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ABSTRACT

Organ-specific microRNAs have essential roles in maintaining normal organ function. However, the micro-
RNA profile of the kidney and the role of microRNAs in modulating renal function remain undefined. We
performed an unbiased assessment of the genome-wide microRNA expression profile in 14 mouse organs
using Solexa deep sequencing and found that microRNA-196a (miR-196a) and miR-196b are selectively
expressed in kidney, with 74.37% of mouse total miR-196a and 73.19% of mouse total miR-196b distrib-
uted in the kidneys. We confirmed the predominant expression of miR-196a/b in mouse and human kidney,
particularly in the glomeruli and tubular epithelium, by quantitative RT-PCR and in situ hybridization
assays. During unilateral ureteral obstruction (UUO)-induced mouse renal fibrosis, renal miR-196a/b levels
rapidly decreased. Elevation of renal miR-196a/b expression by hydrodynamic-based delivery of a miR-
196a/b-expressing plasmid before or shortly after UUO significantly downregulated profibrotic proteins,
including collagen 1 and a-smooth muscle actin, and mitigated UUO-induced renal fibrosis. In contrast,
depletion of renal miR-196a/b by miR-196a/b antagomirs substantially aggravated UUO-induced renal
fibrosis. Mechanistic studies further identified transforming growth factor beta receptor Il (TGFBR2) as a
common target of miR-196a and miR-196b. Decreasing miR-196a/b expression in human HK2 cells
strongly activated TGF-3-Smad signaling and cell fibrosis; whereas increasing miR-196a/b levels in mouse
primary cultured tubular epithelial cells inhibited TGF-8-Smad signaling. In the UUO model, miR-196a/b
silenced TGF-B-Smad signaling, decreased the expression of collagen 1 and a-smooth muscle actin, and
attenuated renal fibrosis. Our findings suggest that elevating renal miR-196a/b levels may be a novel
therapeutic strategy for treating renal fibrosis.
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in the liver,> where miR-122 plays a critical health-
promoting role by suppressing tumorigenesis and uncontrolled
proliferation and inflammation.%” In an analogous fashion, the
brain selectively expresses miR-124a and miR-9,% whereas
muscle tissue selectively expresses miR-1 and miR-133.> Re-
cent studies report that a panel of miRNAs, including miR-
10a/b, miR-200a, miR-196a/b, miR-335, miR-192, miR-194,
miR-204, miR-215, and miR-216, is enriched in kidney tis-
sues®?; however, the function of these miRNAs requires
clarification.

Renal fibrosis is the common end stage of various CKDs.
Renal tubulointerstitial fibrosis is characterized by leukocyte
infiltration, tubular cell apoptosis and necrosis, tubulointer-
stitial fibroblast proliferation, and extracellular matrix
(ECM) deposition.!%-15 The severity of renal fibrosis tightly
correlates with the degree of renal dysfunction and the risk
for renal failure progression.!® TGF-f plays a very important
role in the pathogenesis of renal fibrosis.!7-20 The profibrotic
effect of upregulated TGF-S is mainly mediated through the
activation of TGF-B-Smad signaling pathways.?! Briefly,
TGF-B binds to TGF-f receptor 2 (TGFBR2) in the kidney.
After ligand binding, the TGFBR2 triggers the phosphoryla-
tion and activation of downstream signaling mediators
Smad2 and Smad3. Phosphorylated Smad2/3 bind to
Smad4 proteins forming hetero-oligomeric complexes,
which subsequently translocate into the cell’s nucleus, where
they induce transcription of fibrotic genes.!®22 Recent stud-
ies suggest that, after gene transcription, miRNAs regulate
the translation of various mRNAs into proteins involved in
kidney fibrosis. Certain miRNAs downstream of TGF-f3 sig-
naling (viz., miR-192 and miR-377) are associated with ini-
tiation and progression of kidney fibrosis in patients with
diabetic nephropathy (DN) and in animal models of diabetic
nephropathy.23-25 In contrast, miRNAs belonging to the
miR-200 and miR-29 families display antifibrotic effects in
the progression of renal fibrosis disease.?3-24:26-28

In this study, we performed an unbiased assessment of
whole-genome miRNA expression in 14 major mouse organs
using Solexa deep sequencing, and compared the distribution
of individual miRNAs in various organs to distinguish the
kidney-enriched miRNAs. The results showed that miR-196a
and miR-196b are predominantly expressed in the kidney. We
further confirmed the presence of miR-196a/b in the kidney by
in situ hybridization and TagMan probe-based real time
RT-PCR using both human and mouse kidneys. We next ex-
plored the role of miR-196a/b in renal fibrosis using the unilateral
ureteral obstruction mouse model. Both miR-196a and
miR-196b rapidly declined after ureteral obstruction, suggesting
that miR196a/b may protect against fibrosis of the kidney. We
next identified TGFBR2 mRNA as the common target of
miR-196a and miR-196b. Thus, our in vivo and in vitro results
were consistent with the conclusion that kidney-predominant
miR-196a/b can protect against the development of mouse renal
fibrosis via limiting the binding of TGF-8 to the TGFBR2 re-
ceptor and the downstream consequences of TGFBR2 signaling.
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RESULTS

miR-196a and miR-196b Are Predominantly Expressed
in the Kidney

In order to identify miRNAs that are selectively expressed in the
kidney, we analyzed the expression profiles of miRNAs at
whole-genome level by Solexa sequencing in 14 mouse organs,
including heart, liver, kidney, stomach, spleen, cerebrum, cere-
bellum, small intestine, lung, pancreas, ovary, colon, esophagus,
and uterus (GEO accession number: GSE67885). Solexa data
showed that a panel of miRNAs, including let-7a, miR-143,
miR-196b, miR-21, miR-378, miR-29a, miR-27b, miR-148a, and
miR-30a, was highly expressed in the mouse kidney (Figure 1A,
Supplemental Tables 1 and 2). Honing in to distinguish miRNAs
unique to the kidney, we compared the level of these miRNAs
across various organs. We found that 74.37% of the miR-196a in
the mouse and 73.19% of the miR-196b in the mouse were located
in the kidney (Figure 1B, Supplemental Table 3). Previous reports
by ourselves?® and others®® showed that the kidney expressed high
levels of miR-30—family miRNAs, which played a critical role in
maintaining podocyte function. Indeed, our Solexa sequencing
data confirmed that the mouse kidney expresses a high level of
miR-30 family—member miRNAs. For instance, kidney miR-30a
comprised >30% of total mouse miR-30a. We confirmed the
specificity of miR-122 for the liver (miR-122 served as a control
for liver-specific miRNA) by Solexa sequencing. To validate the
findings of Solexa sequencing, we performed TagMan probe-
based real-time PCR assays on miR-196a and miR-196b in various
mouse organs. As shown in Figure 1C, consistent with the results
from Solexa analysis, miR-196a and miR-196b were highly ex-
pressed in the kidney compared with other mouse organs.

To further identify the distribution of miR-196a and miR-
196b in the kidney, in situ hybridization was performed using
kidney tissue sections from healthy mice and healthy humans.
Results clearly showed that miR-196a and miR-196b were
strongly expressed in both glomerular and tubular interstitial
cells (Figure 2A, arrows). We also performed a TagMan probe-
based qRT-PCR assay using microdissected mouse or human
glomerular and tubular interstitial fractions, and the results
confirmed that both glomerular and tubular interstitial frac-
tions contain abundant levels of miR-196a and miR-196b
(Figure 2B, Supplemental Figure 1).

Protective Function of miR-196a/b in Unilateral
Ureteral Obstruction-Induced Mouse Renal Fibrosis
The unilateral ureteral obstruction (UUO) model is a well
established model of experimental renal fibrosis. To explore the
role of miR-196a/b in renal fibrosis, we used the UUO mouse
model. We obstructed the ureter exiting the right kidney. The
observed dilation of the pelvis and proximal ureter and the
collapse of the distal ureter confirmed the success of this
obstruction. As shown in Figure 3, A and B, Masson trichrome
staining and anti-CD11b staining revealed that, compared
with normal mice, the UUO-treated mice all displayed typical
features of renal hydronephrosis, fibrosis, and the infiltration
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Figure 1. miR-196a and miR-196b are highly selectively expressed in mouse kidney. In this experiment, we analyzed the whole-genome
miRNA expression profile in various mouse organs by Solexa deep sequencing. (A) Heat map of the clustering of miRNA expression profile
in various mouse organs. We selected the miRNAs with sequencing reads ranked top 50 in kidney. (B) Distribution of mouse miR-196a, miR-
19b, miR-30a, and miR-122 in various mouse organs. We calculated the percentage of miRNA as copy number of individual miRNA (e.g.,
miR-196a) in one tissue (e.g., kidney)/copy number of the same miRNA in all 14 tissues. (C) Validation of the expression of miR-196a and miR-
196b in mouse organs by TagMan probe-based qRT-PCR. We normalized the levels of miR-196a and miR-196b to U6 in different tissues (we
calculated the expression level as 274t ACt=Ct,irna—Ctue). Results are presented as mean=SEM from three independent experiments.

of inflammatory cells (Figure 3B). We then isolated total RNAs
from mouse kidneys harvested on days 0, 3, and 7 after the
UUO procedure. We used real-time PCR analysis to measure
the expression of renal miR-196a and miR-196b. The results
demonstrated that miR-196a and miR-196b levels were sig-
nificantly downregulated after the procedure (Figure 3C).
As shown in Figure 3D, the in situ hybridization study fur-
ther confirmed the decrease of miR-196a and miR-196b lev-
els in the glomeruli and the renal tubular epithelium in
UUO mice.

On the basis of our results, we postulated that miR-196a and
miR-196b might negatively modulate the process of renal
fibrosis. To test this hypothesis, we prevented the UUO-
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induced reduction of miR-196a and miR-196b in mouse kidney
by delivering miR-196a/b—expressing plasmids into the
kidneys via a tail vein injection3! before the UUO procedure
(Figure 4A). Delivery of miR-196a/b—expressing plasmids ef-
fectively increased the levels of miR-196a and miR-196b in the
mouse kidney (Supplemental Figure 2). As shown in Figure
4B, injection of miR-196a/b—expressing vectors completely
rescued the reduction of miR-196a and miR-196b in mouse
kidneys on day 7 after the UUO procedure. In control animals,
injection with empty control vector did not rescue the reduc-
tion of mouse kidney miR-196a/b induced by the UUO
procedure. We next investigated the effect of miR-196a and
miR-196b rescue on UUO-induced mouse renal fibrosis. As
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Figure 2. Enrichment of miR-196a and miR-196b in mouse and human kidney. (A) Lo-
calization of miR-196a and miR-196b in mouse and human kidney analyzed by in situ
hybridization. We used double digoxigenin-labeled locked miR-196a or miR-196b
probes to detect the level of miR-196a or miR-196b. Note that glomerulus and tubular
epithelium in both mouse and human abundantly express miR-196a and miR-196b (ar-
rows). Magnification, X400. (B) Validation of preferential expression of miR-196a and
miR-196b in isolated mouse or human renal glomerulus and tubular interstitial cells by
gRT-PCR. We normalized the levels of miR-196a and miR-196b to U6 (we calculated the
expression level as 274t ACt=Ct,rnua—Ctue). Results are presented as mean*+SEM from
three independent experiments.
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results suggest that delivery of miR-196a
and miR-196b can significantly prevent re-
nal fibrosis.

To further validate the protective effect
of miR-196a and miR-196b on UUO-
induced renal fibrosis, we also injected
mice with miR-196a/b antagomirs and
miR-196a/b—expressing plasmids after the
UUO procedure (Figure 5A). As shown in
Figure 5B, injection of miR-196a/b—
expressing plasmids on day 7 after the UUO
procedure completely rescued the reduction
of miR-196a and miR-196b in mouse kidneys
induced by UUO, whereas injection of miR-
196a/b antagomirs enhanced the reduction of
miR-196a and miR-196b. The Masson tri-
chrome staining and anti-CD11b staining as-
say (Figure 5, C and D) further showed that
miR-196a/b—expressing plasmids alleviated,
whereas miR-196a/b antagomirs aggravated,
the severity of tubular interstitial fibrosis and
the infiltration of inflammatory cells (Figure
5D) induced by UUO. These results indicate
that delivery of miR-196a and miR-196b
after a UUO procedure can mitigate renal
fibrosis. Therefore, elevating renal miR-
196a/b levels may offer a novel therapeutic
strategy for treating renal fibrosis.

Human and Mouse TGFBR2 mRNA

Is a Common Target of miR-196a and
miR-196b

We predicted the potential targets of miR-
196a and miR-196b using a combination
of several software programs, including
TargetScan, miRDB, and miRanda.3?-3>
Our three software programs consistently
predicted the mRNA of TGFBR2, an essen-
tial receptor at the early stage of the profi-
brotic TGF-f signaling pathway, and thus
we elected to further investigate how miR-
196a/b influenced the expression of TGFBR2.
Although the base sequences in the 3'-UTR of
TGFBR2 mRNA are not highly conserved be-
tween human and mice, both human and
mouse 3'-UTR mRNA for TGFBR2 offer
binding sites for miR-196a and miR-196b
(Figure 6A). The seed region (the core se-
quences that encompass the first two to eight
bases of the mature miRNA) of miR-196a and

shown by Masson trichrome staining and anti-CD11b staining ~ miR-196b all base-paired with the 3’-UTR of TGFBR2 mRNA
of mouse renal tissue sections in Figure 4, C and D, delivery of ~ with a free energy of —22.8 and —19.1 kcal/mol for human, and
miR-196a/b-expressing plasmids significantly mitigated the = —28.0 and —25.1 kcal/mol for mouse. To validate the binding of
severity of tubular interstitial fibrosis and the infiltration of =~ miR-196a/b to the human and the mouse TGFBR2 3'-UTR, we
inflammatory cells (Figure 4D) induced by UUO. These  amplified the full-length 3'-UTRs of human and mouse TGFBR2
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Figure 3. Decrease of miR-196a and miR-196b levels in mouse kidney during unilateral ureteral obstruction (UUO)-induced renal
fibrosis. (A) Representative images of Masson trichrome staining of kidney without (CTL) or with UUO procedure at different time points.
Magnification, X400. Right histogram represents quantitative analysis of tubular interstitial fibrosis from Masson trichrome staining
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Figure 4. Overexpression of miR-196a and miR-196b before the UUO procedure prevented UUO-induced mouse renal fibrosis. We
delivered the miR-196a/b—expressing vectors or control vector into mice via a previously described hydrodynamic-based gene-transfer
technique.>¢ (A) Schematic diagram of the experimental procedure. Mice were divided into five groups: mice without treatment
(untreated), mice with UUO (UUO), mice without UUO and with transfer of hydrodynamic solution (HDS), mice with UUO and transfer
with control vector (UUO+CTL vector), and mice with UUO and transfer with miR-196a- and miR-196b-expressing vector (UUO+miR-
196a/b vector). (B) Levels of miR-196a and miR-196b in kidneys of UUO mice (day 7) transfected with miR-196a/b—expressing vector or
control vector. Data are compared with untreated mice. (C) Representative images of Masson trichrome staining of kidney of UUO (day
7) mice transfected with miR-196a/b-expressing vector or control vector. Magnification, X400. Right histogram represents quantitative
analysis of tubular interstitial fibrosis from Masson trichrome staining results. (D) Representative images of CD11b immune staining of
kidney without (CTL) or with UUO procedure at different time points. Magnification, X400. Right histogram represents quantitative
analysis of infiltrated myeloid cells from anti-CD11b staining results (six high-power fields counted per group). Results are presented as
mean=SEM from three independent experiments. Each group consisted of five or six mice. **P<0.01; ***P<0.001.

mRNA and then fused them downstream of the firefly luciferase
gene in a reporter plasmid. We transfected the constructed human
and mouse 3'-UTR reporter plasmids respectively into human
renal proximal tubular epithelial HK2 cells and 293T cells, along
with transfection of control plasmid (B-gal) and miR-196a/b

transfection of miR-196a/b—expressing plasmids strongly in-
creased miR-196a and miR-196b expression, whereas introduc-
tion of miR-196a/b antagomirs depleted miR-196a and
miR-196b. We transfected reporter constructs containing human
3'-UTR TGFBR2 mRNA or mouse 3'-UTR TGFBR2 mRNA into

mimic or inhibitor. As shown in Supplemental Figure 3, HK2 cells (Figure 6B) and 293T cells (Figure 6C), respectively.

results. (B) Representative images of anti-CD11b staining of kidney without or with UUO procedure at different time points. Magnification,
X400. Right histogram represents quantitative analysis of infiltrated myeloid cells from anti-CD11b staining results (six high-power fields
counted per group). (C) Relative expression levels of miR-196a and miR-196b in mouse kidney with or without UUO treatment at different
times. Data are compared with untreated mice. (D) In situ hybridization of miR-196a and miR-196b in renal biopsy samples of mice before
(CTL) or after UUO treatment. Note that the abundant expression of miR-196a and miR-196b (arrows) in CTL mouse glomerulus and renal
tubular epithelium is significantly reduced after the UUO procedure. Magnification, X400. Results are presented as mean=SEM from
three independent experiments. Each group consisted of five or six mice. *P<<0.05; **P<0.01; ***P<0.001.
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Figure 5. Role of overexpression or downregulation of miR-196a/b after the UUO procedure in alleviating or aggravating UUO-induced
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hydrodynamic-based gene-transfer technique. (A) Schematic diagram of the experimental procedure. Mice were divided into five
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+scramble), mice with UUO procedure and miR-196a/b—expressing plasmids (UUO+miR-196a/b vector), and mice with UUO procedure
and miR-196a/b antagomirs (UUO+anti-miR-196a/b). (B) Levels of miR-196a and miR-196b in mouse kidneys on day 7 post-UUO (all
results are normalized against untreated mice). (C) Representative images of Masson trichrome staining of mouse kidneys (day 7 post-
UUO). Magnification, X400. Right histogram represents quantitative analysis of tubular interstitial fibrosis from Masson trichrome
staining. (D) Representative images of anti-CD11b staining of kidney without (CTL) or with UUO procedure at different time points.
Magnification, X400. Right histogram represents quantitative analysis of infiltrated myeloid cells by anti-CD11b staining (six high-
power fields counted per group). Results are presented as mean*=SEM from three independent experiments. Each group consisted of
five or six mice. *P<0.05; **P<<0.01; ***P<0.001.

Luciferase reporter assays demonstrated that overexpression of
miR-196a/b in HK2 and 293T cells suppressed approximately
30% of luciferase activity of the reporters containing the
miR-196a and miR-196b recognition sequence, whereas cells
transfected with miR-196a/b antagomirs exhibited an approx-
imately twofold increase in reporter activity compared with the
cells transfected with control inhibitor (Figure 6, B and C). For
further validation, we introduced point mutations into the
miR-196a/b complementary sites within the human and mouse
TGEBR2 mRNA 3'-UTR, to eliminate the predicted binding sites
for miR-196a and miR-196b. Reporter constructs containing the
mutated human 3’'-UTR TGFBR2 mRNA or mutated mouse
3'-UTR TGFBR2 mRNA were transfected into HK2 (Figure 6B)

3012 Journal of the American Society of Nephrology

and 293T cells (Figure 6C), respectively. The mutated luciferase
reporter was unaffected by either the overexpression or the knock-
down of miR-196a/b.

We then evaluated whether knockdown of both miR-196a
and miR-196b would effect the expression of TGFBR2. In this
experiment, we transfected HK2 cells with equivalent
amounts of either miR-196a antagomirs or miR-196b antago-
mirs or control oligonucleotides. Western blot analysis
showed that the introduction of both the miR-196 antagomirs
significantly increased the levels of the TGFBR2 protein at 24
hours post-transfection, relative to control oligonucleotides
(Figure 6D). Because TGEBR2 induces renal fibrosis by first
initiating the phosphorylation of Smad2 and Smad3 (the first

J Am Soc Nephrol 27: 3006-3021, 2016
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putative target for miR-196a and miR-196b. The seed-recognizing sites in the TGFBR2 3’-UTR by miR-196a and miR-196b are indicated
in red. (B) Relative luciferase activity in HK2 cells that are cotransfected with plasmids containing firefly luciferase and wild-type (WT) or
mutant (Mut) human TGFBR2 3’-UTR and pre-miR-196a, pre-miR-196b, miR-196a antagomir (anti-miR-196a), miR-196b antagomir
(anti-miR-196b), pre-miR-196a and pre-miR-196b (pre-miR-196a/b), miR-196a and miR-196b antagomir (anti-miR-196a/b), or re-
spective control oligonucleotides (pre-miR-CTL and anti-miR-CTL). (C) Relative luciferase activity in 293T cells cotransfected with
plasmids containing firefly luciferase and wild-type or mutant mouse TGFBR2 3’-UTR and pre-miR-196a, pre-miR-196b, miR-196a
antagomir, miR-196b antagomir, pre-miR-196a and pre-miR-196b, miR-196a and miR-196b antagomirs, or respective control oligo-
nucleotides. (D) Western blot analysis of TGFBR2 levels in HK2 cells transfected with scrambled oligonucleotide or miR-196a and
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step in signal transduction),3® we next examined the effect of
knocking down miR-196a and miR-196b on the level of phos-
phorylated SMAD2 and SMAD3 in HK2 cells. As shown in
Figure 6E, depletion of both miR-196a and miR-196b in
HK2 cells strongly increased the levels of phosphorylated
SMAD3, as well as the levels of phosphorylated SMAD?2,
albeit at a lesser degree, compared with the cells transfected
with control oligonucleotides. Our results confirmed that
both miR-196a and miR-196b downregulate TGFBR2 and
TGF-B signaling activity in HK2 cells. To further test the
suppressive effect of miR-196a and miR-196b on the level
of TGFBR2 and TGF-B/TGFBR2—-initiated signaling, we
used mouse primary cultured tubular epithelial cells. In
this experiment, 4 ng/ml TGF-£ was added to induce fibrosis
in primary cultured tubular epithelial cells. As shown in
Figure 6F, TGF- significantly reduced the expression of
miR-196a and miR-196b in primary cultured mouse tubular
epithelial cells after 24 hours’ incubation. However, trans-
fection with miR-196a/b—expressing plasmids completely
rescued the reduction of miR-196a and miR-196b induced
by TGF-B, and thus suppressed TGFBR2 expression as well
as the TGF-B/TGFBR2-mediated signaling downstream
(Figure 6G).

Next, we determined whether renal miR-196a and miR-
196b are also downregulated in patients with renal fibrosis.
For this experiment, we analyzed the renal biopsy tissue
samples from three patients with diabetic nephropathy and
renal fibrosis and three normal controls (Table 1). Normal
control kidney tissues were obtained from nondiseased por-
tions of nephrectomy specimens of patients who had under-
gone surgery to remove localized renal tumors. A Masson
trichrome staining assay confirmed severe renal fibrosis in
the kidneys from the patients compared, with a lesser degree
of renal fibrosis in normal controls (Figure 7, A and B).
As shown by qRT-PCR assay in Figure 7C, renal levels of
miR-196a and miR-196b in patients with renal fibrosis
were significantly reduced compared with those in normal
controls. Immunohistochemical staining further indicated
that the level of TGFBR2 in the kidneys from patients with
renal fibrosis was higher than in those from normal controls
(Figure 7D).

miR-196a/b Attenuate UUO-Induced Mouse Renal
Fibrosis via Suppression of the Activation of the TGF-8
Signaling Pathway

We next examined the effect of miR-196a and miR-196b in
mice on the expression of TGFBR2, the activation of the TGF-
signaling pathway, and the expression of the fibrotic proteins

Table 1. Information on the control subjects and patients
with renal fibrosis enrolled in the study

Clinical Feature Control Fibrosis
Agea (years) 45.67+4.58 48.2+3.96
Gender (male/female) 2/1 2/1
Proteinuria® (g/24 h) 0.32*+0.12 5.632+3.13P
Serum creatinine® 0.79+0.15 1.675+0.76°

(mg/dl)
BUN€® (mmol/L) 10.12 (8.31,12.01) 24.65(19.1,31.2)°
eGFR?® 110.17+10.61 52.737+21.69°
(ml/min per 1.73 m?)
*Mean=+SD.
bp<0.01.

“Median (25th percentile, 75th percentile).

COLL1 and a-SMA. As shown in Figure 8, A and B, we observed
only a minimal level of TGFBR2 and little accumulation of
COL1 and a-SMA in the kidneys of untreated control mice.
In contrast, in kidney tissue sections of UUO mice (assessed
on day 7 after UUO treatment), immune-labeling of TGFBR2
was significantly increased and we detected a substantial amount
of COL1 and a-SMA accumulation. However, increasing the
level of renal miR-196a and miR-196b expression through de-
livery of miR-196a/b—expressing plasmids before the UUO pro-
cedure led to a strong reduction in the immune-labeling of
TGFBR2 and the accumulation of COL1 and «-SMA in
mouse kidneys. We confirmed the suppressive effects of
miR-196a/b on protein expression of TGFBR2 and fibrotic
markers by Western blot analysis using freshly isolated
mouse kidney tissues (Figure 8, C and D). Clearly, the levels
of TGFBR2, p-SMAD2, p-SMAD3, COLI, and a-SMA in
mouse kidneys were increased in the UUO group. In con-
trast, in those mice transfected with miR-196a/b—expressing
plasmids before (Figure 8C) or shortly after (Figure 8D) the
UUO procedure, the levels of TGFBR2, p-SMAD2,
p-SMAD3, COL1, and @-SMA remained at control levels.
Mice administered miR-196a/b antagomirs after the UUO
procedure, however, displayed a significantly increased ex-
pression of TGFBR2 and the accumulation of COL1 and
a-SMA in their kidneys compared with UUO mice admin-
istered scramble oligonucleotides (Figure 8, E and F). West-
ern blot analysis confirmed that treatment with miR-196a/b
antagomirs further enhanced the UUO-induced TGFBR2,
p-SMAD2, p-SMAD3, COLI1, and a-SMA expression in
UUO mouse kidneys (Figure 8G). Collectively, our results
show that miR-196a and miR-196b can attenuate UUO-
induced mouse renal fibrosis via reducing the level of TGFBR2,
thereby abrogating profibrotic TGF-B-Smad signaling.

miR-196b antagomir. (E) Western blot analysis of p-SMAD2/SMAD2, p-SMAD3/SMAD3 in HK2 cells cotransfected with miR-196a/b
antagomirs. (F) Reduction of miR-196a and miR-196b in primary cultured mouse tubular epithelial cells induced by TGF- (4 ng/ml,
24 hours). (G) Overexpression of miR-196a/b reduced the expression of TGFBR2 and the downstream signaling pathways induced by
TGF-B in primary cultured mouse tubular epithelial cells. Results are presented as mean*=SEM from three independent experiments.

*P<0.05; **P<<0.01; ***P<0.001.
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Figure 7. Renal miR-196a and miR-196b are significantly downregulated in patients with renal fibrosis. (A) Representative images of
Masson trichrome staining of kidneys of patients with renal fibrosis and normal controls (Control). Magnification, X400. (B) Quantitative
analysis of tubular interstitial fibrosis from Masson trichrome staining. (C) Levels of miR-196a and miR-196b in the microdissected
tubular interstitial sections from three patients with renal fibrosis and three control subjects assayed by gRT-PCR. (D) Representative
immunohistochemical staining images of TGFBR2 in the microdissected tubular interstitial sections from patients with renal fibrosis and
control subjects. Magnification, X200. Right histogram represents semiquantitative analysis of TGFBR2 through measuring the signal
density in five or six randomly selected fields. Results are presented as mean*=SEM from three independent experiments. *P<0.05;

***P<0.001.

DISCUSSION

The role of miRNAs in controlling the expression of proteins in
the tissues of various organs has been the focus of an emerging
body of research. Emerging evidence suggests that each organ
expresses a unique panel of miRNAs and these miRNAs play an
essential role in maintaining homeostasis.>3” Therefore, iden-
tification of kidney-enriched miRNAs and exploring their bi-
ologic function are critical for understanding the role of
miRNAs in renal development and pathologic processes. Using
Solexa deep sequencing, we performed an unbiased assessment
of whole-genome miRNA expression in various mouse organs
and identified miR-196a and miR-196b as the kidney-enriched
miRNAs. The predominance of miR-196a/b in kidney was con-
firmed by TagMan probe-based qRT-PCR and in situ hybrid-
ization techniques using both mouse and human samples.
The possibility of selective expression of miRNA in different
organs from human, mouse, rat and zebra fish has been
explored previously by different investigators,>37-38 and the
results suggest that particular organs indeed exhibit unique
miRNA expression profiles. For example, miR-1 and miR-

J Am Soc Nephrol 27: 3006-3021, 2016

133 are enriched in heart, and miR-9 and miR-122 are pre-
dominantly expressed in brain and liver, respectively.>3” The
tissue-enriched expression pattern of miRNAs in animals
suggests a critical role of such miRNAs in maintaining the
homeostasis of particular organs. For instance, miR-122 is
important in maintaining a healthy liver structure and func-
tion by suppressing the progression of hepatocellular carci-
noma, whereas a decrease in the miR-122 expression level
positively correlates with poor prognosis.”3° In addition,
miR-122 is also a key regulator of cholesterol and fatty-acid
metabolism in the adult liver.4® The miRNAs that predomi-
nantly express in cardiac and skeletal muscle tissue, such as
miR-1 and miR-133, also play an important role in modulat-
ing muscle proliferation and differentiation.3® Recent studies
have also shown that certain miRNAs are enriched in human
and mouse kidney.>8%-37-41:42 Tt s worth noting that, through
an approach of cloning and sequencing >250 small RNA li-
braries from different cell types and tissues, Landgraf et al.8
have observed that a panel of miRNAs, including miR-196a/b,
was enriched in mouse kidney. In this study, by comparing the
genome-wide expression profile of miRNA in various mouse

miR-196a/b Mitigate Renal Fibrosis 3015
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Figure 8. MiR-196a and miR-196b alleviate renal fibrosis in UUO mice through inhibiting activation of the TGF-B signaling pathway. (A)
Representative immunohistochemical staining of TGFBR2, COL1, and a-SMA in kidneys of untreated and UUO mice (7 days post-UUO)
injected with miR-196a/b—expressing vector or control vector before the UUO procedure. Magnification, X200. (B) Quantitative
analysis of TGFBR2, COL1, and a-SMA levels in kidneys. (C) Representative Western blots of TGFBR2, p-SMAD2/SMAD2, p-SMAD3/
SMAD3, COL1, and a-SMA in the kidneys of untreated and UUO mice (7 days post-UUO) that were injected with miR-196a/b-
expressing vector or control vector. Right histogram represents quantitative analysis of protein level. (D) Representative Western blots
of TGFBR2, p-SMAD2/SMAD2, p-SMAD3/SMAD3, COL1, and a-SMA in the kidneys of untreated and UUO mice injected with miR-
196a/b-expressing vector or control vector after UUO treatment. Right histogram represents quantitative analysis of protein level. (E)
Representative immunohistochemical staining images of TGFBR2, COL1, and a-SMA in kidneys of control and UUO mice (7 days post-
UUO) injected with miR-196a/b antagomirs or control oligonucleotides after UUO treatment. (F) Quantitative analysis of TGFBR2,
COL1, and a-SMA levels. (G) Representative Western blots of TGFBR2, p-SMAD2/SMAD2, p-SMAD3/SMAD3, COL1, and a-SMA in
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organs, our results confirmed that miR-196a and miR-196b
are predominantly expressed in kidney, with 74.37% and
73.19% of total mouse miR-196a and miR-196b, respectively,
being distributed in the kidneys.

We sought to explore how miRNA might be relevant to the
disease process of renal fibrosis. Renal fibrosis is an inevitable
consequence of many CKDs and ultimately leads to end stage
renal failure. Among the diverse causative factors, it is widely
accepted that TGF-B and its downstream Smad signaling play
an essential role in inducing renal fibrosis. Emerging evidence
has demonstrated that many miRNAs participating in renal
fibrosis modulation are regulated by TGF-f.24-28:43.44 TGF-f3
has been found to be able to upregulate miR-21, miR-192,
miR-377, miR-143, and miR-150, but downregulate miR-29
and miR-200 families, in patients or animal models with renal
fibrosis.24-2843,44 In this study, our results indicated that
kidney miR-196a and miR-196b are significantly decreased
during UUO-induced renal fibrosis, in which TGF-B-Smad
signaling plays a critical role. However, it remains unknown
whether expression of miR-196a and miR-196b is directly
modulated by TGF-B in vivo. Our results showed that the
pathologic changes can be improved by overexpressing miR-
196a/b in the kidney before or after the UUO procedure. We
identified TGFBR2, an important receptor for initiating pro-
fibrotic TGF-B-Smad signaling, as a common target of miR-
196a and miR-196b in both humans and mice. An in vitro
study using a firefly luciferase reporter plasmid containing
the predicted TGFBR2 target gene sequences showed that
TGFBR2 is a direct target of miR-196a/b in humans and
mice. Consistent with miR-196a/b targeting mRNA of
TGFBR2, we showed that miR-196a/b inhibitors increased
the expression of TGFBR2. To further determine whether
miR-196a/b—induced TGFBR2 downregulation affected path-
ways downstream of TGF-B, we transfected HK2 cells with
miR-196a/b inhibitors and found that the addition of the in-
hibitors increased SMAD2 and SMAD3 phosphorylation, in-
dicating that TGF-f signaling had occurred. An ex vivo study
showed the expression of miR-196a and miR-196b in primary
cultured mouse tubular epithelial cells was reduced by TGF-8
treatment, and rescuing the reduction of miR-196a and miR-
196b significantly inhibited the expression of TGFBR2 and
downstream SMAD signal induced by TGF-B. A further study
on the relevance of miR196a/b and TGFBR2 in human renal
fibrosis confirmed the role of miR-196a and miR-196b in kid-
ney, suggesting that miR-196a/b are important mediators in
renal fibrosis and may serve as potential therapeutic targets to
prevent or treat renal fibrosis.

TGF-f3 evokes diverse cellular responses, leading to differ-
ent pathophysiologic consequences including renal fibrosis.
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After binding to cell-surface receptors, particularly TGFBR2,
TGEF-P initiated TGF-B-Smad signaling downstream. In both
experimental and human kidney diseases, such as diabetic
nephropathy*>4¢ and obstructive kidney disease,'® Smad3 is
considered to be a critical mediator of TGF-B-Smad signaling
in fibrosis. The importance of TGFBR2 in TGF-f signaling has
been demonstrated in mouse knockout experiments.#” A re-
cent study demonstrated that the expression level of TGFBR2
is directly correlated with TGF-f response, and plays an im-
portant role in promoting renal fibrosis after injury.48->0 Ac-
tive TGEF-f exerts its biologic and pathologic activities via
Smad-dependent and Smad-independent signaling path-
ways,?? and the Smad-dependent mechanism has been con-
sidered to be a major pathway in many pathophysiologic
processes of kidney disease.!%->1-53 Therefore, downregulation
of TGEBR2 expression by miR-196a/b might improve renal
fibrosis by blocking TGF-S signal transduction at the very
early stage. Our results showed that TGFBR2, Smad2, and
Smad3 were significantly upregulated in the UUO 7-day group
compared with the control group. The downregulation of
miR-196a/b in the kidneys of UUO and the primary cultured
mouse tubular epithelial cells stimulated by TGF-8 observed
in this study suggests that TGF-8 may perform a role in reg-
ulating the expression of miR-196a/b.

In conclusion, this study has identified that miR-196a
and miR-196b are predominantly expressed in the kidney. Our
results provide the first evidence that miR-196a and miR-196b
play an inhibitory role in the progress of renal fibrosis through
downregulation of TGFBR2, and that maintaining renal miR-
196a and miR-196b levels via delivery of a miR-196a/b—expressing
vector is a potential therapeutic strategy for renal fibrosis.

CONCISE METHODS

Solexa Deep Sequencing
We freshly isolated mouse organs, including heart, liver, kidney,

stomach, spleen, cerebrum, cerebellum, small intestine, lung, pan-
creas, ovary, esophagus, uterus, and colon, from C57/B6 female mice
(8 weeks, 22-25 g) after euthanization followed by whole-body saline
perfusion. We extracted total RNA from each organ and analyzed
whole-genome miRNA expression in various mouse organs by Solexa
deep sequencing as previously described.>* Briefly, we purified small
RNA molecules <30 bases by PAGE and then ligated a pair of adap-
tors (Illumina, San Diego, CA) to the 5’ and 3’ ends of the purified
small RNAs. We amplified the adaptor-ligated small RNA molecules
using the adaptor primers for 17 cycles, and isolated the fragments of
around 90 bp (small RNA and adaptors) from the agarose gel. Then
we used the generated cDNA library directly for sequencing analysis

kidneys of control and UUO mice (7 days post-UUO) injected with miR-196a/b antagomirs or control oligonucleotides after UUO treatment.
Right histogram represents quantitative analysis of protein levels. We normalized protein levels to the level of GAPDH. Results are
presented as mean*SEM from three independent experiments. *P<0.05; **P<0.01; ***P<0.001.
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using the Illumina Genome Analyzer, according to the manufac-
turer’s instructions. For quality control, we removed the sequences
with low quality scores. After trimming the 3’ adapter, we removed
sequences with length below 16 bp, 5" adapter contamination, and
poly(A). Then we aligned the clean reads to the pre-miRNA se-
quences. Sequenced reads with no more than two mismatches and
two shifts we identified as one miRNA. We normalized miRNA reads
as miRNA reads X1,000,000/total reads. We calculated the percent-
ages of different miRNAs in tissues as miRNA reads in each tissue/
total miRNA reads in all 14 mouse tissues.

Cell Culture and Human Kidney Tissue Samples
We procured human renal proximal tubular epithelial (HK2) cells

from the American Type Culture Collection and maintained them in
DMEM/F12 medium supplemented with 10% FBS and antibiotics.
For primary tubular cell culture, we isolated cortical fragments of
kidneys from male C57/BL6-mice (8—10 weeks old) under sterile
conditions. We dissected renal cortices into pieces (1 mm) and trans-
ferred these to collagenase solution and digested them for 30 minutes
at 37°C. After the digestion, we filtered the supernatant through
80-um nylon sieves. The larger fragments in the sieve we resuspended;
centrifuged for 5 minutes at 170Xg; washed; resuspended in DMEM/
F12 supplemented with heat-inactivated 10% FCS, 50 nmol/L hydro-
cortisone, 100X ITS (Sigma-Aldrich, St. Louis, MO), and 100X non-
essential amino acids; and then seeded onto collagen-coated culture
dishes for 48 hours at 37°C and 5% CO,. We then replaced the me-
dium every 2 days. We obtained normal kidney tissues from normal
portions of nephrectomy specimens of patients who had undergone
surgery to remove localized renal tumors.

Microdissection of Glomerulus and Tubular Interstitium
We obtained the kidney samples used to determine miR-196a/b

expression in glomerulus or tubular interstitium from patients with
renal fibrosis or normal controls. We obtained the control renal tissues
from the intact pole of kidneys that had been removed for single
circumscribed tumors, and verified the tissue’s normality by light
microscopy. We cut kidney tissues from each normal control subject
into five sections (6 wm thick) and mounted them on Leica frame
slides (Leica FrameSlides PPS-Membrane, Leica Microsystems, Buf-
falo Grove, IL). After deparaffinizing tissue sections using xylene and
dehydrating them in ethanol, we isolated glomeruli by laser capture
using a Leica LMD System. In each section, we randomly sampled
20-25 fields of view (with three to eight glomerular cross sections per
field) at a magnification of X 100. We microdissected and collected
the glomerular cross sections presented in these fields, and collected
the rest of the sections (the renal tubules and interstitial) in 1.5-ml
centrifuge tubes for further assay.

RNA Isolation and Quantitative RT-PCR Assays
We extracted total RNA from cultured cells and kidney tissues with

TRIzol Reagent (Invitrogen, Carlsbad, CA), according to the man-
ufacturer’s instructions. We used gene-specific TagMan miRNA
Assay Probes (Applied Biosystems, Foster City, CA) to assay the
miR-196a/b quantification. Briefly, we reverse-transcribed 1 ug of
total RNA to cDNA using AMV reverse transcription (Takara, Kyoto,
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Japan) and a stem-loop RT primer (Applied Biosystems). We per-
formed real-time PCR using a TagMan PCR kit on an Applied Bio-
systems 7900HT Sequence Detection System. We ran all reactions,
including no-template controls, in triplicate. After the reactions, we de-
termined the threshold cycles (Cr) values using fixed-threshold settings.
We normalized the miRNA expression in cells and tissues to U6 snRNA.

Luciferase Reporter Assay
We amplified the human and mouse TGFSBR2 fragments containing

putative binding sites located in the human TGFBR2 3’'-UTR by PCR
using human genomic DNA as a template. We insterted the PCR
products into the p-MIR-REPORT plasmid (Ambion), and con-
firmed efficient insertion by sequencing. To test the binding specific-
ity, we mutated the sequences in the human and mouse TGFBR2
3’UTR that interact with the miR-196a/b seed sequence (human,
from GACUACCU to CUGAUGGA; mouse, from AGCUGCCU to
UCGACGGA). For the luciferase reporter assay, we cultured cells in
six-well plates, and transfected each well with 1 mg firefly luciferase
reporter plasmid, 1 mg B-galactosidase (B-gal) expression plasmid
(Ambion), and cotransfected with equal amounts (100 pmol) of pre—
miR-196a/b, anti-miR-196a/b, or scrambled negative control RNA
using Lipofectamine 2000. Luciferase activities we measured at
24 hours after transfection using luciferase assay kits (Promega).

Animals and Obstructive Kidney Disease Model
We performed all animal care and experiments according to the

guidelines of the Institutional Animal Care and Use Committee at
Nanjing University. We obtained the male C57BL/6] mice (8 weeks,
22-25 g) used in this study from the Model Animal Research Center
of Nanjing University (Nanjing, China). We performed UUO model
surgery as previously described.> Briefly, we anesthetized mice with
intraperitoneal injection of pentobarbital (50 mg/kg). We then di-
vided the mice into two groups: the UUO group and the sham oper-
ation group. In the UUO group, we exposed the left ureter via a
midline incision and ligated it twice 15 mm below the renal pelvis
with 4-0 silk. The sham operation group we handled in a similar
manner, but without ureteral ligation. In order to express exogenous
miR-196a/b in the kidney of mice, we administered GFP-labeled miR-
196a/b—expressing plasmid DNA (Genscript, Nanjing, China) to the
mice using a previously described hydrodynamic-based gene-transfer
technique.® Briefly, we mixed miR-196a/b—expressing plasmids
(20 wg each) into approximately 2.6 ml (15.4 ug/ml) of TransIT-EE
Hydrodynamic Delivery Solution (Mirus). To deplete miR-196a and
miR-196b, we mixed 2 nM of each miR-196a and miR-196b antagomir
(Ribobio, Guangzhou, China) into 2.6 ml of TransIT-EE Hydrody-
namic Delivery Solution. Then we injected the mixture into mice via
the tail vein in <5 seconds. We harvested obstructed kidneys at
7 days after UUO for Western blot, real-time PCR, histology exam-
ination, and immunohistochemistry.

Histology and Immunohistochemistry
We embedded tissues in paraffin. We deparaffinized 2-um paraffin

kidney sections, and rehydrated and washed them in distilled water.
To evaluate kidney histologic changes such as the degree of tubular
atrophy and interstitial fibrosis, we processed sections for Masson
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trichrome staining. We performed immunohistochemistry in paraf-
fin sections using a microwave-based antigen retrieval technique.>”
After blocking the slides with 5% normal goat serum, we incubated
them overnight at 4°C with primary antibodies raised against
TGEBR2 (Cell Signaling Technology, Danvers, MA), CDI11b,
a-SMA, and collagen I (COLI) (Abcam plc, Cambridge, UK). We
developed immunohistochemical staining in tissue sections with
DAB after 30 minutes, and then counter-stained them with hema-
toxylin. We quantified percentages of positive staining area using
Image-Pro plus 6.0 software.

Morphometric Analysis of the Interstitial Fibrosis
We determined the area of the fibrotic lesion of the renal interstitium

in sections stained using the Masson trichrome method to stain
collagen fibers (in light blue) in the tubular basement membrane,
glomeruli, and interstitial space. We highlighted the fibrotic areas in
the interstitium on digitized images using a computer-aided manip-
ulator (microscope, Leitz DM IRB; software, Quantimet 500+; Leica
Microsystems). Under high-power magnification (400X), we se-
lected ten nonoverlapping fields at random and an observer unaware
of the experimental protocol analyzed the fields. We calculated the
fibrotic area relative to the total area of the field as a percentage.

Western Blot
We analyzed the levels of TGFBR2, SMAD2, p-SMAD2, SMAD3,

p-SMAD3, COLI, and a-SMA by Western blot using primary anti-
bodies against TGFBR2, SMAD2, p-SMAD2, SMAD3, p-SMAD3,
COL1, a-SMA, and GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA), respectively. We normalized the protein levels against
that of GAPDH.

In Situ Hybridization
We performed in situ hybridization for miR-196a and miR-196b us-

ing double digoxigenin—labeled LNAmMiRCURY probes (Exiqon). A
scrambled probe served as a negative control and U6 served as the
positive control. Briefly, we euthanized mice and embedded the kid-
neys in paraffin. Then we prepared 5-um-thick sections of FFPE. The
tissue we deparaffinized by sequential washes with xylene, 70%, 95%
and 100% ethanol, and PBS. We treated the sections with 5 mg/ml
proteinase K for 10 minutes at room temperature. We performed
hybridization with a probe concentration of 50 nM in hybridization
buffer overnight at 50°C. After a series of posthybridization washes,
we blocked the sections with blocking buffer and then incubated
them with anti—digoxigenin—alkaline phosphatase in blocking buffer
for 1 hour. We washed the sections repeatedly in PBS and 0.1% Tween
20, labeled with NBT/BCIP for 2 hours at 30°C, followed by double
staining with fast red to illuminate nuclei. We mounted the sections
in glycerol and viewed them under phase-contrast microscopy.

Statistical Analyses
Each experiment is representative of at least three independent

experiments. We performed real-time qRT-PCR assays in triplicate.
All data are expressed as mean=®SEM. We considered differences be-
tween groups to be statistically significant at P<<0.05, analyzed using
the t test. We analyzed more than two group differences by ANOVA.

J Am Soc Nephrol 27: 3006-3021, 2016

www.jasn.org | BASIC RESEARCH |

Nonparametric variables are expressed as the median (range) values
and we compared these using the Kruskal-Wallis test.
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