority identified from high-throughput screening. The 

miRNAs reported only once are listed in Table 2, separated into kidney injury category.  

 

Table 2: Differentially expressed miRNAs in human AKI reported only once 

Kidney Injury Category Up-regulated Down-regulated 
CS-AKI miR-487a, -490, -688, -301, -106b miR-152, let-7g 
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Sepsis miR-4321, -4270, -107, -143, -214, 
-497 

miR-22, -205, -290, -590, -580, 
-671, -886, -299, -557, -376b, -

335, -4299, -136, -342 
Nephrotoxic miR-188, -512, -3168, -6125, -

4718, -660 
miR-19a, -3187, -17, -30d, -92a, 

-106a, -195, -451, -484 
Other miR-489, -216, -709, -141, -556 miR-329, -200a, -129, -5100, -

2861, -15a, 652, -199a, -101, 
let-7i 

Kidney Transplant miR-381, -629, -658, -100, -99a, -
650, -221, -429, -503, -33a, -98, -

373, -18a, -181d, -218 

miR-663, -326, -324, -217, -187, 
-148, -23b, -147, -383, -181b, -

4488, -4532 
 

Dysregulated miRNAs in kidney transplant-associated AKI 

 Kidney transplant-associated AKI is a unique category that includes distinct etiologies, 

reflecting ischemic, immunologic, nephrotoxic, vascular, and/or infectious insults (31-33, 94) as 

well as acute rejection(31, 34, 35). MiRNAs in transplant studies were sampled from several 

sources, including kidney tissue, urine supernatant, or urinary exosomes. In acute rejection, 

urinary levels of miR-155 (31, 34, 55) and miR-223 (34, 35, 47, 51, 55) were up-regulated, while 

miR-210 was downregulated (55),. Lorenzen et al found that urinary miR-210 levels were 

inversely correlated with severity of acute rejection, and normalized following successful 

treatment, while lower miR-210 levels associated with long-term decline in graft function (77). 

Wilflingseder et al compared graft biopsies from delayed graft function (DGF), T cell-mediated 

rejection (TCMR), and antibody-mediated rejection and found that miR-155 up-regulation was 

unique to TCMR (31). miR-125 was down-regulated in both DGF (71) and acute rejection (31, 

35, 72)  while all other down-regulated miRNAs in transplant AKI were only reported with acute 

rejection (Figure 5).  
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Quality Assessment and Risk of Bias 
 
Quality assessment was performed using the Newcastle Ottawa Scale (28), which evaluates 

study population selection, study group comparability, outcome assessment and follow-up using 

a 9 point scale. Figure 6 depicts the overall quality assessment scoring (scoring details can be 

found in Supplementary Table 1). Studies that scored ≥7 points were considered ‘good quality’, 

while ≤3 points were ranked as ‘poor quality’. The overall study quality was fair and varied 

between AKI categories, with a median score of 5/9 (range 2-8 points).  CS-AKI, nephrotoxic 

AKI, and kidney transplant categories had the highest quality scores, with a median score of 6 

for each. No studies scored 3 points or less within the CS-AKI and nephrotoxic AKI categories. 

Sepsis-associated AKI and AKI due to other causes each included a higher proportion of lower 

quality studies, with median scores of 5 and 4, respectively.  
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Discussion 
 
This systematic review provides an overview of dysregulated miRNAs in humans with AKI. We 

performed qualitative synthesis of 92 studies that met inclusion criteria and categorized them as 

AKI due to cardiac surgery, sepsis, nephrotoxins, kidney transplant, or other causes. Our results 

reveal distinct dysregulated miRNAs across all AKI categories, with the most frequently reported 

being miR-21, although the quality of studies was modest and methodological weaknesses limit 

the strength of current evidence for clinical application. Consequently, these dysregulated 

miRNAs may represent candidates for validation as prognostic biomarkers.   

 A recent systematic review and meta-analysis of miRNAs in human AKI by Brown et al 

(95) highlighted 3 dysregulated miRNAs (miR-21, -370, -495), which were also identified in our 

review (Figure 4). Similar to our systematic review, Brown et al. found that the majority of 
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differentially expressed miRNAs were reported in no more than one study and noted that 

methodological differences could contribute to the lack of reproducibility. However, our 

systematic review differs in certain respects, including more expansive inclusion criteria and our 

method of data analysis. Notably, we also reported on dysregulated miRNAs in kidney transplant 

recipients with acute graft dysfunction, an area of active biomarker research. Further, the data in 

our review are presented as a detailed narrative synthesis, since the substantial clinical and 

methodological heterogeneity across studies did not justify a formal meta-analysis.  

 miR-21 was the most frequently dysregulated miRNA in AKI studies across etiologies: 

transiently decreased in CS-AKI but increased in sepsis and kidney transplant AKI. In children 

undergoing cardiac surgery, Kang et al showed that remote ischemic preconditioning protected 

against CS-AKI and was associated with increased urinary and plasma miR-21 levels (41). In 

kidney transplantation, perfusion fluid miR-21 levels correlated with kidney function at 6 and 12 

months post-transplant (96). A systematic review of the therapeutic effects of miRNAs in animal 

models of AKI identified miR-21 as the most promising therapeutic target, impacting apoptosis 

and inflammation (24). In mice, Xu et al demonstrated that kidney ischemia induced miR-21 

upregulation, which inhibited programmed cell death protein 4 (PDCD4) (a pro-apoptotic miR-

21 target gene) (97) contributing to the renoprotective effect of delayed ischemic preconditioning 

(81). Exosomal miR-21 also protects against septic AKI in pre-clinical studies, associated with 

inhibition of inflammation and apoptosis (82). While there are no interventional studies of miR-

21 therapy in humans with AKI, it is noteworthy that the effects of an anti-miR-21 

oligonucleotide (lademirsen) were recently reported in a Phase 2 clinical trial for adults with 

Alport syndrome (98). Although the study did not demonstrate therapeutic benefit, serious 

adverse events did not occur, supporting the feasibility of translating miRNA therapy to clinical 
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trials. In summary, our review reveals prominent dysregulation of miR-21 in human AKI, in 

agreement with pre-clinical studies (24). These data support the evolutionary conservation of 

miRNAs and their biological targets across species.  Consequently, enhancing kidney miR-21 

may be a therapeutic strategy for human AKI, and miR-21 could be a biomarker in CS-AKI.  

 miR-423 and miR-30a were most frequently up-regulated in nephrotoxic AKI. miR-423 

was also up-regulated in sepsis-associated and kidney transplant AKI but decreased in acute 

cardiorenal syndrome. In cultured proximal tubular cells exposed to hypoxia-reoxygenation, 

miR-423 has been shown to increase apoptosis (99), while administration of miR-423 to rats 

with kidney ischemia increases endoplasmic reticulum stress and oxidative stress (93). Increased 

urinary miR-30a levels correlate with gentamicin-induced AKI in canines (100), and, sponging 

of miR-30a by long non-coding RNA protects against ischemic AKI in mice (101). The results of 

our review suggest that miR-423 and miR-30a have potential as biomarkers for nephrotoxic AKI 

and may be mediators of kidney injury.  

 miR-223 was up-regulated in CS-AKI, and in AKI due to sepsis or kidney 

transplantation. In vitro and pre-clinical studies have suggested protective effects of miR-223 in 

septic AKI (102, 103), although the role of dysregulation in kidney transplant dysfunction is 

unknown. On the other hand, our review uncovered a group of 3 miRNAs (miR-155, miR-142, 

miR-146) that were up-regulated in kidney transplant recipients with acute graft dysfunction. Of 

these, miR-155 was up-regulated in TCMR and increased in sepsis-AKI and acute GN due to 

anti-neutrophil cytoplasmic antibody (ANCA) vasculitis.  Krebs et al demonstrated increased 

miR-155 expression in the kidneys of patients with ANCA vasculitis, with localization within 

infiltrating inflammatory cells, and also showed decreased pathogenic Th17 response and 

attenuated nephritis in miR-155-deficient mice (56). Serum levels of miR-155 increase in 
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humans with AKI due to sepsis, with a sensitivity of 91.1% and specificity of 84.5% for 

diagnosis, and levels associate with AKI severity and prognosis (104). Thus, miR-155 may be a 

potential biomarker for acute TCMR and sepsis-associated AKI, and its inhibition may represent 

a potential therapeutic target.  

miR-142 and miR-146 are implicated in immune system regulation. In experimental 

heterotopic cardiac transplantation, T-cell-specific miR-142 deficiency promoted cardiac 

allograft survival in the absence of immunosuppression medications, associated with absent 

donor-specific antibodies and an increase in the population of regulatory T cells (85). In contrast, 

miR-146 is induced by IR injury and attenuates the inflammatory response via targeting 

interleukin-1 receptor associated kinase 1 (IRAK1), inhibiting the C-X-C motif ligand 8 

(CXCL8) pathway (86). A possible common pathway for miR-155, miR-142, and miR-146 

involves interleukin-6 (IL-6) signaling, which also increases pathogenic Th17 cells, inhibits the 

development of regulatory T cells, and is associated with TCMR and ABMR in kidney 

transplantation (105). Experimental and clinical studies of anti-IL-6 therapies for ABMR have 

demonstrated inhibition of donor-specific antibody development with induction of regulatory T 

cell responses (106, 107). Consequently, miR-155, miR-142 and miR-146 may be mediators of 

immune system regulation in acute rejection, possibly linked to IL-6 signaling.  

 

 Lastly, miR-126 and miR-125 were down-regulated across multiple AKI categories. miR-

125 was most frequently reported in transplant-associated AKI, whereas miR-126 was studied in 

transplant, sepsis, nephrotoxic, and other causes of AKI. miR-126 is enriched in endothelial cells, 

and, circulating miR-126 levels are decreased in ANCA vasculitis and in patients with end-stage 

kidney disease on dialysis, suggesting it may be a marker of vascular injury (108). 
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Administration of miR-126 attenuates ischemic kidney injury in animal models, associated with 

microvascular protection (84, 109). Thus, miR-126 holds potential as a biomarker of AKI and 

vascular injury in humans, and as a therapeutic target.   

  There are several strengths to our study. We conducted a comprehensive search strategy 

of all AKI etiologies, and performed rigorous data extraction, with a requirement for two 

independent reviewers at each step. The profiles of dysregulated miRNAs can be used to identify 

commonalities and differences amongst AKI categories, which may represent candidate miRNAs 

for validation as prognostic or diagnostic biomarkers in AKI. This study also identified 

frequently reported and under-studied miRNAs that may have pathogenic or protective 

mechanisms of action in AKI, and therefore could represent therapeutic candidates. 

 We acknowledge certain weaknesses that warrant caution when interpreting the findings. 

Formal meta-analysis for select differentially expressed miRNAs could not be performed, and 

data on Receiver Operating Characteristic (ROC) curves was not independently analyzed. 

Methodological weaknesses in many of the studies must be acknowledged.  For example, the 

reporting of dysregulated miRNAs was biased by the large number of studies that targeted 

specific miRNAs. Specifically, miR-21 was frequently selected for analyses across targeted 

studies. Due to the large number of studies that performed an initial screen followed by 

validation of candidate miRNAs, we only reported validation data in our study. The majority of 

identified miRNAs were also derived from single studies, although most of those studies used an 

unbiased approach.  Further, we identified many pre-clinical studies with limited human data. 

Several studies (notably in septic AKI) used healthy volunteers as controls rather than more 

appropriate disease controls. Further, the timing of AKI diagnosis and miRNA measurements 

was not clearly specified in nearly one third of studies, thereby limiting the utility of miRNAs as 
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AKI diagnostic biomarkers. Finally, while most studies controlled for age and sex, the absence of 

other clinical information increased the potential for residual confounding.   

 Concerns regarding miRNA isolation and measurement methods also deserve mention. 

The wide variety of biological sources for miRNA measurements, the effect of timing of sample 

collection, and lack of standardization of collection and storage practices can all impact data 

reproducibility (110). Some miRNAs are enriched within erythrocytes and hemolysis may 

impact the circulating miRNA profile (111), and most studies did not report on the possible 

effects of hemolysis. Data normalization, a process used in RT-qPCR to minimize technical 

variability between samples, was not standardized across studies and may affect miRNA 

reporting (110). Stably expressed internal control genes such as U6 are commonly used in RT-

qPCR for cell or tissue samples, but standardization is lacking for the normalization 

measurements of circulating or urinary miRNAs (112).  Concerns have been raised regarding the 

suitability of endogenous U6 for the normalization of circulating miRNAs due to its fluctuating 

expression and stability (113). Further, regarding normalization of urinary miRNAs, only one 

study measuring urinary miRNAs corrected data for urinary Cr concentration (30), and one study 

of urinary exosome miRNAs reported urinary particle concentration-adjusted miRNA expression 

data (73). 

 In summary, our review indicates that dysregulated miRNAs occur across several human 

AKI categories. Certain miRNAs are primarily up-regulated in AKI (miR-21, miR-223, miR-

155, miR-142, miR-146, miR-423) while others are down-regulated (miR-126, miR-125). AKI 

etiology, tissue source, or timing of measurement could influence the direction of dysregulation. 

For example, miR-21 was upregulated in most AKI etiologies but down-regulated early and 

transiently post-operatively in CS-AKI. Most reported miRNAs have been studied in pre-clinical 
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AKI models (24), although 3 miRNAs (miR-125, miR-142, miR-30a) have not been directly 

studied in vivo or in vitro. Future research should focus on improving study design in human AKI 

and optimizing methods for miRNA detection and quantitation. Overall, miRNAs have potential 

as diagnostic and prognostic biomarkers for human AKI, and as therapeutic targets for injury and 

AKI recovery.  
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Chapter 5: General Discussion 
 
 

5-1 Summary of results  
 
 AKI is a serious complication among hospitalized patients with limited treatment options. 

Patients who recover from an episode of AKI are also at risk of long-term progressive CKD52. In 

kidney I/R injury, endothelial cell injury and dysfunction lead to peritubular capillary rarefaction 

which is associated with tubulointerstitial fibrosis and the transition to CKD43.  We previously 

showed that miR-486-5p protects against kidney I/R injury in mice, associated with PTEN 

targeting and inhibition of apoptosis97, 99. However, the effect of miR-486-5p on endothelial 

function and long-term kidney and vascular outcomes post-AKI is unknown.  

This thesis evaluated the role of miR-486-5p on endothelial function in ischemic AKI. 

Manuscript I demonstrated that only early administration of miR-486-5p to rats with kidney I/R 

injury prevented long-term renal microvascular loss and systemic endothelial dysfunction108, 

supporting the importance of early gene responses for the AKI to CKD transition. This 

manuscript also highlighted an unexpected finding – inhibition of eNOS protein expression by 

miR-486-5p. Manuscript II provided in vitro evidence that miR-486-5p inhibits eNOS expression 

in cultured endothelial cells, but not by 3’ UTR targeting.  It also demonstrated the anti-

angiogenic potential of miR-486-5p via eNOS downregulation. Multiple miR-486-5p targets 

were identified by pull-down assay in endothelial cells and suggested that eNOS downregulation 

is mediated by targeting of MAML3 by miR-486-5p, thus implicating the Notch pathway as a 

regulator of eNOS expression and endothelial function. In contrast to miR-486-5p’s protective 

effect in animal models of I/R injury, our in vitro data suggests that miR-486-5p has the potential 

for adverse vascular effects mediated via inhibition of eNOS expression.  Lastly, manuscript III, 

a systematic review of miRNAs in human AKI, identified several dysregulated miRNAs – the 
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most frequently reported being miR-21 – that may have potential as AKI diagnostic and 

prognostic biomarkers109. This study also acknowledged important methodological limitations 

confounding the outcomes.  

 

5-2 Early administration of miR-486-5p in vivo protects against kidney I/R injury and 

prevents late peritubular capillary loss and systemic vascular dysfunction  

 These studies revealed that early administration of miR-486-5p to rats with kidney I/R 

injury was associated with its localization to tubular cells and interstitial capillary endothelial 

cells. miR-486-5p protected against kidney injury and preserved peritubular capillary density. In 

addition to decreased acute tubular injury, miR-486-5p preserved regional kidney blood flow, 

decreased inflammatory cell infiltration, and attenuated ICAM-1 protein expression, suggesting 

that miR-486-5p inhibits endothelial injury. In contrast, delayed administration of miR-486-5p, 

with a first dose at 96 hr and second dose at 3 weeks after kidney I/R, did not prevent loss of 

peritubular capillary density or kidney fibrosis108.  

 These data highlight three key findings. First, our data supports the notion that there is a 

critical therapeutic window in AKI to prevent the permanent loss of renal microvasculature. 

Despite pro-angiogenic36, 37 and anti-fibrotic39, 41 effects in other pre-clinical disease models, 

delayed and repeated dosing of miR-486-5p failed to preserve peritubular capillary density and 

prevent kidney fibrosis. Second, rats subjected to kidney I/R injury demonstrated long-term 

systemic vascular dysfunction, which was also prevented by early administration of miR-486-5p. 

Lastly, miR-486-5p inhibited I/R-induced eNOS protein expression, yet no vascular adverse 

effects were seen regardless of dosing strategy.  
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 Although the localization of miR-486-5p to kidney tubular and interstitial capillary 

endothelial cells suggests a direct effect on these cell types, its mechanism of action and gene 

targets in kidney I/R injury are unknown. We previously showed that the protective effect of 

miR-486-5p in mice with kidney I/R injury was associated with decreased PTEN protein 

expression and inhibition of apoptosis after 24 hr97 but we also showed transient PTEN mRNA 

downregulation 4 hr after I/R99. Thus, the lack of effect on PTEN protein expression in rats does 

not exclude the possibility that PTEN was transiently downregulated in the present study, which 

could confer an early protective effect while minimizing potential adverse effects on tubular cell 

repair106 and recovery.  

 miR-486-5p may have multiple gene targets in proximal tubular cells. Our transcriptomic 

analysis of differentially expressed genes in mouse proximal tubular cells at 24 hr after kidney 

I/R injury primarily revealed downregulation of genes involved in apoptosis and inflammation 

pathways such as tumor necrosis factor-a signaling99. Interestingly, proximal tubular cell 

expression of the transcription factor Sox9 was increased by I/R and decreased by miR-486-5p99. 

Sox9 is required for kidney organogenesis110 and has been linked to the kidney epithelial injury-

induced repair response111. A recent study demonstrated that induced expression of Sox9 in 

tubular epithelial cells after AKI led to two possible long-term cell fates. Tubular epithelial cells 

either underwent successful repair and turned off Sox9 expression, or had unrestored apicobasal 

polarity and continued to express Sox9. Cells that maintained Sox9 expression accumulated 

activated myofibroblasts via secretion of Wnt ligands, suggesting that sustained epithelial Sox9 

expression signals a fibroproliferative response that contributes to the development of kidney 

fibrosis111. Thus, proximal tubular downregulation of Sox9 by miR-486-5p might protect against 

the development of kidney fibrosis after AKI, although this pathway was not evaluated in the 
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present study. Further, Sox9 is not a predicted miR-486-5p target from online target prediction 

databases (miRDB). However, Manuscript II revealed that miR-486-5p also targets MAML3 in 

endothelium, a transcriptional co-activator of Notch signaling. Given that Sox9 is also a Notch 

target gene112, this represents one plausible mechanism for Sox9 downregulation by miR-486-5p 

for future study.   

 The present study demonstrated a protective effect of miR-486-5p on the renal vascular 

endothelium in rats with kidney I/R injury, although the miR-486-5p targets in renal endothelial 

cells remain unknown. By inhibiting endothelial injury, miR-486-5p effectively attenuates the 

extension phase of kidney I/R injury. Regional kidney blood flow measurements also indicated 

that miR-486-5p preserved cortical flow and enhanced medullary blood flow at 24 hr after I/R.  

Indeed, outer kidney medullary hypoperfusion exacerbates kidney injury and contributes to 

peritubular capillary loss113. In this regard, a study by Collett et al demonstrated that infusion of 

human cord blood-derived ECFCs – which we have previously shown as enriched in miR-486-

5p97 – to rats subjected to kidney I/R prevented the early reduction in medullary blood flow, 

inhibited I/R-induced ICAM-1 expression, and protected against kidney injury114.  Similarly, our 

present study demonstrated that miR-486-5p inhibited I/R-induced kidney ICAM-1 expression 

and inflammatory cell infiltration114. Further, we showed that miR-486-5p inhibited ICAM-1 

expression in HUVECs subjected to H/R injury, although ICAM-1 is not a predicted miR-486-5p 

target. Early studies of rats with bilateral kidney I/R injury or uninephrectomized rats subjected 

to unilateral renal pedicle occlusion and administered either ICAM-1 antisense oligonucleotides 

or anti-ICAM-1 antibodies also demonstrated that early ICAM-1 inhibition protects against 

inflammatory cell infiltration and the onset of kidney injury115, 116. Taken together, our data 

suggest that miR-486-5p protects against endothelial injury by targeting pathways involved in 
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endothelial activation and leukocyte adhesion, thus preserving the peritubular capillaries after 

kidney ischemic injury108.  

The lack of effect with delayed miR-486-5p administration at 96 hr and at 3 weeks after 

I/R emphasizes a narrow window of opportunity for intervention to prevent permanent renal 

microvascular loss and systemic endothelial dysfunction. Consistent with a narrow therapeutic 

window, an early study of rats subjected to kidney I/R injury demonstrated that administration of 

anti-ICAM-1 antibodies prevented kidney functional and histological injury when administered 

at or within 0.5 and 2 hr of reperfusion, but not after 8 hr117. Another factor associated with 

negative microvascular effects is the loss of endogenous VEGFA expression by 1 week after 

kidney I/R injury118.  In this regard, Leonard et al evaluated the role of exogenous VEGF-121 (a 

non-heparin binding form of VEGF) on kidney microvascular structure after ischemic AKI in 

rats that were challenged with a high salt diet119. Their study demonstrated that administration of 

VEGF-121 from day 0 through 35 or day 3 through 35 had no effect on the initial loss of kidney 

function but preserved long-term microvascular density and prevented the development of salt 

sensitive CKD119. In contrast, delayed exogenous VEGF-121 administration after 3 weeks failed 

to preserve peritubular capillary density and did not protect against the transition to CKD119. 

Although the exact mechanism of action of miR-486-5p is unknown, our data suggests that when 

administered late after kidney I/R injury, it has no impact on the pathogenesis of peritubular 

capillary loss108.  Lastly, we acknowledge that both early and delayed miR-486-5p administration 

inhibited I/R-induced eNOS protein expression108, although our data reveal no adverse effects on 

the kidney microvasculature or systemic endothelial dysfunction compared to untreated post-

ischemic rats.   
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5-3 miR-486-5p targets MAML3, downregulates eNOS protein levels and inhibits in vitro 

network formation in cultured endothelial cells 

 In Manuscript II, we evaluated the functional effect of miR-486-5p and characterized its 

mRNA targets in cultured endothelial cells. Our data revealed that miR-486-5p markedly 

decreased eNOS protein and mRNA levels in HUVECs, and also inhibited eNOS protein 

expression in human pulmonary microvascular endothelial cells. Functionally, miR-486-5p 

inhibited in vitro network formation in isolation in an eNOS-dependent manner, with no 

significant effect on HUVEC proliferation or migration in normoxic standard culture conditions. 

To determine the mechanism by which miR-486-5p inhibits eNOS expression and angiogenesis, 

we conducted a biotinylated miR-486-5p pull-down followed by RNA sequencing of the pull-

down RNA. This approach identified MAML3, a transcriptional co-activator of Notch signaling, 

as highly enriched in the pull-down RNA, and its silencing significantly inhibited eNOS protein 

expression. Given that miR-486-5p-mediated targeting of MAML3 conferred an anti-angiogenic 

effect in HUVECs102, our data suggests that miR-486-5p-mediated inhibition of eNOS 

expression and inhibition of angiogenesis may occur via miR-486-5p targeting of MAML3, 

although the mechanism by which inhibition of MAML3 regulates Notch signaling and eNOS 

expression requires further study.  

 Of the available techniques to probe for miRNA-mRNA interactions, we selected the 

biotinylated miRNA pull-down approach because sequencing of the pull-down RNA allows for 

the identification of direct miRNA targets. Our approach revealed 1,729 significantly enriched 

transcripts in the miR-486-5p pull-down RNA, similar to reported yields in the literature19, 120. 

Interestingly, while miRDB lists 331 predicted miR-486-5p targets, only 40 transcripts (12% of 

predicted targets) were identified as having a significantly enriched fold-change in the miR-486-
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5p pull-down RNA compared to control, Thus the vast majority of enriched transcripts were not 

bioinformatically predicted miR-486-5p targets. A study by Martin et al evaluated the specificity 

of mRNA interactions with several biotinylated miRNAs, demonstrating an average of 1,500 

genes per miRNA significantly enriched in the pull-down RNA, the majority of which were not 

found in target prediction databases19. This study showed that predicted miRNA targets were 

enriched in the pull-down fraction compared to the cell lysate, but also found differences in the 

proportion of previously validated targets in their pull-down RNA depending on cell type. The 

authors subsequently conducted luciferase reporter assays on untested miRNA targets, resulting 

in an experimental validation rate of 87.5%, which exceeds the validation rate of target 

prediction databases alone19. Overall, the high number of enriched transcripts in the biotinylated 

miRNA pull-down RNA could reflect the presence of non-canonical binding including miRNA 

centered sites, 3’ supplemental or compensatory binding sites, and binding to miRNA responsive 

elements (MREs) within 5’ UTRs and coding regions. Martin et al also demonstrated that 82.7% 

of significantly enriched transcripts contained either a seed or centered miRNA binding site19, 

indicating an element of non-canonical binding. These data provide compelling evidence that the 

biotinylated miRNA pull-down approach enriches for true direct miRNA targets. 

One important limitation to this approach is the potential for false negatives for miRNA 

targets that are degraded rather than translationally repressed. This remains a plausible 

explanation for why PTEN was not detected in the pull-down RNA, particularly as targeting of 

PTEN by miR-486-5p has been reported in cardiomyocytes22, 33-35, skeletal muscle23, brain 

microvascular endothelial cells37, and HUVECs subjected to H/R injury97. The present study did 

demonstrate a trend for decreased PTEN protein levels in HUVECs transfected with miR-486-

5p.  
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 Our study also highlights discordant functional data pertaining to miR-486-5p in 

endothelial cells. Consistent with the study by Rosano et al102, we demonstrate that miR-486-5p 

inhibits angiogenesis in cultured endothelial cells. In addition, we show that miR-486-5p’s anti-

angiogenic effect is conferred via inhibition of eNOS expression. In contrast, miR-486-5p 

confers pro-angiogenic effects in other pre-clinical models. In this regard, intra-myocardial 

administration of miR-486-5p-enriched mesenchymal stem cell (MSC)-derived exosomes to 

mice and non-human primates with experimental myocardial infarction reduced infarct size, 

improved heart function, increased cardiac vascular density after 4 weeks for mice and 17 

months for non-human primates, and increased vessel sprouting from isolated aortic rings ex-

vivo36. The authors showed that the miR-486-5p target, matrix metalloproteinase 19 (Mmp-19), 

was downregulated in exosome-treated hearts, associated with upregulation of VEGFA signaling. 

Further, in vitro network formation assays in HUVECs cultured with conditioned medium from 

fibroblasts transfected with miR-486-5p revealed increased tube length, suggesting a pro-

angiogenic paracrine mechanism from cardiac fibroblasts36.  Exosomal transfer of miR-486-5p 

promoted microvascular endothelial cell proliferation, migration, and angiogenesis in a 

cutaneous wound study by targeting and downregulating the transcriptional repressor Sp5100. 

Further, in a rat model of ischemic stroke, delivery of bone marrow MSC-derived exosomes, 

enriched in miR-486-5p, improved neurological function, and increased microvascular density37. 

To selectively determine the impact of miR-486-5p on microvascular function, rat brain 

microvascular endothelial cells were treated with exosomes derived from bone marrow MSCs 

transfected with either miR-486-5p mimic or miR-486-5p antagomir. These studies demonstrated 

that exosomal transfer of miR-486-5p promoted in vitro angiogenesis in rat brain microvascular 

endothelial cells subjected to oxygen-glucose deprivation/re-oxygenation injury37. 
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Mechanistically, the promotion of angiogenesis and functional recovery after cerebral ischemic 

injury was associated with targeting of PTEN and enhanced Akt signaling37. Our lab has also 

demonstrated that exosomal transfer of miR-486-5p in HUVECs subjected to H/R injury was 

associated with targeting of PTEN and inhibition of apoptosis97.  

 There are several possible contributors to discordant miR-486-5p target identification and 

functional effects between studies. For instance, we used HUVECs for our in vitro functional 

assays, which are macrovascular endothelial cells121 and thus do not necessarily recapitulate 

microcirculatory pathophysiology. However, as discussed above, other pre-clinical studies also 

used HUVECs and demonstrated PTEN targeting97 and pro-angiogenic effects with exosomal 

delivery of miR-486-5p36. Consideration must also be made to rates of transcription and protein 

stability as factors that impact target gene mRNA122 and protein levels123. Finally, an important 

methodological difference involves the delivery of exosomal miR-486-5p versus direct miR-486-

5p administration by transient transfection.  

Exosomes are generated by invagination of the endosomal membrane forming 

intraluminal vesicles within multivesicular bodies (MVBs)124. Exosomes mediate intercellular 

communication and are enriched in a variety of RNA species including miRNAs. Multiple 

mechanisms have been studied for packing RNA species into exosomes, a process that remains 

incompletely understood124. Studies have identified an association between the RISC and 

exosomal miRNA sorting, suggesting the presence of miRNA binding proteins within 

exosomes124. AGO2 and GW182, the main components of RISC, were shown to co-localize with 

MVBs125, and inhibiting MVB formation resulted in miRISC loss126. In addition, in cancer cells 

AGO2-associated miRNAs have been shown to sort into exosomes127.  Thus, it is plausible that 

exosomal transfer of miRNA also involves RISC components, reducing the chance of miRNA 



 129 

machinery saturation upon miRNA delivery. In contrast, an in vitro study with transfected 

miRNA mimics demonstrated upregulation of endogenous miRNA targets, suggesting impaired 

effectiveness of endogenous miRNAs due to competition for RISC from the supraphysiological 

levels of exogenous miRNA128. In HeLa cells, transient transfection of miRNA led to the 

accumulation of high molecular weight RNA species and non-specific changes in gene 

expression while lentiviral infection or plasmid transfection caused smaller increases in mature 

miRNA levels without these adverse effects129. Although our functional assays in HUVECs were 

conducted with a transfection concentration of only 1 nM, it remains plausible that exosomal 

miRNA delivery leads to smaller increases in mature miRNA levels, which might contribute to 

the functional differences observed between studies.  

   

5-4 Dysregulated miRNAs may have diagnostic and prognostic potential for kidney injury 

in humans 

 
 Over the past decade, there has been an expanding effort to uncover the roles of miRNAs 

in AKI from human and pre-clinical studies130. Manuscript III, a systematic review of 92 studies 

of dysregulated miRNAs in human AKI, aimed to identify potential miRNA biomarker and 

therapeutic candidates in humans109. Our systematic review identified a total 128 miRNAs as 

dysregulated across AKI etiologies, with the majority (84/128, 66%) identified once from single 

studies only, which raises concerns regarding the reproducibility of results109. Interestingly, we 

did not identify miR-486-5p among dysregulated miRNAs, and therefore it may not have 

biomarker potential despite the therapeutic effects in rodent models of AKI. In this regard, a 

previous study of miR-486-5p in mice with kidney I/R injury demonstrated that I/R led to non-

significant increases in endogenous miR-486-5p levels in whole kidney and in isolated proximal 
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tubules131, and we did not demonstrate any significant difference in endogenous miR-486-5p 

levels in rats with kidney I/R injury108. Further, miR-486-5p is abundant in human plasma and its 

levels are impacted by hemolysis as miR-486-5p is also an erythroid-enriched miRNA20, thereby 

potentially impacting the interpretation of circulating miR-486-5p in biomarker studies.  

miR-21 was the most frequently reported dysregulated miRNA across human AKI 

etiologies, transiently downregulated in cardiac surgery-associated AKI (CS-AKI) but increased 

in sepsis and kidney transplant-associated AKI109. miR-21 was also identified as the most 

frequently studied and most promising therapeutic target in rodent AKI models, demonstrating 

that miR-21 antagonism in the setting of ischemic pre-conditioning aggravated AKI96. The 

therapeutic effect of miR-21 appears limited to the AKI initiation stage, and there are no studies 

that evaluating the effect of delayed administration96. Interestingly, in Alport syndrome, a genetic 

cause of progressive CKD attributed to mutations in type IV collagen, miR-21 levels were 

increased in human kidney samples and correlated with disease severity, while administration of 

anti-miR-21 in a mouse model of Alport syndrome attenuated kidney function decline132. Pre-

clinical data on miR-21 antagonism in Alport syndrome led to the use of the miR-21 antagonist 

Levasimendan in the first phase II randomized control trial of miRNA therapeutics for kidney 

disease133. Although this trial demonstrated no benefit of miR-21 antagonism on CKD 

progression in Alport syndrome, no serious adverse effects were demonstrated133. This supports 

the feasibility of translating miRNA therapies with robust pre-clinical data to clinical trials for 

other kidney diseases.   

Finally, although this systematic review identified dysregulated miRNAs that have 

potential pathogenic or protective mechanisms relevant to AKI, we also reported on important 

methodological limitations that introduce bias, impacting data reproducibility and interpretation. 
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These limitations relate to factors in study design, miRNA isolation and measurement strategies, 

and data normalization. Specifically, many studies conducted only targeted approaches, including 

most miR-21 studies. Interestingly, most  dysregulated miRNAs reported from single studies 

used an unbiased approach. Other serious study design concerns included limited human data, 

use of  healthy volunteers as controls rather than appropriate disease controls, and lack of 

information on timing of AKI diagnosis and miRNA measurements.  

We also identified methodological heterogeneity in miRNA isolation and measurement 

methods across the studies.  Major areas of concern include the different biological sources of 

miRNAs, lack of information regarding sample hemolysis (which impacts the circulating miRNA 

profile134), lack of anticoagulant standardization for blood collection (affects miRNA profiles135), 

and absence of data normalization, particularly for circulating or urinary miRNAs. Thus, study 

design improvements in these areas are needed to improve the reliability and impact of this 

research.  

 
 
5-5 Conclusions and future directions  
 
 AKI is a common complication in hospitalized patients with a high in-hospital mortality, 

and patients with recovered AKI remain at risk of long-term adverse vascular and kidney 

outcomes. There is a critical need for effective treatments for this condition. This thesis focused 

on the therapeutic potential of miR-486-5p in rat kidney I/R injury and associated long-term 

systemic and renal microvascular complications. Our data revealed that early administration of 

miR-486-5p to rats with kidney I/R injury prevented endothelial injury and highlighted the 

importance of early treatment for the prevention of peritubular capillary rarefaction and systemic 

endothelial dysfunction after ischemic AKI. Importantly, despite inhibition of I/R-induced kidney 
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eNOS expression by miR-486-5p, we found no evidence of long-term adverse vascular outcomes 

in our rat model. Yet, this thesis also revealed adverse effects on endothelial function via eNOS 

downregulation in cultured endothelial cells, likely mediated by targeting of MAML3.  To 

further explore these differences, future research comparing alternative miR-486-5p delivery 

methods on target gene repression and cell functions is needed, particularly since the use of miR-

486-5p antagomiRs in cultured endothelial cells is ineffective due to baseline low endogenous 

miR-486-5p levels. Overall, the findings in this thesis contribute an important step towards the 

development of a novel therapy for patients with ischemic AKI.  
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Abstract
MicroRNAs (miRNAs) are short non-coding RNAs, highly conserved between species, that are powerful regulators of gene 
expression. Aberrant expression of miRNAs alters biological processes and pathways linked to human disease. miR-486-5p 
is a muscle-enriched miRNA localized to the cytoplasm and nucleus, and is highly abundant in human plasma and enriched 
in small extracellular vesicles. Studies of malignant and non-malignant diseases, including kidney diseases, have found cor-
relations with circulating miR-486-5p levels, supporting its role as a potential biomarker. Pre-clinical studies of non-malignant 
diseases have identified miR-486-5p targets that regulate major signaling pathways involved in cellular proliferation, migra-
tion, angiogenesis, and apoptosis. Validated miR-486-5p targets include phosphatase and tensin homolog (PTEN) and FoXO1, 
whose suppression activates phosphatidyl inositol-3-kinase (PI3K)/Akt signaling. Targeting of Smad1/2/4 and IGF-1 by 
miR-486-5p inhibits transforming growth factor (TGF)-β and insulin-like growth factor-1 (IGF-1) signaling, respectively. 
Other miR-486-5p targets include matrix metalloproteinase-19 (MMP-19), Sp5, histone acetyltransferase 1 (HAT1), and 
nuclear factor of activated T cells-5 (NFAT5). In this review, we examine the biogenesis, regulation, validated gene targets 
and biological effects of miR-486-5p in non-malignant diseases.

Keywords  microRNA · Extracellular vesicles · Apoptosis · Angiogenesis · Fibrosis · Ischemia reperfusion injury

Introduction

MicroRNAs (miRNAs) are short non-coding RNAs, approx-
imately 22–25 nucleotides long that were first identified in 
Caenorhabditis elegans in 1993 [1]. The human genome 
alone contains over 1500 miRNAs, although the functional 
significance of many remains uncertain [2]. miRNAs are 
highly conserved across species and potently regulate gene 
expression, as over 60% of human protein-coding genes 
are conserved targets of miRNAs [3]. The biogenesis of 

miRNAs is a multistep process that can be divided into 
canonical and non-canonical pathways, which have been 
reviewed elsewhere [4]. miRNAs function primarily by 
post-transcriptional gene silencing via the RNA-induced 
silencing complex (RISC) pathway in the cytoplasm, 
wherein the miRNA associates with an Argonaute protein 
in the RISC, and binds to the 3′ untranslated region (UTR) 
of its target mRNA [5]. Argonaute proteins associate with 
a GW182 protein that interacts with poly(A)-binding pro-
tein and a cytoplasmic deadenylase complex. Consequently, 
the miRNA–RISC complex mediates mRNA deadenylation 
and degradation, although inhibition of mRNA translation 
may also occur via an unclear mechanism [5]. miRNAs may 
also bind other regions of target genes, including the 5′UTR 
and coding sequences, and recent studies have identified a 
nuclear role as activators or silencers of gene transcription 
[6, 7]. miRNAs have garnered attention for their potential 
roles in disease diagnosis, pathogenesis, and therapy, as 
their expression is dysregulated in both malignant and non-
malignant diseases [8–10].

miR-486-5p is a muscle-enriched miRNA [11] that cir-
culates at relatively high levels in plasma [12], is enriched 
within small extracellular vesicles [13], and has been linked 

Cellular and Molecular Life Sciences

 *	 Kevin D. Burns 
	 kburns@toh.ca

	 Adrianna Douvris 
	 adouvris@toh.ca

	 Jose Viñas 
	 jvinasmu@uottawa.ca

1	 Division of Nephrology, Department of Medicine 
and Kidney Research Centre, The Ottawa Hospital Research 
Institute, University of Ottawa, 1967 Riverside Dr., Rm. 535, 
Ottawa, ON K1H 7W9, Canada

2	 Department of Cellular and Molecular Medicine, University 
of Ottawa, Ottawa, ON, Canada

http://orcid.org/0000-0001-9578-9785
http://orcid.org/0000-0001-7770-7133
http://orcid.org/0000-0002-1482-5826
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04406-y&domain=pdf
Adrianna Douvris
180



	 A. Douvris et al.

1 3

376  Page 2 of 18

to signaling pathways involved in several cancers [9] as well 
as non-malignant conditions, such as skeletal muscle disor-
ders [14, 15], ischemia–reperfusion injury (IRI) [16–18], 
and organ fibrosis [19–21]. Here, we review miR-486-5p 
biogenesis and regulation of expression, discuss circulat-
ing miR-486-5p as a potential biomarker in non-malignant 
diseases, and the role of exosomal transfer in experimental 
disease models. We also report major targets of miR-486-5p 
and affected biological pathways in non-malignant diseases, 
and highlight the controversies regarding downstream effects 
on cell and organ function. For information on the role of 
miR-486-5p in malignant diseases, the reader is referred to 
a recent comprehensive review [9].

Biogenesis of miR‑486‑5p

miR-486-5p is highly conserved in mammals, and was first 
identified as a muscle-enriched miRNA whose expression 
is downregulated in Duchenne’s muscular dystrophy [22]. 
miR-486-5p is highly expressed in myoblasts during myo-
genesis, and in skeletal muscle [14], and is found at high 
levels in cardiac muscle, with moderate expression in lung, 

brain, liver, and bladder [11, 23, 24]. miR-486-5p is also a 
dominant erythroid miRNA, and its expression is upregu-
lated in erythropoiesis [25, 26].

miR-486 is first transcribed from an intron within the 
ANK1 locus, located on chromosome 8p11.21 (Fig. 1). The 
ANK1 locus encodes the Ankyrin 1 gene, which is primar-
ily expressed in erythroid cells. The mouse genome con-
tains miR-486a-5p and miR-486b-5p at this locus, both of 
which consist of the same mature sequence but are tran-
scribed in opposite directions. Similarly, the human genome 
encodes miR-486-1 and miR-486-2, also consisting of the 
same mature sequence but transcribed in opposite direc-
tions. The biogenesis and expression of miR-486-5p dis-
cussed here refers to miR-486a-5p/miR-486-1, as these are 
both transcribed in the same direction as Ank1. Two miR-
NAs, miR-486-5p and miR-486-3p [9], are generated from 
opposite ends of the pre-miRNA hairpin [4]. miRNA strand 
selection is determined by intrinsic features of the miRNA 
duplex including the identity and thermodynamic stabil-
ity of the 5′ nucleotides of each strand, but tissue-specific 
differences in strand selection (miRNA 5p/3p ratios) also 
support other regulatory mechanisms involving miRNA 
processing, duplex remodeling, and degradation [27]. 

Fig. 1   miR-486-5p biogenesis a miR-486-5p is transcribed from the 
last intron of the Ank1 gene, located downstream from alternative 
exon (39A) of the muscle-specific sAnk1 isoform b genomic organi-
zation of miR-486-5p and Ank1 is conserved among mammals c pre-

miR-486 requires Dicer cleavage, and also requires Argonaute-2 cata-
lytic activity to remove the 3p star (*) strand, generating functional 
mature miR-486-5p (adapted from Refs. [11, 25])
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miR-486 processing exhibits Argonaute-2-Slicer depend-
ence, whereby Argonaute-2 catalytic activity is required to 
generate functional mature miRNA via slicing to remove the 
star (3p) strand; catalytically inactive Argonaute-2 results 
in miR-486-3p accumulation, miR-486 duplex arrest, and 
blunted miR-486-5p activity [25].

miR‑486‑3p expression and function

The function and expression of the star strand, miR-486-3p, 
has been less well studied within different tissues. Within 
the hematopoietic system, miR-486-5p and miR-486-3p 
are highly expressed in erythroid cells [26]. However, their 
expression patterns differ in that miR-486-5p increases 
throughout the differentiation process, whereas miR-486-3p 
peaks earlier and then declines slightly [26]. Structurally, 
the pre-miR-486 miRNA/star duplex is perfectly paired 
and conserved across mammalian species, possibly reflect-
ing conserved activity of miR-486-3p, although functional 
sensor assays used to validate miRNA activity showed that 
unlike mature miRNA-486-5p, miR-486-3p failed to repress 
its sensor [28]. Furthermore, immunoprecipitation of Argo-
naute proteins revealed that miR-486-3p associated with 
Argonautes 1 and 3, but functional sensor assays in wild 
type, Argonaute-2 knockout and Argonaute-2 catalytically 
inactive mouse embryonic fibroblasts showed that despite its 
accumulation, miR-486-3p did not exhibit gene regulatory 
activity [25].

Nonetheless, miR-486-3p target genes have been identi-
fied in malignant and non-malignant diseases [9], suggest-
ing a role in gene regulation. In erythroid cells, miR-486-3p 
targets and downregulates the zinc finger protein BCL11A, 
associated with increased expression of the γ-globin gene 
and fetal hemoglobin synthesis [26]. miR-486-3p targets and 
downregulates the deacetylase Sirtuin 2 (SIRT2), resulting 
in decreased α-synuclein-induced toxicity in vitro, and sug-
gesting that miR-486-3p may protect against Parkinson’s 
disease progression [29]. A recent systematic review of 34 
studies found that miR-486-3p is among the most frequently 
altered miRNAs in patients with autism spectrum disorder 
(ASD) [30]. miR-486-3p was reported to be upregulated in 
the serum of patients with ASD, and targets and downregu-
lates AT-rich interaction domain 1B (ARID1B) [31], a gene 
mutated in ASD that also confers an ASD-like phenotype 
in Arid1b haploinsufficient mice [32]. Although the pro-
cessing of pre-miR-486 and distribution of miR-486-5p and 
miR-486-3p within different tissues is not fully understood, 
these data support miR-486-3p as a functional miRNA with 
a potential role in human diseases. The remainder of this 
review will focus on miR-486-5p. For further information 
on miR-486-3p in human diseases, the reader is referred to 
a recent review [9].

Regulation of miR‑486‑5p expression 
and cellular localization

Although Ank1 mRNA is primarily expressed in eryth-
roid cells, an isoform (sAnk1/Ank1.5) containing a muscle-
specific first exon and the last three exons of the Ank1 
erythroid gene is produced from an alternate promoter [33] 
(Fig. 1a, b). The tissue distribution of sAnk1 mirrors that 
of miR-486-5p, enriched in heart and skeletal muscle [11]. 
Furthermore, there is increased expression of both sAnk1 
mRNA and miR-486-5p during myoblast differentiation 
[24]. In rat neonatal cardiomyocytes, Small et al.showed 
that myocardin-related transcription factor A (MRTF-A) 
induces the expression of both miR-486-5p and sAnk1. The 
sAnk1 promoter also contains two conserved E boxes for 
MyoD transcriptional activity, and MyoD activity directly 
regulates sAnk1 and miR-486-5p expression [24]. These 
data support the co-regulation of miR-486-5p and sAnk1 
and suggest that miR-486-5p is produced from the process-
ing of sAnk1 intronic RNA [11].

The regulation of miR-486-5p expression has derived 
largely from studies pertaining to malignancies, where its 
dysregulation is paradoxically associated with either tumor 
suppression or oncogenesis [9]. Epigenetic modifications 
of the ANK1 promoter [34] and reduced p53 expression or 
activity [35] are associated with downregulation of miR-
486-5p. The miR-486-5p promoter also contains a bind-
ing site for hypoxia-inducible-factor-1α (HIF-1α). HIF-1α 
overexpression activates the miR-486-5p promoter in 
HeLa cells, and induces expression of miR-486-5p in pros-
tate cancer cell lines, suggesting that hypoxia stimulates 
its transcription [36]. The effect of hypoxia on miR-486-5p 
expression is not limited to malignant cells as hypoxic 
rat cardiomyocytes also exhibit upregulated miR-486-5p 
[37]. miR-486-5p expression is also regulated at the post-
transcriptional level. For example, long non-coding RNAs 
(lncRNAs) can directly bind to miR-486-5p, inhibiting its 
expression and activity in experimental models [21, 38, 
39].

Traditionally, miRNA biogenesis is a multi-step process 
involving nuclear and cytosolic components, with the clas-
sical function of mature miRNA being post-transcriptional 
gene silencing in the cytoplasm via miRISC and the 3′ 
UTR of the target gene [7]. Studies with high-throughput 
profiling techniques have identified mature miRNAs that 
are enriched in cell nuclei [40–42], and RISC components 
including Argonaute-2 and trinucleotide repeat-contain-
ing gene 6A protein (TNRC6) have been identified in 
the nucleus and thus likely play a role in miRNA nuclear 
transport and activity [43, 44]. Nuclear miRNAs can (1) 
mediate post-transcriptional gene silencing to downregu-
late the expression of long non-coding RNAs, (2) interact 
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with pri-miRNAs to inhibit their maturation; (3) activate 
or suppress gene transcription by interacting with gene 
promoters in association with Argonaute-2; and (4) induce 
gene expression by enhancer activation, which may also 
require Argonaute-2 [7].

The cellular localization of mature miR-486-5p is indeed 
not limited to the cytoplasm. Deep sequencing of the nuclear 
and cytoplasmic pools of small RNAs from a human naso-
pharyngeal carcinoma cell line identified 339 nuclear and 
324 cytoplasmic miRNAs, the majority of which overlap, 
including miR-486-5p [42]. The large degree of overlap 
suggests that miRNAs are imported into the nucleus. Viñas 
et  al. administered intravenous lipid-encapsulated miR-
486-5p mimic to mice with bilateral kidney IRI and by in-
situ hybridization revealed that miR-486-5p localized to both 
cytoplasm and nuclei of cortical tubular cells [45]. Thus, it 
is conceivable that miR-486-5p may exert biological effects 
in the nucleus via one or more of the identified nuclear roles 
of miRNAs [7], such as post-transcriptional gene silencing 
of other non-coding RNAs or regulation of protein-coding 
gene expression through direct interaction with promoter or 
enhancer sites.

Circulating miR‑486‑5p and extracellular 
vesicles

Circulating miRNAs are stable in plasma and resistant to 
nuclease digestion [46]. An estimated 90% of circulating 
miRNAs are present in a non-membrane bound form, asso-
ciated with the Argonaute-2 ribonucleoprotein complex, 
whereas a smaller proportion are found within small extra-
cellular vesicles, such as exosomes (50–150 nm diameter) 
[46, 47]. miR-486-5p is abundant in human plasma [12, 48], 
where it circulates freely or within exosomes [49]. However, 
as an erythropoietic miRNA, miR-486-5p is also released 
by red blood cell hemolysis, thereby increasing miR-486-5p 
levels in hemolyzed samples. This feature can thereby com-
plicate the interpretation of circulating miR-486-5p levels in 
biomarker studies [50, 51].

miR-486-5p is differentially expressed in human plasma 
or serum in a wide range of conditions including, but not 
limited to solid tumor malignancies [9], sepsis [52], pri-
mary muscle diseases (e.g., Duchenne muscular dystrophy 
[22]), cardiorespiratory diseases (e.g., chronic heart fail-
ure [19], cystic fibrosis [53]), diabetic kidney disease [54], 
osteoarthritis [55], neurological conditions (e.g., vascular 
dementia [56], Huntington’s disease [57], ASD [58]), and 
various endocrine disorders (e.g., metabolic syndrome 
[59], childhood obesity [60], type 2 diabetes mellitus [61], 
polycystic ovary syndrome [62], and recurrent miscarriage 
[63]). Accordingly, circulating levels may have utility for 
diagnosis or prognosis in a variety of diseases (outlined in 

Supplementary Table 1). Although these studies provide 
data on clinical associations, further research is required to 
determine the diagnostic and prognostic potential of circulat-
ing miR-486-5p. Of the studies outlined in Supplementary 
Table 1, the diagnostic accuracy of circulating miR-486-5p 
was evaluated only in type 2 diabetes [54], vascular demen-
tia [56], and outcomes of embryo transfer with in vitro fer-
tilization (IVF) [63]. Regmi et al.evaluated serum miRNAs 
in patients with diabetic kidney disease, revealing that miR-
486-5p was downregulated, with a receiver operating char-
acteristic area under the curve (ROC-AUC) of 0.853 [54]. 
In patients with vascular dementia due to cerebral small ves-
sel disease, plasma miR-486-5p had a sensitivity of 75%, 
specificity of 83%, and ROC–AUC of 90% as a diagnostic 
marker [56]. In a study of embryo transfer outcomes in IVF, 
a plasma miRNA signature that included miR-486-5p had 
a sensitivity of 100% and specificity of 83% for recurrent 
miscarriage, but sensitivity of only 68.1% and specificity 
of 54% for successful outcome [63]. Given the variety of 
non-malignant diseases with dysregulated circulating miR-
486-5p levels, its potential as a non-invasive diagnostic and 
prognostic biomarker warrants further study.

miR-486-5p is enriched within exosomes, which are 
important mediators of intercellular communication [64] 
and have shown protective effects in experimental mod-
els of organ injury [16, 17, 65, 66]. Indeed, miR-486-5p is 
among the most abundant miRNAs in both human adipose 
and bone marrow mesenchymal stem cell (BMSC)-derived 
exosomes, and over-represented compared to its expres-
sion within the parent cells [13]. Furthermore, human cord 
blood endothelial colony-forming cell (ECFC)-derived 
exosomes are enriched in miR-486-5p, with levels that are 
markedly higher compared to ECFC-derived microparti-
cles (100–1000 nm diameter) [16]. Mechanisms involved in 
selective cargo loading of miRNA and other RNA species 
into extracellular vesicles remain unclear. However, factors 
that influence the miRNA profile within extracellular vesi-
cles include the pathophysiological state of the source cell, 
RNA properties (such as small size, affinity for membrane 
lipids, and cytoplasmic localization), RNA sequence motifs, 
post-transcriptional modifications, and associations with 
RNA binding proteins [64].

Targets of miR‑486‑5p

Based on 3′UTR sequence homology (http://​mirdb.​org/​cgi-​
bin/​search.​cgi), more than 300 predicted miR-486-5p targets 
have been identified. However, not all predicted targets have 
been validated by demonstrating a direct interaction between 
miR-486-5p and the gene transcript 3′ UTR, typically done 

http://mirdb.org/cgi-bin/search.cgi
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by luciferase reporter assay. Below, we review key validated 
targets of miR-486-5p in non-malignant diseases.

Skeletal muscle PTEN and FoXO1

Phosphatase and tensin homolog (PTEN) is a tumor suppres-
sor protein whose expression is tightly regulated at multiple 
levels [67], and represents the original validated target of 
miR-486-5p [11]. As a lipid phosphatase, PTEN negatively 
regulates the phosphatidyl-inositol-3-kinase (PI3K)/Protein 
kinase B (Akt) signaling pathway by de-dephosphorylating 
the intracellular messenger and PI3K product phosphatidyl-
inositol-triphosphate (PIP3) to PIP2 [68]. Consequently, 
PTEN inhibits several cellular functions including prolif-
eration, migration, survival, and angiogenesis [68, 69].

FoxO1 belongs to the family of forkhead transcription 
factors (FoxOs), which are involved in insulin and insulin-
like growth factor-1 (IGF-1) signaling, thus affecting cell 
growth, proliferation, differentiation, apoptosis, oxidative 
stress, ageing, and metabolism [70]. FoxO1 is a negative 
regulator of Akt signaling, and its activity is also inhibited 
via Akt-mediated phosphorylation [71].

Small et  al. [11] first identified PTEN and FoxO1 as 
miR-486-5p targets, by luciferase reporter assay. In mice, 
an inverse correlation was shown between the expression of 
miR-486-5p and PTEN in postnatal cardiac growth. Further-
more, miR-486-5p overexpression in cardiomyocytes down-
regulated endogenous PTEN and Fox01 protein expression 
and increased p-Akt (at Ser473). These data implicate miR-
486-5p as a promoter of cardiac muscle growth by targeting 
and downregulating PTEN and Fox01, thereby activating 
PI3K/Akt signaling [11].

PTEN and PI3K/Akt signaling has also been implicated 
in primary muscle disorders, including Duchenne muscu-
lar dystrophy (DMD), caused by mutations in the dystro-
phin gene [72]. miR-486-5p expression is downregulated in 
skeletal muscle of patients with DMD compared to healthy 
controls [22] and in dystrophin-deficient muscles in mice 
[23]. Dystrophin-deficient animals have increased PTEN 
expression and decreased Akt phosphorylation within dys-
trophin-deficient muscle tissue [73], and modulation of Akt 
signaling improves muscle function in these models [74]. 
At the cellular level, miR-486-5p inhibition is detrimental 
to myoblasts, resulting in reduced myotube formation, failed 
migration, increased caspase-3/7 levels and enhanced apop-
tosis [14]. In human myotubes that overexpress DOCK3 (a 
validated target of miR-486-5p in skeletal muscle), PTEN 
expression is increased, associated with reduced Akt phos-
phorylation, higher expression of activated caspases-3/7 and 
increased myotube apoptosis [23]. These results provide 
strong evidence that miR-486-5p modulates these pathways 
via targeting PTEN and DOCK3 (Fig. 2).

The dynamic expression of miR-486-5p in normal mus-
cle regeneration is critical for its regenerative effect [14]. 
A comparison of wild type and dystrophin-deficient mice 
subjected to cardiotoxin-induced tibialis anterior muscle 
injury revealed that miR-486-5p expression is transiently 
upregulated after injury, with normal muscle regeneration, 
while dystrophin-deficient mice have reduced miR-486-5p 
expression following injury and impaired muscle regen-
eration. The authors also evaluated muscle regeneration 
in transgenic mice that overexpress miR-486-5p exclu-
sively in heart and skeletal muscle. Transgenic mice with 
muscle-specific miR-486-5p overexpression are viable, 
with no significant phenotypic differences from wild-type 
controls at 6 months of age, other than slight weight gain. 
However, when subjected to cardiotoxin-induced skeletal 
muscle injury, the transgenic mice displayed slowed mus-
cle regeneration and altered architecture, with increased 
multinucleated myofibers and a higher proliferative index 
[14]. Post-skeletal muscle injury, mice with muscle-spe-
cific miR-486-5p overexpression had decreased expres-
sion of target genes PTEN and FoxO1 (compared to wild 
type mice) along with downregulation of cyclin-dependent 
kinase inhibitors p21and p27 [14], which are FoxO1 tar-
gets [75]. These findings suggest that maintaining high 
miR-486-5p expression (rather than dynamic miR-486-5p 
expression) influences muscle satellite cell kinetics and 
fusion associated with targeting of PTEN and FoxO1, 
resulting in delayed and abnormal skeletal muscle regen-
eration [14].

In addition to myogenic differentiation and DMD, miR-
486-5p protects against muscle wasting through targets 
PTEN and FoxO1 [15, 66]. In experimental chronic kidney 
disease (CKD), the catabolic environment increases gluco-
corticoid production and suppresses insulin signaling, result-
ing in decreased PI3K/Akt activity [76, 77]. Suppression 
of Akt signaling induces FoxO1 dephosphorylation, which 
translocates to the nucleus and activates expression of E3 
ubiquitin ligases responsible for muscle proteolysis [77]. In 
mice with muscle-specific gene deletion of FoXO1, Xu et al. 
reported protection against CKD-induced muscle wasting 
[15]. In vivo, muscle miR-486-5p levels were decreased in 
CKD mice, and electroporation of miR-486-5p mimic into 
muscle improved mass, and decreased expression of ubiq-
uitin E3 ligases, FoxO1 and PTEN [15]. In dexamethasone-
treated cultured myotubes, Li et al.demonstrated that BMSC-
derived exosomes (enriched in miR-486-5p) improved 
myotube quantity, reduced expression of muscle atrophy 
markers, and downregulated the nuclear translocation of 
FoxO1, whereas these effects were blunted using exosomes 
treated with miR-486-5p inhibitor [66]. Accordingly, these 
data suggest that miR-486-5p is a potential therapeutic strat-
egy for disorders of muscle catabolism via its targeting of 
PTEN and FoxO1.
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Targeting of PTEN and PI3K/Akt signaling 
in cardiac ischemia

Acute myocardial infarction is associated with IRI [78] and 
coronary microembolization [79], which lead to myocardial 
cell apoptosis. In a swine model of coronary microembo-
lization, activation of the PTEN/Akt pathway contributes 
to cardiomyocyte apoptosis [80]. In rats with coronary 
microembolization, ventricular miR-486-5p expression 
is downregulated, and its overexpression activates PI3K/
Akt signaling by reducing PTEN expression, resulting in 
decreased cardiomyocyte apoptosis, reduced microinfarct 
area and improved cardiac function [81]. In a preclinical 
study of myocardial IRI, hypoxia/re-oxygenation triggers 
cardiomyocyte apoptosis with increased PTEN expres-
sion and reduced miR-486-5p expression [17]. Exosomes 
derived from rat BMSCs overexpressing miR-486-5p have 

a pronounced inhibitory effect on PTEN expression, lead-
ing to Akt activation, apoptosis reduction and significant 
reduction in myocardial infarct size compared to unaltered 
exosomes [17].

Bei et al. demonstrated that endogenous miR-486-5p was 
downregulated in cardiac tissue from mice subjected to IRI 
[18]. Injection of adeno-associated virus 9 (AAV9)-express-
ing miR-486-5p to mice subjected to cardiac IRI signifi-
cantly reduced infarct size and cardiomyocyte apoptosis at 
24 h, preserved cardiac function and reduced cardiac fibrosis 
at 3 weeks. Long term cardiac remodeling and dysfunction 
(at 6 weeks) was also prevented [18]. At 3 weeks after IRI, 
there was decreased expression of PTEN and FoxO1 in car-
diac tissue of mice treated with miR-486-5p. Moreover, car-
diomyocyte-specific expression of miR-486-5p suppressed 
apoptosis, attenuated cardiac dysfunction and fibrosis at 
3 weeks, and downregulated PTEN and FoxO1 expression. 

Fig. 2   miR-486-5p can activate or suppress PI3K/Akt signaling via 
its targets. miR-486-5p targets PTEN, DOCK3, and FoxO1 to activate 
PI3K/Akt signaling, and confers protective effects in skeletal muscle 
disorders, and kidney and cardiac IR injury (top). miR-486-5p targets 
IGF-1 to inhibit PI3K/Akt signaling, with possible negative conse-

quences in cyanotic congenital heart disease and pre-eclampsia. CHD 
congenital heart disease, DMD Duchenne muscular dystrophy, IGF-
1 insulin-like growth factor 1, IR ischemia reperfusion, PI3K phos-
phatidylinositol-3-kinase, PTEN phosphatase and tensin homolog 
(created with BioRender.com)
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On the other hand, miR-486-5p inhibition by miR-486-5p 
sponge AAV9 in cardiac IRI did not further increase infarct 
size at 24 h or worsen cardiac dysfunction at 3 weeks [18]. 
Of interest, swimming exercise upregulated miR-486-5p 
expression in isolated cardiomyocytes from mouse heart 
tissue, downregulated cardiac PTEN and FoxO1 expres-
sion, and protected against cardiac IRI [18]. Furthermore, 
miR-486-5p knock out mice subjected to exercise prior to 
cardiac IRI had significantly increased infarct size at 24 h 
compared to wild type controls [18]. miR-486-5p mimic 
suppressed apoptosis in cultured rat neonatal and human 
induced pluripotent stem cell-derived (hiPSC) cardiomyo-
cytes, along with decreased expression of PTEN and FoxO1 
and activation of Akt signaling. Finally, while anti-miR-
486-5p increased apoptosis in rat cardiomyocytes, silenc-
ing either PTEN or FoxO1 in anti-miR-486-5p-transfected 
cardiomyocytes attenuated the pro-apoptotic effect of miR-
486-5p inhibition [18].

These compelling results suggest that exosomal transfer 
or direct administration of miR-486-5p protects against myo-
cardial IRI by targeting PTEN and FoxO1, thereby activat-
ing Akt signaling and suppressing cardiomyocyte apoptosis 
(Fig. 2). Furthermore, these data also support an important 
role of miR-486-5p for the cardioprotective benefit of exer-
cise in cardiac IRI.

Matrix metalloproteinase‑19 (MMP‑19) 
and promotion of angiogenesis 
in myocardial infarction

Besides targeting PTEN/PI3K/Akt signaling, miR-486-5p 
may protect against myocardial ischemic injury via other 
pathways. De novo angiogenesis may protect injured cardio-
myocytes, prevent adverse cardiac remodeling and thereby 
reduce the risk of heart failure after myocardial infarction 
[82]. In BM-MSCs under hypoxia, the expression of miR-
486-5p and the pro-angiogenic vascular endothelial growth 
factor (VEGF) is upregulated [83]. miR-486-5p overexpres-
sion increases VEGF mRNA, and miR-486-5p inhibition 
downregulates VEGF mRNA and secretion, suggesting that 
miR-486-5p confers a proangiogenic effect [83].

Matrix metalloproteinase 19 (Mmp-19) is an inhibi-
tor of angiogenesis whose expression is downregulated in 
invasive carcinomas [84]. Mmp-19-deficient mice display 
earlier onset tumor angiogenesis [85] and Mmp-19 reduces 
endothelial cell angiogenesis by proteolytic cleavage of plas-
minogen, generating angiostatin-like fragments as endog-
enous angiogenesis inhibitors [86]. Li et al.studied the effect 
of exosomal miR-486-5p on angiogenesis after myocardial 
infarction in mice and non-human primates [65]. In mice 
with myocardial infarction, intra-myocardial administra-
tion of hypoxia-preconditioned MSC-derived exosomes, 

enriched in miR-486-5p, reduced infarct size, improved left 
ventricular ejection fraction and increased vascular den-
sity after 4 weeks. Exosomes also increased vessel sprout-
ing from isolated aortic rings, further supporting their 
pro-angiogenic effect. Hypoxia-preconditioned exosomes 
from MSCs treated with anti-miR-486-5p failed to promote 
myocardial repair and angiogenesis, suggesting that their 
protective effect is mediated in part by miR-486-5p. RNA 
sequencing of mouse myocardial tissues identified Mmp-
19 as significantly downregulated in the exosome-treated 
hearts. Mmp-19 is highly expressed in cardiac fibroblasts, 
and is a direct target of miR-486-5p by luciferase reporter 
assay. Furthermore, pathway analysis revealed that VEGF 
signaling is upregulated in myocardial tissue from exosome-
treated mice, and levels of uncleaved VEGF-A are higher 
in fibroblasts overexpressing miR-486-5p or with silencing 
of Mmp-19 [65], thus linking miR-486-5p to angiogenesis 
through its target Mmp-19.

Further studies in a non-human primate model of myo-
cardial infarction revealed that hypoxia-preconditioned 
exosomes (enriched in miR-486-5p) promote cardiac angio-
genesis, reduce infarct size, and improve cardiac function 
[65]. After 17 month follow-up, increased vascular and arte-
rial density was found within exosome-treated hearts, indi-
cating long-lasting cardiac angiogenesis. Intramyocardial 
injection of miR-486-5p-overexpressing exosomes improves 
cardiac function, reduces infarct size, and increases vas-
cular density [65]. These results suggest that miR-486-5p 
promotes angiogenesis and functional myocardial recovery 
in two pre-clinical models of myocardial infarction. The 
pro-angiogenic effect may occur via a paracrine mechanism 
from fibroblasts that targets Mmp-19 expression, resulting 
in decreased cleavage of extracellular VEGF-A.

Targeting of the PTEN/Akt pathway 
in kidney ischemic injury

 Acute kidney injury (AKI) refers to a rapid decline in kid-
ney function and is a common complication of hospitaliza-
tion, affecting up to 20% of patients with a higher prevalence 
in critical care settings [87]. In-hospital mortality rises with 
increasing severity of AKI with a rate for severe AKI up 
to 50%[88]. Patients who recover from AKI are at risk of 
adverse outcomes including new or progressive CKD, and 
kidney failure [89]. Yet, no effective treatments for AKI exist 
and preventative measures are limited [90].

The role of miR-486-5p has been evaluated in the context 
of kidney IRI, an experimental model of human ischemic 
AKI characterized by tubular cell damage and apoptosis/
necrosis, as well as endothelial cell dysfunction and loss 
[91]. Human cord blood ECFC-derived exosomes, highly 
enriched in miR-486-5p, suppress apoptosis of cultured 
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human endothelial cells subjected to hypoxia/reoxygenation 
by transfer of miR-486-5p, targeting PTEN and activating 
Akt signaling [16, 92]. In mice with kidney IRI, ECFC-
derived exosomes decrease kidney PTEN expression (and 
activate Akt), associated with reduced apoptosis, histologic 
injury and improved kidney function [16]. These data sug-
gest that ECFC-derived exosomes protect against kidney IR 
injury via transfer of miR-486-5p.

A recent study by Viñas et al. examined the effects of 
direct intravenous administration of lipid-encapsulated miR-
486-5p mimic to mice with ischemic AKI, and evaluated the 
transcriptome of kidney proximal tubules and endothelial 
cells [45]. miR-486-5p mimic significantly improved kid-
ney function and decreased histological injury and apop-
tosis in mice subjected to kidney IRI, and prevented the 
proximal tubular activation of genes commonly associated 
with ischemic injury. Kidney PTEN protein expression was 
decreased by miR-486-5p, associated with activation of Akt.

Importantly, the protective effects of miR-486-5p in 
ischemic AKI may involve other distinct miR-486-5p tar-
gets besides PTEN. In particular, distinct proximal tubular 
genes associated with apoptosis and the tumor necrosis fam-
ily (TNF) pathway are significantly downregulated by miR-
486-5p 24 h after IRI [45]. Furthermore, RNA sequencing of 
kidney proximal tubular cells and endothelial cells revealed 
only few known miR-486-5p targets downregulated by 
mimic 24 h after IRI. Notably, in-situ hybridization revealed 
that miR-486-5p localizes to the cytoplasm and nucleus of 
kidney cortical tubular cells [45], raising the possibility that 
miR-486-5p may directly regulate gene transcription at the 
nuclear level, in addition to its effects via 3′UTR targeting.

Targeting of NFAT5 in chronic kidney 
disease: diabetic nephropathy

CKD is defined by the presence of abnormalities of kid-
ney structure or function for at least 3 months [93]. Diabe-
tes mellitus is the leading cause of CKD world-wide, and 
diabetic nephropathy (DN) affects approximately 30% of 
patients with diabetes [94]. The pathophysiology of DN 
involves hemodynamic and metabolic factors including 
increased intraglomerular pressure and hyperfiltration, and 
the production of advanced glycation end-products. This 
promotes the generation of growth factors and hormones, 
such as transforming growth factor (TGF)-β and angiotensin 
II, reactive oxygen species, and inflammatory mediators, all 
of which contribute to kidney histological changes includ-
ing glomerular basement membrane thickening, extracellular 
matrix (ECM) deposition within the mesangium, prolifera-
tive changes, and ultimately, tubulointerstitial fibrosis and 
glomerulosclerosis [94, 95].

The nuclear factor of activated T-cells (NFAT), the 
substrate for calcineurin, represents a family of calcium-
dependent transcription factors. NFAT5 is ubiquitously 
expressed in all tissue types, and is an important gene 
regulator in organs with high hyperosmotic pressure risk, 
such as kidneys, heart, and brain [96]. However, NFAT5 
can have a pathogenic role in disease as it regulates the 
expression of pro-inflammatory cytokines [96], increases 
nuclear factor (NF)-κB activity [97], and increases the 
expression of genes involved in vascular smooth muscle 
cell and macrophage migration, platelet activation, and 
angiogenesis [96]. In experimental DN, the NFAT fam-
ily of transcription factors is required for ECM protein 
accumulation and glomerular hypertrophy [98], and NFAT 
inhibition reduces podocyte injury [99] and renal fibrosis 
[100].

In this context, Duan et al. demonstrated that NFAT5 is 
a validated target of miR-486-5p in DN [21]. In addition, 
miR-486-5p is a downstream target of lnc-ISG20 RNA: 
lnc-ISG20 expression increases in kidneys of diabetic 
mice and in mesangial cells cultured in high glucose, while 
miR-486-5p decreases; NFAT5 expression also increases 
in both models [21]. NFAT5-induced Akt phosphorylation 
promotes fibrosis by increasing the expression of colla-
gen, fibronectin and TGF-β in mesangial cells cultured 
in high glucose. In mice with DN, lnc-ISG20 overexpres-
sion promotes kidney fibrosis via Akt phosphorylation, 
while NFAT5 knockdown prevents fibrosis [21]. Thus, 
lnc-ISG20 downregulates miR-486-5p expression, result-
ing in increased NFAT5 expression, Akt activation, and 
increased expression of pro-fibrotic genes [21]. These 
data support an anti-fibrotic role of miR-486-5p in dia-
betic nephropathy.

Of note, the effect of glucose on miR-486-5p expres-
sion may be cell-specific. Although high glucose down-
regulates miR-486-5p expression in mesangial cells [21], 
exposure of human adipose tissue-derived MSCs to high 
glucose upregulates miR-486-5p expression, which inhib-
its cellular proliferation by targeting and downregulating 
SIRT1 [101], a deacetylase that regulates gene expression 
and is implicated in insulin sensitivity in type 2 diabetes 
[102]. SIRT1 expression is downregulated in adipose tissue 
of patients with diabetes [102], and in endothelial progeni-
tor cells exposed to high glucose [103]. Bouchareychas 
et al. showed that miR-486-5p is upregulated in mono-
cytes from hyperglycemic mice, in exosomes derived from 
BM-derived macrophages exposed to hyperglycemia, and 
in plasma-derived exosomes from patients with diabetes 
and peripheral arterial disease [104]. Thus, although miR-
486-5p may protect against kidney fibrosis by targeting 
NFAT5 in DN, its upregulation in other cell types in the 
context of hyperglycemia may have adverse consequences.
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Targeting of IGF‑1

Insulin-like growth factor-1 (IGF-1) is a polypeptide 
trophic factor whose biological actions are mediated by 
the IGF-1 receptor, a tyrosine kinase that phosphorylates 
intracellular proteins to activate multiple signaling path-
ways, including PI3K/Akt and mitogen-activated protein 
kinase (MAPK) [105]. Consequently, IGF-1 is involved 
in several cellular functions including survival, growth, 
and differentiation. Targeting of IGF-1 by miR-486-5p in 
malignant diseases has been reported to reduce cancer cell 
growth and migration, and stimulate apoptosis [35, 106].

Studies of miR-486-5p and IGF-1 signaling in non-
malignant diseases have been limited to in vitro models, 
and reveal conflicting effects on proliferation, migration, 
and apoptosis. IGF-1 is an essential regulator of cardiac 
structure and homeostasis [107] and reduced serum levels 
of IGF-1 are found in patients with cyanotic congenital 
heart disease, who experience chronic hypoxemia [108]. 
Erythrocyte levels of miR-486-5p levels are increased in 
pediatric patients with cyanotic congenital heart disease 
compared to healthy controls [109]. Fan et al. showed that 
miR-486-5p expression is upregulated in rat cardiomyo-
cytes exposed to hypoxia, and demonstrated IGF-1 is a 
direct target of miR-486-5p by luciferase reporter assay. 
Downregulation of miR-486-5p increases IGF-1 expres-
sion and cell viability, and suppresses hypoxia-induced 
cardiomyocyte apoptosis, whereas silencing of IGF-1 has 
the opposite effect [37]. The data suggest that miR-486-5p 
may have a pathological role in cyanotic congenital heart 
disease by targeting IGF-1, thereby promoting cardiomyo-
cyte apoptosis (Fig. 2).

The role of miR-486-5p and IGF-1 targeting has also 
been studied in pre-eclampsia, a serious pregnancy-spe-
cific complication mediated by placental dysfunction. 
Human placental microvascular endothelial cell-derived 
exosomes are enriched in miR-486-5p [110] and levels are 
further upregulated following exposure to hypoxia/reoxy-
genation. Administration of hypoxia-exposed exosomes to 
trophoblast cells results in transfer of miR-486-5p, asso-
ciated with decreased cell viability, proliferation, migra-
tion and invasion, via targeting of IGF-1 [110]. These 
data suggest that miR-486-5p may have a pathological 
role in the development and progression of pre-eclampsia 
by causing trophoblast dysfunction. Similarly, an in vitro 
study in hypertrophic scar fibroblasts showed that miR-
486-5p overexpression inhibits cell viability, migration 
and expression of collagens and promotes apoptosis by 
targeting IGF-1 [111]. Interestingly, miR-486-5p has 
opposing biological effects in this model, suppressing 
PI3K/Akt signaling through IGF-1, in contrast to skel-
etal muscle [15, 23] and models of cardiac IRI [17, 81] 

Thus, cell-specific factors influence the regulation of miR-
486-5p expression and its affected target genes, which ulti-
mately determine biological effects. Indeed, in malignant 
diseases miR-486-5p has been reported to have both onco-
genic and tumor suppressor roles [9].

Targeting SMAD1/2/4 and inhibition of TGF‑β 
signaling

TGF-β belongs to a superfamily of related growth fac-
tors and comprises three isoforms in mammals (TGF-β1, 
TGF-β2, TGF-β3), all of which bind the TGF-β receptor 
2 (TGFR2) to recruit TGFR1 and activate signaling [112]. 
TGF-β signaling is the primary driver of tissue fibrosis, 
but also has effects on cell proliferation, differentiation, 
apoptosis, and immunity [112]. TGF-β signaling activates 
Smad-based pathways by phosphorylation and activation 
of Smad2/3 by the TGFR1, resulting in nuclear transloca-
tion of the Smad complex and transcription of pro-fibrotic 
genes, such as smooth muscle actin (α-SMA), collagens, 
and fibronectin [112]. TGF-β also interacts with non-Smad-
based signaling including the MAPK and PTEN/PI3K/Akt 
pathways. Ultimately, TGF-β signaling through Smad and 
non-Smad-based pathways induces fibrosis via myofibro-
blast activation, excessive ECM production, and inhibition 
of ECM degradation [112].

In mice with pulmonary fibrosis, lung miR-486-5p levels 
diminish, and decreased levels are found in the serum and 
lung tissue of patients with silicosis and idiopathic pulmo-
nary fibrosis [20]. Administration of miR-486-5p attenuates 
pulmonary fibrosis in mice exposed to silica or bleomycin 
[20]. In cultured mouse fibroblasts miR-486-5p directly 
targets Smad2, inhibits TFG-β-induced expression of pro-
fibrotic genes and reduces fibroblast proliferation [20]. In 
human hypertrophic scar fibroblasts, miR-486-5p targets 
Smad2 to inhibit proliferation and induce apoptosis [113]. 
These data support an anti-fibrotic role for miR-486-5p in 
models of pulmonary fibrosis and hypertrophic scar.

Epithelial–mesenchymal transition (EMT) is another 
TGF-β-mediated mechanism that contributes to fibrosis 
[112], and is implicated in development of posterior cap-
sular opacification, (also known as secondary cataract), a 
complication of cataract surgery. In vitro studies using cul-
tured human lens epithelial cells reported that miR-486-5p 
expression is downregulated in TGF-β2-induced lens cells, 
and overexpression of miR-486-5p reduces proliferation, 
migration, and EMT by targeting Smad2 and Smad4, sug-
gesting that miR-486-5p may prevent the progression of 
cataracts [114, 115].

Heart failure, a common end-stage manifestation of 
cardiac diseases, is associated with cardiac remodeling, 
characterized by cardiomyocyte hypertrophy, apoptosis, 
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cardiac fibroblast activation and ECM deposition [116]. 
Serum IgE levels are elevated in patients with heart fail-
ure, and the IgE receptor (FCεR1) is upregulated in heart 
tissue from these patients [117]. Zhao et al. showed that 
blocking the IgE-FCεR1 pathway alleviates pathological 
cardiac remodeling in two distinct mouse models of heart 
failure [117]. Treatment of rat cardiac fibroblasts with 
IgE results in fibroblast activation, matrix protein produc-
tion, and upregulation of TGF-β signaling in an FCεR1-
dependent manner [117].

Zhao et al. [19] subsequently reported that miR-486-5p 
is downregulated (and its predicted target Smad1 is upregu-
lated) in mouse cardiac fibroblasts treated with IgE in an 
FCεR1-dependent manner, while the expression of colla-
gens and α-SMA is also increased. Luciferase reporter assay 
revealed that Smad1 is a direct target of miR-486-5p, while 
miR-486-5p mimic decreases expression of Smad1/p-Smad1 
in primary mouse cardiac fibroblasts. Smad1 also promotes 
activation and collagen expression in cardiac fibroblasts 
treated with IgE. These data support a role for the miR-486-
5p/Smad1 pathway in IgE-induced collagen expression, and 

suggest that miR-486-5p protects against cardiac fibrosis by 
targeting and downregulating Smad1.

Although targeting of TGF-β/Smad signaling by miR-
486-5p may protect against select fibrotic diseases, other 
processes may be negatively impacted. Shi et al. reported 
that patients with osteoarthritis (the most common form of 
arthritis caused by degeneration of joint cartilage) exhibit 
low levels of Smad2 and elevated miR-486-5p levels in car-
tilage tissue compared to control patients. In cultured human 
chondrocytes, miR-486-5p targets Smad2 and decreases cell 
proliferation and type II collagen expression. These data 
suggest that miR-486-5p may promote osteoarthritis pro-
gression by targeting Smad2 [118] (Fig. 3). However, using 
collagen-induced arthritic mice as a model for the inflam-
matory autoimmune disease rheumatoid arthritis, Chen et al.
demonstrated that exosomes containing miR-486-5p allevi-
ate disease severity by decreasing the expression of Tob1, an 
antiproliferative protein that interacts with Smad family pro-
teins [119], inducing osteoblast differentiation [120]. Thus 
the role of miR-486-5p in arthritis is complex and may differ 
based on arthritis etiology.

Fig. 3   miR-486-5p targets Smad-dependent TGF-β signaling. miR-
486-5p confers protective effects in models of cardiac and pulmonary 
fibrosis, hypertrophic scar, and cataract progression but may have a 
role in osteoarthritis pathogenesis. EMT epithelial-to-mesenchymal 

transition, NFAT-5 nuclear factor of activated T cells-5, OA osteoar-
thritis, α-SMA α-smooth muscle actin, TGF-β transforming growth 
factor β (created with BioRender.com)
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Targeting Sp5/Wnt signaling

Successful wound healing requires cellular proliferation, 
migration, and angiogenesis [121]. The Wnt/β-catenin 
pathway involves evolutionary conserved signaling that 
is essential for cell fate and organization during embryo-
genesis, and plays a role in adult tissue homeostasis and 
regeneration [122]. The Sp5 transcription factor is a Wnt 
target gene that negatively regulates Wnt signaling by tran-
scriptional repression of downstream genes, such as p21 
and cyclin-D2, both of which regulate cellular prolifera-
tion, and the latter has also been implicated in endothelial 
cell repair [123].

Lu et al.investigated the role of adipose-derived stem 
cell-secreted extracellular vesicles, enriched in miR-
486-5p, on cutaneous wound healing and the validated 
target Sp5 [121]. In vitro experiments revealed that vesi-
cle transfer of miR-486-5p enhances proliferation and 
migration of human skin fibroblasts, and stimulates pro-
liferation, migration, and angiogenesis of human micro-
vascular endothelial cells by inhibiting the expression of 
Sp5, thereby increasing cyclin-D2 expression. Thus, the 
relationship between miR-486-5p targeting of the tran-
scriptional repressor Sp5 and endothelial repair warrants 
further exploration in other models of organ injury and 
recovery that require de novo angiogenesis.

miR‑486‑5p targets Histone acetyltransferase 
1

Not all pre-clinical data demonstrate protective effects 
of miR-486-5p in disease. In this regard, histone acetyla-
tion is an epigenetic modification that changes chromatin 
structure and affects DNA replication, repair, and activa-
tion of gene transcription [124]. Histone acetyltransferase 
1 (HAT1) partially localizes to the cytoplasm and dea-
cetylates newly synthesized histone H4 on lysines 5 and 
12 (H4K5, H4K12) [125]. HAT1 is involved in several 
biological processes including chromatin assembly, DNA 
replication, DNA repair, cell proliferation and glucose 
metabolism [124].

Liu et  al. investigated the relationship between 
miR-486-5p and ATP-binding cassette transporter A1 
(ABCA1)-mediated cholesterol efflux in macrophage-
derived foam cells [126]. ABCA1 expression and athero-
genesis are regulated by epigenetic modifications [127], 
but ABCA1 is not a predicted target of miR-486-5p. How-
ever, in this study miR-486-5p directly targeted HAT1 
by luciferase reporter assay. Treatment of macrophage-
derived foam cells with miR-486-5p mimic decreases 

HAT1 expression, decreases H4K5/H4K12 acetylation, 
and blocks cholesterol eff lux. HAT1 overexpression 
increases ABCA1 expression, while miR-486-5p mimic 
inhibits ABCA1 expression [126]. Further supporting the 
role of miR-486-5p in atherosclerosis, Apoe−−/e−− mice 
treated with exosomes from BM-derived macrophages 
(enriched in miR-486-5p) develop atherosclerotic lesions 
with macrophage foam cells [104]. Together, these stud-
ies suggest that macrophage miR-486-5p may promote 
atherosclerosis.

The relationship between miR-486-5p and HAT1 has 
also been evaluated in the context of chronic obstructive 
pulmonary disease (COPD). Zhang et al. reported that miR-
486-5p is upregulated in lung tissues of patients with COPD 
compared to smokers without COPD, and in alveolar mac-
rophages and peripheral monocytes of COPD patients and 
smokers compared to healthy non-smokers [128]. Rat pul-
monary macrophages exposed to cigarette smoking extract 
upregulate endogenous miR-486-5p and toll-like receptor 4 
(TLR4), a known inflammatory trigger, and downregulate 
HAT1, a direct miR-486-5p target. miR-486-5p negatively 
regulates HAT1 expression in rat pulmonary macrophages, 
and HAT1 suppression increases expression of TLR4 and 
inflammatory cytokines [128]. miR-486-5p may therefore 
play a pathological role in COPD by regulating TLR-4 trig-
gered inflammation via its target HAT1.

miR‑486‑5p targets in development

In skeletal muscle development, the transcription factor Pax7 
is expressed in muscle satellite cells, and is downregulated 
in activated satellite cells for differentiation [129]. In C2C12 
myoblasts, Dey et al.showed that miR-486-5p expression 
is upregulated during myoblast differentiation [24]. miR-
486-5p overexpression accelerates myoblast differentiation, 
while miR-486-5p inhibition delays differentiation with 
persistent expression of Pax7 protein, which is a target of 
miR-486-5p. Thus, miR-486-5p promotes myogenesis by 
targeting and downregulating Pax7, a transcription factor 
required for satellite cell biogenesis and survival [24].

In hematopoiesis, miR-486-5p expression is upregulated 
throughout erythroid differentiation [25, 26]. miR-486-5p 
overexpression in cord blood CD34+ cells (megakaryo-
cyte–erythroid progenitors) enhances cell growth, erythroid 
differentiation and cell survival, while miR-486-5p inhibi-
tion suppresses these processes [130]. miR-486-5p inhibi-
tion also upregulates PTEN and FoxO1 protein expression, 
decreases p-Akt, and promotes apoptosis and cell growth 
inhibition. FoxO1 knockdown rescued the effects of miR-
486-5p inhibition but did not influence erythroid differ-
entiation. Thus contributing targets of miR-486-5p other 
than FoxO1 remain to be uncovered [130]. The role of 
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miR-486-5p in erythropoiesis has been further characterized 
in homozygous miR-486-5p knockout mice [25]. The mice 
are viable, but display defects within the erythroid lineage in 
bone marrow and spleen, with accumulation of early stage 
erythroblasts, and a reduced proportion of mature erythro-
cytes. When subjected to oxidative stress, peripheral blood 
from miR-486-5p knockout mice shows a greater reduction 
of red blood cells and increased proportion of reticulocytes 
[25].

miR-486-5p is also implicated in neurogenesis. Dori 
et al. isolated discrete populations of neural progenitor cells 
(proliferative progenitors that expand the stem cell pool and 
differentiative progenitors that generate neurons) and pro-
filed global miRNA expression during cortical development 
[131]. miR-486-5p expression is transiently downregulated 
in differentiative progenitors compared with proliferative 
progenitors and neurons, termed an ‘off-switch’ transcript. 
In utero delivery of a locked nucleic acid miR-486-5p inhibi-
tor to mice at embryonic day 13.5 (the developmental stage, 

where cortical progenitor cells are mostly proliferative pro-
genitors) increases the proportion of cortical progenitor cells 
at the expense of neurons without affecting neuron migration 
or survival [131]. These findings suggest that miR-486-5p 
regulates cell fate in neurogenesis, but the precise targets 
of miR-486-5p in cortical development remain unknown. 
Thus, understanding the mechanisms by which miR-486-5p 
regulates developmental processes could provide additional 
insight into its role in disease states and identify new targets 
and pathways for further study.

Conclusions

miR-486-5p is implicated in several non-malignant dis-
eases as an important regulator of critical signaling 
pathways including PTEN/Akt, IGF-1, MMP-19/VEGF, 
Smad-dependent TGF-β, and Sp5/Wnt/β-catenin, affect-
ing biological processes including apoptosis, cellular 

Fig. 4   Overview of miR-486-5p target genes, affected signaling path-
ways, cellular processes, and possible biological effects. miR-486-5p 
has therapeutic potential in non-malignant diseases by modulating 
signaling pathways that control critical cellular processes that are 
involved in tissue regeneration, recovery of organ function, preven-
tion of adverse long-term consequences after organ injury, and organ 
fibrosis. ABCA1 ATP binding cassette subfamily A member 1, COPD 

chronic obstructive pulmonary disease, HAT-1 histone acetyltrans-
ferase 1, IGF-1 insulin-like growth factor-1, Mmp-19 matrix metallo-
proteinase-19, NFAT5 nuclear factor of activated T cells-5, OA osteo-
arthritis, PI3K phosphatidylinositol-3-kinase, PTEN phosphatase and 
tensin homolog, TGF-ß transforming growth factor-ß, TLR-4 toll-like 
receptor-4, VEGFA vascular endothelial growth factor-A (created 
with BioRender.com)
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migration and proliferation, angiogenesis, and fibrosis 
(summarized in Fig. 4). miR-486-5p also regulates epi-
genetic modifications by targeting and downregulating 
HAT1. However, varying biological effects of miR-486-5p 
have been reported depending on the targeted genes, which 
may also be specific to cell type and injury model. In addi-
tion to its validated 3′UTR targets that are downregulated 
by post-transcriptional gene silencing via the cytoplasmic 
RISC pathway, miR-486-5p also localizes to the nucleus, 
and thus may affect gene expression beyond classical post-
transcriptional gene regulation.

Pre-clinical studies support miR-486-5p as a promising 
therapy for several non-malignant diseases, including car-
diac and kidney disorders, due to its proliferative, pro-angi-
ogenic, anti-apoptotic, and anti-fibrotic effects. miR-486-5p 
protects against cardiac ischemic injury and targets PTEN, 
suppressing cardiomyocyte apoptosis in cardiac IRI [17, 81], 
improves cardiac function and promotes angiogenesis after 
myocardial infarction associated with targeting Mmp-19 in 
cardiac fibroblasts [65], and reduces IgE-mediated cardiac 
fibrosis by targeting Smad1 [19]. miR-486-5p also pro-
tects against ischemic kidney injury and targets PTEN [16, 
45], associated with decreased expression of select genes 
involved in apoptosis and the TNF inflammatory pathway, 
and may confer a protective anti-fibrotic role in diabetic kid-
ney disease by targeting NFAT5 [21]. Although there are no 
human clinical trials involving miR-486-5p therapy to date, 
clinical trials are underway for other miRNAs [132]. For 
instance, a phase I trial of intravenous liposomal miR-34a 
mimic administered to patients with advanced solid tumors 
was found to target tumors but unfortunately led to serious 
immune-mediated adverse events, resulting in early trial 
termination [133]. In Alport nephropathy—a hereditary 
nephropathy—Phase 1 trials involving use of the miR-21 
inhibitor RG-012 have been completed and will move to 
Phase 2 [132]. Accordingly, miR-486-5p has potential as 
a bio-therapeutic agent in several non-malignant diseases. 
Nonetheless, studies addressing the safety profile and longer 
term effects of miR-486-5p delivery are warranted, since 
miR-486-5p affects cell cycle kinetics [14], its expression is 
tightly regulated in growth and development [11], and dys-
regulated expression has been associated with malignancy 
potential [9].
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MicroRNA in Human Acute Kidney Injury: 
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Abstract
Background: Acute kidney injury (AKI) is a common complication of hospitalization with high morbidity and mortality 
for which no effective treatments exist and for which current diagnostic tools have limitations for earlier identification. 
MicroRNAs (miRNAs) are small non-coding RNAs that have been implicated in the pathogenesis of AKI, and some miRNAs 
have shown promise as therapeutic tools in animal models of AKI. However, less is known about the role of miRNAs in 
human AKI.
Objective: To evaluate the role of miRNAs in human subjects with AKI.
Design: Systematic review and meta-analysis
Measurements: Quantification of miRNA levels from human blood, urine, or kidney biopsy samples, and measures of renal 
function as defined in the study protocol.
Methods: A comprehensive search strategy for Ovid MEDLINE All, Embase, Web of Science, and CENTRAL will be 
developed to identify investigational studies that evaluated the relationship between miRNA levels and human AKI. Primary 
outcomes will include measurements of kidney function and miRNA levels. Study screening, review and data extraction will 
be performed independently by 2 reviewers. Study quality and certainty of evidence will be assessed with validated tools. A 
narrative synthesis will be included and the possibility for meta-analysis will be assessed according to characteristics of clinical 
and statistical heterogeneity between studies.
Limitations: These include (1) lack of randomized trials of miRNAs for the prevention or treatment of human AKI, (2) 
quality of included studies, and (3) sources of clinical and statistical heterogeneity that may affect strength and reproducibility 
of results.
Conclusion: Previous studies of miRNAs in different animal models of AKI have generated strong interest on their use 
for the prevention and treatment of human AKI. This systematic review will characterize the most promising miRNAs for 
human research and will identify methodological constraints from miRNA research in human AKI to help inform the design 
of future studies.
Systematic review registration: PROSPERO CRD42020201253

Abrégé 
Contexte: L’insuffisance rénale aiguë (IRA) est une complication fréquente des hospitalisations avec morbidité et mortalité 
élevées. Il n’existe aucun traitement efficace contre l’IRA et les outils diagnostiques actuels qui permettent son dépistage 
précoce comportent des limites. Les microARN (miARN) sont de petits ARN non codants ayant été impliqués dans la 
pathogenèse de l’IRA; certains d’entre eux se sont révélés prometteurs comme outils thérapeutiques dans les modèles 
animaux de l’IRA. Le rôle des miARN dans l’IRA chez l’humain est cependant moins connu.
Objectif: Évaluer le rôle des miARN chez les sujets humains atteints d’IRA.
Type d’étude: Examen systématique et méta-analyze
Mesures: La quantification des taux de miARN chez l’humain à partir d’échantillons de sang, d’urine ou de biopsie rénale, et 
mesure de la fonction rénale telle que définie dans le protocole de l’étude.
Méthodologie: Une stratégie de recherche exhaustive des bases de données Ovid MEDLINE All, Embase, Web of Science 
et CENTRAL sera élaborée afin de répertorier les études expérimentales ayant évalué la relation entre les taux de miARN 
et l’IRA chez l’humain. Les principaux critères d’évaluation comprendront la mesure de la fonction rénale et des taux de 
miARN. Deux examinateurs procéderont de façon indépendante à la sélection des études, à leur examen et à l’extraction des 
données. La qualité des études et la robustesse des données seront évaluées à l’aide d’outils validés. Une synthèse descriptive 
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Background

Acute kidney injury (AKI) refers to a rapid decline in kidney 
function. Acute kidney injury affects up to 20% of hospital-
ized patients particularly in those admitted to intensive care 
units (ICU).1 Patients who develop AKI have an increased 
risk of death1 and are more likely to have long term adverse 
outcomes if they recovered from AKI. In a meta-analysis of 
82 studies with 2 million hospitalized adults followed for 
minimum 1 year, AKI was associated with a nearly 2-fold 
increased risk of death, a 3-fold increased risk of new or 
progressive chronic kidney disease (CKD), and a 4-fold 
increased risk of kidney failure compared to patients with-
out AKI.2 The incremental cost of AKI in Canada is esti-
mated to exceed CAN$200 million per year, and greater 
severity AKI is associated with incremental increases in both 
hospital length of stay and costs.3 Despite the health and eco-
nomic burden of AKI, no effective interventions currently 
exist for treatment,4 preventative measures are limited,5 and 
current diagnostic tools including serum creatinine and urine 
output have major limitations for earlier identification.6

AKI can be caused by different mechanisms, including 
ischemia-reperfusion injury (IRI), sepsis, and nephrotoxins. 
At the cellular level, proximal tubular and endothelial cell 
injury involve pathways in inflammation, apoptosis, angio-
genesis, and fibrosis.7 MicroRNAs (miRNAs) are small non-
coding RNAs, well conserved across species, that regulate 
gene expression at the post-transcriptional level by binding 

the 3′-untranslated region (UTR) of messenger RNA 
(mRNA), thereby inhibiting mRNA translation and promot-
ing mRNA degradation.8 Thus far, more than 1500 miRNAs 
have been identified in humans and have been found to be 
involved in many biological processes including cell cycle 
regulation, apoptosis, hypoxia, metabolism, immunity, and 
oncogenesis.7 Over the last 10 years, there has been an 
expanding effort to evaluate the role of miRNAs in AKI. 
This is reflected by the increasing annual number of publica-
tions on this topic over this time period in PubMed: from 4 
publications in 2010, to an average of 50-60 publications 
annually over the last 5 years.

Several miRNAs have been studied in animal models of 
AKI—the most frequent of which is miR-21—for their 
expression patterns, mechanisms of action and therapeutic 
potential.9 For instance, Song et  al evaluated the effect of 
miR-21 knockdown on AKI using in vitro hypoxia/re-oxy-
genation and in vivo mouse IRI models.10 These knockdown 
studies suggest that miR-21 protects against ischemic AKI. 
miR-21 knockdown intensified ischemia-induced renal epi-
thelial cell injury by (1) enhanced apoptosis through the 
phosphatase and tensin homolog (PTEN)/Akt/mammalian 
target of rapamycin (mTOR)/hypoxia-inducible factor (HIF) 
pathways and (2) increased inflammation by promoting den-
dritic cell maturation.10

Pre-clinical research is an important step for the transla-
tion of basic science to human studies, and a systematic 
review of miRNAs as therapy for pre-clinical models of AKI 
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sera incluse et la possibilité d’une méta-analyze sera évaluée en fonction des caractéristiques de l’hétérogénéité clinique et 
statistique entre les études.
Limites: Les limites de l’étude concernent notamment (i) le manque d’essais randomisés examinant les miARN pour la 
prévention ou le traitement de l’IRA humaine; (ii) la qualité des études incluses; et (iii) les sources d’hétérogénéité clinique 
et statistique susceptibles d’affecter la robustesse et la reproductibilité des résultats.
Conclusion: Des études antérieures sur les miARN dans différents modèles animaux de l’IRA ont suscité un vif intérêt pour 
leur utilization dans la prévention et le traitement de l’IRA chez l’humain. Cet examen systématique caractérisera les miARN 
les plus prometteurs pour la recherche sur l’IRA humaine et définira les contraintes méthodologiques de telles études, ce qui 
aidera à orienter la conception des études futures.
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is underway.11 Although miRNAs are showing promise as 
therapies in pre-clinical AKI models, much less is known 
about their potential as a therapy to prevent or treat AKI in 
humans.12 Furthermore, pre-clinical studies have not readily 
translated to human application and study design flaws are a 
contributing factor. For example, many studies of IRI-AKI 
are conducted in male animals.13 However, animal experi-
mental models have shown that female sex confers protec-
tion against IRI-AKI,14-17 an observation that has also been 
noted from observational studies and meta-analysis in 
humans.18,19

Currently, no clinical trials on the therapeutic use of 
miRNA in human AKI have been registered (clinicaltrials.gov, 
https://www.isrctn.com/), but several miRNAs have been 
evaluated as biomarkers of AKI and other kidney diseases.12 
In cardiac surgery and critically ill patients, small studies that 
measured urinary or plasma levels of miRNAs as a prognos-
tic marker of AKI have reported conflictive results and this 
highlights the complexity of miRNA pathways.7 One such 
example is miR-21, whose levels have been shown to be 
increased in the urine and plasma of critically ill and cardiac 
surgery patients with AKI,20-22 yet another study of cardiac 
surgery patients found that lower pre-operative plasma miR-
21 levels conferred an increased risk of developing cardiac 
surgery-associated AKI.23 This systematic review will evalu-
ate many aspects of miRNAs related to human AKI, includ-
ing an improved understanding of the pathophysiology 
related to different AKI causes, and will identify method-
ological limitations, sources of heterogeneity and outcome 
measure differences, which will help inform the planning 
and design of clinical trials.

Methods

Study Design

This systematic review will be reported in accordance with 
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statements, and the Cochrane Handbook 
for Systematic Reviews of Interventions will be used as 
best-practice guidance.24,25 The study protocol was written 
in accordance with PRISMA for protocols (PRISMA-P) and 
is registered with the International Prospective Register of 
Systematic Reviews (PROSPERO CRD42020201253). A 
populated PRISMA-P checklist is provided in supplemen-
tary file 1.

Objectives

The primary aim is to evaluate the role of miRNAs in human 
AKI. The secondary aims will be to evaluate the association 
between miRNAs and renal outcomes including AKI sever-
ity, the incidence of dialysis-requiring AKI, renal recovery, 
and in-hospital mortality. The relationship between timing of 
miRNA measures in AKI and clinical outcomes, and the 

effect of sex on miRNA expression in AKI will be evaluated 
if possible.

Types of Studies

Observational and interventional studies (randomized and 
non-randomized) evaluating miRNAs in human AKI that 
meet the inclusion criteria below will be included. Narrative 
reviews, editorials, and case reports will be excluded.

Population.  Studies of human subjects (adult and pediatric 
populations) with both dialysis-requiring and non-dialysis-
requiring AKI will be included. AKI will be defined broadly 
using RIFLE and AKIN definitions outlined in the KDIGO 
clinical practice guidelines for AKI.5 All AKI causes will be 
included (ie, etiology), but if there are sufficient number of 
studies, subgroup analyses will be conducted to determine 
any differences in the etiology of AKI. Studies of patients 
with end-stage kidney disease treated with kidney replace-
ment therapy (maintenance dialysis) will be excluded.

Studies involving non-human animal and cell culture 
models will be excluded.

Exposure.  The exposure of interest is AKI. Studies will char-
acterize the relationship between the presence of AKI, AKI 
severity and etiology, and miRNA levels.

Comparator(s).  Studies will be comparing miRNA levels in 
patients with AKI to those without AKI. In the event there is 
no comparator group, studies may compare miRNA levels 
with differing severity of AKI.

Confounders.  These include any variables that can influence 
miRNA levels. As miRNAs affect a range of biological pro-
cesses and their expression is dysregulated in many dis-
eases, confounders include AKI cause and CKD,12 diabetes 
mellitus,26 infection/sepsis,27 cancer,28,29 and medications 
(ie anticoagulants30 and anti-cancer agents).29 Age will also 
be explored as a confounding factor.

Outcomes
(a)	 Primary outcome: miRNA levels from blood, urine, 

or kidney tissue in association with AKI. miRNA 
quantification methods may include but are not lim-
ited to quantitative PCR, microarray, or quantifica-
tion using fluorescence in situ hybridization.

(b)	 Secondary outcomes: (1) Measurement of renal func-
tion by serum Cr, BUN or urea, or urine volume; (2) 
biomarkers of AKI31 (ie neutrophil gelatinase-associ-
ated lipocalin (NGAL), kidney injury molecule 1 
(KIM-1) or others), and kidney structural changes by 
kidney biopsy for histological analyses if available; 
(3) measures of association between miRNA levels 
and other outcomes of interest: (i) severity of AKI, 
(ii) dialysis-requiring AKI, and (iii) complete or 
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partial renal recovery (broad criteria due to lack of 
uniform definition32 includes serum Cr < 1.5× base-
line, or, no longer requiring renal replacement ther-
apy, or, serum Cr decreases but does not return to 
<1.5× baseline), and (iv) in-hospital mortality.

(c)	 Exploratory outcomes: (i) the association between 
sex and miRNA levels in AKI, (ii) between miRNA 
level and AKI cause, and (iii) timing of miRNA mea-
surement and clinical outcomes.

Search Strategy

We performed an initial search using PubMed for prior sys-
tematic reviews on this topic. We also searched PROSPERO 
to identify currently registered systematic reviews. We did 
not identify any prior or ongoing systematic review.

We will implement a comprehensive search strategy in 
collaboration with a research librarian (provided in supple-
mentary file 2). The search will include terms related to acute 
kidney injury, miRNA, and extracellular vesicles (which 
may contain miRNA as cargo).

We will search the following databases from years 1947 
to present:

•• Ovid MEDLINE All
•• Embase
•• CENTRAL (Cochrane Central Register of Controlled 

Trials)
•• Web of Science

The search will be supplemented by manually scanning the 
reference list of all included studies for additional material. 
Editorials, review articles, case reports, patent applications, 
and studies involving only animal or in-vitro experiments 
will be excluded. Abstracts from the last 5 years from the 
American Society of Nephrology scientific meetings will be 
reviewed. A search of clinicaltrials.gov for any contempo-
rary or previous protocols will be conducted to verify eligi-
ble studies.

Study Selection

Titles and abstracts initially identified from our search will 
be exported to Covidence for independent screening by at 
least 2 investigators. Duplicate citations will be removed.

The following requirements must be met for an article to 
be considered for full text review:

•• Original study (observational or interventional) of 
human AKI with miRNA expression measures. We 
will exclude non-original research (ie review or edito-
rials), and pre-clinical studies.

•• Possible causes of AKI include but are not limited to 
(1) pre-renal, hepatorenal, or cardio-renal syndrome; 
(2) acute tubular necrosis; (3) major surgery (ie 

cardiac, vascular, intra-abdominal); (4) shock; (5) 
sepsis; (6) nephrotoxins; (7) acute obstruction; (8) 
acute interstitial nephritis; (9) acute glomerulonephri-
tis; (10) malignancy-associated AKI and (11) AKI in 
renal transplant recipients including delayed graft 
function and acute rejection. Studies of patients with 
end-stage kidney disease treated with kidney replace-
ment therapy (maintenance dialysis) will be excluded.

•• Studies in English and French languages will be 
included.

•• Studies that do not specifically address miRNA or 
kidney function will be excluded.

The 2 reviewers will also document the primary reason for 
article exclusion after full text review. Any discrepancies 
between included and excluded studies between the 2 inde-
pendent reviewers will be discussed for a consensus deci-
sion. If a consensus cannot be reached, a third reviewer will 
provide an independent opinion. We will calculate the kappa 
statistic for inter-reviewer reliability.

Data Extraction

A data extraction form will be created and piloted prior to 
duplicate data extraction by 2 independent reviewers. The 
data extracted will include the following:

•• Study characteristics: authors, journal information, 
publication year, geographic location, in-patient set-
ting (ward, ICU, post-cardiac surgery, transplant), 
study design, type of publication (abstract or full 
manuscript).

•• Population characteristics: Age, sex, ethnicity, 
comorbidities, AKI setting (ie ICU, post-cardiac sur-
gery, etc), admission diagnosis, AKI cause.

•• Type of exposure and comparator:

○ � Type of kidney insult responsible for AKI if appli-
cable to the study (ie cardiac surgery, sepsis, neph-
rotoxin) and timing of AKI if available.

○  Control group characteristics
○  Duration of follow-up.

•• Outcomes:

○ � Primary outcome: miRNA characteristics: variant, 
type of sample (blood, urine, kidney tissue), tim-
ing of measurement relative to AKI, method of 
miRNA measurement including assay and instru-
ment. Normalization methods and measurement 
units for miRNA expression will be identified.

○ � Secondary and exploratory outcomes: (i) measures 
of renal function and markers of AKI as described 
above; (ii) AKI severity, incidence of dialysis-
requiring AKI, in-hospital mortality, renal recovery; 
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(iii) comparison of miRNA levels with presence of 
AKI, renal outcomes, and sex; (iv) relationship 
between miRNA and AKI cause; and (v) timing of 
miRNA measurement and clinical outcomes

If information is missing from a study, attempts will be made 
to contact the study authors. The data will be exported from 
Covidence for data analysis.

Risk of Bias and Quality Assessment

Two independent reviewers will assess the included studies 
for potential bias and quality. Non-randomized studies will 
be evaluated for risk of bias using the Newcastle-Ottawa 
Scale (NOS),33 which evaluates study group selection, com-
parability, and outcomes. If randomized studies meeting 
inclusion criteria are identified, risk of bias will evaluated 
with the Cochrane Handbook Risk of Bias Assessment 
Tool.34 Any disagreements will be resolved by discussion, 
and, if not possible, then a third reviewer.

Data Synthesis and Analysis

The decision to perform a meta-analysis on the primary out-
come will depend on the assessment of statistical and clinical 
heterogeneity. Assessment of clinical heterogeneity between 
studies will be based on miRNA variant, sample type (blood, 
urine, kidney biopsy), miRNA normalization methods, AKI 
cause, and timing of measurement relative to AKI if avail-
able. We will assess statistical heterogeneity using the I2 
statistic.35 If statistical heterogeneity between studies is high 
(I2 > 50% and deemed to represent considerable heterogene-
ity), then data will be reported descriptively for the outcomes 
of interest. In these cases, we will provide a narrative synthe-
sis of included studies using the Synthesis Without Meta-
analysis (SWiM) reporting guideline as a framework.36 If 
clinical and statistical heterogeneity are acceptable, studies 
with similar outcomes measures and miRNAs will be pooled 
to calculate pooled weight effect estimates using the inverse 
variance method, and data will be modeled according to the 
DerSimonian-Laird Method (random effects model).37

If sufficient studies are eligible, we will report on likely 
confounders of miRNA expression, including cause of AKI, 
underlying comorbidities (ie CKD, diabetes mellitus, can-
cer), medications, and acute medical conditions (ie type of 
surgery, infection, shock, acute coronary syndrome). We will 
assess the quality of control for confounders by reporting 
whether studies: (1) had balanced groups, (2) matched sub-
jects for the confounders, and (3) adjusted for the confound-
ers in their statistical analyses. Where possible, we will 
perform sub-group analyses listed in the following.

Subgroup Analysis

If data are available from included studies, subgroup analy-
ses will include the following:

(a) Population characteristics:
a.	 Pediatric vs adult population
b.	 Male vs female sex

(b) Exposures:
a.	 AKI cause
b.	 Severity of AKI

(c) Outcomes:
a.	 Timing of miRNA measurement relative to AKI: 

categorized as (1) prior to AKI onset, (2) early 
AKI (within 48 hours of injury), or (3) late (after 
48 hours)

b.	 Sample type (blood, urine, or tissue)
c.	 Requirement for renal replacement therapy  

(yes/no)
d.	 Renal recovery (yes/no)
e.	 In-hospital mortality (yes/no)

Assessment of reporting biases will be performed on the pri-
mary outcome by constructing a funnel plot if an adequate 
number of studies is identified.35

Data analysis will be performed using RevMan 5.3.

Assessing the Quality of Evidence

The quality of evidence for the primary outcome will be 
assessed as “very low” to “high” in accordance to the 
Grading of Recommendations Assessment, Development 
and Evaluation (GRADE) Workgroup.38 Limitations of 
included studies will also be identified with suggestions for 
improvement where possible.

Discussion

AKI occurs frequently in hospitalized patients and is associ-
ated with increased morbidity and mortality. There is an 
important need for tools for early detection of AKI, and the 
development of novel therapies for its prevention and treat-
ment. Pre-clinical miRNA studies in AKI have shown prom-
ise as potential AKI markers and therapies. Those studies 
have uncovered plausible biological mechanisms implicat-
ing several miRNAs in the pathogenesis of AKI. More than 
50 different miRNAs are differentially expressed in AKI,8 
but their significance in human AKI is unclear. In addition, 
translating pre-clinical AKI research to clinical practice has 
proven to be challenging due to pre-clinical methodological 
issues that are beyond the scope of this review, and important 
differences between experimental AKI models and human 
AKI.13 For instance, rodents and other mammals lack model-
ing for common medical comorbidities such as CKD, diabe-
tes mellitus, or hypertension which impact AKI prognosis. 
There are sex-specific differences in AKI susceptibility, thus 
most pre-clinical studies are conducted in male animals. Of 
note, gender may have effects independently of biological 
sex;39 however, this is unlikely to be reported. Pre-clinical 
models are also not truly representative of AKI in humans 
which is often multifactorial in the setting of systemic 
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illness. Another consideration is the timing of intervention in 
human AKI: with the exception of specific circumstances (ie 
planned cardiac surgery), the onset of AKI is often unknown 
or identified late.

A systematic review of miRNAs in human AKI will iden-
tify the miRNAs selected for study in humans thus far, the 
reason for their selection (ie biological mechanism, pre-clin-
ical results) and may uncover other miRNAs that have not 
yet been studied in pre-clinical models, creating new research 
opportunities for scientists. Our systematic review of miR-
NAs in experimental AKI models11 will serve to facilitate the 
comparison of miRNAs in pre-clinical versus human AKI. 
Further, a systematic review of miRNAs in human AKI will 
address the heterogeneity and controversy among studies of 
miRNA in AKI by identifying the directionality and magni-
tude of miRNA associations with AKI. This information can 
be used to determine if pre-clinical studies support the direc-
tion of effects seen in human AKI, and, if quantitative analy-
sis of effect size is possible, can be helpful to calculate an 
estimated sample size in future clinical trials. It will also 
identify important limitations from existing studies that 
could be used by researchers to improve future clinical trial 
design. These include methodological limitations, sources of 
heterogeneity, and confounders that could impact accuracy 
of results, and outcome measures. Overall, this information 
will inform researchers and clinicians on better planning fur-
ther well-designed studies for both AKI diagnosis and 
treatment.

There are limitations to this planned systematic review. 
We do not expect to identify human clinical trials of miRNA 
delivery systems for the prevention or treatment of AKI. Our 
data will come from descriptive clinical studies which will 
not provide mechanistic information on their own without 
pre-clinical experimental models. The timing of miRNA 
measures relative to AKI may not be possible to control in 
some clinical settings which may affect the primary out-
come, but timing will be considered in the analysis. Finally, 
small sample sizes and study design with respect to case and 
control cohorts may also affect the strength and reproduc-
ibility of results.

The field of miRNA therapeutics is beginning to evolve 
from pre-clinical studies to phase I/II clinical trials in other 
disciplines. In Oncology, the first such phase I trial used a 
miR-34 mimic (MRX34) with an intravenous nanoparticle 
liposomal delivery system for 85 adult patients with refrac-
tory advanced solid tumors.40 Although the study was able to 
show miR-34 delivery to tumors and dose-dependent target 
gene modulation, it was stopped early due to serious immune-
related adverse effects.41 In the treatment of hepatitis C 
infection, a retrospective follow up analysis of a phase 2a 
multicentre trial found that the locked nucleic acid antisense 
inhibitor of miR-122 miravirsen had a sustained virological 
response in 58% (7/12) of trial participants and no significant 
adverse effects over a 35-month follow-up period.42 Given 

miRNA therapeutics are being studied in clinical trial set-
tings for other illnesses, this could be a promising direction 
for the prevention and treatment of AKI.

Conclusions

A systematic review and meta-analysis of the role of miR-
NAs in human AKI will be conducted. This study will iden-
tify and characterize the most promising miRNAs for further 
AKI research and methodological limitations from current 
miRNA research in human AKI that will help improve the 
design of future clinical and experimental studies in this 
area.
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