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Abstract

Background: MicroRNAs (miRNAs) are a family of short non-
coding RNAs that play important roles in posttranscriptional
gene regulation. miRNAs inhibit target gene expression by
blocking protein translation or by inducing mRNA degrada-
tion and therefore have the potential to modulate physio-
logical and pathological processes. Summary: In the kidney,
miRNAs play a role in the organogenesis and in the patho-
genesis of several diseases, including renal carcinoma, dia-
betic nephropathy, cystogenesis, and glomerulopathies. In-
deed, podocytes, but also the parietal cells of the Bowman
capsule are severely affected by miRNA deregulation. In ad-
dition, several miRNAs have been found involved in the de-
velopment of renal fibrosis. These experimental lines of evi-
dence found a counterpart also in patients affected by dia-
betic and Ig-A nephropathies, opening the possibility of
their use as biomarkers. Finally, the possibility to direct tar-
get-specific miRNA to prevent the development of renal fi-
brosis is encouraging potential novel therapies based on
miRNA mimicking or antagonism. This review reports the
main studies that investigate the role of miRNAs in the kid-

neys, in particular highlighting the experimental models
used, their potential role as biomarkers and, finally, the most
recent data on the miRNA-based therapy. Key Messages:
miRNAs are crucial regulators of cell function. They are easy
to detect and represent potentially good targets for novel
therapies. ©2017 S. Karger AG, Basel

Introduction

MicroRNAs (miRNAs) are a family of short noncod-
ing RNAs. They are endogenous gene regulators at post-
transcriptional level, targeting complementary mRNA
sequence and so promoting their degradation and/or in-
terfering with their translation.

miRNAs biogenesis starts in the nucleus through the
transcription catalyzed by polymerase II and in part by
polymerase III. Pri-miRNAs are then cleaved into pre-
miRNAs (about 70 nucleotides) by a multiprotein com-
plex, called microprocessor, mainly made by RNAase III
Drosha and the protein Dcrg8. Double-stranded pre-
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miRNAs are exported to the cytoplasm by Exportin 5 and
then processed by Dicer into mature miRNA/miRNA du-
plexes (about 18-24 nucleotides) [1]. Finally, RNA-in-
duced silencing complex (RISC), a multiprotein complex,
incorporates only one strand of the miRNA, while the
other is degraded. The RISC complex drives the base-
paired match of each miRNA with its specific mRNA.
From this interaction, mRNA degradation and/or block
of translation occurs.

miRNAs are highly conserved among mammalians.
They regulate a considerable amount of genes and are in-
volved in several critical biological processes, including
cellular proliferation, apoptosis, and differentiation. In-
deed, miRNA deregulation may result in impaired cellu-
lar function and has been associated with the develop-
ment of several diseases [2].

Dicer is crucial for miRNA maturation. In humans,
constitutional haploinsufficiency of Dicer leads to the de-
velopment of familial pleuropulmonary blastoma family
tumor and dysplasia syndrome (PPB-FTDS). This asso-
ciation is so specific that PPB-FDS has been proposed to
be renamed as Dicer syndrome [3]. PPB-FTDS patients
or their family members carrying a truncating mutation
develop inherited malignant tumor of pleura and lung,
usually in the childhood [4]. This is associated with extra-
pulmonary tumors, as cystic nephroma, ovarian Sertoli-
Leydig tumor, or other cystic lesions as multinodular goi-
ter. The phenotype related to Dicer syndrome suggests a
crucial role of miRNAs in regulating cell proliferation
and organ development.

Indeed, several lines of evidence suggest a key role of
miRNAs in organ development. This is the case for all the
main target organs of the Dicer syndrome. miR-1 and
miR-133 have been found fundamental for the myogen-
esis (miR-1) and myoblast proliferation (miR133) of both
heart and muscles [5]. In addition, miR-124a and miR-9
are crucial for the development and terminal differentia-
tion of neurons and astrocytes [6]. miRNA seems to play
a role also in the development of the lung. miRNA-127
overexpression interferes with lung development [7]. Fi-
nally, in the kidney, miR-30 family is involved in the de-
velopment of the pro-nephron by targeting Xlim/Lhx1,
which is an important transcription factor essential for
nephric duct formation and nephron differentiation [8].

The identification of miRNA in biological fluids such
as blood, urine, and saliva raises the possibility that they
could also be involved in cell to cell communication;
namely, one cell could regulate gene expression in the
neighbor cell [9]. Circulating miRNAs from nucleases are
highly stable because they are encapsulated into apop-
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totic bodies [10], microvesicles [11], and exosomes, or
complexed with the AGO proteins [12]. Valadi et al. [13]
proved that miRNA and mRNA contained in the exo-
somes can be transferred between cells. This gene regula-
tion mechanism seems to be used particularly by tumor
cells to modulate cellular growth in the surrounding en-
vironment [14]. Exosome-induced gene regulation has
also been described in tumor metastasis formation. Breast
cancer cells can release exosomes containing miR-105.
Once delivered in the target cells, miR-105 regulates the
tight junction protein 1 (TJP1) and promotes metastasis
generation [15]. However, since urinary exosomes con-
tain some miRNAs, this kind of gene regulatory mecha-
nism could be hypothesized also to occur between the
various segments of the nephron. In addition, the pres-
ence of miRNAs in urine and in other biological fluids
associated with their physiopathological specificity also
opened the possibility to use them as biological markers.

In an attempt to find novel biomarkers associated with
the development of diabetic nephropathy (DN), Eissa et
al. [16] screened miRNA expression in the urinary exo-
somes from a homogenous cohort of type 2 diabetes
(T2D) patients stratified according to the presence of
normo-, micro-, and macroalbuminuria. In this way,
miR-133b, miR-342, and miR-30a were proven to be
strongly associated with the development of proteinuria
in T2D patients. The predicted targets of these miRNAs
were mainly involved in the pathways related to TGF-fl1,
MAPK, fatty acid metabolisms, and insulin signaling cas-
cade, suggesting their primary involvement in the patho-
genesis of the T2D-induced endothelial dysfunction. In-
deed, the good correlation between their expression and
the decline of the eGFR corroborate the hypothesis.
Whether these miRNAs could serve also as prognostic
factors or anticipate disease onset could not be answered.

By following a reductionist approach, the presence of
miRNA-regulating genes involved in TGF-p1-dependent
renal fibrosis was investigated in the urine of patients af-
fected by Ig- A nephropathy. Compared with healthy vol-
unteers, Ig-A-affected patients showed increased urinary
level of miR-21, miR-29, and miR-93 [17]. The studied
cohort of patients presented also a slight reduction in
eGFR and an overt proteinuria compared to the control
group, and this limited the specificity of the findings.
However, this study corroborated the role of TGF-p1-
mediated renal fibrosis as crucial mechanism in Ig-A ne-
phropathy. The identification of miRNAs in many kid-
ney-related diseases suggests they are fundamental for
renal development and physiology as for the other organs
[18]. To address this point, experimental models are re-
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Fig. 1. Mechanism of miRNA deregulation secondary to cell-specific Dicer, Drosha, and Dgcr8 ablation. The
main steps of miRNA biogenesis are shown on the left. The black cross indicates the site of interference promot-
ed by Drosha, Dgcr8, or Dicer, respectively. A summary picture of the cell-specific sites used to investigate the
role of miRNAs deregulation along the nephron is shown on the right.

quired. So far, three different approaches have been fol-

lowed to address the role of miRNAs in renal physiology:

1 Deregulation of miRNA genesis in selective renal cells

2 Identification of differentially expressed miRNAs in
renal disease models by high-throughput techniques

3 Evaluation of the expression level of specific miRNAs
predicted to be regulators of selective metabolic or
pathological pathways

miRNA Deregulation Secondary to Tissue-Specific
Dicer Ablation

Suppression of Dicer gene expression is the most used
model to investigate the role of miRNAs. In the kidney,
Dicer conditional KO models have been generated for
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podocytes [19], juxtaglomerular (JG) cells [20], proximal
tubules [21], ureteric bud epithelium [22], and overall ep-
ithelial cells of the nephron [23] (Fig. 1).

The podocyte-specific Dicer knockout model was re-
ported in 2008 by three research groups [19]; the dele-
tion of Dicer was performed using the CRE-lox recom-
binase system, expressing the CRE under the Nphs2
promoter, a gene encoding for podocin. All the three
models showed the development of progressive chronic
renal failure secondary to glomerular dysfunction. In-
deed, loss of podocytes due to cytoskeletal modifications
and foot processes effacement with an overt proteinuria
developed 2-4 weeks after birth. The defects rapidly
progressed into end-stage renal diseases, and finally the
mice died from severe renal failure. This experimental
approach allows the identification of four miR-30 fam-
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ily members as fundamental for podocytes function
[24].

Dicer-dependent regulation of miRNAs has been
found of note also for the function of the juxta-glomeru-
lar apparatus of the nephron. This structure regulates the
glomerular filtration rate according to the electrolyte
composition of the lumen, mainly reducing the filtration
rate when a high concentration of chloride is detected. In
addition, the JG cells highly synthesize and secrete renin
[20] and contribute to the regulation of the blood volume
and thus systemic blood pressure [25]. Selective suppres-
sion of Dicer-floxed gene in the JG cells has been achieved
by using a CRE recombinase associated with the promot-
er of the RENI1 gene [20]. This conditional knockout
(cKO) model had a loss of ]G cells, followed by a conse-
quent reduction in renal and plasma renin concentration.
This determines a drop in arterial blood pressure togeth-
er with severe renal development alterations such as ir-
regular surface, low kidney weight, interstitial fibrosis,
and tubular and glomerular damage. Taken together,
these observations suggested that Dicer and miRNAs are
essential for the maintenance of JG cells and for the prop-
er kidney development. However, in this study, no miR-
NAs specific for the JG were identified [20].

In order to recapitulate the main alterations of the hu-
man Dicer syndrome, we suppressed Dicer expression in
the epithelial cell of the kidney and thyroid by generating
a Dicerfloxed_pax8CRE mouse model [23]. This mouse
model develops multiple cysts in the kidneys and thyroid,
resembling the goiter and the renal nephroma crucial
traits of the Dicer syndrome [3]. The hallmarks of this
experimental model were the progressive development of
a glomerulocystic phenotype, mainly due to the enlarge-
ment of the parietal cells of the Bowman’s capsule. Glo-
merulocystic formation leads to progressive proteinuria
and renal failure. We showed that higher cellular turn-
over of the parietal cells of Bowman’s capsule precedes
the development of the cysts and that the enlargement of
the Bowman’s space was associated with progressive dis-
appearance of the primary cilium. As molecular determi-
nant of the Dicer induced cystogenesis, we identified a
dysregulation of the of GSK3p/B-catenin pathways [23].
Indeed, severe downregulation of f-catenin and cytosolic
retention was observed in cKO mice, and this was paral-
leled by alteration in GSK3p expression. In a similar ex-
perimental setting, Patel et al. [26] found a similar phe-
notype, and by evaluating the miRNAs expression profile
they pointed out that downregulation of the members of
the miR-200 family was directly linked to dysregulation
of the PKD1 gene.
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However, our Dicer1°x¢d_pax8CRE Ko mice also devel-
oped an overt polyuria. This was associated with a re-
duced expression of functional markers (NKCC2 and
AQP2) of TAL and CD, the two major nephron segments
involved in water conservation mechanism. The progres-
sive development of polyuria could have been associated
with the progression of renal failure in this model and the
reduced nephron mass. However, dysregulation of GSK3[3
pathway is one of the determinants of the AQP2 down-
regulation secondary to lithium treatment [27, 28], and
so it could contribute to water reabsorption impairment
independently by renal failure. Since long-term lithium
treatment is associated with the development of micro-
cysts together with polyuria and GSK3p pathway altera-
tion, it is likely that the same mechanism is induced by
Dicer-dependent miRNA deregulation. It seems that
miRNA integrity pathway is fundamental also for the em-
bryonic development of the collecting duct from the ure-
teric bud. Early (E11.5) selective inactivation of Dicer
(promoted by HoxB7-driven CRE system) severely af-
fects the ductal branching and leads to cyst formation
[22].

miRNA Deregulation Secondary to Tissue-Specific
Drosha and Dgcr8 Ablation

In addition to the ultimate maturation of miRNAs,
Dicer plays other miRNA-independent functions. In-
deed, Dicer acts as a DNAse promoting the genomic
DNA fragmentation during apoptosis and also clearing
DNA-repeated elements and other small endogenous or
exogenous inhibitory RNA [29]. Thus, Dicer cKO models
could not reflect exclusively miRNA deletion. To rule out
potential miRNA unrelated effect, other experimental
models of targeting miRNAs have been developed by sup-
pressing the expression of either Drosha or Dgcr8, which
assemble the microprocessor complex crucial in the ini-
tial steps of miRNA maturation.

Drosha is an RNase III enzyme and, together with its
cofactor DiGeorge syndrome critical region 8 (Dgcr8), in
the nucleus, cleaves the pri-miRNA in pre-miRNA. Dgcr8
recognizes and interacts with the hairpin structure of the
pri-miRNAs and recruits Drosha. Drosha then cleaves
pri-miRNAs precisely at the stem-loop structure cutting
the miRNA in an about 70-nucleotide fragment.

Podocyte-specific deletion of Drosha (driven by CRE
recombinase linked to Nphs2 promoter) induces a severe
glomerulopathy [30]. Conditional inducible deletion of
Drosha in podocytes at 2 and 3 months of age resulted in
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a collapsing glomerulopathy, secondary to podocyte de-
differentiation. Indeed, the podocytes lost their specific
markers, namely synaptopodin, WT-1, podocin, and
nephrin. This was associated with, glomerular tuft col-
lapse, wrinkling of the basement membrane and pseudo-
crescent formation, which led to proteinuria and ulti-
mately to renal failure and death at around 6 weeks of age.
Several miRNAs were found downregulated in this mod-
el and recognized as pathogenic markers of collapsing
glomerulopathy. These were similar to what was found in
the Dicer cKO models driven by the same promoter gene.

Models of selective inactivation of Dgcr8 are also an
efficient way to interfere with miRNA expression. Selec-
tive inactivation of Dgcr8 in Pax8-expressing cells leads
to broad suppression of the protein in the majority of the
renal epithelial cells. Such a model resembles in the phe-
notype the Dicer*-Pax8°RF mice [23, 26], developing
glomerulocystic abnormalities associated with progres-
sive renal failure and polyuria [31]. In this model, a down-
regulation of miR-200 family members was found associ-
ated with the phenotype as in the Dicer°*-Pax8°RF mice
described by Patel et al. [26]. The studies reviewed here
demonstrate that interfering with the miRNA maturation
at the stage of the pri- or pre-miRNA by suppressing Dro-
sha/Dgcr8 and Dicer, respectively, leads to similar phe-
notypes. These data support an equal role of the three key
proteins involved in miRNA maturation in deregulating
mature miRNAs and limit the causative role of miRNA-
independent factors potentially associated with Dicer
function.

miRNA-Based Therapy: Current Approaches

The role of miRNAs in the pathophysiology of several
renal diseases may open new avenues for a miRNA-based
therapy. Recently, a great interest of the scientific com-
munity has been focused on the use of chemically engi-
neered antisense oligonucleotides targeting specific miR-
NAs termed mimics or antagomirs when able to repro-
duce or inhibit specific miRNA function, respectively.

One of the challenges to the broad use of this approach
is to protect the oligonucleotides by circulating RNase-
and pH-dependent degradation. Chemically modified
nucleobases as phosphorothioate-containing oligonucle-
otides, 2'-O-methyl-(2’-O-Me) or 2'-O-methoxyethyl-
oligonucleotides [32], locked nucleic acid (LNA) oligo-
nucleotides [33], peptide nucleic acids [34], and fluorine
derivatives (FANA and 2'-F) [35] could confer stability to
miRNAs and facilitate their systemic delivery (Fig. 2).

miRNA in Renal Physiopathology

When these chemical modifications are at both 3" and 5’
ends, they confer more stability from nuclease degrada-
tion, and configure a so-called “gapmer.” In this com-
pound, a central “gap,” 8-12 base of unmodified DNA or
phosphorothioate DNA, allows the formation of a DNA-
RNA hybrid [36] and then recruit the RNase H for the
cleavage of the DNA-RNA hybrid. For these molecules,
LNA seems to offer a high degree of stability against nu-
cleases and of binding affinity [37].

As for any drug, the crucial point in the development
of a miRNA-based therapy is safety and efficacy. To guar-
antee this, minimizing off-target effects is mandatory.
This can be a problem when injecting in vivo since the
drugs have to cross several biological barriers before
docking to the target cells.

However, the insertion of mimic or antagomir into the
envelopes is the most used strategy. Currently, the most
used carriers for miRNAs delivery in vivo can be divided
into two categories, viral and nonviral [38]. The viral-me-
diated delivery including lentivirus, adenovirus, and ad-
eno-associated virus (Fig. 2) has been widely used to de-
liver exogenous DNA and siRNA for gene therapy in the
past 20 years [39]. The viral-mediated delivery approach
provides alarge amount and long-term persistent expres-
sion of the carried miRNA, even though the risk of ran-
dom integration and off-target effects remains high [40].
Another issue is the host immune response induced by
the transduced viral vectors, especially by adenovirus and
adeno-associated virus [41]. Furthermore, occasional
poor integration and transient expression also hamper
the application of the viral delivery system [41].

To overcome the limitation of the use of viral vectors,
nonviral vectors are becoming good alternatives. Chem-
ically synthesized single-strand miRNA inhibitors or
double-strand miRNA mimics are safe, cheaper, and
more specific for the delivery systems and, finally, they
are delivered in nonviral vehicleslikelipids and nanopar-
ticles. Lipid and nanoparticle-based delivery is the most
widely and clinically advanced approach. Lipid-based
delivery systems include liposomes, microemulsions,
and solid lipid nanoparticles. The liposomes are carriers
with an aqueous core surrounded by a phospholipid bi-
layer; they are biocompatible and biodegradable. The
core of anionic oligonucleotides is encapsulated in cat-
ionic liposomes. After the fusion with the plasma mem-
branes, the oligonucleotides are transferred into the
cells. Cationic liposomes are highly immunogenic and
can interfere with the activity of serum proteins and
blood cells. Instead, nanoparticles of 50-70 nm would
be a safer alternative because of their lower immunoge-
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nicity, higher biocompatibility, and a more stable profile
against degradation process. These are mainly made of
polyethylene glycol-coated cationic lipid bilayers, poly-
ethyleneimine-miRNA complexes and atelocollagen-mi-
RNA complexes (such as poly(lactic-co-glycolic acid))
[42]. Recently, nanoparticles called stable nucleic acid
lipid particles [43] have been used for clinical use. The
first clinically tested miRNA was miR-34 [44]. miR-34
is a well-defined miRNA tumor suppressor. It is tran-
scriptionally induced by p53 and acts as an important
effector molecule in the execution of molecular pro-
grams directed by p53 [45]. A loss of expression of miR-
34 has been found in many tumor types, including lung,
liver, breast, and colon carcinoma. Interestingly, the de-
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livery of miR-34 mimics to cancer cells showed the in-
hibition of tumor growth and progression. The most ef-
fective delivery strategy implies the use of stable nucleic
acid lipid particles [43].

Other miRNAs have been proposed as potential ther-
apeutic modulators in cancer. Indeed, anti-miR-155 en-
capsulated in a poly(lactic-co-glycolic acid) nanoparti-
cle can lead to rapid tumor regression in the brain and
lungs of a miR-155 Cre-loxP tetracycline-controlled
knock-in mouse model [46]; anti-miR-217 was used as
tumor suppressor for the pancreatic ductal adenocarci-
noma cell line [47]; finally, miR-33a-mimic and miR-
145-mimic were locally and systemically delivered as tu-
mor suppressors using polyethylenimine in a mouse
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model of colorectal carcinoma [48]. Other reports dem-
onstrated the involvement of miR-122 in promoting the
replication of the hepatitis C virus, resulting in an inter-
esting therapeutic target for the treatment of this dis-
ease. It was proven that the inhibition of miR-122 using
an LNA-modified oligonucleotide reduces the infection
and the liver damage in the mouse model [49] and in
non-human primates [50]. Currently, anti-miR-122
LNAs is used in clinical trials as a therapy for hepatitis
C. Attempts of miRNA-based therapy in renal diseases
were mainly to prevent the development of renal fibro-
sis. The most compelling evidence in this sense is repre-
sented by the use of the antagomir against miRNA-21
[51]. By weekly subcutaneous injection of the specific
antagomir in a mouse model of CKD, not only the renal
fibrosis decreased, but also the life span of CKD-affected
mice was prolonged. This was associated with the effi-
cacy of the antagomir in reversing both glomerular and
tubular cell damage. Proper targeting in glomerular and
tubular epithelial cells was assessed by mir-21 Cy-3-con-
jugated fluorophore injection [51]. A similar experi-
ment was performed in a model of DN.

It is well known that one of the main features of DN is
the development of renal fibrosis. Several studies high-
lighted that the dysregulation of the components of the
miR-29 family (a, b, and ¢) plays an important role in the
pathogenesis of renal fibrosis [52]. Chen et al. [53] stud-
ied the efficacy of miR-29b supplementation in diabetic
db/db mice. They used an ultrasound-based gene deliver-
ing system to restore the miR29 level in the kidneys. With
this approach, they demonstrated that miR-29b is able to
block the TGF-B/Smad3 pathway, decreasing collagen
matrixaccumulationandreducingSp1/NF-kB-dependent
inflammation [53]. With a different miRNA delivery ap-
proach, a substantial protective role of miRNA29a in the
development of diabetic glomerulopathy was proven. In-
deed, supplementation of miR-29a to streptozotocin-in-
duced diabetic mice by means of alentivirus prevented
the upregulation of profibrotic factors like TGF-f1, fibro-
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