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Transforming growth factor (TGF)-f# is one of the
main fibrogenic cytokines that drives the pathophys-
iology of progressive renal scarring. MicroRNAs (miR-
NAs) are endogenous non-coding RNAs that post-tran-
scriptionally regulate gene expression. We examined
the role of TGF-B—-induced expression of miR-21, miR-
NAs in cell culture models and miRNA expression in
relevant models of renal disease. In vitro, TGF-f3
changed expression of miR-21, miR-214, and miR-145
in rat mesangial cells (CRL-2753) and miR-214, miR-
21, miR-30c, miR-200b, and miR-200c during induc-
tion of epithelial-mesenchymal transition in rat tubu-
lar epithelial cells (NRK52E). miR-214 expression was
robustly modulated in both cell types, whereas in
tubular epithelial cells miR-21 was increased and miR-
200b and miR-200c were decreased by 58% and 48%,
respectively, in response to TGF-f3. TGF-f3 receptor-1
was found to be a target of miR-200b/c and was down-
regulated after overexpression of miR-200c. To assess
the differential expression of these miRNAs in vivo,
we used the anti-Thyl.1 mesangial glomerulonephri-
tis model and the unilateral ureteral obstruction
model in which TGF-f plays a role and also a genetic
model of hypertension, the stroke-prone spontane-
ously hypertensive rat with and without salt loading.
The expressions of miR-214 and miR-21 were signifi-
cantly increased in all in vivo models, showing a pos-
sible miRNA signature of renal damage despite dif-
fering causes. (4Am J Pathol 2011, 179:661-672; DOI:
10.1016/j.ajpath.2011.04.021)

Transforming growth factor (TGF)-B is a critically important
mediator of pathophysiological events in renal disease.’?
Many types of glomerular diseases, including IgA nephrop-
athy and lupus nephritis are characterized by mesangial
cell proliferation,® mesangial matrix expansion, and altera-
tions in extracellular turnover and composition. In the
chronic anti-Thy1.1 model of glomerulonephritis, prolifera-
tion of mesangial cells is followed by the production of
extracellular matrix, leading to chronic glomerulosclerosis
and eventually interstitial fibrosis. Tubulo-interstitial fibrosis
is the common end point of most progressive kidney dis-
eases and results in loss of renal function. The model of
unilateral ureteral obstruction (UUO) has been widely used
as an animal model of tubulo-interstitial disease that is char-
acterized by a mononuclear cell infiltration followed by fi-
broblast proliferation, increased extracellular matrix depo-
sition, and tubule atrophy. These common processes of
fibrosis and sclerosis are known to be driven primarily by
TGF-B along with a host of other cytokines and growth
factors. It is probable therefore that these pathologic pro-
cesses involve interrelated and complex molecular path-
ways in which microRNAs (miRNAs) may play an important
regulatory role.

In humans, decreased renal function is often a compli-
cation of essential hypertension, and hypertension is one of
the most common causes of end-stage renal disease in the
United States.* A rat genetic model of essential hyperten-
sion the stroke-prone, spontaneously hypertensive rat
(SHRSP) also develops renal damage with age.>® The
damage observed is typically vascular smooth muscle hy-
perplasia and tubule atrophy and/or dilation.® Furthermore,
in humans salt sensitivity is common in persons with essen-
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tial hypertension, and, when SHRSPs are challenged with
salt, this increases their systolic blood pressure [not ob-
served in Wistar-Kyoto (WKY) rats] and induces further re-
nal damage compared with WKY rats.”

miRNAs are endogenous non-coding RNAs that are
~22 nucleotides in length and can have structural, enzy-
matic, and regulatory functions.® miRNAs act within the
RNA-induced silencing complex® and can down-regulate
gene expression by binding to the 3'-untranslated region
(UTR) of the mRNA which results in either productive
translational repression or target degradation. miRNAs
are fundamental in development and are expressed in a
tissue-specific manner.’°~'2 However, they have now
been found to play a role in the pathophysiology of many
diverse diseases, including cancer, ' vascular prolif-
erative disease,'® and cardiac hypertrophy.'® It is clear
that many genes contain miRNA binding sequences
within their 3'-UTR, and a single miRNA can “hit” multiple
genes and influence many pathways.® With respect to the
kidneys, a number of studies of miRNA expression have
been conducted.'” 22 They have been shown to be fun-
damentally important in the kidney by several stud-
ies.’2" For example, targeted knockout of DICER, a
protein important in MiIRNA biogenesis, selectively in
podocytes leads to severe proteinuria.? 722 These ani-
mals had marked abnormalities in the glomerulus, includ-
ing foot process effacement, mesangial expansion, and
glomerulosclerosis, which ultimately lead to animal
death. From those studies it appears that several miRNAs
are important for normal kidney homeostasis; miR-30a
was found to be lost in podocytes of DICER knockout
mice compared with controls®® and in mutant glomeruli
where mature miRNAs were knocked out targets of the
miR-30 family were enriched in the up-regulated genes.'®

Several miRNAs have also been shown to have specific
localization within the kidney. With the use of locked nucleic
acid (LNA)—immunostaining in the normal kidney it has
been shown that miR-23b, miR-24, and miR-26a show a
pan glomerular localization®®2"; miR-145 is found in mes-
angial cells®® and vascular smooth muscle cells®; miR-10a
and miR-30c are reported to be tubular specific®®2"; and
miR-126 is detected in the glomerular and peritubular en-
dothelial cells.®® Furthermore, an integrated study of miR-
NAs and gene targets found several miRNAs differentially
regulated, miR-21, miR-31, miR-128, miR-147, and miR-
217, in polycystic kidney disease'”; however, the role of
these differentially expressed miRNAs in polycystic kidney
disease has yet to be shown in vivo.

TGF-B has been shown to stimulate a set of
miRNAs. 82223 miR-192 and miR-377 are up-regulated
in mouse'®22 and human'®22 mesangial cells in vitro in
response to TGF-B and also in vivo in mouse diabetic
models.'®?2 Analysis of the targets has shown that miR-
192 targets SIP1'® and miR-377 targets p21-activated
kinase and superoxide dismutase,?® which results in an
increase in collagen and fibronectin, respectively. In con-
trast TGF-B-stimulated epithelial-mesenchymal transition
(EMT) results in loss of the miR-200 family,?*~2¢ and an
increase in expression targets the E-cadherin repressors
ZEB1 and ZEB2.24726

Because miRNAs have been shown to be essential in
kidney homeostasis, we sought to assign a specific role
for TGF-B in modulation of miRNAs in cell culture and in
vivo with respect to renal pathology. We therefore fo-
cused our analysis on a subset of miRNAs with potential
relevance in this setting (miR-21, miR-214, miR-192, miR-
26b, miR-145, miR-24, miR-30c, and miR-200b/c). We
used two in vitro models to assess TGF-B stimulation of rat
mesangial cells and induction of EMT in rat kidney tubular
epithelial cells. We then investigated the expression of
these miRNAs in the chronic anti-Thy1.1 model of glo-
merulonephritis, the UUO model of interstitial fibrosis,
and a rat genetic model of hypertension, the SHRSP.

Materials and Methods

In Vitro Analysis of miRNA

Rat mesangial cells (CRL-2753) and rat tubular epithelial
cells (NRK52E) were cultured according to American
Type Culture Collection (ATCC; Manassas, VA) instruc-
tions. Cells were serum starved for 48 hours (0.2% fetal
calf serum) before stimulation with 10 ng/mL TGF-B(R&D
Systems, Minneapolis, MN). Total RNA was extracted
from the cells at 24, 48, 72, and 96 hours after stimulation
with the use of miRNeasy kit (Qiagen, Inc., Valencia, CA)
following the manufacturer’s instructions, treated with the
Turbo DNase (Ambion, Austin TX), to eliminate genomic
DNA contamination, and quantified with the use of the
NanoDrop ND-1000 Spectrophotometer (Nano-Drop
Technologies, Wilmington, DE).

In Vitro Analysis of EMT

NRK52E cells were plated in 6-well plates at 8 X 10% cells
per well. Cells were serum starved for 48 hours (0.2%
fetal calf serum) before stimulation with 10 ng/mL TGF-8
(R&D Systems). Total RNA and protein were extracted at
24, 48, 72, and 96 hours after stimulation. RNA was
extracted and treated as before. Immunocytochemistry
was performed with a-smooth muscle actin (a-SMA;
1:500; Abcam, Cambridge, MA) and goat anti-mouse
Alexa Fluro 546 secondary antibody (Invitrogen, Paisley,
UK) with DAPI Prolong Gold mounting media (Invitrogen).
Protein was quantified, and 50 ug was fractionated on
7.5% (for E-cadherin) and 10% (for «-SMA) SDS poly-
acrylamide gels. Proteins were transferred onto nitrocel-
lulose membranes and probed for E-cadherin (1:2000;
BD Biosciences, San Jose, CA) and «-SMA (1:500; Ab-
cam) antibodies. Membranes were exposed with the use
of enhanced chemiluminescence ECL (GE Healthcare,
Chalfont St Giles, Buckingham, UK) and developed using
the X-OMAT 100 (Kodak, Rochester, NY).

TGF-B Inhibition Experiments

TGF-B inhibition experiments were performed with com-
mercially available TGF-B receptor-1 (TGFBR1; Alk5) in-
hibitors A-83-01 and AB525339 (Tocris Bioscience, Bris-
tol, UK) at a concentration of 1 wmol/L. NRK52E cells were



plated at 8 X 10* cells per well. Cells were serum starved
for 48 hours (0.2% fetal calf serum) before adding either
inhibitor or dimethyl sulfoxide (DMSQO; vehicle control) for 1
hour before stimulation with 10 ng/mL TGF-B (R&D Sys-
tems). RNA was extracted and treated as before.

Manipulation of miR-200c Levels

NRK52E cells (ATCC) were plated in 6-well plates at 1 X
10° cells per well. Cells were transfected with cytomeg-
alovirus—pri-miR-200c plasmid with the use of 2 ug of
DNA/3 uL of lipofectamine per well. Lipofectamine:DNA
complex was left on the cells for 5 hours, then supple-
mented with 20% serum containing media. Twenty-four
hours later the cells were washed with PBS, and cells
were replenished with fresh serum-free media. After 48
hours serum-starving cells were stimulated with TGF-B
(10 ng/mL) and left for 72 hours. Total RNA was ex-
tracted as described above, and miR-200c levels were
quantified.

Manipulation of miR-21 and miR-214 Levels

Lentiviral vectors were produced by triple transient trans-
fection of HEK293T cells with a packaging plasmid
(PCMVAB8.74), a plasmid encoding the envelope of ve-
sicular stomatitis virus (kind gift from Adrian J. Thrasher,
London, UK), and the expression plasmid, using polyeth-
ylenimine (Sigma-Aldrich, St Louis, MO) as previously
described.?” Lentiviral titers were ascertained by Tag-
Man real-time quantitative PCR (qPCR) as previously de-
scribed.?® To overexpress the miR-21 and miR-214 the
precursor (pre)-miRNA sequences were obtained from
miRBase (http.//microrna.sanger.ac.uk), codon-optimized,
and manufactured by GeneArt (Regensburg, Germany)
and subsequently cloned into the HinDIll-EcoRV sites of
pcDNA3.1 (Invitrogen). As the Xhol and BamH1 restric-
tion sites were maintained, the pre-miR sequence was
cloned directly into the pLNT/SFFV-MCS plasmid (kind
gift from Adrian J. Thrasher, London, UK) to obtain the
construct pLNT/SFFV-pre-miR.

Reverse Transcription of miRNA

After quantification of DNase-treated RNA, miRNA reverse
transcription was performed with stem-loop reverse tran-
scription primers according to the TagMan MicroRNA As-
say protocol (Applied Biosystems, Foster City, CA). Each
reaction contained 5 ng of extracted total RNA and 50
nmol/L stem-looped reverse transcription primer, specific
for each miRNA. cDNA synthesis was performed on 1 ug of
total RNA with the use of reverse transcription reagents
(Applied Biosystems) following the manufacturer’s protocol.

miRNA and Gene Expression

Real-time qPCR was performed. The amplification step
was performed with specific Tagman miRNA probe or for
gene expression inventoried gene expression-specific
primers (Applied Biosystems) on the Applied Biosystems
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7900 HT real-time PCR system following the manufactur-
er’s instructions. U87 was used as an endogenous con-
trol for the miRNA expression, and rat glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an
endogenous control for gene expression. Results are
shown as RQ = RQ max, calculated with SD.

Northern Blotting

Total RNA was extracted from cells or rat tissues with the
use of miRNeasy Mini kit (Qiagen, Dorking, Surrey, UK).
Three to 10 pg of total RNA was resolved in a 15%
tris-boric acid-EDTA and urea denaturing gel (Invitro-
gen), transferred onto Hyband-NX membrane (GE
Healthcare). After 1-ethyl-3-[3-dimethylaminopropyl]car-
bodiimide hydrochloride (EDC) cross-linking, membranes
were hybridized with 5’-DIG-labeled LNA Mercury probes
(Exigon, Vedbaek, Denmark) at 40°C (miR-21 probe) or
55°C (miR-214 probe and U6) overnight. After post-hybrid-
ization washes, membranes were incubated with anti-
DIG-AP antibody (1:5000; Roche, Burgess Hill, UK) in 1%
blocking reagents (Roche), and signals were detected with
CDP-Star (Sigma-Aldrich) according to the manufacturer’s
instructions.

Prediction of Potential miRNA Targets

A list of targets for miR-21 and miR-214 was obtained
through searching 3'-UTR sequences of rat mRNAs for
the seeds of miRNAs. Rat mRNAs were downloaded from
the USCS Genome Browser (http://genome.ucsc.edu).
For each 3’-UTR, a number of seeds, its flanking nucle-
otides, and position were recorded.?°2° Each list of po-
tential targets was screened with specific criteria, includ-
ing high number of seeds, small distance between
seeds, intersection between the two miRNAs, and phys-
iological function of the targets.?®-%°

Animal Models

All protocols and surgical procedures were approved by
the local animal care committee. Animal experiments
were in accordance with the Animals Scientific Proce-
dures Act UK 1986.

Induction of Mesangial Proliferative
Glomerulonephritis

Male WKY rats (Harlan, Wyton, UK) (7 to 12 weeks old) were
used throughout. All protocols and surgical procedures
were approved by the local animal care committee. Animals
were age matched at sacrifice to minimize age-related dif-
ferences in MIRNA expression. For the induction of mesan-
gial proliferative glomerulonephritis rats were intravenously
infused with 2 mg/kg ER4. For the three-injection protocol
the ER4 was infused three times, 1 week apart. After sacri-
fice, kidneys were removed, and portions were fixed in 10%
formalin or snap frozen and stored at —80°C.

Histologic scoring was adapted from Tomita et al®’
and was performed blind with 50 glomeruli and surround-
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ing tubules scored per section. Glomerular damage was
scored from 0 to 4, with O being 0% to 4% glomerular
lesion, mesangial matrix expansion; 1 being 5% to 24%;
2 being 25% to 49%; 3 being 50% to 74%; and 4 being
>75%. Interstitial lesions were counted as tubular dila-
tion, tubular trophy, basophilia, interstitial inflammation,
and fibrosis and were scored from 0 to 4, with 0 being no
lesion, 1 being <5%, 2 being 5% to 24%, 3 being 25% to
49%, and 4 being =50%.

Unilateral Ureteral Obstruction

Male Wistar rats weighing 200 g were used. Each rat was
initially placed in an induction chamber and exposed to
4% isoflurane and oxygen at a flow rate of 4 L/minute.
Once anesthetized, the rat was transferred to a heated
mat with continued administration of isoflurane at 2% to
2.5%. A midline incision was made with aseptic tech-
nique, and the left kidney was exposed. The left ureter
was isolated by blunt dissection, and two 6-0 silk liga-
tures were tied around it. The incision was re-sutured,
and buprenorphine was administered subcutaneously at
a dose of 30 ug/kg. As a control, a sham operation was
performed, including a laparotomy and handling of the
ureter, only it was not ligated. All rats were sacrificed on
postoperative day 16. After sacrifice, kidneys were re-
moved, and portions were fixed in 10% formalin or snap
frozen and stored at —80°C.

Genetic Rat Model of Hypertension

Inbred colonies of SHRSP and WKY rats have been de-
veloped and maintained at the University of Glasgow
since 1991, as described previously.®2 For salt-loading
experiments, at 18 weeks of age, rats were given a salt
challenge (1% NaCl in drinking water) for 3 weeks. All
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Figure 1. Effect of TGF-B on microRNA expression in cultured rat mesangial
cells. Rat mesangial cells (CRL-2573; RMCs) were stimulated with 10 ng/mL
rTGF-B (R&D Systems) over a 4-day time course. RNA was harvested from
the cells by miReasy kit (Qiagen), and miRNA expression was measured by
specific miRNA Tagman probes (Applied Biosystems) and normalized to
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Figure 2. TGF-B-induced EMT in cultured rat tubular epithelial cells. Rat
tubular epithelial cells (NRK52E; NRK) were stimulated with 10 ng/mL
'TGF-B (R&D Systems) over a 4-day time course. A: Immunocytochemistry
for a-SMA and E-cadherin expression in unstimulated and TGF-B-stimulated
cells (5 days); original magnification, X40. B: E-cadherin gene expression.
Total RNA was extracted with the miRNeasy kit (Qiagen), and E-cadherin
expression was measured by specific rat Tagman probes (Applied Biosys-
tems) and normalized to rat GAPDH. RQ * RQ max. *P < 0.05 and **P < 0.01
versus unstimulated time-matched controls. C: a-SMA protein expression in
cells undergoing EMT. Western blot analysis of cell lysates probed for a-SMA
and B-actin as a loading control. Images underwent densitometry. Mean
volume * SD. *P < 0.01. D: Gene expression of collagen 1 in unstimulated
and TGF-B-stimulated cells. RQ £ RQ max. *P < 0.05, *P < 0.01, and
P < 0.001 compared with unstimulated time-matched control cells.

animals were sacrificed at 21 weeks. After sacrifice, kid-
neys were removed, snap frozen, and stored at —80°C.

Statistical Analysis

All in vitro experiments were performed in triplicate on
three separate occasions. All in vivo work was conducted
in groups of four to six. A standard Student’s t-test was
used to designate significant differences between control
and other groups.

Results

TGF-B Induces Changes in miRNA Profiles in
Renal Cells in Vitro

We first investigated the expression of miRNAs modu-
lated by TGF-B in the rat mesangial cell line CRL-2573



and tubular epithelial cell line NRK52E. Both were stimu-
lated with rTGF-B (10 ng/mL) and assessed for individual
miRNA levels compared with no stimulation. The re-
sponse of mesangial cells to TGF-B stimulation was to
significantly proliferate to levels similar to that seen after
incubation in growth media (see Supplemental Figure
S1A at http://ajp.amjpathol.org). We also found significant
increase in the gene expression of TGF-B and TGFB-R1
(see Supplemental Figure S1, B and C, at http://ajp.
amjpathol.org), showing that cellular levels of TGF-B were
increased after stimulation. Notably, in the mesangial cell
line miR-214 was significantly up-regulated 2 days after
stimulation (P < 0.01) and remained elevated for the time
course with the peak expression of ~16-fold increase at
4 days after stimulation when evaluated in a detailed time
course (Figure 1). miR-21 expression showed a sus-
tained significant increase ~twofold from day 1 to day 3
before dropping to levels below that expressed in time-
matched control cells (Figure 1). No increase in miR-192
was observed (Figure 1), which is in contrast to previous
reports.'®22 This suggests that miR-192 may be differen-
tially regulated or expressed in rat mesangial cells as
assessed by real-time gPCR. Interestingly, miR-145 was
significantly elevated 24 hours after stimulation before
returning to unstimulated levels (Figure 1).

In tubular epithelial cells, TGF-B stimulation resulted in
EMT, characterized by loss of E-cadherin expression,
gain of a-SMA expression and increased collagen pro-
duction (Figure 2, A-D). In response to TGF-B stimulation
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the NRK52E (NRK) cells also increased the expression of
both TGF-B and TGF-BR1 gene expression (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). TGF-B stim-
ulation of the NRK cells resulted in miR-200b and miR-
200c being significantly down-regulated by day 4 of
TGF-B stimulation, with miR-200b and miR-200c being
reduced 58% and 48%, respectively, compared with
time-matched unstimulated controls (Figure 3). miR-192
was not significantly different over the time course (Figure
3), but miR-30c had a significant decrease in expression
24 hours after TGF-B stimulation, which remained for the
time course. However, and similar to data obtained in the
mesangial cells, miR-214 and miR-21 were significantly
up-regulated over the time course in the NRK cells (Fig-
ure 3). To further examine miR-21 and miR-214 expres-
sion we performed Northern blot analyses and found that
over the 5-day time course stimulation of NRK cells with
TGF-B resulted in increased expression of the mature
miR-21 and miR-214 (see Supplemental Figure S3 at
http://ajp.amjpathol.org). Interestingly, when the precur-
sors of the miRs are examined, there is increased expres-
sion of pre-miR-21 after stimulation of cells with TGF-B
(see Supplemental Figure S3 at http://ajp.amjpathol.org).
In contrast no pre-miR-214 could be detected, but there
was very high expression of primary (pri}-miR-214 ex-
pressed in NRK cells at all time points in both unstimu-
lated and stimulated cells (see Supplemental Figure S3 at
http://ajp.amjpathol.org).
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Figure 3. miRNA expression in tubular epithelial cells undergoing EMT. Rat tubular epithelial cells (NRK52E; NRK) were stimulated with 10 ng/mL rTGF-8 (R&D
Systems) over a 4-day time course. RNA was harvested from the cells by miReasy kit (Qiagen), and miRNA expression was measured by specific miRNA Tagman probes
(Applied Biosystems) and normalized to U87. Each graph represents an individual miRNA. RQ = RQ max. *P < 0.05 compared with unstimulated time-matched control cells.
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To examine whether TGF-B directly affected the ex-
pression of miR-21 and miR-214, we sought to block
TGF-B signaling with the use of TGF-BR1 signaling inhib-
itors (SB525339 and A-83-01). Both inhibitors block
downstream activation of the TGF-B signaling cascade,
but they allow binding of TGF-B to TGFRII.33 With the use
of the rat tubular epithelial cells, we serum starved the
cells for 48 hours then treated the cells with SB525339,
A-83-01, or DMSO (vehicle control) for 1 hour before
stimulating the cells with TGF- (10 ng/mL) for 4 days. As
expected cells treated with DMSO had a significant in-
crease in miR-21 and miR-214 expressions in response
to TGF-B stimulation, which was abolished by both inhib-
itors (see Supplemental Figure S4A at http://ajp.
amjpathol.org). Similarly, the TGF-BRI inhibitors also
blocked the loss of the miR-200 family and other TGF-B-
modulated miRNAs in these cells (see Supplemental Fig-
ure S4B at http.//ajp.amjpathol.org). The inhibitor A-83-01
has previously been shown to block EMT induced by
TGF-B,3* and we found that both inhibitors prevented
the loss of E-cadherin expression and increased in
expression of a-SMA and collagen 1a, observed when
the cells undergo EMT (see Supplemental Figure S4C at
http://ajp.amjpathol.org).

To examine the effects of miR-21 and miR-214 alone, we
constructed lentiviruses expressing pre-miR-21 (LNT-miR-
21) and pre-miR-214 (LNT-miR-214) to allow overexpres-
sion of each miRNA and performed experiments in culture
in the absence of TGF-B. Infection of rat tubular epithelial
cells with LNT-miR-21 resulted in an increase of mature
miR-21 expression by ~3.5-fold compared with uninfected
cells or LNT-egfp-infected cells (Figure 4A). Infection with
LNT-miR-214 resulted in a significant increase of ~400-fold
in the levels of mature miR-214 (Figure 4B). The effect of
overexpressing either miR-21 or miR-214 was to induce a
change in EMT-associated markers E-cadherin, a-SMA,
and collagen |, similar to that observed when these cells
undergo EMT in response to TGF-B (Figure 4C). In sum-
mary, our in vitro data show that TGF-g modulates the ex-
pression of several miRNAs in both cell types (miR-214,
miR-21, miR-30c, miR-200b, and miR 200c).

TGFBR1 Is a Target for miR-200c and Is
Modulated by Dynamic Changes in miR-200c
Levels

We examined the potential targets of miR-200b/c (be-
cause these share the same seed sequence). The 3'-
UTR sequences of rat mRNAs for the seeds of miRNAs
(nucleotides 2 to 7) that we were interested in were down-
loaded from the USCS Genome Browser and were
searched for potential targets.'®2* Interestingly, when a
search of targets of miR-200b/c was performed, many
other targets along with ZEB1 and ZEB22*~2° were found
(see Supplemental Table S1 at http://ajp.amjpathol.org).
This list included TGFBR1, which has six seeds for miR-
200b/c within its 3'-UTR, one of which is a 7mer-m8
(position 746) and another a 7mer-1A (position 3755)
(see Supplemental Table S1 at http://ajp.amjpathol.org;
Figure 5A). To investigate whether the miR-200b/c mem-
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bers regulate the expression of TGFBR1 we initially used
the in vitro model of TGF-B-stimulated EMT in rat tubular
epithelial cells. We used plasmid-based transfection to
overexpress miR-200c. miR-21 and miR-200b were used
as controls because TGF-B induced miR-21 expression
and reduced miR-200b expression (Figure 3). In cells
transfected with pri-miR-200c, stimulation with TGF-g re-
sulted in the same pattern, an increase in miR-21 (2.7-
fold increase) and a 64% decrease in miR-200c expres-
sion (Figure 5B). When EMT markers were examined,
overexpression of pri-miR-200c resulted in a significant
decrease in a-SMA and collagen | after stimulation with
TGF-B, which was similar to that observed before.?® Stim-
ulation with TGF-B resulted in a marked reduction in miR-
200c (75%) and a significant induction of TGFB-R1 (P <
0.05; Figure 5B). Overexpression of pri-miR-200c re-
sulted in an approximate sevenfold increase in miR-200c
expression and a marked inhibition (~48%) of TGFBR1
expression (Figure 5). Therefore, the changes in miRNA
associated with TGF-B are reflected in changes in
TGFBR1.
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cells and TP < 0.05 compared with control cells stimulated with TGF-.

Correlation of miRNA Modulation in Vitro in
Models of Renal Disease in Vivo

To address whether miRNAs are modulated during the de-
velopment of glomerulonephritis, we used the rat anti-
Thy1.1 model of mesangial proliferative glomerulonephritis,
which is self-limiting and has a well-characterized progres-
sion.®® We induced mesangial proliferative glomerulone-
phritis in WKY rats, and after sacrifice histologic evaluation
was performed to look at glomerular and tubular lesions. A
single administration of ER4 resulted in mild glomerular
damage (Table 1), which was resolved by 14 days (data not
shown). Kidneys from these animals had limited glomerular
lesions that featured global or segmental mesangial prolif-
eration (Table 1; Figure 6A). Multiple administration of the
ER4 protocol induced more severe histologic changes with
~50% of glomeruli affected and some evidence of tubular
damage in the form of tubular atrophy (Table 1 and Figure
6A). To quantify temporal changes in miRNA we sacrificed
a further group of animals 14 days after final administration
of ER4, which histologically appeared similar to those sac-
rificed at 7 days with the glomerular and tubular scores
remaining similar (Table 1).

We performed TagMan analysis for miRNA expression
in animals that received three injections and sacrificed at
7 days but also in the second group which were sacri-

ficed at 14 days and compared this with age-matched
control animals (Figure 6B). miR-21 and miR-214 expres-
sion was significantly increased at 7 and 14 days com-
pared with controls (Figure 6B). No other miRs tested in
the in vitro setting showed altered expression in this path-
ological setting (Figure 6B). Because we have demon-
strated in vitro that TGF-B was stimulating expression of
miR-21 and miR-214, we sought to evaluate the levels of

Table 1. Histologic Evaluation of Kidney Damage in Anti-Thy1.1
Animals
Glomerular Tubular
Group score score Total
Control 0.25 0.25 0.5
1 X ER4, 7 days 1 0.5 1.5
3 X ER4, 7 days 2 2 4
3 X ER4, 14 days 2.1 1.3 3.4

Histologic scoring of animals used in this study. Scoring was adapted
from Tomita et al.?® Scoring was performed blind (N = 4 to 6 animals per
group) with 50 glomeruli and surrounding tubules scored per section.
Glomerular damage was scored from 0 to 4, with 0 being 0% to 4%
glomerular lesion, mesangial matrix expansion; 1 being 5% to 24%; 2
being 25% to 49%; 3 being 50% to 74%; and 4 being >75%. Interstitial
lesions were counted as tubular dilation, tubular trophy, basophilia, inter-
stitial inflammation, and fibrosis and scored from 0 to 4, with 0 being no
lesion; 1 being <5%, 2 being 5% to 24%, 3 being 25% to 49%, and 4
being =50%.
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TGF-B expression in this animal model. We found that at
7 days and 14 days after injection of the third ER4 there
was a significant increase in TGF-B but no change in
TGFBRI expression (see Supplemental Figure S5 at
http.//ajp.amjpathol.org).

Similarly to the chronic glomerulonephritis model,
TGF-B is the main profibrotic mediator in the UUO
model.®® To examine mMIRNA expression in the UUO
model, we performed a time course. Histologic evaluation
of tissue taken from animals sacrificed at 16 days after
surgery showed moderate interstitial fibrosis (Figure 7A)
and a high level of a-SMA staining in the interstitium
(Figure 7A; see also Supplemental Figure S6 at http.//
ajp.amjpathol.org), suggestive of a large increase in the
number of active myofibroblasts but not the origin. Be-
cause EMT is reported to contribute to the fibroblast
population in this model,” we examined the expression
of a panel of markers known to be indicative of the EMT
process. E-cadherin loss is an integral component of
EMT in our in vitro model; yet, the effects of pathological
insults in vivo on E-cadherin regulation and association
with EMT are less clear. Therefore, we examined E-cad-
herin gene expression and found that it was up-regulated
at this time point along with matrix metalloproteinase 2
and matrix metalloproteinase 14 (see Supplemental Fig-
ure S6 at http://ajp.amjpathol.org). We wanted to detail
how TGF-B expression in the kidney was changing in this
model, so we preformed real-time gPCR and found that
within 3 days of surgery the level of TGF-B expression
was significantly increased to ~3.5-fold that of sham-
operated animals (Figure 7B). Furthermore, the level of
expression increased further when examined at 7 and 14
days after surgery. This confirmed that in the kidneys of
UUO animals the levels of TGF-B have increased (Figure
7B). On the basis of our in vitro model results, we as-
sessed the expression levels of a panel of miRNAs in
whole kidney extracts from UUO and sham-operated an-
imals at 16 days. In similarity with the anti-Thy1.1 animals
miR-21 and miR-214 were significantly up-regulated (six-
fold for miR-21 and 2.5-fold for miR-214) (Figure 7C).
miR-200b was found to be decreased in the UUO kidneys
compared with controls; in addition, several other miR-
NAs were also found to be significantly down-regulated,
miR-192, miR-329, miR-24, miR-26b, and miR-30c (Fig-

ure 7C). TGFB-R1 was also found to be up-regulated at
the gene expression level, which correlates with mem-
bers of the miR-200 family being down-regulated (see
Supplemental Figure S6 at http.//ajp.amjpathol.org). To
examine what happened to miR-21 and miR-214 expres-
sion over time in this model we examined their expression
and found that miR-21 expression had doubled within 3
days and continued to increase over time (Figure 7D).
miR-214 expression was also significantly increased but
only significantly from 7 days after surgery when miR-214
expression was ~2.5-fold higher than that observed in
sham-operated animals. The levels of miR-214 were then
sustained for the time course (Figure 7D). Because we
had observed previously in the in vitro models differences
in the precursors of the miR-21 and miR-214 we per-
formed Northern blot analyses on kidney RNA extracted
from the animals 7 days after surgery (Figure 7E) that we
had also demonstrated had significantly increased
TGF-B expression (Figure 7B). For miR-21 the primary
form of miR was present in all samples but the precursor
form was only present in the UUO samples (Figure 7E).
Mature miR-21 could be detected in all samples but was
expressed higher in the UUO samples (Figure 7E). In
contrast, similar levels of pre- and pri-miR-214 were pres-
ent in both UUO and sham-operated animals. However,
the mature miR-214 levels were increased significantly
only in the UUO animals (Figure 7E).

Because the causes of these two renal diseases are
different but TGF-B plays a role, we examined the expres-
sion of miR-21 and miR-214 in the SHRSP rat to identify if
there is a common miRNA signature in the renal patho-
logical process. We assessed the expression of miR-21
and miR-214 alongside miR-30c, miR-192, and miR-145.
The expression of the miRs was assessed in 21-week
SHRSP rats with established hypertension (systolic blood
pressure > 170 mmHg)® and compared with that ob-
served in age-matched normotensive reference strain
WKY rats (systolic blood pressure < 125 mmHg).® Both
miR-21 (~2.25-fold increased) and miR-214 (~threefold
increased) were significantly increased when SHRSP an-
imals were compared with the reference strain (WKY)
with no change in the other miRs examined (Figure 8).
However, when young 5-week-old animals that are not
hypertensive were assessed for miR-21 and miR-214,
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Figure 7. miRNA expression after UUO. A: His-
tologic analysis of kidneys from sham and UUO
animals for tubulo-interstitial fibrosis by Pico-
Mallory Trichrome and Picro Sirius red (viewed
under cross-polarized light) and a-SMA staining
16 days after surgery. Scale bars: 100 um. B:
TGF-B gene expression in animals undergoing
UUO. Total kidney RNA was extracted with the
use of the miRNeasy kit (Qiagen), and TGF-8
gene expression was measured by specific rat
1 TGF-B gene expression probe (Applied Biosys-
tems) and normalized to GAPDH (rat). RQ = RQ
max. *P < 0.05 and *P < 0.01. C: miRNA ex-
pression in kidneys of sham or UUO animals was
measured by specific miRNA Tagman probes
(Applied Biosystems) and normalized to U87.
RQ * RQ max. *P < 0.05, *P < 0.01, and
##*P < 0.001 compared with sham animals (N = 5).
D: miR-21 and miR-214 expression in UUO ani-
mals over time. Total RNA was extracted with the
use of the miRNeasy kit (Qiagen), and miRNA
expression was measured by specific miRNA Taq-
man probes (Applied Biosystems) and normalized
to U87. RQ * RQ max. *P < 0.05 and *P < 0.01
versus age-matched control sham-operated ani-
mals (N = 3). E: miR-21 and miR-214 expression in
kidney tissue 7 days after surgery. Northern blot
analyses were performed on total kidney RNA ex-
tracted with the use of the miRNeasy kit (Qiagen)
of tissue from UUO and sham-operated animals at
7 days after surgery and probed with 5'-DIG-la-
beled LNA Mercury probes (Exiqon) rat miRNA for
miR-21 and miR-214. U6 was used as a loading
control (Exiquon). Lane 1 indicates Hela cells;
lane 2, RNA ladder; lanes 3 to 5, UUO RNA; lanes
6 to 8, SHAM RNA; and lanes 9 and 10, NRK52E
(NRK) control RNA.
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there was no difference (data not shown), indicating that
these miRs are not altered before the onset of hyperten-
sion or renal damage. Interestingly, the expression of
these miRs was further increased in the SHRSP when
they were challenged with salt (1%), with miR-21 levels
increasing ~14-fold and miR-214 levels increasing by
fourfold. Surprisingly, in the WKY rats that are not salt
sensitive and do not have any renal insufficiency, salt load-
ing significantly increased miR-21 expression by six times
compared with age-matched normal WKY rats. The salt
challenge also resulted in miR-30c and miR-192 being sig-
nificantly increased in both WKY and SHRSP rats, and miR-
145 only being increased in SHRSP. Because we found
increases in miR-21 and miR-214 in the SHRSP compared
with the WKY rats and under salt loading, we investigated
whether an increase in TGF-B is associated with this in-
crease. We therefore measured the level of mRNA for

TGF-B and TGFBRI in tissues and observed that TGF-B was
significantly increased in the SHRSP rats compared with the
WKY rats and further increased under salt loading (see
Supplemental Figure S7 at http.//ajp.amjpathol.org). Further-
more, TGFBRI was also increased under salt loading, sug-
gesting an increase in TGF-B signaling (see Supplemental
Figure S7 at http.//ajp.amjpathol.org).

Discussion

miRNAs have recently been shown to be dysregulated in
many diseases and are thought to contribute to the
pathophysiology of the distinct disease such as cancer
and myocardial infarction. Previously, miR-192 and miR-
377 have been highlighted as being regulated by TGF-3
in mesangial cells and in the diabetic kidney. Here, we
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probes (Applied Biosystems) and normalized to U87. RQ = RQ max. *P <
0.05, *P < 0.01, and **P < 0.001 compared with WKY expression levels;
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establish that the expression of miR-214 and miR-21 are
also regulated by TGF-B. We demonstrate in this study
that TGF-B-induced EMT in a rat tubular epithelial cell
line was blocked by small molecule inhibitors of TGF-B8
signaling. Induction of miR-21 and miR-214 was also
inhibited by these agents. Furthermore, overexpression
of either miR-214 or miR-21 in the absence of TGF-B—
induced EMT-like changes in culture with associated
changes in E-cadherin, a-SMA, and collagen expression.
This underpins an important role for these two miRNAs in
TGF-B signaling-induced EMT in vitro. To underline the
importance of miR-21 and miR-214, both were signifi-
cantly increased in two models of renal disease in vivo in
which TGF-B plays a role in the pathophysiology but also
in a rat model of genetic hypertension shown to have
predominately vascular renal damage. Interestingly,
when these animals were challenged with high salt both
WKY and SHRSP animals showed an increase in miR-21,
whereas miR-214 was only increased further in the salt-
loaded SHRSP animals. Furthermore, because neither
miRNA has differential expression in non-hypertensive
5-week-old SHRSP animals, the change in these miRNAs
illustrates a role in the pathophysiology of hypertension in
this model. The effect of salt loading on WKY miR-21
expression was surprising, but together with the data
from the SHRSP on miR-21 and miR-214 it indicates that
other pathways beyond TGF-B also probably regulate
these miRNAs. Taken together this study shows that the
overexpression of both miR-21 and miR-214 represents a
common signature for renal damage unrelated to its
cause. To further support this a recent study found that
miR-214 is increased in monocytes of patients with
chronic kidney disease.®®

miR-21 overexpression has been shown in mesangial
cells stimulated with glucose (to mimic diabetic nephrop-
athy) to protect the cells from proliferation by the down-
regulation of PTEN, which was verified as a target of
miR-21 in this context.3®* miR-21 is frequently found up-
regulated in response to stress. In cardiac fibrosis the
source of miR-21 has been found to be cardiac fibro-
blasts.*® miR-214 has been found to be up-regulated in
epithelial ovarian carcinomas.*' Furthermore, PTEN has

also been confirmed as a target of miR-214, and in hu-
man ovarian cancer cells an increase in miR-214 induces
cell survival and cisplatin resistance via targeting the
PTEN/Akt pathway.*’ miR-214 has been shown to be
activated by TWIST-1 through an E-box promoter ele-
ment*? and may be involved in the development of spe-
cific neural cell populations; therefore, because TWIST
activation is a key event in EMT, it may be through this
pathway that miR-214 expression is increased in the tu-
bular epithelial cells. However, TGF-B can also drive cells
toward apoptosis, so it is also possible that miR-214 may
mediate the switch between these two cell fates.

In mesangial cells, miR-145 expression was also mea-
sured, because it has been shown to be a mesangial cell
marker,?° and it was rapidly increased in response to
TGF-B but returned to normal levels within 24 hours of
TGF-B stimulation. miR-145 has been shown to act as a
tumor suppressor®® and to prevent proliferation of
smooth muscle cells,** and, because mesangial cells are
specialized smooth muscle cells, the increase in miR-145
may be a protective mechanism.

miR-30c expression was lost in the UUO kidney; pre-
viously, it has been shown to be essential for normal
kidney homoeostasis and targets several genes of impor-
tance in structure and function of the kidney. It has a
tubular expression within the kidney, and whether the
loss of miR-30c was an initiating factor or as a result of the
widespread tubular damage would need to be investi-
gated further.

In similarity to other studies, stimulation of the rat tu-
bular epithelial cell line with TGF-B resulted in EMT and a
loss of the expression of the miR-200 family members
miR-200b and miR-200c. Elegant studies have previously
shown that miR-200 family overexpression prevents EMT
induced by TGF-B by binding to their targets ZEB1 and
ZEB2, which are transcriptional repressors of E-cad-
herin.?472% |oss of the miR-200 family results in an in-
crease in ZEB1 and ZEB2 expression and loss of E-
cadherin and subsequent induction of EMT.?472% |n the
UUO animals, miR-200b was significantly down-regulat-
ed; this could be an indicator that EMT is occurring in this
model and contributing to the myofibroblast cell number.
However, E-cadherin expression was up-regulated in this
model at this time point (see Supplemental Figure S6 at
http.//ajp.amjpathol.org), which has been reported be-
fore?® and is in contrast to what was observed in the in
vitro model in which E-cadherin was down-regulated. Tar-
get analysis of miR-200b and miR-200c found that
TGFBR1 was a target for these miRNAs with six seed
matches in the rat. This study shows that TGFBR1 is a
target of the miR-200 family and suggests the miR-200
family are important regulators of TGF-8 signaling, being
able to influence multiple parts of the signaling pathway.
In the UUO model in which EMT of tubular epithelial cells
has been reported to occur®” and contribute to the myo-
fibroblast population, we wanted to examine the expres-
sion of miR-200b and miR-200c. In animals 16 days after
UUOQ, the expression of miR-200b was significantly down-
regulated, and miR-200c was reduced. This may further
suggest that the loss of the miR-200 family is pathophysi-
ologically important in tubule-interstitial fibrosis, especially
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because miR-200b has been shown to have a tubular
location within the kidney.?°

This study for the first time shows that miR-21 and
miR-214 may represent a miRNA signature of renal dam-
age and both these miRNAs can be regulated by TGF-B8
in a cell-specific manner.
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