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Abstract

MicroRNAs (miRNAs) are short noncoding RNAs that regulate gene expression by
posttranscriptional and epigenetic mechanisms and affect many cellular processes and disease
states. Over 2,000 human mature miRNAs have been identified, and at least 60% of all human
protein-coding genes are known to be regulated by miRNAs. MicroRNA biogenesis involves
classical transcription regulation and processing by key ribonucleases, as well as other protein
factors and epigenetic mechanisms. Diabetic nephropathy (DN), a severe microvascular
complication frequently associated with diabetes mellitus, is a major cause of renal failure.
Although several mechanisms of regulation of key renal genes implicated in DN pathogenesis
have been identified, a greater understanding is needed to develop better treatment modalities.
Recent studies show that miRNAs can be induced in renal cells in vivo and in vitro under diabetic
conditions and promote the accumulation of extracellular matrix proteins related to fibrosis and
glomerular dysfunction. In this review, we highlight the significance of the expression of miRNAs
in various stages of DN and emerging approaches to exploit them as biomarkers for early
detection or novel therapeutic targets to prevent progression of DN.
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Introduction

Debilitating microvascular complications, such as diabetic nephropathy (DN), are highly
prevalent in both type-1 and type-2 diabetes.l: 2 About 50% of diabetic patients have end-
stage renal disease (ESRD), requiring painful and costly dialysis.2 Unfortunately, these
diabetic patients also have a higher risk of macrovascular complications.23 It is now widely
accepted that improved glycemic control reduces the development and delays the
progression of microvascular complications in both type-1% ° and type-2 diabetes.5: 7
Obesity is associated with increased rates of not only type-2 diabetes but also DN.8 A recent
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study showed that weight loss in overweight or obese adults with type-2 diabetes has
beneficial outcomes for renal functions.® Although several classical biochemical and
molecular mechanisms and pathways have been widely studied and implicated in the
pathogenesis of DN, continued escalation in the incidence and prevalence of DN worldwide
clearly indicates that more investigation is needed. In this review, we describe some new
concepts related to the molecular mechanisms underlying DN, with special emphasis on
microRNAs (miRNAS) that are emerging as important regulators of renal cell gene
expression under diabetic conditions.

Mesangial expansion (related to hypertrophy) and accumulation of extracellular matrix
(ECM) proteins, such as collagens (related to fibrosis), in the kidney glomerular and tubular
compartments are major features of DN and are associated with renal failure in
diabetes.10-13 Another key predictor of DN progression is a reduction in the number of
podocytes per glomerulus, as well as podocyte effacement and apoptosis.121 In the
initiation and progression of DN, several factors have been identified to work individually
and cooperatively to promote the expression of genes that mediate these renal pathologies.
These factors include hyperglycemia, advanced glycation end products (AGEs), growth
factors, oxidant stress, inflammation via cytokines/chemokines, as well as the phenomenon
of metabolic memory, which can be regulated by epigenetic mechanisms.19-17 In this
review, we focus on emerging mechanisms, such as those involving miRNAS, by which
growth factors promote the glomerular hypertrophy and ECM protein accumulation that are
key features of the early stages of DN, because these mechanisms can be targeted for early
intervention to more effectively prevent patients from progressing to renal failure and
ESRD.10-13, 18-21

High-glucose (HG) and diabetic conditions have profound effects on all types of renal cells
(such as podocytes, and mesangial, tubular, and endothelial cells) and on monocyte/
macrophages (inducing their infiltration into the glomerulus). HG conditions also increase
the formation of AGEs and production of growth factors, such as transforming growth
factor-p1 (TGF-B1), angiotensin Il, and platelet-derived growth factor (PDGF) in renal
cells,13. 18,19, 22,23 vz several well-described signaling mechanisms that promote renal
hypertrophy, fibrosis, and inflammation. TGF-B1 is a major player in DN pathogenesis,
mainly because of its potent profibrotic actions; its level is increased in most renal cells in
diabetes.10-12.18.19 Evidence shows that upstream stimulatory factors (upstream transcription
factor 1 (USF1)/USF2)) induced by HG conditions upregulate TGF-B1 in mesangial cells
(MCs) through promoter E-box elements in Tgfbl (Fig. 1).24 25 TGF-p1 acts on renal cells
via specific receptors, leading to the phosphorylation and nuclear translocation of Smad2/
Smad3 transcription factors,26: 27 which bind to Smad-binding elements in the promoters of
key TGF-P1 target genes to induce their expression.28: 29 In addition, mitogen-activated
protein kinases, such as p38 and extracellular signal-related kinases (ERKs)30-32 and Akt
kinases (through inhibition of Pten)33: 34 are also activated by TGF-B1. Besides HG and
TGF-B1, other diabetogenic factors can also trigger such signaling events and gene
regulation, and crosstalk between them can amplify and enhance the expression of
pathological genes related to the progression of DN.13
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Despite significant efforts in investigating the pathogenesis of DN, current therapies for DN
do not consistently provide satisfactory prevention from progression to ESRD in many
patients, implying that there may be additional unknown mediators and mechanisms that
need to be explored. In particular, an in-depth examination of mechanisms mediating early
events in DN, such as ECM protein accumulation and hypertrophy, could help identify
targets whose inhibition could be a valuable approach to prevent further progression of DN.
MicroRNAs present one such opportunity because recent studies demonstrate that, apart
from coding genes, diabetogenic and growth factors can also induce noncoding RNAs
(ncRNAS), such as miRNAs. These miRNAs are dysregulated in early DN and can promote
the expression of ECM proteins and other genes associated with the initial stages of DN.

Here, we highlight the biogenesis and modes of action of miRNAs, their roles in regulating
key genes associated with the pathology of early DN including participation in signaling
circuits, mechanisms of their regulation (including epigenetics), and their potential to serve
as noninvasive biomarkers for the early detection of DN, as well as for the prevention or
treatment of DN.

MicroRNAs

MicroRNAs are naturally expressed, small ncRNAs (20-22 nucleotides) that regulate gene
expression through posttranscriptional mechanisms. In general, miRNAs lower the
expression of target genes by imperfect base pairing to the 3’-untranslated regions of target
mRNAs via translational repression and/or mMRNA degradation.3> More than 2,000 human
mature miRNAS have now been identified, and at least 60% of all human protein-coding
genes are known to be regulated by miRNAs.3° Therefore, miRNAs have tremendous
potential to modulate the expression of numerous genes to change cellular and biochemical
functions, potentially affecting the development or progression of various diseases. Since
their discovery twenty years ago, miRNAs have been implicated in numerous biological
processes, as well as in the pathology of several human diseases.

Biogenesis, processing, and functions of miRNAs in gene regulation

MicroRNA genes are quite often intergenic and transcribed independently, but they can also
be transcribed along with a host gene that is either noncoding or protein coding. MicroRNAs
are transcribed as primary transcripts (pri-miRNAS) in the nucleus by RNA polymerase 11
(Fig. 2). Pri-miRNAs are cleaved by the ribonuclease 111 Drosha in a microprocessor
complex and processed to precursor miRNAs (pre-miRNAs; ~70 nucleotide stem-loop
structures) in the nucleus (Fig. 2),36: 37 which are then translocated by exportin-5 to the
cytoplasm where they are further processed to mature miRNASs by another ribonuclease,
Dicer.36: 37 A mature miRNA duplex is recruited to an RNA-induced silencing complex
(RISC), which includes the Argonaute (Ago) family proteins essential for miRNA-mediated
gene silencing. Mature miRNAs interact with the 3’-untranslated region of their target
mRNAs and induce translational repression or degradation in a RISC.36 Apart from these
classical modes of miRNA biogenesis and processing, which are further influenced by
various proteins within the miRNA microprocessor complex, other novel mechanisms have
also been reported.16: 36, 37
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Modulators of miRNA biogenesis

Recent findings also show that miRNA biogenesis and target recognition can be modulated
by additional mechanisms that involve specific RNA-binding proteins. Drosha-mediated
processing was reported to be enhanced by Smads in response to TGF-$1 or bone
morphogenetic proteins (BMPs),38:39 or by p5340 (Fig. 2). Biogenesis of the let-7 family of
miRNAs, initially identified as tumor suppressors,41-43 is repressed by the RNA-binding
protein Lin28,44 45 which has two members: Lin28A, predominantly localized in the
cytoplasm, and Lin28B, which is mainly in the nucleus due to the presence of nuclear
localization signals. Lin28A and Lin28B have similar functions but different mechanisms
for binding and inhibiting let-7 miRNAs.#6 For instance, Lin28A mainly inhibits pre-let-7
processing by Dicer, and this enhances the degradation of oligouridylated pre-let-7 RNAs;
Lin28B binds to pri-let-7 miRNAs in the nucleus and blocks processing by Drosha and
DGCRS8. The similar regulation of let-7 processing by the two Lin28 members is conserved
in normal development in C. elegans.’ Because of the tumor-suppressor roles of let-7, the
inhibitory activities of Lin28A and Lin28B on let-7 biogenesis can be translated to drug
therapy.46 A recent report showed that homeodomain-interacting protein kinase 2 (HIPK2)
induces phosphorylation of methyl CpG-binding protein 2 (MeCP2), which is known to act
as a transcriptional repressor by binding to methylated cytosines in DNA, and phospho-
MeCP2 binds to DGCR8 (another component of the microprocessor complex) to inhibit
Drosha-mediated processing of pri-miRNAs (Fig. 2).48-50 This is noteworthy because
HIPK2 was identified as a key regulator of kidney fibrosis,>! suggesting that the HIPK2-to-
MeCP2 connection may also modulate the processing of key miRNAs involved in the early
stages of DN, although more studies are necessary to examine this. Another modulator of
Dicer action, monocyte chemoattractant protein-1—induced protein 1 (MCPIP1), was
identified as a suppressor of miRNA biogenesis in response to inflammation (MCP1),%2
which resulted in the inhibition of miRNA maturation (Fig. 2). Some pre-miRNAs have also
been reported to be affected by adenosine deaminases, nuclear RNA-editing enzymes, which
convert adenosine residues to inosine on double-stranded RNAs. This increases miRNA-
mediated silencing of a target RNA through enhanced complex formation of the target RNA
with Dicer.53 Methylation of 5" monophosphate ends of miRNA precursors by BCDIN3D,
an RNA methyltransferase, also inhibits miRNA processing. Enhanced miR-145 maturation
by inhibition of BCDIN3D has been associated with breast cancer tumorigenesis.>
Interestingly, some miRNAs can also be processed in a Dicer-independent formation. For
example, miR-451, a miRNA important in erythropoiesis, is trimmed by Ago2 slicer activity
and matured without Dicer.%® In some instances, Dicer and Ago2 are destroyed by
autophagy, resulting in reduced miRNA activity.® Also, IRE1alpha RNase, an endoplasmic
reticulum (ER) transmembrane kinase-endoribonuclease, induces rapid decay of certain
miRNAs targeting caspase-2, which results in increased ER stress—induced cell death.>’
Therefore, key modulators of miRNA biogenesis are emerging as additional players in
controlling the expression of miRNAs, and thus the physiological and pathological functions
of miRNAs. Together, it is clear that cellular levels of miRNAs can be modulated by various
mechanisms.
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Notably, the critical biological roles of miRNAs and their processing by Drosha and Dicer
are exemplified by studies demonstrating severe cardiac and renal defects in mice deficient
in these proteins.®8-65 Importantly, such observations also indicate that these small miRNAs
have tremendous potential to be exploited for uncovering new mechanisms underlying the
progression of DN, as well as for developing novel biomarkers and therapeutic targets for
this disease.

MicroRNAs in the early stage of DN and in signal-amplifying circuits

Strong evidence of the involvement of miRNAs in kidney dysfunction has come from
observations of severe renal phenotypes in mice with podocyte-specific deletion of Dicer,
phenotypes including proteinuria, podocyte foot process effacement and apoptosis,
glomerulosclerosis, and tubulointerstitial fibrosis with renal failure.>8:59.61 However,
because this strategy inhibits many miRNAs, it did not clarify the functions of specific ones
in kidney failure. In an early study, five miRNAs (miR-192, miR-194, miR-204, miR-215,
and miR-216a) were identified to be enriched in the kidney compared to other organs,
suggesting their potential function in the kidney.5® Another comprehensive study using rat
kidney reported different miRNA expression patterns in the renal cortex and medulla, and
suggested possible cell type— and tissue-specific functions.6” The earliest studies to examine
the renal functions of miRNAs were focused on these five miRNAs because of their
observed expression in the kidney. Higher expression of several miRNAs (miR-192,
miR-200b/c, miR-216a, and miR-217) was detected in mouse MCs (MMCs) treated with
TGF-B1 and in renal glomeruli from mouse models of diabetes depicting early stages of DN
(streptozotocin-injected type-1 diabetic mice and type-2 diabetic db/db mice (a leptin
receptor mutant)) compared to nondiabetic control mice.25:68-71 Several lines of evidence
have shown that miR-192 upregulates the key fibrotic genes Col1a2 and Col4al related to
early DN in MCs by targeting the E-box repressors Zeb1 and Zeb?2 to relieve repression at
the Coll1a2 and Col4al promoters (Fig. 3). Interestingly, miR-192 upregulates other
miRNAs in MCs, including miR-216a/miR-217 and miR-200b/c, also through targeting the
E-box repressors Zebl and Zeb?2 in their promoters, and this creates amplifying circuits to
further augment collagen expression in DN (Fig. 3). Interestingly, both miR-216a and
miR-217 activate Akt kinase by targeting Pten in MMCs treated with TGF-f1, enhancing
cellular hypertrophy associated with Akt kinase activation (Fig. 4).6 MiR-200b/c can also
upregulate collagen expression and the autoregulation of TGF-1 in MMCs by inhibiting
Zeb1 to relieve repression at the Tgfb1 promoter E-box elements (Figs. 1 and 3).2° Recent
studies showed that miR-200b/c activates Akt by targeting FOG2, an inhibitor of
phosphoinositide 3-kinase (PI3K) (Fig. 4).”* The in vivo involvement of miR-192 in the
pathogenesis of DN was demonstrated with miR-192 gene knockout mice and mice treated
with miR-192 inhibitor, both of which showed less severe phenotypes of DN (glomerular
hypertrophy, fibrosis, and proteinuria) compared to wild-type mice.”? 73 In addition, mutual
activation of miR-192 and p53 in an amplification loop augmented ECM gene expression
and hypertrophy in response to TGF-B1 in MCs.”274

Detailed studies on the mechanism of miR-192 gene promoter regulation by TGF-B1 in
MMCs revealed the involvement of not only Smads, but also Ets-1 transcription factors and
novel chromatin remodeling mechanisms through histone acetylation mediated by the
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histone acetytransferase p300 and its phosphorylation/activation by Akt kinase (Fig. 5).7°
Because miR-192 itself activates the Akt-p300 pathway, this illustrates another amplifying
loop accelerating the signaling downstream of TGF-f1 (Fig. 5).”4 7> MiR-192 gene
promoter regulation by Smads and p53, as well as by hepatocyte nuclear factor-1 (HNF-1),
has been reported in tubular epithelial cells, which also showed renal cell-specific
mechanisms.”8 77 Other studies also reported increased levels of these miRNAs (miR-192,
miR-200 family, miR-216a, miR-217) in renal cells treated with HG or TGF-$1, or in
animal models of kidney injury.”8: 7883 MiR-192 was increased in streptozotocin-injected
mice fed with a high-fat diet in farnesoid X receptor gene knockout mice.”® MiR-192 and
miR-200b were found to be higher in the glomeruli of diabetic db/db mice and in podocytes
and renal microvascular endothelial cells treated with HG.8% Moreover, miR-192 and
miR-215 were upregulated in MCs treated with TGF-$1 and in glomeruli from diabetic
db/db mice, and were suggested to induce phenotype transition of MCs by targeting f3-
catenin—interacting protein-1 (CTNNB1).81 Together, studies with in vitro and in vivo
mouse models of early DN have identified miR-192 as a master miRNA regulator in MCs
treated with TGF-B1, and in the increased expression of ECM genes associated with the
early stage of DN.25:68-72,74-76

In recent years, several other miRNAs have been reported to have functions related to DN.
Among these, miR-21 has been studied extensively because many of its targets are both
relevant to DN and related to Akt activation, hypertrophy, and apoptosis. MiR-21 was
highly expressed in the renal cortex of OVE26 type-1 diabetic mice, and by targeting Pten it
promotes Akt and mTOR activation, all factors associated with DN (Fig. 4).84 In db/db
mice, miR-21 accelerated TGF-B1 signaling by targeting Smad7; thus, an inhibitor of
miR-21 was evaluated as a therapeutic target in this model.8> MiR-21 was also shown to be
upregulated in the KK-Ay mouse model of DN and contributed to renal fibrosis by targeting
matrix metalloproteinase-9 and metalloproteinase inhibitor 1.88 Mir21~/~ mice had reduced
interstitial fibrosis in response to renal injury, while wild-type mice treated with anti-miR-21
oligonucleotides depicted reduced fibrosis.8” By contrast, miR-21 was also reported in one
study to be downregulated in db/db mice, and its overexpression blocked MC
proliferation.88 Moreover, more severe phenotypes including podocyte loss and albuminuria
were observed in Mir21 knockout mice crossed with Tgfbl transgenic mice, compared to
that seen in Tgfbl transgenic mice alone, suggesting that deletion of Mir21 is detrimental
under these conditions, especially to podocytes, due to upregulation of the pro-apoptotic
targets of miR-21.89 In other studies, miR-214 upregulated by TGF-B1 was found to activate
Akt to reduce apoptosis in human monocyte THP1 cells treated with AGE products,® and to
promote renal fibrosis in a mouse model of unilateral ureteral obstruction (UUO)%! (Fig. 4).
MiR-451 was downregulated in early DN in db/db mice, and this could induce hypertrophy
by targeting Ywhaz, a protein required for activation of mitogen-activated protein kinase.%2

Regarding ECM protein accumulation/fibrosis, studies demonstrate that downregulation of
miR-29 family members, which directly target multiple collagens, can lead to increased
collagen deposition in tubular cells, MCs, and podocytes treated with TGF-B%3: %4 (Fig. 3). A
profibrotic role for miR-192 and an antifibrotic role for miR-29 family members were
reported even in other nondiabetic animal models of renal fibrosis.”6:82:95 Downregulation

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kato and Natarajan

Page 7

of miR-29a by HG increased collagen type IV in human tubular HK-2 cells (Fig. 3).96
However, miR-29¢ was shown to be upregulated and to activate Rho kinase by targeting
Spry-1, which induces ECM protein accumulation and podocyte apoptosis under similar
diabetic conditions.89 A recent report revealed that linagliptin, a dipeptidyl peptidase-4
(DPP-4) inhibitor now used as an antidiabetic drug, can also confer renal protection and
ameliorate fibrosis in a mouse model of DN by inducing miR-29, which targets DPP-4.97
MiR-377 was upregulated by HG or TGF-f1in MCs, and increased fibronectin expression
and oxidant stress by targeting manganese superoxide dismutase and p21-activated kinase.”8

Let-7 family members were originally identified as tumor suppressors because these
miRNAs were downregulated in several cancers.*143 Increasing evidence shows that key
let-7 members are also downregulated by TGF-B1 in renal cells, and this can promote
fibrosis through upregulating its targets, TGF-B1 receptor type-1 (TGF-f1R1) and collagens
(Fig. 3).98. 99 Moreover, examination of the mechanism of downregulation of let-7 family
members revealed that downregulation can occur via Smad2/3-mediated upregulation of
Lin28b (a negative regulator of let-7) in MMCs treated with HG or TGF-f1, as well as in
glomeruli from streptozotocin (STZ) diabetic mice (Fig. 6).19° These studies have also
identified Lin28 as a novel new target gene of TGF-B1. Because let-7 family members target
TGF-B1R1, these data reveal yet another signal-amplifying loop leading to acceleration of
DN’4 (Fig. 6).

Signaling circuitry was also observed in increased TGF-f1-mediated actions and fibrosis by
miR-433 through targeting antizyme inhibitor 1, which regulates polyamine synthesis.101 A
recent report also showed that TGF-B1 can downregulate miR-130b, and that this induces
the miR-130b target TGF-$1R1in MCs through mechanisms involving a cascade from
miR-216a to Ybx1/NFYC (Fig. 3).102 MiR-135a was identified as upregulated in serum and
renal tissue from patients with DN and db/db mice, and its levels were related to
microalbuminuria and renal fibrosis.83 MiR-135a could promote MC proliferation and
increase synthesis of ECM proteins by targeting transient receptor potential cation channel
subfamily C member 1 (TRPCL). Decreases in the miR-30 family members were associated
with accelerated DN due to upregulation of their target CTGF (connective tissue growth
factor), another important profibrotic factor.103 MiR-22 was suggested to be a master
regulator of BMP-7 and BMP-6, and to further increase TGF-B1 signaling in mouse kidney
fibrosis models.194 MiR-93 was identified as a key miRNA downregulated in podocytes and
renal microvascular endothelial cells treated with HG, as well as in glomeruli of diabetic
db/db mice.105 Decreased miR-93 expression was shown to enhance angiogenesis via
increases in its pro-angiogenic target, VEGF-A (vascular endothelial growth factor A).10°

Oxidant stress has been implicated in the pathogenesis of DN, and several miRNAs that
modulate oxidant stress have been identified. For example, miR-25 and miR-146a, which
are downregulated in diabetic conditions, target Nox4, a key player in DN.106-110 Decreased
miR-205 was associated with increased production of reactive oxygen species by targeting
heme oxygenase and superoxide dismutase (SOD) in HK-2 tubular cells.11! The
abovementioned miRNA cascades (MiR-192, miR-216a, miR-217, and the miR-200 family)
activate Akt and inhibit FoxO3a/SOD?2 signaling in MCs.33: 69. 71 Aldose reductase
downregulates miR-200a-3p and miR-141-3p, and regulates oxidant stress by targeting
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Keapl-Nrf2, TGF-BL/TGF-B2, and Zeb1/Zeb2 signaling in MCs and kidneys of diabetic
mice.112 Thus, approaches to prevent renal oxidant stress and DN could involve inhibition
of pro-oxidant miRNAs and enhancement of antioxidant miRNAs.16

Together, these findings clearly demonstrate that several miRNAs are dysregulated by
diabetogenic factors in vitro and in in vivo models of early DN, a complex chronic disease
with key features manifesting in the early versus late stages. Immense effort is being made
to identify key biomarkers of early DN that could be translated to early intervention
therapies aimed at preventing progression to renal failure. MiRNAs that are dysregulated by
growth factors, HG, and related mediators in early DN could serve as valuable targets for
early intervention.

MicroRNAs in the later stages of DN and renal cell-specific expression

Several miRNAs, including miR-192, have reported to be downregulated in models of more
severe or late-stage DN, such as diabetic ApoE-deficient (Apoe™~) mice. MiR-192 was also
reported in some studies of cultured proximal tubular epithelial cells treated with HG or
TGF-B1, which was associated with increased fibrosis,113: 114 suggesting cell-specific
effects. However, other reports show upregulation of miR-192 expression in tubular cells
treated with TGF-B1 and increased fibrosis.”® These complexities could be due to cell type—
specific effects of miRNAs and differences in the animal models studied. Tubular damage
and necrosis/apoptosis are usually observed in the later stages of DN, which could lead to
decreases in miRNA levels. However, cell-specific transcription factors could also dictate
the actions of miRNASs. This is supported by data showing that key isoforms of hepatocyte
nuclear factor (HNF)1 that mediate TGF-f1-induced downregulation of miR-192 in tubular
cells are not present in MC.”” Because TGF-B1-induced miR-192 expression was abolished
in MCs from p53~/~ or Ets1™~ mice, the cell type—specific response of miR-192 to TGF-B1
can also be explained by the cellular status of p53 or Ets-1 (Fig. 7).72.7° Similarly, an
increase in miR-192 in mouse models of kidney fibrosis was abolished in Smad3~/~ mice.”®
Although two reports showed an increase of miR-200b/c related to ECM protein
accumulation and Akt activation in primary MMCs,2% 71 one report showed that miR-200a
was downregulated in TGF-B1-treated proximal tubular epithelial cells, also related to
fibrosis in which miR-200a targets TGF-$2.115 The miR-200 family has been well
documented as regulators of the epithelial phenotype by targeting the transcriptional
repressors of E-cadherin, Zeb1, and Zeb2,116 establishing an important link between
miRNAs such as miR-200, TGF-$1 actions, and epithelial-mesenchymal transition (EMT),
especially in cancer metastasis. On the other hand, increasing evidence shows that EMT may
play a minor, or no, role in renal fibrosis and DN.117:118 Features of EMT are generally
noticed mainly in immortalized cultured epithelial cell lines in vitro, but not well
characterized in in vivo renal fibrosis in humans or animal models.119 Key differences are
present in cancer models and immortalized cell lines relative to non-cancer models, with the
former likely to have mutations in tumor-suppressor genes, such as p53 and oncogenes,
which, along with cell type—specific transcription factors and epigenetic marks, can lead to
differences in the cell-type miRNA responses to TGF-p1 (Fig. 7).
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Discrepancies have also been noted in miRNA expression data from human DN patients
versus animal models of DN (Fig. 8). Usually, renal biopsies used for studying miRNA
expression are obtained from patients experiencing an ongoing progression (intermediate) or
late stage of DN because of indications of more severe symptoms, including micro-and
macro-albuminuria, that are less evident in most currently available animal models of
DN.120 |t js likely that levels of many RNAs (including coding and noncoding) are lower in
samples obtained from such patients in late stages of DN, compared to those in intermediate
or early DN as reported in a clinical study,13 due to tissue necrosis and apoptotic cells that
would yield poor quality of RNA. Another confounding factor is the paucity of material
from normal human kidneys for comparison. Thus, these data may lead to the interpretation
that downregulation of certain renal miRNAs are associated with progression to end-stage
renal failure. In the animal experiments, however, it is possible to monitor from the non-
diabetic healthy stage to early- and even late-stage DN in some models. Therefore, certain
miRNAs observed to be upregulated in animal models representing early DN may in fact
present as being downregulated in samples from patients in later stages of DN because of
poor quality of tissue or RNA. In fact, in one example, it was seen that inhibition of
miR-192, which is upregulated in mouse models of early DN models!3: 68. 75 but decreased
in biopsies from patients in late stages of DN,112 can ameliorate DN in animal models.?2:73
Therefore, while clinically challenging, it may be worthwhile to identify, target, and inhibit
disease-inducing miRNAs in patients during the early stages of diabetes or DN (even before
the development of overt symptoms) in order to prevent progression of renal dysfunction.

MicroRNAs as biomarkers for DN

Because miRNAs are stable and detectable in human biofluids, precise detection of miRNA
profiles in biofluids is attractive in clinical translational research for biomarker development
and diagnostics, as early diagnosis of DN can help effectively prevent the progression to
renal failure. Several proteins, peptides, growth factors, and cytokines have been studied as
known biomarkers of DN progression.}21 Recently, miRNAs have become of great interest
as sensitive, noninvasive, and precise stage-specific diagnostic biomarkers for DN,
especially because of their stability in biofluids (such as urine and plasma) and in exosomes,
and because of established techniques for reliable detection and quantification by
sequencing, quantitative PCR, and microarrays.122-125 Several reports now demonstrate
comprehensive profiles in patient urine, urinary sediment, and serum of miRNAs that could
be correlated with specific stages of DN, fibrosis, and renal function decline (estimated by
glomerular filtration rate, GFR).83: 126-135 | particular, exosomes in urine are an extremely
valuable source for miRNA profiling in renal disorders because they originate from most
renal cells.132 For example, miR-145 was reported to be enriched in urinary exosomes from
type-1 diabetic patients showing microalbuminuria and in HG-treated MCs.138 MiRNAs that
are dysregulated in renal tissues of animal models of DN or in patients (such as those
discussed in above sections) could be evaluated in urine or serum samples at various times
as candidate biomarkers of DN staging. 130 However, the caveat with clinical biomarker
studies is the varied nature of patient cohorts, the number of patients per study, as well as the
number of miRNAs estimated in each study and the unknown cellular source of the
miRNAs. A comprehensive profiling of miRNAs was recently performed in urine samples
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obtained from patients with type-1 diabetes at different stages of DN that provided strong
support for the use of miRNA profiles as molecular predictors of DN.137 Because miRNAs
are stable even in paraffin-embedded sections, it may be possible to find new biomarkers
from archived materials that have associated clinical information. MiRNAS that originate
from dead or diseased cells may also be useful for detecting organ failure. On the other
hand, since symptoms and molecular mechanisms of disease progression can vary from
patient to patient, in the future patients may be segregated for personalized medicine and
treatment on the basis of their individual miRNA profiles.” As mentioned above, screening
of key sets of miRNAs in patients who do not yet show symptoms of renal dysfunction can
aid in detecting the onset of DN. Alternatively, miRNAs identified in animal models of early
DN may be examined in patients to assess DN risk. Overall, although several challenges
remain, it is clear that miRNAs are very attractive as simple and accurate biomarkers,
particularly for kidney diseases such as DN.

MicroRNA-based therapy for DN

Despite numerous attempts to develop more effective drugs for the treatment of DN, not
many treatments have reached clinical use. There are ongoing efforts, for example, to target
TGF-B1 or to develop improved approaches for renin-angiotensin blockade,22:138.139
Clearly, new concepts should be investigated to design novel and better therapies.

Because several miRNAs have now been identified in the pathology of DN, these small
molecules present new possibility for therapeutic intervention. Many attempts to
downregulate or upregulate miRNAs using one of several delivery approaches in animal
models of DN in vivo have been reported.13: 16. 132 Recent trends to control the expression
of miRNA levels include the use of chemically-modified, stable, nuclease-resistant
oligonucleotides (miRNA inhibitors and mimics), which could be developed for patient use
in the future. Overexpression of MiRNAs with sponges, or deletion of genomic regions of
miRNAs in animal models, are useful as experimental models to examine the in vivo
functions of key miRNAs, though they are not practical for use in humans. Anti-miRNAs
modified with locked nucleic acid (LNA) have been broadly used to specifically inhibit
particular miRNAs,%9: 73.140 jncluding in some clinical trials.141: 142 Expression of
miR-192, its downstream miRNAs (miR-216a, miR-217, and miR-200 family), and p53
were all effectively inhibited by LNA-modified anti-miR-192 in the renal cortex of normal
and STZ-injected diabetic mice, and led to amelioration in DN symptoms.2%: 69. 72,73 The
rates of DN in db/db mice were reduced by 2’-O-methyl antisense oligonucleotides targeting
miR-29¢.89 Furthermore, knockdown of miR-135a in diabetic kidneys in db/db mice
restored levels of TRPC1 and reduced synthesis of ECM proteins.82 Other reports have
shown MiR-21 inhibitors to be effective in treating animal models of renal failure, fibrosis,
and diabetes.8> 87 In addition, approaches using antagomirs and agomirs have been tested
and include the use of adeno-associated virus vectors and miRNA sponges,132 whereas
bacteriophage MS2 virus-like particles have been evaluated for overexpression of
downregulated miRNAs.143

Besides targeting miRNAs themselves, the host genes of miRNAs may also be evaluated as
therapeutic targets. An early report showed that specific miRNAs (miR-216a and miR-217)
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were induced by TGF-B1 together with their host n"cRNA RP23 in MCs,%° and that SiRNA-
mediated inhibition of RP23 mRNA could also reduce ECM gene expression. MiR-192 is
co-regulated in MCs with its host ncRNA CJ241444, which is induced by TGF-f1 through
CJ241444 gene promoter Smad-binding elements and epigenetic regulation via protein Ets-1
and histone acetylation.”> Another strategy is to target the upstream mechanisms controlling
the expression/transcription of miRNA genes. For example, Mir192 is induced by TGF-p1
through promoter Smad-binding elements and epigenetic regulation via protein Ets-1 and
histone acetylation, which can be activated by Akt.”> Therefore, miR-192 expression may be
controlled by inhibitors of Akt, such as MK-2206 or histone acetyltransferases, and this may
be effective to prevent DN. Interestingly, the mitotic inhibitor, paclitaxel (used in cancer
chemotherapy) has been shown to downregulate miR-192 expression, resulting in attenuated
fibrotic damage in the remnant kidney model.82 High-throughput screening of drugs that
have potential to reduce miRNA expression may be another option.

Together, these findings provide evidence and hope that anti-miRNA therapies may become
a reality for the treatment of human DN in the future. However, although miRNA-based
therapies are being actively researched and clinical trials are already ongoing,141:142 there
are still significant challenges and impediments before they can be developed as drugs for
clinical use. Apart from optimizing stability, as well as organ-specific and cell-specific in
vivo delivery, improved target specificity is needed to prevent off-target effects or toxicity to
normal tissues and organs, as a given miRNA can have numerous targets.

Conclusions

In this review we discussed the emerging importance of the expression and functions of
miRNAs in the pathology, diagnosis, and treatment of DN. We also highlighted the role of
miRNAs in mediating the features of the early stages of DN, such glomerular hypertrophy
and ECM accumulation. MiRNAs, such as miR-192 and miR-21, that are regulated
abnormally in the early stage of DN and that mediate pathological phenotypes, could be
useful for early diagnosis, treatment, or prevention of DN, as they could be targeted in
patients even before the onset of symptoms of renal function decline. Because chemically-
modified oligonucleotide inhibitors of some miRNAs have already been demonstrated to be
effective in preventing features of DN in animal models, there is hope that such approaches
will be clinically translatable to human DN. The field of ncRNA biology is growing
exponentially and may help make this approach a reality. However, several challenges
remain for translating animal studies to the clinic and evaluating therapies that combine
miRNA targeting with currently available drugs for DN. Also needed are more standardized
methods to monitor miRNA levels precisely in human biofluids, and to determine which
miRNA(s) should be chosen for further targeting in patients on the basis of their DN staging
and clinical profile.
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Figure 1.
TGF-B1 induced by high-glucose conditions via upstream transcription factors (USFs)

creates signaling circuits mediated by miRNAs. Diabetic conditions increase the expression
of TGF-B1 initially through USFs that bind to E-boxes in the TGF-f1 promoter. Upregulated
TGF-B1 induces miR192 (inhibitor of E-box repressors Zeb1/2) via mechanisms involving
the actions of Smad3, Ets-1, and p53. MiR-200b/c are also upregulated due to the
downregulation of Zeb1/2 by miR-192. MiR-200b/c targeting Zeb1/2 can lead to a further
decrease of Zeb1/2 and thus further augments the expression of miR-200b/c, TGF-/£1,
Col1a2, and Col4al through a loss of repression, along with a gain of activation (via Tfe3
and/or USF1) at their E-boxes. These signaling loops accelerate TGF-1 signaling and
downstream ECM gene expression involved in the progression of chronic kidney diseases
such as DN. Modified from Kato et al 2
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Biogenesis and actions of microRNAs. MicroRNAs (miRNAs) are initially transcribed in
the nucleus as pri-miRNAs, which are processed into pre-miRNAs by the Drosha enzyme.
Pre-miRNAs are further cleaved by Dicer to result in double-stranded miRNA duplexes.
Drosha processing can be regulated by p53 or Smads (activated by TGF- or BMPs). This
process can also be inhibited via interactions of phosphorylated MeCP2 (by HIPK2) with
DGCRS, a cofactor of Drosha. In addition, Dicer processing can be inhibited by MCPIP1,
which is induced by MCP-1 (related to inflammation). Processing of let-7 family members
is inhibited by Lin28b, which can be induced by TGF-p/Smad signaling. The miRNA
duplexes are then unwound by the action of Dicer, and the mature miRNA guide strand is
loaded into the RISC complex. Please refer to the main text for details. RISC, RNA-induced
silencing complex; UTR, untranslated region. Modified from Kato et al.16

Enhancement of transcription
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Figure 3.
Extracellular matrix (ECM) protein accumulation by microRNA cascades in the early stages

of DN. High-glucose (HG) conditions induce TGF-f1, which causes DN through increased
fibrosis and ECM protein accumulation. Signaling cascades are depicted to delineate key
intermediate black boxes in TGF-B1-induced signaling in DN. TGF-f1 increases ECM
genes, such as collagens, through miR-192 and miR-200 and downregulation of their targets,
E-box repressors (ZEB1/2). One cascade shown runs from miR-192 to miR-200 family
members. In another, HG and TGF-p1 also induce collagens by inhibiting the expression of
miR-29 family and let-7 family members that target several collagens. In a third cascade,
miR-192 regulation of collagens is via the intermediate actions of miR-216a and miR-130b
and their targets, including Ybx1, NFYC, and TGF-$1R1. These miRNA cascades can
amplify the initial signal transduction events to accelerate chronic kidney diseases such as
DN.
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Figure 4.
MicroRNA cascades related to hypertrophy and apoptosis in the early stages of DN. High-

glucose (HG) conditions induce TGF-B1, which causes DN through increased hypertrophy
via activation of Akt kinase. TGF-f1 activates Akt kinase through the miR-216a/217/200
family, which target and downregulate PTEN or FOG2 and thereby promoter hypertrophy.
HG and TGF-B1 also activate Akt by increasing miR-21 and miR-214 that target PTEN.
Two cascades from miR-192 are depicted: to the miR-216a/217 cluster and to the miR-200
family. Increased protein synthesis and inhibition of apoptosis through Akt activation can
lead to hypertrophy. Increased miR-21 can also affect apoptosis directly through its
apoptosis-related targets, such as Pdcd4. These miRNA cascades can amplify the signaling
events initiated by hyperglycemia and TGF-B1 and thereby promote chronic kidney diseases
such as DN.
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Figureb5.
Epigenetic regulation of miRNA expression (with miR-192 as an example) and circuitry

mediated by Akt/p300 signaling. Autoactivation of the miR-192 promoter by acetylation of
chromatin histones and transcription factors (such as Ets-1) through p300. Activation of Akt
is mediated by key miRNAs downstream of miR-192 that target and downregulate PTEN or
FOG2 (Fig. 4). Continuous and uncontrolled activation of these signaling pathways in this
circuitry may induce chronic kidney diseases such as DN.

Ann N 'Y Acad Sci. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kato and Natarajan

Page 24

Diabetes

Circuit

Lin28b *

Let-7 family l

1 1

collagens | | TGF-B R1

Figure®6.
Regulation of pro-fibrotic genes by diabetic conditions through Lin28-mediated inhibition of

biogenesis of the let-7 family. TGF-B1 induced by diabetic conditions upregulates Lin28b
through activation of Smad 2/3. Lin28b downregulates let-7 family miRNAs by inhibiting
the processing of let-7. Decreased levels of let-7 members result in the upregulation of
collagens (let-7 targets), leading to glomerular ECM protein accumulation and progression
of DN, illustrating another circuit for signal perpetuation.
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Figure7.
Differential effects of miRNAs in kidney fibrosis and epithelial to mesenchymal transition

(EMT) in cancer metastasis. In the early stage of DN, TGF-B1 induced by diabetic
conditions upregulates miR-192 in mesangial and other renal cells through the activation of
Smad 2/3, p53, or via Ets-1-mediated mechanisms. MiR-192 induces collagens by inhibiting
E-box repressors (Zeb1/2) and also via increases in miR-200 family members. The miR-200
family also enhances collagen expression by targeting Zeb1/2 to amplify the signaling. On
the other hand, in epithelial cancer cell lines or immortalized epithelial cell lines that have
mutation in genes such as p53, Smads or Ets-1, TGF-1 decreases miR-192. This also leads
to decreases miR-200 family and E-Cadherin genes through E-box repressors (Zeb1/2) to
induce EMT. Renal cell-specific transcription factors (such as HNF) can also be critical for
cell-specific regulation of mMiRNAs in response to TGF-1.
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Figure8.
DN stage—specific regulation of miRNAs: humans (~ late stage) versus animal models (~

early stage). Usually, renal biopsies are obtained from diabetic patients at the middle or late
stage of DN because they present with micro- or macro-albuminuria, glomerular filtration
rate (GFR) decline, or other clear symptoms of renal dysfunction. When compared, most
RNAs (including coding and noncoding) are likely to depict lower expression in the end
stage of DN relative to the intermediate stage. It might be interpreted that downregulation of
RNA is associated with renal failure; however, decreases in RNA expression could be due to
poor quality of RNAs in end-stage biopsies. In experimental models of DN, animals can be
systematically monitored from the healthy to more advanced stages of renal disease,
although most mouse models used to study miRNAs do not depict features of human DN.
Therefore, some miRNAs found to be upregulated in the early stage of DN in animal
experiments may appear to be downregulated in samples from humans who are in much
later stages of DN, due to poor sample quality or non-comparable stages. Thus, miRNAs
that are induced in early DN in animal models can be potentially assessed as therapeutic
targets in humans because their inhibition might slow down progression to late- or end-stage
disease even before clear symptoms are evident.
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