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Abstract: Micro ribonucleic acids (miRNAs) are short noncoding RNAs that inhibit gene
expression through the post-transcriptional repression of their target mRNAs. Increasing evidence
shows that miRNAs have emerged as key players in diverse biologic processes. Aberrant miRNA
expression is also closely related to various human diseases, including kidney diseases. From
clinical and experimental animal studies, emerging evidence demonstrates a critical role for
miRNAs in renal pathophysiology. Renal fibrosis is the hallmark of various chronic kidney
diseases and transforming growth factor beta (TGF-) is recognized as a vital mediator of renal
fibrosis because it can induce production of extracellular matrix proteins resulting in dysfunc-
tion of the kidneys. The relationship between TGF- signaling and miRNAs expression during
renal diseases has been recently established. TGF-f positively or negatively regulates expres-
sion of several miRNAs, such as miR-21, miR-192, miR-200, and miR-29. Both miR-192 and
miR-21 are positively regulated by TGF-f1/Smad3 signaling and play a pathological role in
kidney diseases. Conversely, members of both miR-29 and miR-200 families are negatively
regulated by TGF-B/Smad3 and play a protective role in renal fibrosis by inhibiting the deposi-
tion of extracellular matrix and preventing epithelial-to-mesenchymal transition, respectively.
Clinically, levels of miRNAs in circulation and urine may be potential biomarkers for detecting
carly stages of renal diseases and targeting miRNAs also provides promising therapeutic effects
in rodent models of chronic kidney disease. However, mechanisms and roles of miRNAs under
disease conditions remain to be explored. Thus, understanding the function of miRNAs in the
pathogenesis of kidney diseases may offer an innovative approach for both early diagnosis and
treatment of renal diseases.
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Introduction

Micro ribonucleic acids (miRNAs) are small, endogenous, noncoding RNAs that bind
to their respective target mRNAs and recruit the RNA-induced silencing complex
(RISC). The biogenesis of miRNAs includes multiple steps. Firstly, miRNAs are
transcribed by RNA polymerase Il or RNA polymerase III as long stem-loop primary
miRNA (Pri-miR) in the nucleus. The Pri-miR is then cleaved into a double-stranded
shorter miRNA precursor (Pre-miR) by RNase III enzyme Drosha and its partner
DiGeorge syndrome critical region 8 (DGCRS).!? The Pre-miR is subsequently
exported into the cytoplasm by the Ran-guanosine triphosphate (GTP) and Exportin-5.?
In the cytoplasm, Pre-miR is further cleaved into the 20-22 base pairs (bp) double-
stranded RNAs (mature form) by another RNase III enzyme Dicer and this mature
miRNA-miRNA duplex is unwound and the functional strand (“guide strand”) is
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loaded onto the RISC.* The mature miRNA guides the RISC
complex to bind to the 3’ untranslated region (3" UTR)
of a target messenger RNA (mRNA), resulting in post-
transcriptional gene silencing by mRNA degradation or
by translation inhibition. Thus, miRNAs can inhibit gene
expression via mRNA degradation, translation inhibition,
or transcriptional inhibition.

Microarray assays further demonstrate that several
miRNAs, including miR-192, -194, -204, -215, and
-216, are highly expressed in the kidney, compared to
other organs.>® These studies also mark the starting point
of miRNA research in kidney diseases. To date, over
ten miRNAs have been reported in kidney diseases.” '’
Several comprehensive reviews about the biogenesis of
miRNAs and the role of miRNAs in normal kidney have
been published.**7!°12 This article highlights recent novel
insights into miRNA function and the implications for
miRNAs in renal disease.

Role of TGF-B1 in renal
pathophysiology

Renal fibrosis and inflammation are common features of
chronic kidney disease (CKD) progressing to end-stage renal
failure, which is characterized by interstitial extracellular
matrix (ECM), myofibroblast accumulation, and infiltration
of inflammatory cells accompanied with destruction of renal
tubules.!*! It is well accepted that transforming growth
factor-beta (TGF-P) is a master cytokine/growth factor in
fibrosis and inflammation (Figure 1).'"2° TGF-f exerts its
biological effects by activating the downstream mediators
Smad2 and Smad3.?'?’ During fibrosis, TGF-f is known to
upregulate many fibrogenic genes, such as ECM proteins,
via Smad2, Smad3, or mitogen-activated protein kinases
(MAPKs).283% Advances in study of TGF-3 biology reveal
that TGF-P also regulates several miRNAs that are involved
in renal fibrosis. TGF-B1 is able to upregulate miR-21, miR-
192, miR-491-5p, miR-382, and miR-377, but downregulates
the miR-29 and miR-200 families (Table 1).3'-* These TGF-
B-regulated miRNAs have been shown to modulate renal
fibrosis (Figure 1). In addition, aberrant expression of these
miRNAs is observed in mouse models of renal injury,*'-33
demonstrating their critical roles in TGF-B-induced fibrosis.
In this review, we focus on four groups of TGF-B-regulated
miRNAs, including miR-21, miR-192, miR-200, and miR-29
as they have been shown to modulate TGF-B-induced renal
fibrosis. Both miR-21 and miR-192 promote fibrosis via
amplification of TGF-P signaling while miR-29 and miR-200
families reduce fibrosis by inhibiting the ECM deposition,

and preventing epithelial-to-mesenchymal transition (EMT),
respectively.

Role of miRNAs in TGF-B-mediated
kidney diseases

miR-21

miR-21 is a prominent miRNA implicated in the genesis and
progression of human cancers.*® As TGF-B1 has been shown
to upregulate miR-21 expression,””* the role of miR-21 in
fibrotic events has been widely studied (Table 2). The func-
tional importance of miR-21 in fibrosis was first demonstrated
in heart failure.* Its expression is upregulated in cardiac fibro-
blasts of failing hearts and treatment with a miR-21 antagomir
in a mouse model of cardiac hypertrophy prevents interstitial
fibrosis and improves cardiac function.* Next, miR-21 was
found to play a pathological role in lung fibrosis as elevation
of miR-21 expression was observed in patients with idiopathic
pulmonary fibrosis and in mice with bleomycin-induced lung
fibrosis.*! Inhibition of miR-21 by antisense oligonucleotides
reduces the severity of experimental lung fibrosis in mice.*!

The pathological role of miR-21 in renal diseases has
been confirmed by several models. In normal kidney tissue,
expression levels of miR-21 are always low. However, its
expression levels are highly elevated in both human samples
of kidney diseases and animal models of CKD and acute
kidney injury (AKI).***" In both mouse models of obstruc-
tive and diabetic nephropathy, miR-21 expression is elevated
in both glomerular and tubulointerstitial area where fibrosis
occurs.®#346 Expression of renal miR-21 is also significantly
increased after ischemia-reperfusion injury.*+’

Results of in vitro studies show that miR-21 actively par-
ticipates in renal fibrosis because miR-21 positively regulates
expression of ECM and o-smooth muscle actin (0-SMA)
0o-SMA in tubular epithelial cells (TECs) and mesangial cells
(MCs) after treatment of TGF-B1 or under diabetic condi-
tions.** In addition, overexpression of miR-21 in kidney
cells promotes renal inflammation but knockdown of miR-21
reduces renal inflammation under diabetic conditions. Block-
ing renal miR-21 expression reduces macrophage infiltration
in diseased kidneys.***® These results suggest that miR-21
also plays a role in promoting renal inflammation during
kidney injury.***® The suppression of miR-21 successfully
reduces fibrosis in rodent models of heart, lung, and kidney
diseases.**** In a mouse model of diabetic nephropathy,
inhibition of miR-21 also improves kidney function and halts
the progression of renal injury,* suggesting that targeting
miR-21 should possess a therapeutic potential to ameliorate
progressive kidney disease.
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Figure 1 Mechanisms of TGF-B-regulated miRNAs in renal fibrosis.

Notes: TGF-B promotes fibrosis by inducing miR-21 and miR-192 but suppressing miR-29 and miR-200 expression during renal injury. Both miR-192 and miR-21 play a
pathological role in kidney fibrosis through a feed-forward loop to amplify TGF-f signaling and promote fibrosis. In contrast, members in miR-29 and miR-200 families play a
protective role in renal fibrosis by inhibiting the deposition of extracellular matrix and preventing epithelial-to-mesenchymal transition (EMT), respectively.
Abbreviations: AKT, protein kinase B; ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; miRNA, micro ribonucleic acid; MMP, matrix metalloproteinase;
PPAR, peroxisome proliferator activated receptor; PTEN, phosphatase and tensin homolog; TGF-B, transforming growth factor beta; Spry, sprouty.

Table | Roles of miRNAs in animal models of kidney diseases

miRNA Mouse model Normal Diseased Results References
of kidney diseases kidney kidney

miRNAs that are induced by TGF-§

miR-21 UUOQO, DN in db/db mice Low level High level Fibrosis and inflammation 43,46

miR-192 UUOQO, STZ induced DN, Low level High level Fibrosis and EMT 54-56
DN in db/db mice

miR-216a STZ induced DN, DN Low level High level Increases colla2 93
in db/db mice expression

miR-377 Spontaneous and STZ Low level High level Fibronectin expression 94
induced DN

miR-491-5p UUO (rat) Low level High level Induces Par-3 degradation 95

miR-382 uuo Low level High level Suppresses E-cadherin 34

miRNAs that are suppressed by TGF-f

miR-29a,b,c uuo High level Low level Fibrosis 63,65

miR-200a,b,c UUO STZ induced DN, High level Low level EMT 73-75

miR-141, miR-429 adenine-induced

Abbreviations: DN, diabetic nephropathy; EMT, epithelial-to-mesenchymal transition; miRNA, micro ribonucleic acid; STZ, streptozotocin; TGF-f, transforming growth
factor beta; UUO, unilateral ureteral obstruction.
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Table 2 Role of miR-21 in different fibrotic diseases

Heart Lung Kidney Liver
Expression in normal Low Low Low NA
Expression High in cardiac fibroblasts High in pulmonary High in glomeruli NA
in diseases fibroblasts and tubules

Putative role
in fibrosis

Signaling pathway
Pathogenic effect

Therapeutic effect

Induces ECM and MMP-2,
and TGF-B non-canonical
signaling (via Spry| to
de-repress ERK/MAPK)
TGF- pathway

Fibrosis and
inflammation,

suppresses Spry|
Improving cardiac

Induces ECM and TGF-f3
canonical (via Smad7
de-repression of
Smad?2/3) signaling
TGF-f pathway

Fibrosis

and inflammation,
suppresses Smad7
Reducing lung fibrosis

Induces ECM and MMP-2,
TGF-B canonical

(via Smad7 de-repression
of Smad2/3) signaling
TGF-B/Smad3 pathway
Fibrosis and inflammation,
suppresses PPAR-0; and
Smad7

Suppressing renal fibrosis

Induces MMP-2
and PTEN/Akt
pathway

NA

Activates hepatic
stellate cells via
PTEN/Akt signaling
NA

by targeting miR-21 fibrosis and function
Reference 40,77 41

and inflammation
42-47 78

Abbreviations: ECM, extracellular matrix; MMP-2, matrix metalloproteinase 2; NA, not applicable; TGF-B, transforming growth factor beta; AKT, protein kinase B;
ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; PPAR, peroxisome proliferator activated receptor; PTEN, phosphatase and tensin homolog;

Spry, sprouty.

miR-21 knockout (KO) mice have been successfully gen-
erated and they are phenotypically normal and exhibit normal
fertility.*> As expected from the results of unilateral ureteral
obstruction (UUO) and renal ischemia reperfusion injury
(IST) models, deletion of the miR-21 gene reduces tubule
atrophy, fibrosis, capillary destruction, and P42/P44 MAPK
pathway activation in diseased kidneys compared to wild
type mice.* Microarray analyses from miR-21 KO kidneys
demonstrate the negative relationship between the presence of
miR-21 and genes that are involved in lipid metabolism, fatty
acid oxidation, and redox regulation. This study also shows
that miR-21 promotes renal fibrosis by silencing metabolic
pathways via suppressing peroxisome proliferator-activated
receptor-0. (PRAR-c; Figure 1).#

However, the precise mechanism of how miR-21 regulates
fibrosis and inflammation may be relevant for other putative
target genes of miR-21. Studies in cardiac fibrosis demonstrate
that Sprouty (Spry) and Phosphatase and Tensin Homolog
(PTEN) are potential targets of miR-21 (Figure 1).“** Spry
is a potent inhibitor of Ras/mitogen-activated protein kinase
(MEK)/extracelluar signal-regulated kinase (ERK) and activa-
tion of ERK promotes TGF-B-dependent fibrogenic activities.*
In the heart, inhibition of miR-21 decreases ERK-MAPK activ-
ity and interstitial fibrosis.*’ Suppression of PTEN by miR-21
upregulates phosphatidylinositide 3-kinases (PI3 K) and Akt
activity, and subsequently induces matrix metalloproteinase
(MMP)-2 expression.” A study on diabetic kidney injury
demonstrates that AKT1 substrate 1 (PRAS40), a negative
regulator of Tor complex 1 (TORC1), and Smad?7 are targets
of miR-21.4%3! Although blocking miR-21 reduces macrophage
infiltration in diseased kidneys,**** some studies demonstrate
anti-inflammatory properties of miR-21 in macrophages by tar-

geting proinflammatory programmed cell death 4 (PDCD4).5>
Negative correlation between miR-21 and PDCD4 has been
reported in TECs with induction of ischemia.* Further studies
should be done to clarify whether miR-21 regulates inflam-
mation in a cell type-dependent fashion.

miR-192

miR-192 is a highly expressed miRNA in the normal kidney,
compared to other organs.*¢ Several studies from rodent mod-
els of kidney diseases and cell lines demonstrate a pro-fibrotic
role of miR-192 in both MCs and TECs.***¢ Elevated miR-192
expression is found in glomeruli isolated from diabetic mice.*
In cultured MCs and TECs, miR-192 expression is induced by
either TGF-B or high glucose conditions.”>*¢ In vitro, miR-192
also mediates TGF-B-induced collagen expression in MCs
by downregulating zinc finger E-box binding homeobox 1/2
(Zeb1/2) expression (Figure 1).% Similarly, overexpression of
miR-192 promotes and inhibition of miR-192 blocks TGF-B1-
induced collagen matrix expression in TECs.* Recent studies
in a mouse model of type I diabetes demonstrate that inhibition
of renal miR-192 significantly induces renal expression of
Zeb1/2 and suppresses expression of fibrotic markers, such as
collagen, TGF-P, and fibronectin.** More importantly, inhibi-
tion of miR-192 in vivo improves renal function by attenuating
proteinuria.** The pathological role of miR-192 in diabetic
nephropathy is further confirmed by miR-192 KO mice.”’
In these KO type I diabetic mice, albuminuria, proteinuria,
renal fibrosis, and hypertrophy are all reduced compared to
diabetic wild-type mice.?’ Taken together, these studies have
established a regulatory role of miR-192 in TGF-3-dependent
renal pathologies observed in animal models of diabetic and
obstructive nephropathy.
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As the results from animal models demonstrate a
pro-fibrotic role of miR-192 in diabetic and obstructive
nephropathy,®¢ the reverse is true in human nephropathy.*®>
Interestingly, miR-192 expression is reduced in human TECs
after TGF-B1 treatment or in human diseased kidneys.*®*
A recent study demonstrates that TGF-B1 suppresses miR-
192 expression in human TECs and loss of miR-192 promotes
fibrogenesis in diabetic nephropathy.®® Furthermore, renal
biopsy samples from diabetic patients show significantly lower
miR-192.® Reduction of miR-192 expression correlates with
tubulointerstitial fibrosis and low glomerular filtration rate
(GFR) in individual patients. The different findings in expres-
sion of miR-192 in human and animal models of diabetic neph-
ropathy renders it necessary to further investigate the potential
role of miR-192 and the mechanisms that regulate miR-192
expression during renal fibrosis in different species.

miR-29
The miR-29 family consists of three members that are
encoded by two distinct genomic loci in both human and
rodent genomes. % As all members have the same seed bind-
ing sequence, they all bind to the same set of target genes.®
In contrast to miR-192 and miR-21, strong evidence has
suggested an anti-fibrotic role for miR-29. High expression
of miR-29 is found in the kidney, lung, and heart,*® and
reduction of miR-29 expression is observed in animal models
and human samples of fibrotic diseases in heart, lung, and
kidney (Table 3).61-63

In a mouse model of obstructive nephropathy, microar-
rays and real-time polymerase chain reaction (PCR) assays
demonstrate that all miR-29 family members (miR-29a,
miR-29b, and miR-29c) are substantially reduced in fibrotic
kidneys of UUO wild-type mice but significantly increased
in Smad3 KO mice in which renal fibrosis was reduced.®
Reduction in expression of miR-29a and miR-29b in renal

Table 3 Role of miR-29 in different fibrotic diseases

TECs and lung and cardiac fibroblasts after treatment with
TGF-B1 confirms the negative relationship between miR-
29 in TGF-B dependent fibrosis.®'

Similar to the results in the heart in which knockdown
of miR-29b relieves the suppression of fibrotic markers,*%
overexpression of miR-29 suppresses but inhibition of miR-29
promotes expression of fibrotic markers in mouse embryonic
fibroblasts and TECs under diabetic conditions, salt-induced
hypertensive conditions, or after TGF-f3 treatment, suggest-
ing an anti-fibrotic effect for miR-29 (Figure 1).5%¢ This
anti-fibrotic effect of miR-29 is further confirmed by a mouse
model of unilateral ureteral obstruction nephropathy.®* Gene
delivery of miR-29b either before or after established obstruc-
tive nephropathy successfully blocked progressive renal
fibrosis. The anti-fibrotic effects of miR-29 may be a result
of its ability to inhibit TGF-f-mediated deposition of ECM.
More than 20 different ECM-related genes are predicted to
be miR-29 targets and some of them are induced by TGF-
signaling.®' In conclusion, miR-29 is a downstream inhibitor
of TGF-B/Smad3-mediated fibrosis and may have therapeutic
potential for diseases involving fibrosis.

miR-200

The function of miR-200 family is to maintain epithelial dif-
ferentiation and this family includes miR-200a, miR-200b,
miR-200c¢, miR-429, and miR-141.” The miR-200 family
was firstly discovered by its ability to restore an epithelial
phenotype in breast cancer cell lines through the suppres-
sion of the E-cadherin transcriptional repressors ZEB1 and
ZEB2 (Figure 1).°*7! Similar to the results in a mouse model
of lung fibrosis,” reduction of expression of miR-200a and
miR-141 are observed in fibrotic kidneys during obstruc-
tive and diabetic nephropathy (Table 4).> In vitro studies
also demonstrate that members of the miR-200 family in
TECs are downregulated in a Smad signaling dependent

Heart Lung Kidney Liver
Normal expression High High High High
Expression in diseases Low in cardiac fibroblasts Low in pulmonary fibroblasts Low in tubules Low
Putative role in fibrosis Reducing ECM and MMP-2 Reducing ECM expression Reducing ECM and MMP-2 Reducing ECM expression

Signaling pathway Suppressed by TGF-3

pathway pathway

Pathogenic effect Induces fibrosis Induces fibrosis

Therapeutic effect

reduces the severity

of lung fibrosis

Reference 6l 62,79

Suppressed by TGF-3

Overexpression of miR-29

Suppressed by
TGF-B/Smad3 pathway
Induces fibrosis

Suppressed by TGF-8
and NF-kB pathways
Induces fibrosis
Overexpression

of miR-29 suppresses
renal fibrosis

63,66

Overexpression of
miR-29 suppresses
hepatic fibrosis
80-82

Abbreviations: ECM, extracellular matrix; MMP-2, matrix metalloproteinase 2; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; TGF-, transforming

growth factor beta.
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manner after TGF-f treatment.”™ However, another study
shows opposite results; that renal expression of miR-200s
is increased in mice subjected to UUO.” Regardless of the
discrepancy in miR-200 expression in fibrotic kidneys, the
anti-fibrotic role of miR-200 family is confirmed by gene
delivery of miR-200b in fibrotic kidneys. The results show
that the elevation of collagens and fibronectin in obstructed
kidneys can be suppressed by a single injection of a miR-
200b precursor.”

The maintenance of epithelial differentiation and
prevention of EMT may be the mechanism in which miR-
200 suppresses fibrosis.”! In epithelial cells, members of the
miRNA-200 family inhibit the E-cadherin transcriptional
repressors ZEB1 and ZEB2, which were previously impli-
cated in EMT and tumor metastasis.®®* 7' These miRNAs are
also markedly downregulated in cells that have undergone
EMT in response to TGF-B,%"" suggesting that TGF-f
regulates the expression of these miRNAs to promote EMT
in tumor cells. In response to renal injury, it is generally
believed that proximal TECs may undergo EMT and con-
tribute to renal fibrosis.!* However, the notion that EMT
contributes to renal fibrosis has recently been challenged.
More research is needed to clarify the role of miR-200 in
kidney diseases.

Regulatory mechanisms of TGF-
Bl in expression of fibrosis-related
miRNAs

The exact mechanism of how TGF-B signaling regulates
miRNA expression during kidney diseases is still ongoing.
TGF- signaling promotes synthesis of fibrosis-related
miRNAs either by enhancing posttranscriptional processing
of the primary miRNA transcript, or by increasing transcrip-
tion. It has been demonstrated that TGF-f signaling is able
to promote the processing of primary transcripts of some
miRNAs into their active form by the Drosha complex.”’

Receptor-Smads, such as Smad3, physically interact with
subunits of the Drosha complex to promote the processing
of pri-miR-21 into mature miR-21 (Figure 1). Davis et al
also demonstrate that a consensus sequence (R-SBE) exists
within the stem region of the primary transcripts of TGF-[3-
regulated-miRs (pri-T-miRs).* Direct binding of Smads to
the R-SBE triggers the TGF--induced recruitment of Drosha
and DGCRS to pri-T-miRs and promotes the processing of
pri-T-miRs.*

Our laboratory also demonstrated that TGF-/Smad3 sig-
naling regulates the transcription of miR-21, miR-192, and
the miR-29 family during renal diseases (Figure 1).435%63
This notion is firstly supported by the results from rodent
models of obstructive and remnant kidney diseases induced
in mice lacking Smad3, Smad?7, or having conditional KO of
Smad? or overexpressing renal Smad7.3343536 Results from
in vitro studies also confirm that TGF-P suppresses miR-29
expression but induces miR-21 and miR-192 expression via
the Smad3-dependent mechanism as determined in MCs
and TECs overexpressing Smad7, or knocking down Smad2
or Smad3 and in Smad2 or Smad3 KO mouse embryonic
fibroblasts.**#3363 In addition, Smad3 regulates the expres-
sion of these miRNAs by physically interacting with Smad
binding site (SBE) located in their promoters.**>¢3 Binding
of Smad3 on SBE in the promoters may either increase
transcription and post-transcriptional processing of miRNAs,
such as miR-21 and miR-192, or inhibit their transcription,
such as for miR-29b.#33363 In addition, Smad7, an inhibitory
Smad, protects kidneys from fibrosis based on its ability to
regulate TGF-B/Smad3-mediated miRNAs via maintaining
renal miR-29b but suppressing miR-192 and miR-21.3235

More importantly, miRNAs can also regulate TGF-/
Smad3 signaling (Figure 1). As TGF-PB induces miR-21
expression during renal injury, the elevation of miR-21 sup-
presses Smad7 expression and, in turn, promotes the TGF-[3
signaling.*4¢ Thus, miR-21 may act as a feed-forward loop

Table 4 Role of miR-200 family members in different fibrotic diseases

Lung Kidney Liver
Normal expression High High High
Expression in diseases Low Low Low
Putative role Suppress Suppress TGF-f3 pathway Suppress

in fibrosis TGF-B-dependent EMT
Suppressed by TGF-f§ pathway
EMT and fibrosis

Overexpression of miR-200

Signaling pathway
Pathogenic effect
Therapeutic effect

suppresses pulmonary fibrosis
Reference 72

and TGF-B-dependent EMT TGF-B-dependent EMT

Suppressed by TGF-f§ pathway

EMT and fibrosis Fibrosis
Overexpression of miR-200

suppresses renal fibrosis

74,75 82

Abbreviations: EMT, epithelial-to-mesenchymal transition; TGF-B, transforming growth factor beta.
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to amplify TGF-f signal during renal injury. Activation of
ERK/MAP kinase signaling in fibroblasts may be another
mechanism by which miR-21 induces renal fibrosis.*
Furthermore, both TGF-B1 and TGF-B2 suppress miR-200a
expression in renal cells.” Since TGF-2 is one of the target
genes for miR-200a, the reduction of miR-200 expression
after treatment of TGF-P is associated with an elevation in
TGF-B2 expression. On the other hand, overexpression of
miR-200a also inhibits both Smad3 activity and TGF-B1-
induced fibrosis.”™ These results reveal a possible feedback
between TGF-B2 and miR-200a. Similar to miR-200, miR-29
is predicted to inhibit TGF-f2.% Thus, miR-29 may exert its
anti-fibrotic effects through inhibition of TGF- signaling.

In addition, a recent study demonstrates that TGF-3
induces a crosstalk circuit between p53 and miR-192 related
to the pathogenesis of diabetic nephropathy.>” Expression
levels of TGF-B1, p53, and miR-192 are known to be elevated
in expanded glomeruli of diabetic mice.**>*" Interestingly,
inhibition of miR-192 function in vivo is able to suppress p53
expression in the renal cortex of control and streptozotocin
injected diabetic mice.”” This positive relationship between
miR-192 and renal expression of TGF-P and p53 is confirmed
by the miR-192 KO type I diabetic mice.’’ Using promoter
assay studies in vitro, TGF-B is able to induce activation of
miR-192 and p53.%’

All the above results suggest the essential roles of
miRNAs in TGF-B-induced renal fibrosis and the complex-
ity between TGF-B/Smads signaling and miRNAs under
pathophysiological conditions.

Comparison of the role of miRNAs

in other fibrotic diseases
In addition to renal fibrosis, miRNAs also participate in
fibrotic diseases in other organs. To date, about 40 miRNAs
have been reported to be related to fibrosis in various organs,
the details of which have been discussed elsewhere.” In this
review, we compare the four groups of miRNAs in fibrotic
diseases of heart, lung, kidney, and liver (Tables 2—4).
Pro-fibrotic miRNAs, such as miR-21, and anti-fibrotic miR-
NAs, such as miR-29 and miR-200 families, are dysregulated
in these organs as fibrosis occurs,0-7:61-63.66.77-82

These miRNAs directly induce or protect against fibrosis
via four different mechanisms. First, regulating the TGF-f3
pathway is a key mechanism for the fibrotic response of
miRNAs during fibrosis (Table 2).#**” In the lung and
kidney, miR-21 upregulates TGF-f canonical signaling by
suppressing Smad7. However, miR-21 in the heart induces
TGF-B non-canonical signaling by targeting Spryl for

derepression of ERK/MAPK. In addition, miR-200 is capable
of suppressing expression of TGF-B2 to exert its anti-fibrotic
effect in kidney disease (Table 4).7

Regulating ECM proteins or enzymes that are involved
in ECM remodeling is another vital mechanism for miR-
NAs during fibrosis. miR-29 is the best characterized
direct regulator of ECM synthesis and has been reported in
many major fibrotic diseases in the heart, lung, liver, and
kidney (Table 3).61-636679-82 [ndeed, a large number of ECM
and ECM-modulating genes, such as COLIAI, COL3A1,
COL4A1, COL5A1, COL5A42, COL5A3, COL7A41, COL8AI,
and MMP2, have been validated as direct targets of miR-29
by reporter gene assays.®' %" Expression of miR-29 has been
reported to be regulated by TGF-f signaling in the heart, lung,
liver, and kidney."-6¢67-82 T addition, the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)
pathway is also involved in suppression of hepatic miR-29
expression.®*2 miR-21 is another fibrotic miRNA found in
the heart, lung, and kidney although its upregulatory effects
may be indirect.** #7777 Thirdly, regulating EMT may be also
a mechanism by which miRNAs are involved in the fibrotic
process. miR-200 members and miR-192 are closely related
to EMT because they negatively regulate the E-cadherin
transcriptional repressors ZEB1 and ZEB2 (Table 4).56687!
Overexpression of miR-200 members or inhibition of miR-
192 prevents TGF-3-dependent EMT and reduces expression
of ECM proteins.>***7! Finally, some miRNAs may exert their
regulatory roles in inducing proliferation and resistance to
apoptosis during the fibrotic process,’® although no direct
evidence was found during the process of fibrosis.

Clinical implications of miRNAs
in kidney diseases

Therapeutic potential

As we discussed previously, miRNAs play essential roles
in renal injury and miRNAs are always located in the cyto-
plasm of cells. These two factors support the therapeutic
potential of miRNAs in kidney diseases. Furthermore,
sequence complementarity provides a possible and specific
approach to design a drug that precisely targets a single
miRNA. Recent advances in chemical engineering allow
the development of chemically modified oligonucleotides
that are stable in the circulation and can freely enter cells
to bind to specific miRNA and silence it.'"” Conventional
construction of overexpression or short hairpin (sh)RNA
plasmids allow an alternative to restore or suppress miRNA
transcription.* In experimental kidney disease models,
restoring miR-29 and miR-200 families, or inhibition of
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miR-21 and miR-192, are able to prevent or inhibit renal
fibrosis (Table 5).334346:546375 Tnhibition of miRNAs by
chemical-engineered oligonucleotides has also been applied
to other miRNAs.! Thus, application of miRNAs or its
inhibitor in the treatment of kidney disease offers a novel
and effective therapeutic approach to combat CKD.

Major obstacles to the therapeutic use of miRNAs are
the delivery method and safety concerns. To date, systemic
delivery of chemical-engineered oligonucleotides has been
widely used for inhibiting miRNA function.'® However,
this method may also suppress the function of miRNAs in
organs other than the diseased one. Gene delivery systems
to regulate miRNA expression in specific organs have also
been developed.®>$3 For instance, ultrasound-microbubble-
mediated gene transfer developed in our laboratory is capable
of delivering miRNA overexpression or knockdown plasmids
specifically into living kidneys.?*#46638 Controlling trans-
gene expression at the desired therapeutic levels to minimize
side-effects is essential to the success of gene therapy. To
avoid any undesirable side-effects caused by overdoses of
overexpression or inhibition of miRNA expression, optimal
dosages of miRNAs need to clearly be determined and
controlled.

The risks of off-target effects and nonspecific immune
responses also need to be considered and investigated. For
example, the major obstacle to using miR-21 as a therapeutic
agent for fibrotic diseases is that downregulation of miR-21
expression induces cell death.**#34 Strong pro-apoptotic
effects of miR-29b may also hinder the development of miR-
29b gene therapy as overexpression of miRNA-29b induces
apoptosis in multiple myeloma cells.®® Thus, miRNA thera-
peutics still require the development of specific and consistent
delivery systems that target precise cells and organs.

Table 5 Summary of clinical implications of miRNAs

Biomarkers

Another potential application of miRNAs is as excellent
biomarkers of kidney diseases. Recently, circulating nucleic
acids have emerged as new biomarkers and many studies are
implying that circulating miRNAs are potential biomarkers
for cancer growth and organ injury because miRNAs are
stable and tissue specific as well as the fact that they can be
identified and quantified.® Several studies confirm the fact
that miRNAs are released into urine or blood during kidney
disease (Table 5). For instance, circulating miR-21 levels have
been demonstrated to be significantly higher in patients with
severe interstitial fibrosis and tubular atrophy.®” A recent study
shows that a total of 27 miRNAs are present at significantly
different levels in urine from patients at different stages of
diabetic nephropathy.®® More importantly, these miRNAs have
previously been shown to play essential roles in signaling
pathways of renal fibrosis during diabetic kidney disease.
Another study demonstrates that urinary miR-93 levels are
related to glomerular scarring while urinary levels of miR-29b
and miR-29c are correlated with proteinuria and renal func-
tion in immunoglobulin A (IgA) nephropathy.® These studies
demonstrate that miRNAs are not restricted to the kidney only
during disease or development. Future studies should focus
on the identification of patterns of miRNAs that are released
into the urine or blood by damaged kidneys.

Summary and perspectives

Over the past two decades, the progress in discovering miR-
NAs and characterizing their functions in kidney diseases
has been rapid. However, understanding the specific role of
miRNAs in renal pathophysiology is still limited. One of the
critical issues that hinders the progress of miRNAs in renal
research is how to accurately identify miRNA targets because

miRNA Therapeutic applications Biomarkers (patients) References
(animal models)
Model Side effect Type Correlation
miR-29
Overexpression uuo Pro-apoptotic Urinary Proteinuria and renal 33,43,46,63,85,89
function
miR-200
Overexpression Uuo 75
miR-21
Knockdown UuUO, DN Pro-apoptotic Plasma Interstitial fibrosis and 43,44,46,84
tubular atrophy
miR-192
Knockdown UUO, DN 54
miR-93 Urinary Glomerular scarring 89

Abbreviations: DN, diabetic nephropathy; miRNA, micro ribonucleic acid; UUO, unilateral ureteral obstruction.
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one miRNA is capable of regulating multiple target genes.
To date, target prediction programs provide us with a large
number of potential miRNA targets. However, the overlap
between algorithms is so minimal that only a small portion
of these targets can be validated experimentally. Although
conservation of the 3 UTR among species is included, the
number of targets predicted is still high for validation. In
addition, the power of miRNAs also depends on their abil-
ity to target multiple genes that contribute to a pathway or
phenotype. This also increases the difficulty in searching for
real targets of miRNAs. However, high-throughput validation
and proteomic analysis are possible approaches to enable us
to identify miRNA targets.

Understanding the regulation of miRNA expression
will be another challenge for miRNA research because
one miRNA expression can be regulated by many different
mediators or pathways. Firstly, miRNAs in a given miRNA
cluster may show the same expression pattern. However,
some cluster members do not follow the same pattern
and exhibit different expression patterns.” Furthermore,
some miRNAs may be encoded from two or more distinct
genomic loci, such as miR-29b;% it is still not known how
to control miR-29b expression from two genomic loci.
Intronic miRNAs do not always have the same expres-
sion pattern as their host gene.”’ Furthermore, sometimes
both strands of the miRNA are coexpressed and they usu-
ally target different genes.”?> Further studies are required
to understand the mechanism regarding how to regulate
miRNA expression. Recent technology advances in deep
sequencing may provide us a comprehensive view of gene
expression patterns and quantify transcript levels. This
information may allow us to correlate expression of miR-
NAs and target transcripts.

Understanding the pathophysiological role of a specific
miRNA in the kidney is not as easy as previous thought
because the kidney is composed of several types of cells and
these cell types may respond differentially to miRNAs in var-
ious renal diseases. Identifying the cell type(s) that expresses
the miRNA in a particular disease condition may enable us to
understand the role of miRNAs during disease progression.
To overexpress or inhibit the function of a specific miRNA
in a particular cell type will be beneficial to our understand-
ing of disease mechanisms. Thus, transgenic animal models
with conditional overexpression or knockdown of a particular
miRNA may provide the best model to study the function
and regulation of miRNAs in renal diseases. This approach
will improve our knowledge of the role of miRNAs in renal
pathology and enable us to find new treatments for halting

renal fibrosis and dysfunction. However, identifying the
functional significance of a change in miRNA regulation and
its target gene(s) may be difficult because a single miRNA
can regulate several target proteins and a single protein can
be regulated by several miRNAs.

Finally, miRNAs act as important downstream effectors
of TGF-P/Smad signaling during renal fibrosis. Advances in
our understanding of the specific role of miRNAs involved in
TGF-B/Smad signaling during renal fibrosis should provide
us an effective, alternative strategy to ameliorate disease
progression.
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