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Introduction

Summary

Calcineurin inhibitors (CNIs) are potent immunosuppressants with associated
long-term nephrotoxicity mediated by tubular epithelial cell injury and arterial
vasoconstriction. We hypothesized that CNI-induced renal injury is regulated by
specific microRNAs (miRNAs). In this study, we found that 46 miRNAs were sig-
nificantly altered in human proximal tubular epithelial cells (HPTECs) following
exposure to cyclosporine A (CsA), particularly miR-21 (5.47 % 0.47-fold versus
vehicle, P = 0.002). This increase was accompanied by alterations in epithelial-
mesenchymal transformation (EMT) markers including vimentin (2.80 £ 0.28-
fold; P = 0.03), S100A4 (2.29 + 0.29-fold; P = 0.04), and 9-SMA (5.0 + 0.31-
fold; P = 0.03). Notably, transfection of HPTECs with miR-21 precursor also
resulted in significant induction of EMT-associated genes, which were inhibited
by a single-stranded nucleic acid inhibitor of miR-21. miR-21 induction resulted
in a rapid increase of phosphorylated AKT and downregulation of PTEN. While
CsA induces SMAD7 downregulation and TGF-f1 upregulation in HPTECs, such
changes were independent of miR-21. Moreover, there was no effect on ERK
phosphorylation. We confirmed these changes using a mouse model of CsA toxic-
ity. Collectively, our results suggest that miR-21 mediates CsA nephrotoxicity via
PTEN/AKT signaling pathway. Further exploration into the epigenetic response
to CsA exposure may provide new therapeutic targets to ameliorate CsA nephro-
toxicity.

and ischemia reperfusion injury [7,9], and liver disease

[6].

MicroRNAs (miRNAs) are a family of small noncoding
RNAs with the length of 21-25 nucleotides. They regu-
late the expression of various cellular proteins by trans-
lational repression or mRNA degradation by binding to
target sites in the 3’-untranslated regions of protein-
coding transcripts [1,2]. Approximately 2000 miRNA
genes have been identified in the human genome [3]
associated with numerous cellular and developmental
processes, including intracellular signaling pathways and
organ morphogenesis [2,4,5]. Aberrant expression of
miRNAs is closely associated with initiation and pro-
gression of pathophysiologic processes including diabe-
tes, cancer [6], cardiovascular disease [7,8], renal disease
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Recent studies indicate that microRNA-21 (miR-21) is
associated with organ fibrosis in the kidney, lung, liver, and
heart [6-14]. For example, miR-21 is upregulated in the
experimental mice lung fibrosis as well as in lung biopsy
samples in human Idiopathic pulmonary fibrosis [10,11].
These increased miR-21 levels are associated with epithe-
lial-mesenchymal transition in pulmonary epithelial cells
[15]. In the mouse, kidneys with unilateral ureteral
obstruction express higher levels of miR-21 than unob-
structed mice [8], and blockade of miR-21 in this model
attenuates fibrosis [11,14]. Finally, in humans, renal allo-
grafts with severe interstitial fibrosis have enhanced expres-
sion of miR-21 compared to those without fibrosis [7,8].
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Moreover, recipients with allograft fibrosis have higher cir-
culating miR-21 levels [8]. However, the effect of immuno-
suppression was not analyzed.

In organ transplantation, the calcineurin inhibitors
(CNIs), cyclosporine A (CsA), and tacrolimus, revolu-
tionized the field due to their potent immunosuppressive
properties [16]. However, their nephrotoxic effects on
the kidney leading to IF/TA have limited their success in
the long-term. Prior studies of CsA-induced nephrotoxi-
city demonstrated direct effects of CsA on proximal
tubular cells (PTECs) [17] with associated phenotypic
change characteristic of epithelial-to-mesenchymal transi-
tion (EMT) [18-20], leading to renal interstitial fibrosis
[20]. However, the expression patterns and the role of
miRNAs in CsA nephrotoxicity are as yet unknown.
Therefore, determining the roles of miRNAs may suggest
important new directions to ameliorate CsA toxicity in
the kidney.

In this study, we found that CsA exposure in vitro
induces phenotypic changes coincident with miR-21 induc-
tion. Moreover, miR-21 is overexpressed in the kidneys of
mice with CsA nephrotoxicity. CsA-induced miR-21
expression is associated with AKT phosphorylation with
downregulation of PTEN in treated PTECs. Further, inhibi-
tion of miR-21 significantly reduces CsA-induced EMT
gene upregulation. Taken together, these results suggest
that miR-21 is an important mediator in CsA nephrotoxi-
city and a potential target for developing novel therapeutics
in treating CsA-induced renal fibrosis.

Materials and methods

Reagents

Cyclosporine A (Alexis Biochemicals, CA, USA) was pre-
pared as a 6 mm stock solution in 100% ethanol. Stock
solutions of 1 mM wortmannin (WM) and 10 mm U0126
(Cell signaling, Beverly, MA, USA) were prepared in
dimethyl sulfoxide (DMSO). Cells were preincubated for
1 h with 1 pm WM or 10 pm U0126 prior to treatment
with 6 pum CsA either alone or in combination.

Cell culture

Human renal proximal tubular epithelial cells (PT2 cells: a
gift from Dr. Anthony Jevnikar, University of Western
Ontario, CAN; [21]) were cultured in a 1:1 mixture of Dul-
becco’s modified Eagle’s medium and Ham’s F12 medium
(DMEM/F12) with 10% FBS, 100 U/ml penicillin, and
100 mg/ml streptomycin and cultured in a humidified
atmosphere of 5% CO,. Subconfluent cell lines were serum
deprived for 16-24 h prior to being subjected to vehicle
(Veh), or 6 pm CsA treatment. 0.25% trypsin was used to
detach the cells from the culture flask.
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Experimental mouse model of CsA nephrotoxicity

We utilized a previously reported mouse model [22-24].
Briefly, male ICR mice (Charles River, Wilmington, MA,
USA), weighing 30-40 g, were housed in individual cages
and placed on a very low-salt diet (0.01% sodium diet, Tek-
lad Premier, Madison, WI, USA) for 7 days prior to treat-
ment and continued on this diet throughout the treatment
period. CsA provided by Novartis Research (East Hanover,
NJ, USA) was diluted in olive oil to a final concentration of
15 mg/ml. In the vehicle group, mice received a daily sub-
cutaneous injection of olive oil, 1 mg/kg for 1-8 weeks. In
the CsA group, mice received a daily subcutaneous injec-
tion of CsA, 50 mg/kg, for 1-8 weeks. Four to six mice
were used in each treatment group, and at each time point,
they were sacrificed and total RNA was isolated from the
kidneys. The animal protocol was approved by the NIH
Institutional Animal Care and Use Committee (IACUC).

miRNA and transient transfection

To alter miR-21 levels in PTECs, PTECs were cultured to
50-60% confluence and transfected with either (i) the miR-
21 precursor (‘Pre-21), (ii) the negative control of precursor
miRNA (‘Pre-Ctrl’), which consisted of a scrambled
sequence of the Pre-miR-21 molecule, (iii) the antagomir to
miR-21 (‘Anti-21’), or (iv) the negative control of the inhib-
itor miRNA (‘Anti-Ctrl’), which consisted of a scrambled
sequence of the anti-miR-21 molecule (Ambion, Forster
City, CA, USA). Transfection was performed using a solu-
tion of lipofectamine 2000 transfecting reagent (Invitrogen,
Carlsbad, CA, USA) and serum-free OPTI-MEM 1 medium
according to the manufacturer’s instruction. After room
temperature incubation 5 min with lipofectamine, each oli-
gomer was then added to the above mixture (total volume is
500 pl), vortexed, and incubated at room temperature for
20 min. The mixture was added to dishes containing 1.5 ml
of fresh media with 10% FBS. 10, 25, and 50 nwm of oligomer
were tested, with a transfection efficiency of 75-80%. The
final concentration of oligomer used was 25 nm. After 24 h
of transfection at 37 °C, the media was replaced with fresh
media containing 0.5% FBS overnight before treatment with
the appropriate test conditions. The specific protein expres-
sion was analyzed in the cells by Western blotting, and levels
of mRNA expression in the cells were analyzed by RT-PCR.

Validation of the anti-miR-21 inhibitor

1 x 10" PTECs per well were preplated in white-walled flat
clear bottom 96-well plates (Corning, Union City, CA,
USA). After overnight incubation, the cells were transfected
with 40 ng of the miR-21 luciferase vector with or without
anti-miR-21 inhibitor (25, 50, and 100 nm per well).

233



miRNA-21 and cyclosporine nephrotoxicity

Nontransfected cells, cells transfected with luciferase vector
without insert of miR-21 sequence were used as controls.
Cells transfected with B-Gal vector were used for normali-
zation. A master mix of the Lipofectamine 2000 (0.2 pl
Lipofectamine 2000 + 9.8 ul OPTI-MEM/well) was made
and incubated at room temperature for 5 min, followed by
incubation with vectors/inhibitors for another 20 min,
which was added to preplated cells. After 24 h, luciferase
activity was measured using ABI Dual-light system
(Applied Biosystems, Forster City, CA, USA).

TagMan® microRNA array analysis

Human PTECs (2 x 10 cells per well) were cultured in 6-
well plates and treated with 6 pm CsA or vehicle in dupli-
cate. At 6 h, cells were harvested, and total RNA was iso-
lated using Trizol reagent (Invitrogen). cDNAs were
generated by TagMan® microRNA Reverse Transcription
Kit (Applied Biosystems) according to manufacturer’s
instructions. Resulting cDNAs were used for miRNA analy-
sis by quantitative real-time PCR using TagMan® microR-
NA arrays (Human MicroRNA A Cards v2.0; Applied
Biosystems). This array interrogated 377 known human
miRNAs. RT-PCR reactions were performed according to
the manufacturer’s instructions. Briefly, 500 ng of total
RNA obtained from cells was reverse transcribed using
Megaplex RT Primers and the TagMan miRNA reverse
transcription kit in a total of 7.5 pl volume. qRT-PCR array
was performed on ABI 7900HT fast real-time PCR system
and a TagMan Universal PCR Master Mix with 400 ng
cDNA input per fill port of each card. The expression levels
of miRNA were normalized to endogenous control U6.

Quantitative-PCR analysis of gene expression

Total RNAs were isolated from cells using Trizol reagent
(Invitrogen). cDNAs were generated by Superscript III
first-strand ¢cDNA synthesis system (Invitrogen) according
to the manufacturer’s protocol. Resulting cDNAs were used
for quantitative real-time PCR using TagMan mRNA assay
(Applied Biosystems). Thermal cycling was performed on
an ABI 7900HT fast real-time PCR system (Applied Biosys-
tems). The expression levels of mRNA were normalized to
endogenous control 18 s. The relative miRNA or mRNA
level was calculated by the 2~**“ method and expressed as
fold relative to vehicle treatment.

In situ hybridization of mouse kidneys for miR-21

In situ hybridization (ISH) was performed on FFPE sections
using Exiqon double-DIG LNA™ microRNA probes (Exiqon
A/S, Vedback, DK) and Exigon microRNA ISH kit (#90002)
[25]. In brief, the slides were deparaffinized in xylene and
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ethanol solutions at room temperature, incubated with
15 pg/ml proteinase-K for 10 min at 37 °C, washed twice in
PBS, dehydrated in new ethanol solutions, and air-dried on
clean paper towels for 15 min. Slides were then hybridized in
incubation chambers overnight at 53 °C in an oven using
50 nM double-DIG LNA™ miR-21 probe diluted with micro-
RNA ISH buffer. After hybridization, slides were washed in
SSC buffer followed by incubation with AP-conjugated anti-
Dig antibody 2 h at room temperature. After washing three
times with PBST, the sections were developed with NBT/
BCIP (Roche) for 4 h at room temperature and visualized
under microscopy with light blue staining being positive.

Western blot analysis

After the experiments were performed, cells were lysed
using ice-cold lysis buffer (20 mwm Tris—HCI, 150 mm NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
200 pum PMSF, 2 mm EDTA, 1 mum sodium orthovanadate,
protease inhibitor cocktail, and 50 mm sodium fluoride).
The lysate was placed on ice for 20 min and then centri-
fuged at 10 000 ¢ for 10 min at 4 °C. Protein concentra-
tion of the supernatant was measured using Bio-Rad Lowry
protein assay. Equal amounts of protein were subjected to
SDS/PAGE using 10% polyacrylamide gels. Gels were blot-
ted onto PVDF membrane, and proteins were detected
using anti-ERK (9107), anti-phospho-ERK (9106), anti-
phospho-AKT (9271), anti-AKT (9272), anti-PTEN anti-
bodies (9559) from Cell Signaling Technology, followed by
an appropriate HRP-conjugated secondary antibody. The
visualization of the blots was carried out by the use of an
enhanced chemiluminescence kit (GE Healthcare Bio-
Sciences, Pittsburgh, PA, USA and Millipore Corporation,
Billerica, MA, USA). GAPDH (anti-GAPDH, MAB374,
Millipore) was used as the loading control.

TGF-p1 ELISA

Active TGF-B1 protein in CsA-treated PTECs media was
measured by TGF-B1 ELISA method (Duo set Develop-
ment System, R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. Protein con-
centration of the media was measured using Bio-Rad Lowry
protein assay. The final TGF-1 concentration values were
normalized to total protein level.

Statistical analysis

Data are presented as mean £ SEM. Statistical differ-
ences among groups were determined by one-way ANOvA
followed by Student-Newman—Keuls’ test or Turkey—
Kramer test. Between two groups, statistical significance
was assessed using 2-tailed student’s #-test. The differences
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were considered significant if the P value was < 0.05. Two-
tailed student’s t-test was used for the miRNA array data.
The dendrogram of miRNAs was generated by jMP PrO
10.0.2 (SAS, Cary, NC, USA) with the Ward’s minimum
variance hierarchical clustering.

Results

CsA treatment changes the morphology of human renal
proximal tubular epithelial cells (PTECs) and induces
EMT gene expression

Proximal tubular epithelial cells were treated for 48 h with
6 M CsA, and cell morphology was assessed by phase con-
trast microscopy. Compared to vehicle-treated cells, CsA-
treated cells developed epithelial disruption exhibited by
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elongated shape, the development of lamellipodiae, and a
high degree of cell detachment (Fig. 1a). Indeed, consistent
with prior observations [26-28], exposure of human proxi-
mal tubular epithelial cells with CsA results in significant
morphological changes with a fibroblastic phenotype
(Fig. 1a). Paralleling the morphological changes, CsA treat-
ment induces significant increases in gene expression of
mesenchymal  markers  S100A4  (2.29 + 0.29-fold;
P = 0.04), o-SMA (5.0 &= 0.31-fold; P = 0.03), and vimen-
tin (2.80 £ 0.28-fold; P = 0.03) compared to vehicle-trea-
ted cells (Fig. 1b). Concomitantly, E-cadherin (E-cad)
mRNA (0.34 £ 0.07-fold) was significantly downregulated
by CsA treatment (P = 0.01). These results demonstrate
that CsA induces a phenotypic transition from an epithelial
tubular cell to a mesenchymal phenotype.

24h

Figure 1 CsA treatment induces morphologic changes in HPTECs. (a) HPTECs were exposed with CsA 6 um for 48 h. Compared to vehicle-treated
cells (Veh), CsA-treated cells demonstrated epithelial disruption, and morphological changes consistent with a fibroblastic phenotype. (b) PTECs were
treated with 6 pm CsA for 6 and 24 h. Cells were collected and total RNAs were extracted. Real-time PCR was used to analyze the mRNA expression
of epithelial-mesenchymal transformation (EMT) markers S100A4, a-SMA, E-cadherin and vimentin. (c) For miR-21 expression, cells were exposed for
3, 6, and 24 h. Data represent the mean of 4 experiments performed in triplicate. P < 0.05, compared to vehicle-treated cells.
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(a) CsA1 CsA2 (b)
hsa-miR-1 miRNA Fold change
h::-miFM gg -7.248 hsa-miR-19b 0.25
hsa-miR-429 -6.214 hsa—m!R—19a 0.25
hsa-miR-26b -5.181 hsa—m!R—429 0.23
hsa-let-7f —4.147 hsa-miR-26b 0.22
hsa-miR-374a -3.114 hsa-let-7f 0.19
hsa-miR-628-5p : hsa-miR-374a 0.21
hsa-miR-1 -2.081 hsa-miR-628-5p 0.19
hsa-miR-454 -1.104 hsa-miR-1 0.18
hsa-miR-340 -0.127 hsa-miR-454 0.19
hsa-miR-98 E I_ 0.8497 hsa-miR-340 0.12
hsa-miR-487b 1.8264 hsa-miR-98 0.20
hsa-miR-203 = 2‘8031 . hsa-miR-487b 0.08
hsa-let-7g ’ hsa-miR-203 0.22
hsa-miR-9 hsa-let-7g 0.25
hsa-miR-185 hsa-miR-9 0.28
hsa-miR-455-5p ] hsa-miR-185 0.29
hsa-miR-182 hsa-miR-455-5p 0.28
hsa-miR-186 hsa-miR-182 0.32
hsa-miR-20b hsa-miR-186 031
hsa-miR-16 hsa-miR-20b 0.32
:::m:g} iga hsa-miR-16 031
ki) hsa-miR-126 0.31
Esa:m!g:z_’ggb hsa-miR-146a 0.30
h::—m:ﬂ-1 8a hsa-miR-196b 0.32
: hsa-miR-598 0.35
hsa-miR-660 -
hsa-miR-135b hsa-m!R-18a 0.36
hsa-miR-138 hsa-miR-660 0.36
hsa-miR-200b hsa-miR-135b 0.37
hsa-miR-106a hsa-miR-138 0.39
hsa-let-7a hsa-miR-200b 0.36
hsa-miR-17 hsa-miR-106a 0.37
hsa-miR-590-5p hsa-let-7a 0.37
hsa-miR-374b hsa-miR-17 0.40
hsa-miR-200a hsa-miR-590-5p 0.43
hsa-let-7e hsa-miR-374b 0.43
hsa-miR-24 hsa-miR-200a 0.43
hsa-miR-222 hsa-let-7e 0.46
hsa-miR-124 1 hsa-miR-24 0.46
hsa-miR-21 - hsa-miR-222 0.48
hsa-miR-579 :l hsa-miR-124 6.75
hsa-miR-212 hsa-miR-21 5.47
hsa-miR-125a-3p| hsa-miR-579 0.01
hsa-miR-450a ‘ j— hsa-miR-212 0.01
hsa-miR-15a . hsa-miR-125a-3p 0.02
I hsa-miR-450a 0.02
hsa-miR-15a 0.03

Figure 2 miRNA array analysis of human PTECs exposed to cyclosporine A. (a) Total RNA was isolated from duplicate wells of human PTECs exposed
to either vehicle or cyclosporine (CsA1, CsA2) for 6 h. microRNA array analysis was performed as described in the methods and unsupervised hierar-
chical clustering is shown. (b) Fold values for miRNAs expressed in human PTECs that are > twofold compared to vehicle and statistically significant
from vehicle (P < 0.05). Expression of 44 miRNAs was significantly reduced while only miR-124 and miR-21 were significantly increased following

CsA treatment.
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miR-21 expression is upregulated in CsA-treated human
PTECs

To identify potential miRNAs and their role in CsA-
induced EMT, we performed miRNA expression profiling
in CsA-treated human PTECs using TagMan® human
microRNA array, which contains 384 TagMan MicroRNA
Assays enabling accurate quantitation of 377 human miR-
NAs. At 6 h, we found 122 miRNAs expressed at least two-
fold compared to vehicle treatment. Of these, 46 miRNAs
were significantly altered in their expression following CsA
exposure compared with vehicle-treated PTECs (P < 0.05),
the vast majority downregulated (Fig. 2). Only 2 were up-
regulated  significantly: ~ miR-21  (5.47 £ 0.42-fold;
P =0.0014) and miR-124 (6.75 £ 0.23; P = 0.002). To
further confirm the array data, we analyzed expression of
miR-21 by TagMan microRNA assay. Consistent with the
miRNA array analysis, the expression of miR-21 was signif-
icantly increased by 2.00 + 0.23-fold (P = 0.001; Fig. 1c)
compared to vehicle treatment.

—
)
-~

miR-21
4.0

»
(=)

3.0

miRNA-21 and cyclosporine nephrotoxicity

miR-21 expression is upregulated in the kidneys of mice
with CsA toxicity

Because of recent data implicating miR-21 in kidney fibro-
sis [7,14], we focused our investigation on its potential
role in CsA-mediated renal injury. We tested the relevance
of our findings in vivo by characterizing miR-21 expres-
sion in a mouse model of chronic cyclosporine nephrotox-
icity previously reported by Bennett and colleagues
[29,30]. Animals were studied at 2, 4, and 8 weeks of CsA
exposure. These kidneys demonstrate tubular injury in the
first 2 weeks of exposure and subsequently develop inter-
stitial fibrosis and tubular atrophy by 8 weeks of treatment
(data not shown). We found that miR-21 expression in
the kidney was significantly induced in the first 2 weeks of
CsA treatment (2.11 + 0.13-fold compared to vehicle;
P = 0.02), which returns to baseline after that time point
(Fig. 3a). Following this upregulation, at 4 weeks, we see a
significant induction of S100A4 (2.40 % 0.16-fold com-
pared to vehicle; P = 0.001) and vimentin (2.37 £ 0.39-

S100A4 Vim

Relative mi-21 level
N
o

Relative mRNA level

: Ti Tl
0.0

2w aw 8w

B Veh

(b)

2 wk
Veh

2 wk
CsA

*
2.0
1.0 L - &
00 2w aw

Cortex

8w

l CsA
Medulla/papilla

Figure 3 (a) miR-21 and epithelial-mesenchymal transformation (EMT) gene expression are induced in a mouse model of CsA nephrotoxicity. Mice
(n = 40 in each group) received a daily subcutaneous injection of either vehicle (olive oil 1 mg/kg) or CsA (50 mg/kg) for 1-8 weeks. Mice (n = 4-6/
group/week) were sacrificed at 2, 4, and 8 weeks after treatment, and total RNAs from mice kidneys were isolated. Compared to vehicle-treated mice
(Veh), miR-21 expression in the kidney was significantly induced in the first 2 weeks of CsA treatment, followed by gene expression of S100A4 and vi-
mentin that was significantly increased at 4 and 8 weeks of CsA treatment (*P < 0.05, compared to vehicle(Veh)-treated group, n = 4-6). (b) In situ
hybridization for miR-21 in the kidney of CsA-nephrotoxic mice. At 2 weeks post-treatment, CsA treatment demonstrated substantial induction of
miR-21 in both cortex and medulla of the kidney in epithelial cells compared to Veh treatment. Scrambled sequence was used as a negative control
and is not shown.
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Veh CsA WM  WM+CsA

Figure 4 CsA induces AKT Phosphorylation and downregulates PTEN expression. (a) PTECs were pretreated with either vehicle (Veh) or 1 pm WM
for 1 h, followed by 6 um CsA treatment for 1 h. Western analysis was carried out using the same amount of protein extracts. A representative blot
from three experiments preformed in duplicate is shown. *P < 0.05, compared to vehicle-treated group or WM alone and #P < 0.05 compared to
WM + CsA. (b) PTEN expression is suppressed after 1 h exposure to 6 pv CsA. Blot is representative of three experiments performed in duplicate.
*P < 0.05 compared to vehicle-treated group. () mRNA expressions for mesenchymal markers expressed in PTECs induced by CsA are inhibited by
WM pretreatment. *P < 0.05, compared to vehicle-treated group or WM alone and #P < 0.05 compared WM + CsA group.

fold compared to vehicle; P = 0.04), prior to the develop-
ment of fibrosis. This expression remained persistently ele-
vated at 8 weeks of CsA treatment (2.13 £ 0.11-fold and
2.72 £ 0.13-fold, respectively compared to vehicle)
(Fig. 3a). Thus, in a preclinical model of CsA nephrotoxi-
city, miR-21 upregulation precedes expression of pro-
fibrotic genes expression and is associated with tissue
fibrosis.

In situ hybridization was also performed on kidney sec-
tions from nephrotoxic mice at 2 weeks after treatment
with CsA, when detection by PCR was most significant.
miR-21 was detected throughout the kidney in both cortex
and medulla (Fig. 3b). Localization was primarily in
tubules and not in vessels or glomeruli, which are unaf-
fected by this toxicity. Moreover, expression was substan-
tially higher in CsA-treated mice than that seen in vehicle-
treated mice.

Induction of miR-21 by CsA results in AKT
phosphorylation and downregulation of PTEN signaling

We next investigated the specific signaling pathways associ-
ated with miR-21 induction and the associated phenotypic
changes in our cell line. Recent studies have demonstrated
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that expression of miR-21 increases cell proliferation,
migration, and invasion through modulating PTEN [31—
33]. Moreover, PTEN is an antagonist of phosphatidylinot-
idol 3-kinase (PI3K) by dephosphorylation of phosphati-
dylinositol 3, 4, 5-trisphosphate (PIP3), the upstream
regulator AKT [34-36]. Whether the PTEN or the AKT sig-
naling pathways are activated by CsA remains to be eluci-
dated.

Exposure to CsA rapidly induces upregulation of
AKT phosphorylation within 1 h (Fig. 4a) and down-
regulated PTEN expression (Fig. 4b). Pretreatment with
WM, a specific inhibitor of PI3 Kinase, suppressed
CsA-induced AKT activation (Fig. 4a). Moreover, WM
pretreatment  significantly  suppressed  CsA-induced
expression of o-SMA (1.14 £ 0.22-fold vs. 2.24 £ 0.02-
fold; P =0.03 compared to CsA alone) and S100A4
(1.48 £ 0.58 wvs. 3.34 £ 0.37; P =0.04 compared to
CsA alone), with a substantial but not significant
reduction in vimentin (2.95 & 0.92 vs. 4.51 £ 0.88;
P =0.35 compared to CsA alone) (Fig. 4c). Thus, CsA-
mediated mesenchymal changes are associated with
AKT activation and PTEN downregulation and specific
inhibition of this pathway suppresses the expression of
mesenchymal markers.
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We next determined the strength of this association by
determining whether blocking miR-21 in PTECs would
affect CsA-induced EMT and PTEN/AKT signaling. To this
end, PTECs were transfected with miR-21 inhibitor (Anti-
We next evaluated the relationship between CsA-mediated 21) or the negative control of inhibitor miRNA (Anti-Ctrl)
miR-21 induction, mesenchymal change gene expression, for 48 h prior to CsA treatment. Anti-21 is a chemically

Overexpression of miR-21 induces EMT gene expression
via upregulation of AKT phosphorylation and reduction
of PTEN

and AKT signaling. We first evaluated the effects of overex- modified, single-stranded nucleic acid designed to specifi-
pression by miR-21 on gene expression for mesenchymal cally bind to and inhibit endogenous miR-21 molecules. As
markers (Fig. 5a), as described in the methods. Compared shown in Fig. 6a, transfection with Anti-Ctrl had no effect
to a negative control precursor miRNA (Pre-Ctrl), transfec- on CsA-induced AKT phosphorylation. However, transfec-

tion with precursor miRNA-21 (Pre-21) led to significant tion with Anti-21 significantly blocked phosphorylation to
upregulation of SI00A4 (3.14 £+ 0.90-fold; P = 0.04) and a level similar to vehicle exposed cells. Similarly, transfec-
vimentin (2.04 £ 0.30-fold; P = 0.02) expression and tion with miR-21 inhibitor reversed the suppression of
increased o-SMA (2.31 4 0.69-fold; P = 0.09). Further- PTEN expression seen after CsA exposure (Fig. 6b), to a

more, overexpression of miR-21 induces significant upreg-  level similar to vehicle-treated cells.
ulation of AKT phosphorylation (Fig. 5b) and reduction of The effect of Anti-21 on EMT gene expression is shown
PTEN at 3 h post exposure (Fig. 5c). Thus, miR-21 induces in Fig. 6c. Compared to Anti-Ctrl and CsA-treated cells,
similar responses in gene expression as seen with CsA treat- miR-21 inhibitor treatment decreased CsA-induced gene
ment. expression of a-SMA by 45% (5.10 + 0.57-fold vs 9.56 +
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Figure 5 (a) Overexpression of miR-21 induces epithelial-mesenchymal transformation (EMT) gene expression. (a) Human PTECs were transfected
with precursor miR-21 (Pre-21) or pre-miR-21 negative control (Pre-Ctrl). Cells were collected and subjected to qRT-PCR for EMT gene expression
48 h after transfection. Transfection with precursor significantly increased transcription of ST00A4 and vimentin. (b) Overexpression of miR-21 treat-
ment upregulates AKT phosphorylation. Cells were collected 1 and 3 h after transfection with Pre-21. The total protein was extracted and subjected
to Western blot assay. *P < 0.05, compared to the pre-miRNA negative control. (c) Overexpression of miR-21 treatment downregulates PTEN.
*P < 0.05, compared to the pre-miRNA negative control.
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Figure 6 Inhibition of miR-21 reduces CsA-induced AKT activation and epithelial-mesenchymal transformation (EMT) gene expression. PTECs were
transfected with miR-21-inhibitor (Anti-21) or a negative control of the inhibitor miRNA (Anti-Ctrl) for 48 h, followed by 6 um CsA treatment for 1 h.
A nontransfected control is shown for comparison (NTC). (a) Anti-21 significantly reduced CsA-induced AKT activation, to levels seen with vehicle
treatment. (b) Anti-21 treatment releases the suppression of CsA on PTEN expression. (c) Anti-21 significantly reduces CsA-induced expression of mes-
enchymal genes a-SMA, vimentin, and S100A4. *P < 0.05 compared to vehicle-treated groups, #P < 0.05 compared to nontransfected control and

Anti-Ctrl treated with CsA.

0.88-fold, P = 0.005), vimentin by 53% (3.89 %+ 0.66-fold
vs 7.91 £ 1.45-fold, P = 0.045), and S100A4 by 35%,
although this was not significant (P = 0.25) (Fig. 6¢).
These results further demonstrate that downregulation of
miR-21 not only affects AKT activation and PTEN suppres-
sion, but dampens the CsA-stimulated expression of mes-
enchymal genes, demonstrating an important functional
role for miR-21 in CsA nephrotoxicity.

CsA-induced miR-21 signaling is independent of ERK
activation

Thum et al. [12] demonstrated that miR-21 levels are selec-
tively increased in fibroblasts of the failing heart, augment-
ing ERK-MAP kinase activity through inhibition of
sprouty homologue 1 (Spryl) in cardiac hypertrophy. ERK
activation also follows stimulation with CsA in other non-
epithelial cell types [37,38]. To this end, we evaluated the
potential of ERK activation in renal epithelial cells. Treat-
ment of PTECs with 6 pm CsA led to a rapid phosphoryla-
tion of ERK with a peak at 15 min (Fig. 7a), which was
specifically blocked by U-0126, the MAPK-specific inhibi-
tor (Fig. 7b). However, inhibition of miR-21 did not affect
CsA-induced ERK activation (Fig. 7c). These results sug-
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gest that CsA-induced expression of miR-21 and associated
mesenchymal changes in epithelial cells are not mediated
by ERK signaling.

Alteration of TGF-p/SMAD? signaling in CsA-induced
miR-21 and phenotypic changes

A number of signaling pathways have been implicated in
CsA nephrotoxicity [20,27,39,40] and in particular, TGF-3
[41]. Further, in the lung, miR-21 regulates fibrosis by
altering SMAD7 and thus TGF-B function by directly
reducing SMAD?7 in epithelial cells [11]. Conversely, TGF-
B itself may induce miR-21 expression in renal epithelial
cells, and blockade of SMAD3 signaling is critical in this
pathway [42]. Thus, we evaluated the contribution of TGF-
B in our in vitro studies. Consistent with previous studies
[27,28], CsA treatment of PTECs induces a significant
increase in active TGF-B1 mRNA expression and TGF-B1
protein release in the media compared to vehicle treatment
at 24 and 48 h after CsA exposure, with a significant
decrease in SMAD7 expression compared to vehicle treat-
ment at 6 h after CsA exposure (data not shown). How-
ever, inhibition of miR-21 with Anti-21 treatment did not
block CsA-induced TGFP transcription (Fig. 8a and b) nor
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Figure 7 CsA-induced ERK activation is independent of miR-21 induction. (a) CsA treatment of PTECs results in rapid phosphorylation of ERK. A rep-
resentative blot from three experiments performed in duplicate is shown. (b) CsA-induced phosphorylation was blocked by U0126, the MAPK-specific
inhibitor. PTECs were pretreated with either vehicle or 10 um U0126 for 1 h, followed by 6 um CsA treatment for 15 min. A representative blot from
three experiments performed in duplicate is shown. *P < 0.05 compared to vehicle-treated cells; #P < 0.05 compared to CsA-treated cells. () Inhibi-
tion of miR-21 function by Anti-21 has no effect on ERK signaling mediated by CsA treatment. PTECs were transfected with Anti-21 or negative con-
trol of inhibitor miRNA (Anti-Ctrl) for 48 h, followed by 6 pm CsA treatment for 15 min. Nontransfected control (NTC) is shown for comparison. A
representative blot is shown for ERK expression. *P < 0.05, compared to vehicle-treated groups.

affect TGFp release into the media (Fig. 8c and d). Nor did
Anti-21 treatment significantly restore CsA-induced
SMAD7 downregulation (Fig. 8¢). Thus, CsA-mediated
miR-21 signaling and phenotypic changes appear to be rel-
atively independent of the effects on TGF-f and suggest a
novel pathway for CsA injury and fibrosis.

Discussion

Renal transplantation provides a substantial benefit to
those with end-stage renal disease with improved morbidity
and mortality compared to dialysis modalities. While
short-term graft survival is excellent, long-term graft sur-
vival continues to be problematic. Late graft loss is multi-
factorial and includes both immune- and nonimmune-
mediated injuries [43]. In this regard, there are a lack of
defined therapies and insights into mechanisms of chronic
injury. miRNAs have been identified as potential regulators
of gene expression and have been identified in mediating
native kidney disease [14,34,44]. In transplantation, miR-
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NAs might provide an opportunity not only to identify
therapeutic targets but to better enhance our understanding
about graft loss. Indeed, recent studies suggest that miR-
NAs may play critical roles such as regulating acute rejec-
tion in heart allografts [45] and kidney allografts [46], in
recipients with chronic allograft nephropathy (defined as
interstitial fibrosis and tubular atrophy) [7,8,47] and in
ischemia/reperfusion injury of the kidney [9,48]. Further
studies are needed to determine their potential impact in
immune monitoring particularly in long-term outcomes.
The chronic use of the CNI cyclosporine A has been
associated with nephrotoxicity, histologically characterized
by interstitial fibrosis, myofibroblast formation, and matrix
deposition [16,49]. Here, we demonstrate for the first time
that renal tubular epithelium exposure to CsA has a pro-
found effect on miRNA expression. Not unlike other trans-
plant-related studies [7,9], there were a large number of
dysregulated miRNAs following a simple manipulation.
This unique profile and differential expression included
only 2 miRNAs that were significantly elevated, miR-124
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Figure 8 Inhibition of miR-21 did not alter CsA-induced TGF-B1 gene or protein expression and SMAD7 expression. PTECs were transfected with
miR-21 inhibitor (Anti-21) or negative control of inhibitor miRNA (Anti-Ctrl) for 24 h, followed by 6 um CsA treatment for 24 or 48 h. A nontransfect-
ed control (NTC) is shown for comparison. TGF-B1 mRNA expression at 24 h (a) and 48 h (b) is unaffected by Anti-21 treatment. TGF-B1 mRNA
expression levels were analyzed using real-time PCR and shown as mean + SEM of fold change. Anti-21 did not change CsA-induced increase of
released TGF-B1 protein levels at 24 h (c) and 48 h (d). Released TGF-B1 protein levels were measured using specific TGF-B1 ELISA kit. The values were
normalized to total protein level in same media. Results are shown as mean + SEM of three independent experiments. () SMAD7 suppression by
CsA is not affected by miR-21 inhibition. SMAD7 was measured by real-time PCR and shown as mean + SEM of fold change. *P < 0.05 compared to

corresponding vehicle treatment.

and miR-21. We chose to focus on miR-21 as recent studies
have implicated miR-21 in regulating fibrosis in a number
of organs and models. For example, in a mouse model of
cardiac hypertrophy, Thum et al. [12] demonstrated that
miR-21 is enriched in cardiac fibroblasts and augments the
MAPK signaling, promoting fibroblast survival and growth
factor secretion while inhibition of miR-21 reduced MAPK
activity and interstitial fibrosis with improved cardiac func-
tion. In the kidney, unilateral urinary obstruction results in
an inflammatory injury with renal dysfunction and upregu-
lation of miR-21 expression primarily in the tubular epithe-
lial cells and blockade of miR-21 attenuated the resulting
fibrosis [14]. These studies again support the notion that
miR-21 is a key control mechanism in tissue fibrosis.

Our focus on human renal proximal tubular epithelium
was based on prior studies of CNI injury [26,49]. While
EMT as a contributor to fibrosis in vivo remains debated
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[50,51], prior studies of CNI injury have supported CsA-
induced EMT of tubular cells as contributing to renal fibro-
genesis [18-20,27,28]. In this regard, we focused on the
CsA-induced mesenchymal phenotypic changes in PTECs
as a key site of molecular regulation of injury. Indeed, we
demonstrate that in a model of chronic injury following
exposure to CsA, miR-21 expression correlates with the
development of injury. Moreover, a reduction in EMT-
associated molecules in cultured cells follows blockade of
miR-21, suggesting a novel strategy to mitigate CNI toxicity
in vivo. Importantly, in situ detection of miR-21 following
CsA toxicity shows dramatic expression throughout the
kidney in a variety of cells both in cortex and medulla
within the epithelium of the kidney. These findings precede
the development of fibrosis, in contrast to those of Glo-
wacki where the highest level of expression was seen with
severe fibrosis [8]. However, a complicating feature of that
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Figure 9 Proposed miR-21-mediated signaling leading to epithelial-
mesenchymal transformation (EMT) in PTECs and kidney injury follow-
ing CsA exposure. Three signaling pathways have been identified for
miR-21 that could that result in mesenchymal transformation with
induction of ST00A4, a-SMA, or vimentin. However, following exposure
of human PTECs to CsA, signaling through miR-21 primarily results in
PTEN suppression and activation of AKT, independent of the effects on
TGF-B signaling or ERK phosphorylation. Abrogation of this pathway
could be clinically pertinent with the use of mTOR inhibition to mitigate
the subsequent induction of genes and proteins associated with cell
growth and differentiation.

study is the concomitant use of CNI throughout the patient
course. Our results implicate an even wider potential for
CsA-mediated injury by miR-21 than previously appreci-
ated, as a potential indicator of occult damage prior to fully
manifested injury.

The cell signaling pathways affected by miR-21 continue
to be understood and are dependent on cell type and ori-
gin. In cardiac fibroblasts, miR-21 regulates the ERK-MAP
kinase signaling pathway through inhibition of sprouty
homologue 1 (Spryl), leading to their activation [12].
However, in lung fibroblasts, increased miR-21 levels pro-
moted the pro-fibrogenic activity of TGF-P1 in lung fibro-
blasts through downregulating the expression of an
inhibitory SMAD?7 [11]. This pathway is biologically sensi-
ble as prior studies have demonstrated that TGF-f induces
EMT [36,52,53] and promotes interstitial fibrosis by regu-
lating matrix molecule production [54,55]. While we detect
signaling via SMAD7/TGEF-f following CsA exposure as
previously reported [28], this pathway is not mediated by
miR-21. Rather, our study demonstrates a new link with
PTEN suppression and increased AKT phosphorylation in
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the kidney (Fig. 9). Furthermore, inhibition of miR-21
reduced CsA-induced AKT phosphorylation. This is not a
global inhibition to other CsA-mediated signaling path-
ways, as inhibition of miR-21 did not affect CsA-induced
upregulation of ERK phosphorylation.

Our results are consistent with other reports of miR-
21-linked PTEN suppression as seen in cardiac fibro-
blasts following ischemic injury [1] and in hepatocellular
carcinoma [31]. As an antagonist of phosphatidylinositol
3-kinase (PI3K), PTEN attenuates signaling molecules
downstream of PI3K [56] and negatively regulates EMT
through antagonism of the PI3K/AKT pathway [57,58].
While we demonstrate an association of miR-21 with
AKT/PTEN signaling, we must be cautious and consider
that miR-21 could target other mRNAs in hPTECs that
are involved in modulating EMT. Further examination
of these networks is warranted. Finally, our work sug-
gests a potential explanation for the beneficial effects of
mTORi in human kidney transplant recipients in long-
term graft function [59] above and beyond the reduc-
tion or avoidance of CNI use via the PTEN pathway
(Fig. 9).

A critical concern with our studies is the specificity of
responses and potential for clinical application. The broad
induction of miRNAs by CsA is not unexpected based on
the current literature in other disease states [44]. Further, a
single miRNA may regulate a wide variety of responses such
that direct inhibition may lead to other unexpected effects
of the treatment [4]. The demonstration that overexpres-
sion of miR-21 is associated with induction of the EMT
markers in cultured cells but not entirely to the level of CsA
alone suggests that this pathway is critical but doesn’t
exclude other contributory pathways. This is similarly sup-
ported by the incomplete abrogation of EMT gene expres-
sion with the anti-miR-21. This latter finding may also be
due to our inability to completely inhibit miR-21 with the
anti-mRNA transfection technique. The function of this
inhibitor is unlike responses using siRNA, in which the
expression of the miRNA is not affected but is functionally
blocked. It is also conceivable that other miRNAs are
induced that have overlapping functions in mediating mes-
enchymal changes, although miR-21 has been the most
often studied.

The ability to avoid nephrotoxicity in the context of
effective immunosuppression remains a critical issue in
transplantation [60]. While TGF-f has been a focus of a
number of studies as a key pro-fibrotic growth factor, its
immunoregulatory properties limits its utility in trans-
plant settings. Identifying tissue-specific targets is thus a
critical task. The use of miRNAs as targets may be ideal,
as there is clear tissue specificity of expression and signal-
ing pathways as noted in this study. Blockade is feasible
as demonstrated by preclinical studies, although these are

243



miRNA-21 and cyclosporine nephrotoxicity

short-term exposures that may not be relevant to the
human condition. Finally, although we have focused on
miR-21, our data indicate other miRNAs with signifi-
cantly altered expression following CsA exposure. These
pathways may have additional contributions to nephro-
toxicity and further investigation into the mechanism of
their responses may warrant an approach of multiple
blockades. This strategy may provide a new avenue to
effectively treat CsA nephrotoxicity.
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