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Abstract
Scarring of the kidney is a major public health concern, directly promoting loss of kidney
function. In order to understand the role of microRNA (miRNA) in the progression of kidney
scarring in response to injury, we investigated changes in miRNA expression in two kidney
fibrosis models, and identified 24 commonly upregulated miRNAs. Among them, miR-21 was
highly elevated in both animal models and human transplant kidney nephropathy. Deletion of
miR-21 in mice resulted in no overt abnormality. However, miR-21-/- mice suffered far less
interstitial fibrosis in response to kidney injury, which was pheno-copied in wild-type mice treated
with anti-miR-21 oligonucleotides. Surprisingly, global de-repression of miR-21 target messenger
RNAs was only readily detectable in miR-21-/- kidneys after injury. Analysis of gene expression
profiles identified groups of genes involved in metabolic pathways that were up-regulated in the
absence of miR-21, including the lipid metabolism pathway regulated by Peroxisome proliferator
activated receptor-α (Pparα), a direct miR-21 target. Over-expression of Pparα prevented UUO-
induced injury and fibrosis. Pparα deficiency abrogated the anti-fibrotic effect of anti-miR21
oligonucleotides. miR-21 also regulates the redox metabolic pathway. The mitochondrial inhibitor
of reactive oxygen species generation, Mpv17l, was repressed by miR-21, correlating closely with
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enhanced oxidative kidney damage. These studies demonstrate that miR-21 contributes to
fibrogenesis and epithelial injury in the kidney in two mouse models and is a candidate target for
anti-fibrotic therapies.
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Introduction
Scarring of the internal organs caused by microscopic injury is known as fibrosis. It is
characterized by deposition of matrix and basement membrane structural proteins in an
uncontrolled manner and in inappropriate places, often in the virtual spaces between
functioning units of the organ. Tissue fibrosis is widespread in industrialized nations and
contributes to morbidity and mortality (1-3). Organ fibrosis, a final common pathway of
chronic or iterative tissue injury, is an inappropriate wound healing response and is
frequently associated with inflammation (inflammatory cells), loss of organ function, and
tissue ischemia resulting from abnormal angiogenesis. Increasing evidence indicates that
fibrosis per se contributes both directly and indirectly to organ demise and that the cells that
lay down matrix, known as myofibroblasts, perpetuate the fibrotic process (4,5). Organ
fibrosis is seen in many common and rare diseases including diabetes mellitus, ischemic
heart disease, hypertension, and chronic diseases of lung, liver, kidney, gut, heart and brain.
Despite the current burden of fibrosis-related human disease, there are currently few
therapies to specifically treat fibrosis.

The kidney is particularly susceptible to fibrosis perhaps because of its highly unusual
vascular bed and predisposition to tissue ischemia. Many disparate diseases including
diabetes mellitus, hypertension, acute injuries to the kidney (acute kidney injury [AKI]) and
sequelae of organ transplantation of the kidney result in the development of either
glomerular or interstitial fibrosis and are thus classified as chronic kidney diseases (CKD) or
chronic allograft dysfunction (CAD) (6,7). In response to injury, the kidney epithelium,
endothelium and inflammatory leukocytes can all contribute indirectly to fibrogenesis by
releasing factors that signal to resident perivascular fibroblasts and pericytes, which then
differentiate into scar-forming myofibroblasts, (8). Identification of factors that regulate the
activation and proliferation of pericytes and perivascular fibroblasts either directly or
indirectly is important for ultimately yielding new therapies for this disease.

MicroRNAs (miRNAs) are endogenously encoded, evolutionarily conserved small RNAs
(∼22 base-pairs) that regulate gene expression predominantly by facilitating degradation and
inhibiting protein translation of target mRNAs (9,10). To date, more than 1000 miRNAs
have been identified in the human genome. MicroRNA can recognize several hundred
different mRNA targets through sequence complementarity between the miRNA and
binding sites in the 3′ untranslated regions (3′ UTRs) of the target mRNAs. Dysregulated
miRNA expression has been identified in a wide variety of human diseases (11,12) and such
dysregulation is also readily observed in animal models. Modulation of dysregulated
miRNAs in vivo can attenuate the manifestation of disease suggesting that the aberrant
miRNA expression contributes to disease pathogenesis(5).

In the present study, we identified dysregulated miRNAs in kidney injury and fibrosis in
both animal models and human disease. Among the dysregulated miRNAs, we focused on
investigating the role of miR-21 in kidney injury and fibrosis because it was upregulated
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consistently in human kidney fibrosis and in animal models of fibrosis and because studies
in models of heart disease suggested it may play a role in cardiac fibrosis (5).

Results
MicroRNA-21 is upregulated in Kidney injury and fibrosis

To study the role of miRNAs in fibrosis we used two well-characterized models of kidney
injury that result in progressive interstitial fibrosis: the unilateral ureteral obstruction (UUO)
and the unilateral ischemia reperfusion injury (IRI) models in mice. The former is induced
by mechanical obstruction of the flow of urine, and is characterized by a slow initial injury
that accelerates with time; the latter is an excellent model of chronic kidney fibrosis
resulting from the initial insult post reperfusion that causes severe injury with only partial
repair and subsequent chronic injury with fibrosis. IRI leading to chronic injury with fibrosis
is commonly seen in humans. In rodents, it is induced by placing a temporary occlusive
clamp on the renal artery for approximately 30 minutes followed by restoration of the flow
prior to surgical closure (3,13). Using Agilent microRNA microarrays, we identified a
common miRNA signature in these models (Fig. 1A-B, Fig. S1A-B, Table S1) that
suggested that these miRNAs were specifically regulated in response to kidney injury and
fibrosis. Based on observations in other organs (5) and preliminary studies to test the
efficacy of silencing several of these candidate miRNAs, we selected miR-21 as the primary
target for detailed investigation. MiR-21 was highly expressed in normal kidney but was
significantly upregulated in response to either UUO or IRI. The dysregulation of miR-21
was confirmed by quantitative RT-PCR (Fig. 1C). Consistent with findings reported by
others (14), miR-21 was up-regulated soon after ischemia in the IRI mouse model and prior
to the appearance of fibrosis suggesting its upregulation was an early response to injury.
Prospectively collected biopsies from normal human kidneys and patients with acute kidney
injury (AKI) or chronic allograft dysfunction (CAD) that may occur after kidney
transplantation indicated normal human kidneys express miR-21 at a high level that was
upregulated in both patient populations (Fig. 1D). CAD biopsies had interstitial fibrosis
ranging from 11% and 65% of the area of the kidney.

Because recent studies have identified miR-21 as a regulator of fibrosis in the heart (5), we
purified cell populations from normal and UUO-induced fibrotic kidneys to determine which
cell populations upregulated miR-21 (Fig. 1E, Fig. S2). The pericyte precursors that become
scar-forming myofibroblasts in kidney showed markedly upregulated miR-21. Similarly,
inflammatory macrophages throughout the course of the disease model had elevated miR-21
compared with resident macrophages. MiR-21 was not increased in the injured proximal
tubule epithelium and endothelial cells of the peritubular capillaries. In normal kidneys,
normal proximal epithelium express miR-21 at higher basal levels than pericytes (Fig. 1F).
We also performed in situ hybridization in mouse kidney sections (Fig. 1G) which showed
widespread up-regulation of miR-21 throughout the kidney in response to IRI, particularly in
interstitial compartments, but also in glomerular cells. These findings were similar in the
UUO model, although up-regulation in the proximal epithelial compartment was less
striking than in IRI (Fig. S1C). To try to reconcile the difference in the two methods of
detection, we tested whether direct stimulation of mouse epithelial cells in culture would
modulate miR-21. When subjected to 24h of hypoxia, a known mediator of epithelial injury,
miR-21 did not change. In contrast, chronic exposure to TGFβ1, a cytokine known to drive
pro-fibrotic responses in the kidney, triggered a 2-fold increase in miR-21 levels in mouse
cells (Fig. S1D-E) and more than 3-fold increase in primary human tubule epithelial cells
(Fig. S1F). Unlike pericytes therefore kidney epithelial cells express high levels of miR-21
basally and the absolute increase in levels in response to cell stress or injury are modest.
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MicroRNA-21 targets kidney genes but only during injury
To study the role of miR-21 in the kidney, we generated mice with a targeted mutation at the
miR-21 locus. MiR-21 is located in the 3′ UTR of Tmem49 (Vacuole membrane protein 1
[Vmp1]) gene (Fig. 2A-B). LoxP sites were introduced flanking Pre-miR-21, and Cre
recombinase was expressed transiently in embryonic stem cells to trigger recombination
prior to generation of mouse embryos. We confirmed miR-21 was not expressed (Fig. 2B)
and Tmem49 transcripts were not affected by the deletion of miR-21 (Fig. S3A). MiR-21
deficient mice were healthy with normal fertility, body weight and lifespan of at least 6
months of age when housed in standard sterile conditions. Deletion of specific miRNAs can
result in transcriptome wide de-repression of seed-matched target transcripts and this can be
detected by analyzing global gene expression profiles (15,16) (Seed-matched segments of a
transcript have Watson-Crick complementarity to positions 2-7 (known as the seed) of a
miRNA). The gene expression profiles can be tissue and cell-type specific, and are used to
define molecular pathways through which a miRNA functions. Surprisingly, the gene
expression profiles of normal healthy kidneys from both miR21-/- and miR+/+ mice were
similar and did not show a global de-repression (over-representation) of transcripts that
contain putative miR-21 binding sites in their 3′ UTR (Fig. 2C). When mRNA was isolated
from kidneys of miR-21+/+ and miR-21-/- littermates that had experienced tissue injury,
however, the gene expression profiles showed a robust signature when miR-21 was absent
(UUO, Fig. 2D) (IRI, Fig. S3B). Taken together these findings suggest that despite a high
expression level in normal kidney, miR-21 regulates a limited set of target mRNAs in
normal unstressed conditions. In response to kidney injury, miR-21 increases, and
suppresses expression of an expanded network of target mRNAs.

MicroRNA-21 amplifies injury and fibrosis in kidney
To investigate the role of miR-21 in kidney injury and fibrosis, we subjected miR-21-/- mice
and their age and sex-matched miR-21+/+ littermates to either UUO or unilateral IRI. We
compared the development of interstitial fibrosis (Fig. 3). In both cases (UUO or IRI),
miR-21+/+ mice develop significantly more interstitial fibrosis than miR-21-/- mice, as
detected by Sirius red staining of the kidneys (Fig. 3A-B, K-L) and by mRNA expression of
major pathological matrix proteins Col1a1 and Col3a1 (Fig. 3C, M). In addition we
quantified the presence of apoptotic cells in kidney injury, and these were significantly
higher in miR-21+/+ injured kidneys, mainly the in renal tubule epithelium (Fig. 3A, D).
Consistent with this finding, the tubule injury scores for kidney epithelium, detection of
proximal tubule brush border and the detection of the proximal tubule epithelial marker, all
suggested that miR-21 promotes epithelial injury (Fig. 3A, E). Similarly, the epithelial
injury marker, Kim1, was consistently expressed at higher levels (Fig. 3F) and the number
of myofibroblasts in miR-21+/+ kidneys was increased although the number of inflammatory
macrophages in the tissues was not different (Fig. 3G, J). Consistent with the recently
recognized link between fibrosis and loss of microvasculature in the kidney (4),
microvascular density was reduced in diseased miR-21+/+ kidneys (Fig. 3H). These findings
show that miR-21 both amplifies injury in the epithelium and stimulates myofibroblast
expansion and their capacity to deposit fibrous matrix.

Inhibition of miR-21 in wild-type mice ameliorates injury and fibrosis
Given the attenuation of kidney injury and fibrosis in miR-21-deficient mice we sought to
determine whether inhibition of miR-21 with stable, non-toxic backbone-modified
oligonucleotides complementary to miR-21 (anti-miR-21) could effectively improve injury
and prevent fibrosis. In vitro these anti-miR oligos effectively enhance expression of a
miR-21 luciferase reporter construct with a perfectly-matched miR-21 binding site,
indicating robust inhibition of miR-21 (Fig. S4). These oligonucleotides are known to have
long half-lives (17) exemplified by detection of fluorescently tagged anti-miRs several days
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after intraperitoneal injection. By far, the greatest fluorescence intensity in the kidney was in
proximal tubule epithelium, but the endothelium, pericytes, myofibroblasts and
macrophages all contained detectable amounts of anti-miRs (Fig. 4A). The glomerulus, in
particular podocytes, did not appear to take up significant levels of anti-miRs consistent with
the known distribution of chemically-modified oligonucleotides (18) (Fig. 4A). We
delivered anti-miRs systemically before and during kidney injury in a study designed to
prevent fibrosis. Compared with either control anti-miR or vehicle, anti-miR-21
administration led to less kidney fibrosis in both the UUO and IRI models (Fig. 4B-C, E).
Consistent with the reduction of Sirius red staining of fibrosis in kidneys of anti-miR-21-
treated animals, the upregulation of fibrillar collagens Col1a1 and Col3a1 known to occur in
both models was consistently attenuated specifically by anti-miR-21 (Fig. 4D, F).

To determine whether anti-miR-21 could also reverse an ongoing fibrotic program, we
induced kidney fibrosis using IRI on day 0 and waited until day 5, 6 and 7 to treat with the
anti-miR-21 or control anti-miR. On day 14, kidneys were harvested and the extent of
fibrosis was assessed. Anti-miR-21 was also effective at limiting fibrosis in ongoing disease
(Fig. 4G-J). To explore the functional consequences of miR-21 inhibition on injured and/or
fibrotic kidneys we generated a model where blood flow was diverted to the injured kidney
by removing the healthy contralateral kidney one week after triggering injury in the
unilateral IRI model. The reserve of the remaining diseased kidney was examined one day
later by assessing albuminuria. Mice treated with anti-miR during the first week on d2, 3 and
4, (prior to nephrectomy) showed substantially less leak of plasma albumin into urine
(albuminuria) than mice treated with vehicle, at d15 (Fig. 4K). Since proteinuria after IRI is
largely a result of tubular dysfunction these observations complement the findings from
genetic deficiency of miR-21 showing tubular function protection (Fig. 3) and indicate that
anti-miR21 administration also protects tubular function.

MicroRNA 21 regulates metabolic pathways in the injured kidney
To investigate the mechanism by which miR-21 amplifies injury and fibrosis in the injured
kidney, we probed the renal gene expression profiles from the miR-21-/- and miR-21+/+ mice
in response to UUO. About 700 genes were significantly de-repressed (P < 0.05) in
miR-21-/- kidneys compared to those of miR-21+/+ littermates; approximately 130 of these
genes contained complementary sequences to seed region of miR-21 in their 3′ UTRs
(Table S2). Among the 700 de-repressed genes, we identified several major gene ontology
processes (GO) (Fig. 5A). Unexpectedly, genes involved in metabolic pathways but not in
immune response, cell activation, or proliferation pathways were highly enriched. The fatty
acid and lipid oxidation pathways were highly enriched. Parenchymal and immune cells
become activated in response to stress, injury or infection and respond by phenotypic
changes which include migration, de-differentiation, production of chemokines and
cytokines, and activation of novel programs of gene expression that govern function. The
ERK/MAPK signaling cascade is one such pathway that governs cell activation. miR-21-/-

kidneys showed significantly reduced activation of the ERK/MAPK pathway compared with
miR-21+/+ kidneys, and anti-miR-21 in wild-type mice specifically inhibited kidney ERK
activation (Fig. S5A-C). In particular the single pERK1 form (Fig. S5C) was reduced. These
observations suggest that miR-21 drives cell activation and it does so by regulating
metabolic pathways. Metabolic pathways and cell activation are therefore linked.

In previous studies of cardiac hypertrophy, miR-21 was reported to activate ERK/MAPK
signaling by repressing the tyrosine kinase inhibitor, Sprouty1 (Spry1) in cardiac fibroblasts
(5). Our mRNA profiles did not suggest Spry1 as a miR-21 de-repressed gene in the UUO-
injured kidney. Spry1 expression is restricted to kidney pericytes and myofibroblasts, which
showed increased miR-21 levels in the UUO model (Fig. S5D-E). We tested the potential
role of Sprouty1 as a target in miR-21 amplification of fibrosis by generating kidney
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myofibroblast cell cultures and treated them with anti-miR-21, but did not see evidence of
de-repression of Spry1 (Fig. S5F). Pericytes/myofibroblasts purified from kidneys treated
with anti-miR-21 did not show changes in Spry1. (Fig. S5G). Moreover, we did not see
evidence of global de-repression of miR-21 target mRNAs in these purified myofibroblasts.
Similarly primary myofibroblast cultures treated with anti-miR-21 did not show de-
repression of target genes (Fig. S5H). These results suggest that the myofibroblast
population in kidney is not a major site of miR-21 activity, despite the high level of
upregulation of miR-21 in these cells (Fig. 1).

Peroxisome proliferator-activated receptor-α is an important microRNA 21 target in kidney
injury

Among the many genes that were de-repressed in miR-21-/- UUO kidneys, we focused
further investigation on Ppara. Pparα is a major transcription factor that regulates a number
of lipid oxidation and metabolism pathways (Fig 5A, Fig. S6). Furthermore, there is a
conserved octamer sequence complementary to miR-21 seed region in the 3′ UTR of Ppara
(19). Consistent with the recent report that miR-21 directly regulates Ppara transcripts in
endothelial cells (20), Ppara was specifically de-repressed in UUO kidneys with either
miR-21 genetic deletion or pharmacological silencing. (Fig. 5B-H, Fig. S7). Moreover,
Ppara was increased in epithelial cell cultures with anti-miR-21 silencing (Fig. S7A, D). We
have previously demonstrated that as little as three-fold over-expression of Pparα in kidney
epithelia protects against acute kidney injury as does pharmacological stimulation of Pparα
activity (21). To determine whether miR-21 results in a similar regulation of signaling
pathways downstream of Pparα, we compared the gene signature of over-expression of
Pparα in muscle, with the gene signature of miR-21 deficiency (Fig. 5B, Fig. S6) and
focused on genes involved in the lipid metabolism pathway. Nine of the genes regulated by
Pparα over-expression were similarly modulated by miR-21 deletion (Fig. 5B, Fig. S6),
Taken together, this links miR-21 to regulation of Ppara, which together regulate
downstream lipid metabolic pathways. Pparα is highly expressed in normal kidney in both
the epithelium and interstitial cells (likely myofibroblast precursors [pericytes]) (Fig. 5C,
D), and in response to injury it was robustly down-regulated (Fig. 5C-D). Ppara transcripts
and Pparα protein were de-repressed in miR-21-/- injured kidneys (Fig. 5D-F) and in injured
wild-type kidneys treated with anti-miR-21 (Fig. S7B-C). To test the site of action of
miR-21 we subjected primary cultures of miR-21-/- and miR-21+/+ kidney epithelial cells to
hypoxia. Pparα was more highly expressed in miR-21-/- epithelium in both normoxic and
hypoxic conditions (Fig. 5G-H). The regulation of Ppara in control (normoxic) conditions
may reflect the mild activation of stress/injury pathways as a result of cell culture that we
have previously reported(22). Further, under conditions of chronic TGFβ1 stimulation
kidney Ppara was de-repressed in primary miR21-/- epithelial cells and primary human
epithelial cells treated with anti-miR-21 (Fig. S7D).

To test the importance of Pparα directly in kidney fibrosis, we used a conditional system
(testosterone-sensitive) to over-express Pparα specifically in kidney epithelium during UUO
injury (Fig. 5J) (21). Administration of testosterone to transgenic mice but not control mice
lead to a four-fold increase in Pparα in kidneys with UUO (Fig. 5K). This increase in Pparα
caused an increase in expression of medium chain acylCoA dehydrogenase (MCAD) in
UUO kidney, a fatty acid oxidation gene target of Pparα (Fig. 5L). This increase in Pparα
inhibited the appearance of myofibroblasts as detected by αSMA (Fig. 5M), and inhibited
the development of interstitial fibrosis as demonstrated by Sirius red staining (Fig. 5N),
confirming a central role for Pparα in controlling epithelial signals to the interstitium that
promote fibrosis. To understand the overall importance of Ppara as a miR-21 target in
kidney pathology, we silenced miR-21 in vivo with anti-miR in Ppara-/- mutant mice. In the
absence of Ppara, anti-miR-21 administration no longer protected against kidney fibrosis
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and proximal epithelial cell injury in UUO injury (Fig. 5P-R). Taken together, these results
provide evidence that Pparα-mediated fatty acid oxidation is a key downstream effector of
miR-21. In response to kidney injury, miR-21 mediated down-regulation of Pparα and
alteration of lipid metabolism pathways leads to kidney injury and fibrosis.

Mpv17-like and Reversion-inducing cysteine-rich protein with Kazal Motifs (Reck) are
microRNA 21 targets in kidney injury

In addition to genes in lipid metabolism pathways, microarray analysis identified miR-21
target genes that regulate the redox status of the kidney (Fig. 5A, Table S1, Fig. S6).
Generation of reactive oxygen species (ROS), particularly by kidney epithelium, is believed
to prevent regeneration and to exacerbate injury and possibly fibrosis (23,24). Among the
genes highly-regulated by miR-21 were transcripts for the protein Mpv17-like (Mpv17l also
known as M-LP). Mpv17l is believed to prevent the formation of ROS (25,26). A homolog
of Mpv17l, named Mpv17, was identified by random insertional mutagenesis of embryonic
stem cells by the recombinant retrovirus MPVneo to identify functionally important genes.
Mpv17 mutant mice have severe chronic kidney disease with 90% mortality at 4 months
(27). Mpv17 is similar to peroxisomal membrane proteins, but is found in the inner
mitochondrial membrane where it plays roles in metabolism of ROS (28,29). Mpv17l shares
70% sequence identity to Mpv17(30). It has been detected in peroxisomal and mitochondrial
membranes and inhibits ROS generation by activating the serine protease OMI in
mitochondria (26). We detected Mpv17l expression restricted to kidney epithelium (Fig.
6A), located in intracellular compartments, consistent with epithelial mitochondria, not
peroxisomes. Its expression was restricted to the proximal segments of the epithelium. Like
Ppara, Mpv17l transcripts and protein level were markedly down regulated after kidney
injury and Mpv17l became scattered within the cytoplasm, consistent with mitochondrial
expression (Fig. 6A-C). Compared with miR-21+/+ injured kidneys, miR-21-/- injured
kidneys had substantially more Mpv17l (Fig. 6B-C), a finding recapitulated by injection of
anti-miR-21 into wild type mice with kidney disease (Fig. S7C). Tissue sections from
miR-21-/- injured kidneys showed significantly lower levels of the oxidized nucleotide, 8-
hydroxy-2′-deoxyguanosine (8-oxo-DG), a marker for ROS generation (Fig. 6D-E). To
confirm that epithelial cells were the cellular site of regulation of Mpv17l by miR-21,
primary cultures of kidney epithelium were subjected to hypoxia (Fig. 6L, N). Mpv17l
transcript and protein level were found to be regulated in epithelial cells. Collectively these
studies suggest that Mpv17l may also be an important miR-21 target in kidney injury
responses, and provide evidence that miR-21 amplifies ROS generation in injured kidney
epithelium.

In addition to metabolic genes, the ontology data suggested that miR-21 plays a role in
regulating cell migration (Table S1). A major inhibitor of cell migration, invasion and
angiogenesis is the membrane anchored, metalloproteinase inhibitor Reck (31,32). There is a
conserved octamer sequence complementary to miR-21 seed region in the 3′ UTR of Reck
(19). Although it is structurally distinct from tissue inhibitors of metalloproteinases (Timp),
it shares functions with Timp2 and Timp3 and may synergize with these inhibitors (33).
Timp3 is a known miR-21 target (33), but it is not engaged significantly in the injured
kidney (Fig. S5). Reck was identified intracellularly and at the brush border of proximal
epithelial cells in healthy kidneys (Fig. 6F) and was readily detected in epithelial and
interstitial cells in diseased kidneys (Fig. 6F). Unlike many of the target genes of miR-21,
Reck is upregulated in response to kidney injury at both the transcriptional and translational
level (Fig. 6G-H). In the absence of miR-21 (Fig. 6G-H) or after silencing of miR-21 in vivo
(Fig. S7C), there was a substantial increase in Reck protein levels after kidney injury. The
differences in protein level exceed those in transcript level. To determine the significance of
this response we performed whole kidney zymography to determine metalloproteinase
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activity and identify major MMP forms (Fig. 6J-K). As expected, compared with normal
kidneys metalloproteinase activity was increased in fibrotic disease, but the absence of
miR-21 lead to decreased MMP activity, particularly MMP2. MMPs have numerous
functions that contribute to disease progression (34). To confirm that epithelial cells were a
significant cellular site of regulation of Reck by miR-21, primary cultures of kidney
epithelium were subjected to normoxia or hypoxia, or chronic TGFβ stimulation (Fig. 6M-
N, Fig. S7D). Reck was regulated at both transcript and protein level in epithelium. Under
control conditions primary epithelial cultures exhibit some cell stress, which may explain the
significant de-repression under these control conditions. One consequence of Reck de-
repression might be enhanced inhibition of cell migration. Migration studies on primary
epithelial cell cultures from miR-21-/- or miR-21+/+ kidneys showed no difference in
migratory capacity in vitro in a scratch assay (miR-21-/- 57.7± 5.8% vs miR-21+/+

63.4±6.9% wound closure p=NS). Reck is an additional, potentially important, miR-21
target gene that may inhibit kidney injury and fibrosis, but further studies are required to
determine whether it plays a functional role.

Discussion
The studies presented here systematically demonstrate the involvement of miR-21 in the
deleterious response of kidney injury that leads to organ fibrosis and functional demise.
Using global gene expression profiling approaches we identified several major metabolic
pathways as targets for the action of miR-21, in particular inhibition of lipid metabolism and
enhanced oxygen radical production. Our studies identified key molecular factors in these
two metabolic pathways, Pparα and Mpv17l, respectively, and showed that they are critical
miR-21 targets. In addition, miR-21 down-regulates inhibitors of migration and
angiogenesis, in particular the atypical MMP inhibitor, Reck resulting in enhanced MMP
activity in kidney injury. Systemic administration of modified oligonucleotides that
specifically silence miR-21 effectively reversed the deleterious effects of miR-21 in kidney
injuries. In addition to its involvement in kidney fibrosis (35,36), several studies indicate
that miR-21 may play an important role in stimulating fibrosis in cardiac and pulmonary
injury (5,37). Although PPARα-regulated lipid metabolism has not previously been shown
to be protective against fibrosis in direct studies, the transcription factor PPARγ has been
shown in several organs to protect against fibrosis(38), implying that regulation of lipid and
fatty acid oxidation is critical in fibrotic responses to chronic organ injury. The generation of
ROS in kidney injury is widely held to promote organ fibrosis and demise and is a target for
therapeutics(23).

MiR-21 is widely expressed in normal tissues at significant concentrations, but targeted
mutation in mice as shown here and by others (39) does not lead to any obvious
developmental or adult pathology suggesting that miR-21 is not important in normal tissue
homoeostasis. Consistent with these findings, we showed that there is minimal downstream
signal for miR-21 deficiency (lack of predicted target mRNA de-repression in miR-21-/-

tissues) in healthy animals, a finding that would not be explained by compensatory
mechanisms in the kidney. In contrast, we detected global de-repression of miR-21 target
mRNAs in miR-21-/- kidneys in response to injury. These observations indicate that either
miR-21 is sequestered and therefore inactive, or a high threshold number of copies of
miR-21 in cells must be achieved before it can engage targets. Several other lines of
investigation in these studies indicate that miR-21 concentrations have a non-linear
relationship with functional activity. In cell types including epithelial cells or conditions
where there are relatively small changes in miR-21 levels, we showed evidence of
significant de-novo engagement of target genes, whereas in other cell-types including
pericytes, despite large increases in miR-21 levels there is little engagement of target genes.
These observations suggest that miR-21 may be compartmentalized within cells, rendering it
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inaccessible to target mRNA transcripts despite high total intracellular levels. Further
detailed analysis is required to characterize this putative compartmentalization and
sequestration of miR-21.

We, like others, found that in kidney, miR-21 also stimulates ERK/MAPK activity (5). The
mechanism by which miR-21 stimulates this pathway has been investigated in cardiac injury
and in cancers with disparate findings (5,39,40). Although Sprouty1 is substantially
expressed by kidney pericytes (precursors of myofibroblasts), Sprouty1 is not silenced by
miR-21 during kidney injury, unlike the heart. Moreover, although miR-21 is highly
upregulated and expressed in kidney pericytes when they differentiate into myofibroblasts,
we did not find evidence of significant gene target engagement by miR-21 in these cells in
vivo or in vitro. It is likely therefore that ERK/MAPK activation by miR-21 occurs mainly
in kidney epithelium, and that ERK/MAPK activation is a consequence of suppression of
metabolic pathways.

These studies identified major metabolic pathways, that are highly regulated following cell
stress/injury, as targets for miR-21. The miR-21 locus is within the Tmem49 (Vmp1) gene.
Although Vmp1 is not a target for miR-21, Vmp1 is nevertheless a crucial transmembrane
stress response protein playing roles in organelle formation, endosome formation and the
development and maturation of autophagosomes (41-44). MiR-21 in kidney, targets many
genes involved in peroxisome formation, and mitochondrial function, and is itself
upregulated by cell stress. These studies therefore provide a clear link between the miR-21
locus and its function. Several miRNAs have already been identified within the introns of
genes that are highly functionally linked (45,46).

Although metabolic pathways have not been associated with inflammation and fibrosis, a
number of recent independent studies identify metabolic pathways and the genes regulating
them as significantly and independently linked with the progression of chronic kidney
disease in humans (47,48). The oxidation and metabolism of lipids and fatty acids by kidney
epithelium is a major source of metabolic fuel for energy production in kidney tissue (49).
The epithelium derives large amounts of ATP from this oxidative pathway and is likely
therefore to be cytoprotective. In addition, lipid oxidation is able to de-activate a number of
biologically active lipids such as eicosanoids, that may play deleterious roles.

MiR-21 regulates many genes in the lipid oxidative pathway. We identified PPARα as a
major upstream regulator of lipid metabolism that is targeted by miR-21, and our findings
suggest that miR-21 and PPARα coordinate activity of the same metabolic pathway. In mice
deficient in Pparα, anti-miR-21 was no longer capable of ameliorating fibrogenesis,
suggesting that the PPARα-dependent oxidative pathway is critical to kidney fibrogenesis
and that it is upstream of other mechanisms of miR-21 action. PPARα, a member of the
steroid hormone family of intracellular receptors, senses free fatty acids and their
derivatives, translocates to the nucleus where it activates several genes involved in fatty acid
oxidation in peroxisomes and mitochondrial compartments (50). In addition to regulating
lipid metabolism, PPARα regulates glucose homoeostasis (50), interferes negatively with
other nuclear signaling pathways, including AP1 and NFκB, and inhibits other pro-
inflammatory genes, It may therefore be directly anti-inflammatory, as has been shown in
AKI models (51). Several agonists of PPARα of the fibrate class of pharmacological agents
have been used to reduce lipotoxicity in humans, and several pharmacological agents of the
glitazone family that stimulate both PPARγ and PPARα are used to treat diabetes and its
complications. Furthermore, in animal models of kidney disease associated with aging in
rats, these agents reduce inflammation and scarring (52). Here, we show that Pparα
expression three times above normal in kidney epithelium is highly protective against the
development of kidney fibrosis. Moreover in IRI mouse models, a similar level of Pparα
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over-expression is highly protective against organ dysfunction and epithelial injury (21).
Given the limitations of Pparα agonists and the side effects of currently available PPAR
ligands, direct inhibition of miR-21 may be a highly desirable avenue to directly inhibit
renal fibrosis.

Several studies point to PPARα in the inhibition of the generation of ROS (53). The
mechanisms of this action are obscure but ROS generation occurs in peroxisomes and
mitochondria where PPARα-regulated lipid oxidation occurs. The generation of ROS by
injured epithelial cells is deleterious to the kidney and attempts to limit ROS generation can
limit kidney injury, in circumstances where delivery of therapeutics has been possible (23)
(Most anti-oxidants are extremely weak and have proven ineffective as therapeutics in
humans due to inadequate delivery (54)). It is striking therefore that in our studies,
preventing miR-21 activation either genetically or by use of silencing oligonucleotides also
limits ROS mediated damage and injury amplification in the kidney. Mpv17l may be an
endogenous gene product that inhibits ROS formation by mitochondria and is a target for
miR-21. Further studies will be required to understand how important Mpv17l is as a
miR-21 target and understand whether Mpv17l is regulated indirectly by Pparα signaling.
Nevertheless, Mpv17l is protective in aging and age-associated kidney functional
deterioration; this is due to its downregulation, which leads to greater ROS generation
(28,55). We do not know whether miR-21 becomes increasingly active in aging and whether
it is therefore a factor in age-related kidney loss.

Metalloproteinases (MPs) are important in basement membrane degradation and matrix
degradation that are necessary for cell migration, cell invasion, cell activation and
angiogenesis. All of these are features of injury responses, but persistent (inappropriate)
activation of these responses is at the heart of chronic inflammation and fibrosis. Therefore
although protease activity may be desirable in early injury responses, it is mostly deleterious
if persistently and aberrantly activated in chronic inflammation. This runs counter to the
notion that MPs are necessary for matrix degradation and therefore degradation of interstitial
fibrosis. We identified the MP inhibitor Reck as a major target for miR-21. Reck is
recognized for its capacity to revert transformed cell lines by preventing their migration and
invasiveness. It plays crucial roles in matrix turnover and as an inhibitor of angiogenesis. In
our studies, kidneys from miR-21-/- mice showed reduced MMP, activity suggesting that it
was indeed functioning to limit cell activation, basement membrane degradation,
dysfunctional angiogenesis and cell invasiveness but further studies will required to dissect
its importance as a miR-21 target in injury with fibrosis (32).

These studies indicate that in mice miR-21 is a potentially important post-transcriptional
regulator of a number of stress and injury response pathways that are initially appropriate for
cell survival and permissive for inflammation but when chronically silenced, promote
secondary injury. To target such pathways we have developed oligonucleotides that are safe,
non-toxic and easy to administer. They are taken up in all non-glomerular kidney cells with
the highest concentration in kidney epithelial cells, where they effectively silence miR-21.
In mouse studies these silencing oligonucleotides were effective at limiting injury and
fibrosis. Further studies are required to understand whether simple application of such
silencing oligonucleotides can benefit humans at risk for the development or progression of
kidney diseases.

Although previous studies in the heart indicated that miR-21 engaged target genes in the
pericyte/fibroblast/myofibroblast populations (5), we were surprised to find that in the
kidney, although miR-21 is highly expressed in the equivalent pericyte/fibroblast/
myofibroblast cell populations, gene targets were not significantly engaged by miR-21 in
these cells. In addition our studies suggest that miR-21 did not engage gene targets in
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inflammatory macrophages in the kidney either. The epithelial cell was a major cell site for
target engagement, pointing to kidney epithelial injury (as have other studies) as a major
stimulus for organ fibrosis. Since recent studies strongly suggest that epithelial cells in the
kidney do not become myofibroblasts(56), further studies should identify the genes that
signal from injured epithelium to the microvasculature of the kidney where the
myofibroblast precursors lie.

To conclude, these studies identify miR-21 as post-transcriptional regulator in the kidney
that amplifies injury responses, resulting in increased fibrosis. The major miR-21 targets in
the kidney are epithelial metabolic pathways, particularly the PPARα-regulated lipid
metabolic signaling pathway. Silencing of miR-21 in mice with kidney disease by systemic
administration of oligonucleotides effectively limits injury and fibrosis in the kidney. Anti-
miR-21 therapy is potentially useful as a treatment of chronic kidney disease and chronic
allograft dysfunction in humans.

Materials and Methods
Transgenic mice

MiR-21-/- mice were generated by targeted mutation of C57BL6:129 ES cells at the Dana
Farber Cancer Institute core. Coll-GFP transgenic mice were generated and validated as
described on the C57BL/6 background (3). Ppara-/- mice were generated as described (57)
and purchased from Jackson Laboratories. Transgenic expression of Pparα in skeletal
muscle of mice (MCK-Ppara) was achieved as previously described (58). Transgenic
expression of Pparα under regulation of the kidney proximal epithelial restricted and
androgen sensitive KAP (kidney androgen-regulated protein) promoter was achieved with
Kap2-Ppara mice which were generated and characterized as previously described (21). All
studies were carried out under approved IACUC protocols held at Regulus, Harvard Medical
School, University of Washington, and University of Arkansas for Medical Sciences.

Anti-microRNA administration
Adult (8-12wk) C57BL6, sex, age and weight matched WT mice or Ppara-/- mice received
20mg/kg of anti-miR-21 or 20mg/kg control anti-miR in PBS carriage medium, by IP
injection. Anti-miR21 is a high affinity oligonucleotide complementary to the active site of
miR-21 with a phosphorothioate backbone containing modifications at the sugar 2′ position.
For disease models stopping by d7, mice received injections on d-5, d-2 and d+1 with
surgery to the kidney on d0. For disease models continuing to d10 the third dose of anti-
miR-21 or control was given on d+4. In some experiments Cy3-conjugated anti-miR were
injected IP and kidneys were examined 7 days later.

Statistical analysis
Error bars are SE of mean. Statistical analyses were carried out with GraphPad Prism
(GraphPad Software). The statistical significance was evaluated by one-way ANOVA. All
miRNA and mRNA array data were analyzed using Array Studio (OmicSoft Corporation).
The mRNA array data were Robust Multichip Average (RMA) normalized and then log2
transformed. ANOVA comparisons were performed on the probeset-level data and ranked
from highest to lowest fold-change. An ordered list of 45101 probeset IDs was generated
and submitted to SylArray (16,59), a web-based tool for detection of miRNA signatures in
large-scale expression datasets. Gene Ontology (GO) analysis was performed using the
DAVID bioinformatics resource (60), with the Mouse Genome 430 2 Array as background
set against which enrichment of GO biological process categories was determined.
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Fig. 1.
MicroRNA 21 is upregulated in injury with fibrosis in mouse and human kidney. (A-B)
Plots showing significantly upregulated microRNAs [red box, P < 0.001] detected on
Agilent microRNA microarrays (A) after d10 of murine kidney UUO compared to normal
kidney and (B) after 10d of murine unilateral kidney IRI compared with normal kidney. (C)
Time course Q-PCR of whole kidney total RNA for miR-21 normalized to Sno234, from
mice with UUO or IRI [** P < 0.01, * P< 0.05]. (D) RT-qPCR for miR-21 normalized to
RNU19 in human kidney biopsies from patients with kidney transplantation (n= 5/group).
Biopsies from healthy donor kidneys were normal or patients with CAD or transplant AKI
was determined by histological assessment. (E) Q-PCR for miR-21 normalized to Sno234
from total RNA of purified endothelial cells, pericyte/myofibroblasts, macrophages and
proximal epithelial cells from normal mouse kidney or d2 or d7 of UUO kidney. (F)
Comparative Q-PCR from purified cells from normal kidney. (G) In situ hybridization of
normal or post IRI murine kidney sections from miR-21+/+ or miR-21-/- mice for miR-21.
Purple stain shows the presence of miR-21. Note in normal kidney some epithelium in
medulla and papilla and some perivascular cells have miR-21 but in post IRI kidney
expression of miR-21 is widespread in the kidney. [v = venule, a = arteriole, g = glomerulus,
bar = 50μm] (n = 3-7/group. * P<0.05, **P<0.01).
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Fig. 2.
Development and characterization of miR-21 targeted mutation in mice. (A) Schema
showing targeting strategy for miR-21 in intron 12 of the Tmem49 gene. LoxP sites [black
triangles] were inserted around Pre-miR-21 and the inserted puromycin resistance gene. Cre
mediated excision was performed in ES cells prior to generation of mutant mice. (B)
Taqman Amplification plot (upper) showing amplification of miR-21 in RNA extracted
from miR21+/+ kidney but not miR21-/- kidney, and graph (lower) showing expression level
of mature miR-21 from miR-21+/+ and miR-21-/- kidneys. The small nucleolar RNA Sno234
was used as a control. (C-D) SylArray analyses (16) showing whole kidney microarray data
[30,000 genes] from miR-21-/- compared with miR-21+/+ kidneys. Each line shows the
relative expression intensity [miR-21-/- relative to miR-21+/+] for all mRNA transcripts that
contain a target (seed) sequence for a particular microRNA in their 3′ untranslated region.
The red line identifies all mRNA transcripts with seed sequence for miR-21. In normal
miR-21-/- kidney (C), there is no significant enrichment of miR-21 target genes, but in
miR-21-/- kidney d7 after UUO (D) there is marked and highly significant enrichment of
expression of miR-21 target gene transcripts in the microarray.
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Fig. 3.
Gene targeted mutation indicates that microRNA 21 amplifies injury and fibrosis in the
kidney. (A) Panels showing low power images of d10 UUO injured or sham treated kidneys
from miR-21-/- or miR-21+/+ matched mice. (B) Quantification of Sirius red stained fibrosis
in kidneys. (C) Q-PCR quantification of Coll1a1 and Coll3a1 transcripts normalized to
Gapdh. (D) Number of apoptotic cells per high power field on TUNEL stained kidney
sections. (E) Epithelia injury scores; either number of epithelial cells with brush border or
number of tubules with cells containing brush border. (F) Western Blot showing Kim1
protein levels in miR-21-/- or miR-21+/+ UUO kidneys. (G-J) Morphometric quantification
of (G) αSMA stained myofibroblasts (H) endothelial density (J) macrophages. (K) Panels
showing low power images of d10 post IRI or sham treated kidneys from miR-21-/- or
miR-21+/+ matched mice. (L) Quantification of Sirius red stained fibrosis in kidneys. (M)
Q-PCR quantification of Coll1a1 and Coll3a1 transcripts normalized to Gapdh (n = 6-9/
group. * P<0.05, **P<0.01 ***P<0.001. Bar = 100μm).
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Fig. 4.
Silencing microRNA 21 in vivo ameliorates fibrosis and albuminuria in the kidney. (A)
Panels of normal and diseased kidney showing detection of Cy3 tagged anti-miR given by a
single IP injection (20mg/kg) 7 days previously, and co-labeled for pericytes/myofibroblasts
with anti-Pdgfrβ antibodies (green). Note intense red color in epithelium but also in vascular
and perivascular cells (arrowheads) [g=glomerulus]. Prevention Study (panels B-F): (B-C)
Low power images (B) and morphometric quantification (C) of sirius red stained kidneys for
fibrosis at d10 of UUO model, in wild-type mice given anti-miR-21 or a control anti-miR by
IP injection. (D) Q-PCR results for pathological collagen transcripts normalized to Gapdh in
the UUO model. (E-F) Morphometric quantification (E) and Q-PCR (F) for collagen
transcripts in kidneys subjected to unilateral IRI and given anti-miR-21 or a control anti-miR
by IP injection. Reversal Study (panels G-K): (G-J) Fibrosis and collagen transcripts in
mice subjected to unilateral IRI 5 days prior to delivery of anti-miR-21 or a control anti-miR
by IP injection, and assessed at d14 after IRI. (K) Urinary Albumin:Creatinine ratio in mice
after unilateral IRI and given anti-miR-21 or a control anti-miR by IP injection, followed at
7 days by removal of the healthy kidney and urine assessed at one day later (n= 7-16/group.
* P<0.05, **P<0.01. Bar = 100μm).
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Fig. 5.
The lipid metabolism pathway and Pparα are miR-21 targets in kidney injury. (A) De-
repressed genes from microarray analysis of UUO kidneys from miR-21-/- or miR-21+/+

mice by biological process. Green bars highlight lipid metabolism (B) Heat map (blue-low,
red, high) comparing lipid metabolism genes that are over-represented in Pparα transgenic
mouse muscle with miR-21 deficient UUO kidneys (C) Photomicrogaphs showing
expression of Pparα in normal and UUO kidney. (D) Q-PCR for Ppara transcripts
normalized to Gapdh in miR-21-/- or miR-21+/+ mice. (E-F) Western blot (F) and band
intensity quantification (E) for Pparα in UUO kidneys from miR-21-/- or miR-21+/+ mice.
(G-H) Q-PCR and Western blot of confluent monolayers of primary epithelial cultures for
Pparα from kidneys from miR-21-/- or miR-21+/+ mice, in normal culture conditions or
following 24h of hypoxia. Schema (J) and characterization (K-N) of the response of kidneys
to UUO injury during over-expression of Pparα in androgen sensitive conditional KAP2-
Ppara transgenic female mice. (K) Ppara expression in normal kidneys 5d after implantation
of testosterone (t) or sham. (L) Q-PCR quantification of Mcad transcripts, (M) Western
Blot and quantification of αSMA in sham or UUO kidneys of Kap2-Ppara or WT mice
treated with testosterone and (N) Quantification of Sirius red stained fibrosis. (P-R)
Characterization of the response of Ppara-/- kidneys to anti-miR21 administration. Graphs
quantifying Sirius red stained fibrosis (P) and Collagen transcript quantification in UUO or
sham surgery kidneys (Q), or epithelial injury scores (R) in UUO kidneys. (n= 3-7/group. *
P<0.05, **P<0.01. Bar = 100μm).
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Fig. 6.
The mitochondrial redox regulator Mpv17-like and the metalloproteinase inhibitor Reck are
miR-21 targets in kidney injury and are important endogenous inhibitors of injury and
fibrosis. (A) Photomicrographs showing expression of Mpv17-like. (B) Q-PCR for Mpv17l
transcripts normalized to Gapdh in miR-21-/- or miR-21+/+ matched mice. (C) Western blot
Mpv17l in UUO kidneys from miR-21-/- or miR-21+/+ matched mice. (D-E) Images (D) and
quantification (E) of ROS production as detected by the oxidized derivative of
deoxyguanosine in nuclei of kidney cells in miR-21-/- or miR-21+/+matched mice. (F)
Photomicrographs showing expression of Reck. (G-H) Q-PCR for Reck transcripts
normalized to Gapdh (G) Western blot for Reck (H) in normal or UUO kidneys from
miR-21-/- or miR-21+/+ matched mice. (J-K) Gelatin zymography (J) and band density
quantification (K) of whole cell lysates from UUO kidneys from miR-21-/- or miR-21+/+

matched mice. (L-N) Hypoxia studies on primary kidney epithelial cells cultures showing
Q-PCR (L-M) and Western blots (N) for Mpv17l and Reck. (n= 3-7/group. * P<0.05,
**P<0.01. Bar = 100μm).
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