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MicroRNA-29c Is a Signature MicroRNA under High Glucose
Conditions That Targets Sprouty Homolog 1, and Its in Vivo
Knockdown Prevents Progression of Diabetic Nephropathy™
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Although several recent publications have suggested that
microRNAs contribute to the pathogenesis of diabetic nephrop-
athy, the role of miRNAs in vivo still remains poorly understood.
Using an integrated in vitro and in vivo comparative miRNA
expression array, we identified miR-29c as a signature miRNA in
the diabetic environment. We validated our profiling array data
by examining miR-29c expression in the kidney glomeruli
obtained from db/db mice in vivo and in kidney microvascular
endothelial cells and podocytes treated with high glucose in
vitro. Functionally, we found that miR-29c induces cell apopto-
sis and increases extracellular matrix protein accumulation.
Indeed, forced expression of miR-29c¢ strongly induced podo-
cyte apoptosis. Conversely, knockdown of miR-29c prevented
high glucose-induced cell apoptosis. We also identified Sprouty
homolog 1 (Spryl) as a direct target of miR-29c¢ with a nearly
perfect complementarity between miR-29¢ and the 3'-untrans-
lated region (UTR) of mouse Spryl. Expression of miR-29c
decreased the luciferase activity of Spryl when co-transfected
with the mouse SpryI 3’-UTR reporter construct. Overexpres-
sion of miR-29c¢ decreased the levels of Spryl protein and pro-
moted activation of Rho kinase. Importantly, knockdown of
miR-29c by a specific antisense oligonucleotide significantly
reduced albuminuria and kidney mesangial matrix accumu-
lation in the db/db mice model in vivo. These findings iden-
tify miR-29c as a novel target in diabetic nephropathy and
provide new insights into the role of miR-29c in a previously
unrecognized signaling cascade involving Spryl and Rho
kinase activation.

MicroRNAs (miRNAs)* comprise a broad class of small non-
coding RNAs that negatively regulate gene expression by base-
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pairing to partially complementary sites in the 3'-untranslated
regions (UTR) of specific target mRNAs (1, 2). An emerging
body of evidence suggests that miRNAs serve as important
therapeutic targets in a wide range of complex human diseases,
including cancer and cardiovascular diseases, by targeting mul-
tiple transcripts (3—6). Recent studies have also revealed the
involvement of miRNAs in diabetic nephropathy (DN) (7-9).
However, despite the growing evidence for the regulatory
effects of miRNAs in DN, limited information is available on the
consequences of modulating miRNAs expression in vivo.

We hypothesized that an unbiased global miRNA expression
profiling might reveal novel miRNAs, which may play critical
regulatory roles in the pathogenesis of DN. Accordingly, by
using an integrated in vitro and in vivo comparative miRNA
expression profiling, we identified up-regulated miR-29c¢ as a
signature miRNA in the diabetic environment.

Previously published work suggested that down-regulation
of miR-29c¢ resulted in cardiac fibrosis (10, 11). In contrast,
herein we identified miR-29c as a signature miRNA in the dia-
betic milieu whose expression was increased in hyperglycemic
conditions both in vitro and in vivo. Thus, our objective was to
explore the role of increased miR-29c expression in DN.

We found that miR-29c targets Sprouty homolog 1 (Spryl) in
hyperglycemic conditions. Spryl is a cytoplasmic protein that
plays a critical role in kidney development (12—14) and is pri-
marily known to inhibit the Ras/MEK/ERK pathway (15, 16).
Spryl and its related proteins have also been implicated as neg-
ative regulators of RhoA and its downstream effector Rho
kinase through the non-canonical Wnt signaling (17-19).
Importantly, Rho kinase plays a key role in DN (20-23).
Published studies from our laboratory and others have
shown that pharmacological inhibition of Rho kinase in
experimental models of diabetes results in a significant
reduction in albuminuria and accumulation of glomerular
matrix accumulation (22, 23). At the cellular level, Rho
kinase has been implicated in cell proliferation, fibrosis, and
apoptosis via multiple signaling pathways (24 -26). How-
ever, the mechanisms that regulate Rho kinase activation in
DN are not fully understood.

Here, we report the identification of miR-29c¢ as a signature
miRNA in DN. Together with functional studies, our results
establish the role of miR-29c as a key miRNA governing kidney
remodeling through a coordinated coupling of Spryl with Rho
kinase activation.
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EXPERIMENTAL PROCEDURES

Cell Lines—Conditionally immortalized mouse podocytes
were kindly provided by Dr. Jochen Reiser (University of
Miami, Miami, FL) and cultured as reported previously (27).
Briefly, podocytes were cultured on BD BioCoat Collagen I
plates (BD Biosciences) at 33 °C in the presence of 20 units/ml
mouse recombinant IFN-+ (Invitrogen) to enhance expression
of a thermosensitive T antigen. To induce differentiation,
podocytes were maintained at 37 °C without IFN-vy for 10-12
days. A conditionally immortalized renal microvascular endo-
thelial cell line was a kind gift of Dr. Robert Langley (M.D.
Anderson Cancer Center, University of Texas, Houston, TX)
(28). Mouse mesangial cells (CRL-1927) were purchased from
ATCC and cultured as reported previously (22).

miRNA Extraction and Microarray Analysis—miRNAs were
extracted using the miRNeasy mini kit (Qiagen) according to
the manufacturer’s instructions. The miRNA microarray was
performed using upParaflo microfluidic chips (LC Sciences,
Houston, TX). Data were analyzed by normalizing the signals
using a LOWESS filter (locally weighted regression) (29). For
two-color experiments, the ratio of the two sets of detected
signals (log2-transformed, balanced) and p values of the Stu-
dent’s ¢ test were calculated. Those with p < 0.05 were consid-
ered as differentially expressed miRNAs.

Real-time RT-PCR and Northern Blot for miRNAs—miR-
CURY LNA universal RT microRNA PCR system (Exiqon,
Woburn, MA) was used in conjunction with qPCR and SYBR
Green supermix (Bio-Rad) for quantification of miRNA tran-
scripts according to the manufacturer’s instructions. U6
snRNA was used as an internal control with the following prim-
ers: 5'-CGCTTCGGCAGCACATATAC-3" (forward) and
5'-TTCACGAATTTGCGTGTCAT-3" (reverse). The reac-
tions were incubated in a 96-well plate at 95 °C for 3 min fol-
lowed by 40 cycles of 95 °C for 10 s and 60 °C for 1 min. Indi-
vidual samples were run in triplicate, and each experiment was
repeated at least three times. Relative gene expression was cal-
culated using the 2~ <" method (30). Northern blots were
carried out using [y-**P]ATP (PerkinElmer Life Sciences) end-
labeled miRNA locked nucleic acid (LNA) probes (Exiqon) (31).

Computational Targeted Gene Predictions of miR-29c—The
full-length mRNA of mouse Spryl (NM_011896) was obtained
from the National Center for Biotechnology Information
(NCBI) database. The miRNA sequence database (miRBase)
was obtained from the University of Manchester. Three sepa-
rate algorithms (miRanda, TargetScan, and PicTar) were used
to assess potential targets sites for miR-29c. The RNA Hybrid
program (32) was used to predict the secondary structure of the
RNA/miRNA duplex.

Plasmids, Mutagenesis, Transfection, and Luciferase Reporter
Assays—The 3'-UTR of the mouse Spryl gene (NM_011896)
was amplified from podocyte genomic DNA by PCR using the
HotMaster Taq DNA polymerase (5 PRIME), with the
following primers: 5'-GTCTCGAGCGGTGTTGGTCTTCA-
CATCAGA-3’ (forward) and 5'-GAGAATTCAGACATGAG-
TACATTTCAACAGTC-3' (reverse). The 1048-bp PCR prod-
uct was cloned between the Xhol and EcoRI site of the
luciferase reporter vector 3.1-luc, kindly provided by Dr. Ralph

11838 JOURNAL OF BIOLOGICAL CHEMISTRY

Nicholas (Dartmouth Medical School, Hanover, NH) (33), to
generate 3.1-luc-Spryl. Putative miR-29c¢ binding site
UGGUGCU (nucleotides 773-779) was mutated into GAU-
GUGC by oligonucleotide-directed PCR. The open reading
frame (without the 3'-UTR) of mouse SpryI gene was amplified
from podocyte genomic DNA by PCR with the following
primers: 5'-GTGAATTCGATTCCCCAAGTCAGCATGG-
CGCCAC-3" (forward) and 5-ACGGATCCTCATGA-
CAGTTTGCCCTGAGCTTGA-3’ (reverse). The 942-bp PCR
product was cloned between the EcoRI and Sall site of a modi-
fied FLAG-tagged mammalian expression vector pRK5 (34) to
generate FLAG-Spryl. Mouse miR-29c precursor was ampli-
fied from mouse podocyte genomic DNA by PCR using
AccuPrime Tagq DNA Polymerase High Fidelity (Invitrogen),
with the following primers: 5'-GACTCGAGGACTGAGATC-
CATGGAGCACC-3’ (forward) and 5'-GAGAATTCGACTT-
GAAGTTAGGAACTGGATC-3' (reverse). The 310-bp PCR
product was cloned between the Xhol and EcoRI site of lenti-
viral vector pLB2 CAG P2Gm (Addgene, Cambridge, MA) to
generate pLB2-CAG-miR29c. All constructs were verified by
sequencing. The pEGP-miR-29¢ was obtained from Cell Bio-
labs (San Diego, CA). The luciferase reporter vector pGL4.10
[luc2] was from Promega.

Pre-miRNA precursor and anti-miR miRNA molecules were
purchased from Ambion (Austin, TX). These include: pre-miR
negative control 1 (AM17110); pre-miR-29c (AM17100); anti-
miRNA inhibitor negative control 1 (AM17010); and anti-miR-
29¢ (AM10518). Spryl siRNA was purchased from Santa Cruz
Biotechnology. miRNA mimics, miRNA inhibitors, and siRNAs
were transfected into podocytes using Lipofectamine 2000
(Invitrogen) at a final concentration of 30 nm.

For experiments using 3.1-luc luciferase reporter constructs
invitro, 2.0 X 10° podocytes were plated onto 10-cm plates and
well differentiated for 7-10 days. 4.0 ug of 3.1-luc empty vector
or 3.1-luc-Spry1 construct, 200 ng of pSV-B-gal control vector
(Promega), and 30 nMm pre-miRNA mimics were transfected
using Lipofectamine 2000 (Invitrogen). Following 48 h of trans-
fections, luciferase activity was measured using a Dual-Glo
luciferase reporter assay kit (Promega) on a FLUOstar Omega
luminometer (BMG Labtech, Cary, NC) as reported previously
(35), using B-gal as internal control.

Lentivirus-mediated miR-29c Expression in Podocytes and
Mesangial Cells—Lentiviral miR-29¢ and control lentivirus
were prepared from lentiviral construct pLB2-CAG-miR29c or
empty pLB2-CAG-P2Gm vector by the Gene Vector Core Lab-
oratory at the Baylor College of Medicine. Lentiviral constructs
were then used to infect undifferentiated podocytes with 0.8
mg/ml Polybrene (Sigma) and were subsequently selected with
1 pg/ml puromycin (Sigma) in the presence of 20 units/ml
IFN-v at 33 °C. Mouse mesangial cells were also infected with
the same lentiviral constructs and selected with 1 pg/ml puro-
mycin at 37 °C. Overexpression of miR-29c in the stable cells
was confirmed by real-time qPCR analysis of miR-29c.

RT-gPCR—Total RNA was extracted using TRIzol Reagent
(Invitrogen). First-strand c¢cDNAs were generated using
iScript cDNA Synthesis Kit (Bio-Rad). SYBR Green-based
qPCR on a DNA Engine Opticon (Bio-Rad) were used to
analyze the relative expression levels of the following genes
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with the following primer sets: fibronectin (Fnl), 5'-GCGG-
TTGTCTGACGCTGGCT-3' (forward) and 5'-TGGGTTCA-
GCAGCCCCAGGT-3' (reverse); GAPDH, 5'-CCTTCATTG-
ACCTCAACTAC-3' (forward) and 5'-GGAAGGCCATGCC-
AGTGAGC-3' (reverse).

Immunofluorescence Microscopy—Immunofluorescent stain-
ing was performed as described previously (9, 36). Briefly,
expression of miR-29¢ and endogenous Spryl in the stable
Lenti-miR-29c-infected podocytes were detected using GFP
and anti-Spry1 antibodies (Santa Cruz Biotechnology). Cover-
slips were imaged on an Applied Precision SoftWoRx Image
using a deconvolution restoration microscope. For immuno-
staining, rabbit anti-Spryl and anti-fibronectin antibodies
(Santa Cruz Biotechnology) were used. Sections were incu-
bated at 4 °C overnight. Sections were imaged on a Zeiss LSM
510 inverted laser scanning microscope.

Animal Studies—All animal studies were conducted accord-
ing to the “Principles of Laboratory Animal Care” (National
Institutes of Health publication number 85023, revised 1985)
and the guidelines of the Institutional Animal Care and Use
Committee (IACUC) of the Baylor College of Medicine. The
diabetic db/db mice and their control littermates db/m mice
were obtained from The Jackson Laboratory (Bar Harbor, ME).
All animals were maintained on a normal chow diet and housed
in a room with a 12:12-h light/dark cycle and an ambient tem-
perature of 22 °C. Kidney glomeruli were isolated by perfusion
using Dynabeads (Invitrogen) as described previously (37). For
biochemical and histological analyses, mice were housed in
individual metabolic cages for collection of urine. Urinary albu-
min and creatinine were measured using the Albuwell M and
Creatinine Companion assay kits (Exocell, Philadelphia, PA),
respectively. Blood glucose was measured after a 12-h fast using
the OneTouch UltraSmart blood glucose meter (Lifescan, Mil-
pitas, CA). For morphometric studies, the kidneys were fixed in
10% neutral buffered formalin and subsequently embedded in
paraffin. The 4-um sections of paraffin-embedded tissues were
stained with periodic acid-Schiff. Light microscopic views of 50
consecutive glomerular cross-sections per mouse were scanned
into a computer. Mesangial matrix was quantified in a blinded
fashion using an image analysis system (MetaMorph version
6.1; Universal Imaging). The mesangial matrix index was calcu-
lated as the ratio of mesangial area to glomerular area X 100
(percentage of area) as described previously (22).

miR-29¢c ASO Microinjection in Vivo—Chemically modified
antisense RNA oligonucleotides (ASOs) complementary to the
mature miR-29c sequence were used to inhibit miR-29c activity
in vivo as suggested previously (10, 38, 39). The miR-29¢ ASO
sequence was: 5'-AUAACCGAUUUCAAAUGGUGCUA-3';
the miR-29¢ mismatch control sequence was: 5'-AUAUC-
CCAUAUCUAAUCGAGCUA-3'. All oligonucleotides were
2'-O-methyl-modified and purified through HPLC (Sigma-Ge-
nosys), and all oligonucleotides were free of endotoxin for in
vivo delivery. miR-29¢ ASO or miR-29¢ mismatch control oli-
gonucleotides were injected at 80 ug/g of body weight intra-
peritoneally into 8-week-old db/db mice (n = 5) every other
week (10, 40, 41). Body weight and blood glucose were moni-
tored, and 24-h urine samples were collected every week. Mice
were sacrificed after 12 weeks of treatment.
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Assessment of Apoptosis and Mesangial Matrix Expansion—
TUNEL assays were carried out using the ApopTag fluorescein
in situ apoptosis detection kit (Millipore) as described previ-
ously (42). Caspase-3 activation assay was performed using the
Caspase-3 assay kit (Millipore) in accordance with the manu-
facturer’s instructions. Analysis of apoptosis in live cells by flow
cytometry was performed as described previously (43). Briefly,
transfected podocytes were serum-starved overnight before
treating with normal or high glucose for 36 h. Cells were then
resuspended in 0.5 ml of FACS binding buffer (Hanks’ bal-
anced salt solution containing 5 mm Ca** and Mg>* with 1%
BSA) and counterstained with Sytox Red and annexin
V-phycoerythrin (Invitrogen) for 15 min at room tempera-
ture. At last, samples were run on a Cantoll flow cytometer
(BD Biosciences).

Rho Kinase Activation Assay—Rho kinase activity was mea-
sured as described previously (22). Briefly, kidney cortex or
podocytes were lysed in radioimmune precipitation buffer
(Sigma). To assess Rho kinase activity, 500 ng of myosin phos-
phatase target subunit 1 (MYPT1) (654-880, Millipore) and
Tris/ATP (final concentration: 1 mm ATP, 50 mMm Tris-HCI, 0.1
mMEGTA, 0.1 M DTT, 10 mm MgCl,) were added to the lysate.
The lysates were incubated for 30 min at 30 °C. The reaction
was stopped by adding 2X Laemmli sample buffer (Bio-Rad)
and by subsequent boiling for 5 min. Phosphorylation of
MYPT1 by Rho kinase was detected by running the samples on
an SDS-PAGE gel and by subsequent immunoblotting with an
anti-phospho-MYPT1 (Thr-850, Millipore). As a loading con-
trol, internal B-actin was detected by immunoblotting with an
anti-B-actin antibody (Sigma). Appropriate DyLight Fluor-
conjugated secondary antibodies (Thermo Fisher Scientific)
were chosen for signal detection on an Odyssey infrared imager
(LI-COR Biosciences, Lincoln, NE).

Statistical Analysis—All data are shown as mean = S.E. Sta-
tistical significance was assessed by performing analysis of vari-
ance followed by the Tukey-Kramer post hoc analysis for mul-
tiple comparisons using an « value of 0.05 in GraphPad Prism
software (San Diego, CA). Western blot signals were quanti-
tated using software National Institutes of Health Image] ver-
sion 1.42q.

RESULTS

Comparative miRNA Profiling Reveals Up-regulation of miR-
29c in Hyperglycemic Conditions Both in Vitro and in Vivo—
We have previously described an unbiased approach to identify
regulatory miRNAs in DN by examining the expression profiles
of miRNAs in samples obtained from glomeruli from db/db
mice, an established mouse model of type 2 diabetes, and in
kidney cell lines exposed to hyperglycemic conditions (9). Here,
by employing an integrated in vitro and in vivo approach, we
analyzed the expression of miRNAs at several time points (6, 12,
and 24 h) following stimulation with high glucose (25 mwm) in
cultured podocytes and kidney microvascular endothelial cells
as well as in glomeruli from diabetic db/db mice at 24 weeks of
age when the animals develop biochemical and histological
changes consistent with DN. We found that nine miRNAs were
differentially up-regulated in our experimental conditions both
in vitro and in vivo (Fig. 1, Table 1 and supplemental Table 1).
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Among these up-regulated miRNAs, we focused on miR-29c¢,
which was differentially expressed in all samples with a signifi-
cant fold of induction in our experimental models both in vitro
and in vivo.

Northern blot analysis of multiple mouse tissues from con-
trol db/m mice for miR-29c¢ indicated that the expression of
miR-29c was highest in the brain and lung with significant
expression patterns in the kidney and the heart (Fig. 24). Next,
we validated our preliminary profiling data on miR-29¢ in the
db/db model of DN by Northern blot. miR-29c levels were sig-
nificantly increased in the kidney glomeruli from db/db dia-
betic mice as compared with their littermates db/m mice (Fig.
2B). Northern blot analysis also indicated increased miR-29¢
expression in several other tissues in db/db mice (supplemental
Fig. S1). Similarly, in the streptozotocin-induced murine model
of DN, miR-29c expression in the kidney was also significantly
increased (supplemental Fig. S2). Using qPCR analysis, we con-
firmed that the expression level of miR-29¢ was about 3-fold
higher in the kidney cortices of db/db mice as compared with
that in db/m control mice (Fig. 2C).

Glomeruli (db/db mice)
58

9
HG-treated
HG-treated kidney Podocytes
endothelial cells 4)
149

FIGURE 1. miRNA expression profiling under hyperglycemic conditions in
vitro and in vivo. Comparative microarray analysis indicated that nine
miRNAs were differentially up-regulated within all samples. Specifically, 58
miRNAs were up-regulated in db/db glomeruli, 149 miRNAs were up-regu-
lated in high glucose (HG)-treated kidney microvascular endothelial cells,and
42 miRNAs were up-regulated in podocytes treated with HG (25 mm) for 24 h
as compared with normal glucose conditions.

TABLE 1

We also validated the expression levels of miR-29c in kidney
podocytes and kidney microvascular endothelial cells stimu-
lated with high glucose (25 mm). Northern blot analysis indi-
cated that miR-29c was significantly increased following 24 h of
exposure to high glucose (Fig. 2D). Similarly, real-time qPCR
analysis demonstrated that high glucose treatment led to
~3-fold increase in miR-29c expression in podocytes and kid-
ney microvascular endothelial cells, whereas mannitol had no
effect on miR-29c expression (Fig. 2E and supplemental Fig.
S3). Taken together, these findings validated our initial obser-
vations confirming that miR-29c is up-regulated in response to
hyperglycemic conditions both in vitro and in vivo.

Spryl Is the Target of miR-29c under Hyperglycemic Condi-
tions—W e next set out to identify the potential target(s) of miR-
29c under hyperglycemic conditions. There were at least six
previously reported targets for the miR-29 family members,
which include: DNA methyltransferase 3 (44), Mcl-1 (45, 46),
collagen (10, 47, 48), phosphatidylinositol 3-kinase (49), CDK6
(50), and YY1 (51). By using TargetScan v5.1 and PicTar target
prediction algorithms, we identified Sprouty homolog 1 (Spry1)
as another potential target of miR-29, which has not been pre-
viously experimentally validated and was known to play a crit-
ical role in the kidney development and remodeling (12-14).
We found that there was a highly conserved binding site for
miR-29c¢ in the 3'-UTR region of Spryl in several species (Fig.
3A, upper panel). Fig. 3A also shows the alignment between
miR-29c and 3'-UTR of mouse Spryl. The 3'-UTR of the mouse
Spryl gene contains a 7-mer (UGGUGCU), which is perfectly
complementary to the seed region of miR-29c. The minimum
free energy predicted for hybridization with the SpryI 3'-UTR
and miR-29c at this site was AG = —21.6 kcal mol ", consistent
with an authentic miRNA targeting (52). As predicted by RNA
Hybrid analysis, miR-29¢ and its binding site in Spryl could
potentially form a very stable secondary structure (Fig. 3B).
Thus, we hypothesized that Spryl might serve as a target for
miR-29c in the diabetic milieu.

To address whether binding of miR-29¢ to Spryl mRNA
leads to its translational suppression, we cloned 3'-UTR of the
mouse Spryl gene into luciferase reporter vector 3.1-luc (33).
We also generated a mutant where the putative miR-29c¢ bind-
ing site UGGUGCU was mutated into GAUGUGC. Transient
co-transfection of miR-29¢ mimics with luciferase expression
plasmids resulted in a significant repression of luciferase

Identification of nine miRNAs that are differentially up-regulated in db/db glomeruliand high glucose-treated kidney microvascular endothelial

cells and cultured podocytes

The relative expression of the up-regulated miRNAs is shown. All data are expressed as the mean signal intensity. Log2 represents mean signal intensity of Group2/Groupl.
miRNAs are listed in the order of their log2 differences based on values obtained from kidney glomeruli (from high to low).

Mouse kidney microvascular Mouse
Kidney glomeruli endothelial cells cultured podocytes
Groupl Group2 Groupl Groupl
miRNA ID (db/m) (db/db) Log2 p (NG) Group2 (HG) Log2 P (NG) Group2 (HG) Log2 p
mmu-miR-192 361 1,902 2.40 0.002 90 190 2.40 0.004 133 492 1.88 0.050
mmu-miR-29¢ 395 1,693 2.10 0.002 67 693 3.37 0.005 292 417 0.51 0.049
mmu-miR-26b 168 387 1.21 0.005 1,132 1,914 0.76 0.003 4,826 8,336 0.79 0.042
mmu-miR-1196 189 318 0.75 0.016 162 411 1.35 0.001 282 793 1.49 0.000
mmu-miR-1195 165 266 0.69 0.004 286 741 1.38 0.006 580 750 0.37 0.032
mmu-miR-200b 142 217 0.61 0.015 95 503 2.40 0.005 1,871 3,756 1.01 0.007
mmu-let-7g 1,235 1,890 0.61 0.007 2,162 3,269 0.60 0.010 935 2,071 1.15 0.023
mmu-miR-200a 182 265 0.54 0.016 212 547 1.37 0.027 322 990 1.62 0.017
mmu-miR-705 557 716 0.36 0.013 243 336 047 0.006 11,928 20,979 0.81 0.001
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FIGURE 2. Up-regulation of miR-29c expression in vivo and in vitro. A,
expression of miR-29c¢ in different tissues of a control db/m mouse as detected
by Northern blot analysis. U6 snRNA served as a loading control. B, Northern
blot analysis shows representative results from glomerular miR-29c expres-
sion in control db/m and diabetic db/db mice. C, real-time gPCR analysis
shows glomerular miR-29c expression in control db/m and diabetic db/db
mice. Measured transcript levels were normalized to U6 snRNA expression.
Data are shown as mean * S.E. (n = 5). D, Northern blot analysis shows
representative results of miR-29¢ expression in cultured podocytes
treated with normal glucose (NG, 5 mm) or HG (25 mm) for 24 h. E, real-time
gPCR analysis shows miR-29c expression in podocytes treated with high
glucose (25 mm) for 24 h as compared with podocytes treated with either
normal glucose (5 mm) or mannitol (25 mm) for 24 h. Measured transcript
levels were normalized to U6 snRNA expression. Data are shown as
mean = S.E. (n = 3).

reporter gene in podocytes, whereas transfection of cells with
miRNA control mimics (negative control) did not have any
effect on the expression of luciferase (Fig. 3C). However,
mutations within the seed sequence binding site of SpryI abro-
gated the effect of miR-29¢ mimics (Fig. 3C). These results sug-
gest that miR-29c directly targets and inhibits Spry1 by binding
to the 3’-UTR binding site of SpryI.

To further provide evidence that Spry1 is a target of miR-29c,
we generated a stable podocyte cell line overexpressing miR-
29c¢ (Lenti-miR-29c) by taking advantage of a recently described
lentivirus system (53). To this end, mouse primary miR-29c
transcript was subcloned into the 3’-UTR of a dual selection
cassette that consisted of a puromycin-N-acetyl-transferase
gene fused to a segment of the foot-and-mouth disease virus 2A
peptide followed by GFP. A woodchuck hepatitis post-tran-
scriptional regulatory element (WPRE) was also incorporated
for optimal gene expression (54). Expression of the whole Puro-
2A-GFP-miR-29c cassette is driven in this system by the
CAGGS (CMV enhancer-chicken B-actin-globin intron pro-
moter) (Fig. 4A). Using RT-PCR analysis, we confirmed that the
expression of miR-29¢ in this stable podocyte cell line was
~2.3-fold higher than that in the control podocytes infected
with the lentiviral vector alone (Lenti-CAG) (Fig. 4B). Using
immunofluorescence microscopy, we addressed whether miR-
29c¢ overexpression had an inhibitory effect on endogenous
Spryl protein expression. As shown in Fig. 4C, we observed
significantly reduced fluorescent immunoreactivity of Spryl in
the stable podocyte cell line infected with lentiviral miR-29c as
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compared with control podocytes (Fig. 4, C and D). This result
suggests that miR-29c¢ down-regulates Spryl expression in
podocytes.

We next used Lenti-miR-29c-infected podocytes to address
whether miR-29¢ overexpression down-regulates Spryl pro-
tein expression by using Western blot analysis. We found that
high glucose treatment (25 mm) significantly decreased Spryl
protein levels in Lenti-CAG-infected podocytes, whereas over-
expression of miR-29¢ with Lenti-miR-29¢ reduced Spry1 pro-
tein in both normal glucose-treated and high glucose-treated
podocytes (supplemental Fig. S4). To further examine the effect
of miR-29c¢ on Spryl, we next transfected podocytes with miR-
29c¢ mimics or inhibitors and then treated podocytes with high
glucose (25 mu for 24 h). Spryl immunoblot of the whole cell
lysate confirmed that high glucose treatment, as well as miR-
29¢ mimics, significantly down-regulated Spryl expression
(Fig. 4, E and F). Importantly, high glucose-induced down-reg-
ulation of Spryl was reversed when podocytes were co-trans-
fected with a miR-29c inhibitor (Fig. 4, E and F). Taken
together, these findings indicate that high glucose down-regu-
lates Spryl protein expression through a miR-29c-regulated
pathway.

miR-29c Promotes Cell Apoptosis and Increased Fibronectin
Synthesis by Targeting Spryl—Because DN is characterized by
increased frequency of apoptosis in podocytes (55, 56), we
asked whether miR-29¢ might be an active component of the
apoptotic pathway in podocytes. Stable transfection of miR-29¢
with Lenti-miR-29c¢ in podocytes resulted in more than 2-fold
increase in apoptosis as assayed by flow cytometry (Fig. 54 and
supplemental Fig. S5A). However, the percentage of apoptotic
cells induced by Lenti-miR-29c decreased to almost basal levels
when cells were transfected with a miR-29c¢ inhibitor, indicat-
ing a potent pro-apoptotic effect of miR-29c in podocytes. Con-
sistent with these findings, the increase in caspase-3 activity in
Lenti-miR-29c-infected podocytes was blocked when podo-
cytes were transfected with a miR-29c inhibitor (Fig. 5B).

Because our findings indicated that Spryl was a target of
miR-29¢, we also examined the involvement of Spryl in miR-
29c-mediated high glucose-induced cell apoptosis. We hypoth-
esized that Spryl might mediate the pro-apoptotic effect of
miR-29c in the diabetic environment. Both hyperglycemia (25
mM for 36 h) and knocking down of Spry1 by using Spry1 siRNA
increased apoptosis in podocytes, whereas a specific inhibitor
of miR-29c significantly reduced high glucose-induced apopto-
sis (Fig. 5C and supplemental Figs. S5B and S6). Importantly,
when high glucose-treated podocytes were transfected with
both miR-29c¢ inhibitor and Spry1 siRNA, the effect of miR-29¢
inhibitor on apoptosis was largely reversed (Fig. 5C),
highlighting the role of Spry1 in high glucose-induced podocyte
apoptosis.

DN is also characterized by excessive accumulation of extra-
cellular matrix proteins in the renal glomerulus. Several studies
have previously found altered synthesis of various mesangial
extracellular matrix proteins, especially of fibronectin, type-I,
-I1I, and -IV collagens, in DN (57, 58). Thus, we next asked
whether the miR-29¢/Spryl pathway may be involved in the
increased synthesis of fibronectin in mesangial cells, a key fea-
ture of DN. High glucose increased expression of fibronectin as
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determined by qPCR in mesangial cells (Fig. 5D). However, the
effect of high glucose was reversed with miR-29c inhibition.
Interestingly, in stable Lenti-miR-29c-infected mesangial cells,
mRNA expression of fibronectin was also significantly
increased under normal glucose conditions (Fig. 5D), suggest-
ing that miR-29c overexpression increases fibronectin expres-
sion. In contrast, the effect of miR-29c was largely blocked
when Lenti-miR-29¢ mesangial cells were co-transfected with
FLAG-Spryl plasmid (Fig. 5D). Taken together, our findings
indicate that miR-29c¢ functionally promotes cell apoptosis and
increased fibronectin synthesis via a Spryl-dependent pathway.

miR-29c Activates Rho Kinase by Inhibiting Spryl—We and
others have previously shown that RhoA and its downstream
effector Rho kinase play critical roles in mediating several key
pathways critical in the pathogenesis of DN (22, 23, 59, 60). Rho
kinase is also known to enhance cell apoptosis (61) and
fibronectin matrix assembly (62). Because previous studies
have indicated that Spryl and its related proteins can inhibit
RhoA and Rho kinase activation (19), we further characterized
the effect of miR-29¢ and Spry1 on the level of Rho kinase acti-
vation. Rho kinase activity was quantified by the extent of
MYPT1 phosphorylation with Western blot as described pre-
viously (63). We observed a 2-fold increase in Rho kinase activ-
ity following exposure of podocytes to high glucose treatment
(25 mwm for 24 h) (Fig. 5E). However, miR-29c inhibition abro-
gated high glucose-induced Rho kinase activation. This sug-
gested that high glucose-induced Rho kinase activation might

11842 JOURNAL OF BIOLOGICAL CHEMISTRY

be mediated through up-regulation of miR-29c. Importantly,
knockdown of Spry1 rescued the effect of anti-miR-29c on Rho
kinase activation (Fig. 5E). To confirm the effect of Spryl on
Rho kinase activity, we also tested the consequence of Spryl
knockdown by using Spryl siRNA on Rho kinase activation.
Under normal glucose conditions, Spryl knockdown also
resulted in ~2-fold increase in Rho kinase activity (Fig. 5, E
and F).

In Vivo Knockdown of miR-29c Ameliorates Progression of DN—
Based on our data in vitro, we hypothesized that inhibition of
miR-29c¢ in vivo might ameliorate progression of DN. To test
this hypothesis, we used a chemically modified ASO (miR-29¢
ASO) to knock down miR-29c expression. ASOs have been
recently used in several published studies as a tool to knock
down the functional role of miRNAs in vivo (10, 39, 40, 64).
Thus, to assess the effect of miR-29¢ in DN in vivo, we injected
miR-29¢ ASO into 8 —-10-week-old db/db mice intraperitone-
ally (10, 40, 64). The control db/db diabetic animals were
treated either with miR-29¢ mismatch RNA oligonucleotides or
with PBS. Mice were treated every 2 weeks for 12 weeks and
were sacrificed at 22 weeks of age. As shown in Fig. 64, miR-29¢
expression in the kidney cortices of miR-29c ASO-treated mice
was knocked down by ~50% after 12 weeks (Fig. 64). Real-time
qPCR analysis also indicated efficient knockdown of miR-29¢
expression in different tissues (supplemental Fig. S7). Impor-
tantly, we found that although albuminuria in the control db/db
group increased, administration of miR-29¢ ASO led to a
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harboring GFP marker (green) was assessed by deconvolution microscopy. Original magnification, X400. D, quantitative analysis based on fluorescence
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of Spry1 expression in E (n = 3).

marked improvement in albuminuria (Fig. 6B). These results
indicate that the in vivo knockdown of miR-29c ameliorates the
progression of DN.

To correlate the observed biochemical findings with histo-
logical changes in miR-29¢ ASO-treated mice, we assessed the
effect of miR-29c inhibition on glomerular apoptosis, fibronec-
tin immunostaining, and mesangial matrix accumulation.
TUNEL assays of db/db mice kidney cortices showed that the
miR-29¢ ASO-treated group had fewer apoptotic cells in the
glomeruli as compared with the untreated group (Fig. 6, C and
D). Consistent with these data, caspase-3 activity in the kidney
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cortices from the miR-29c ASO-treated group was significantly
lower as compared with the untreated control group (Fig. 6E).
Furthermore, miR-29¢ ASO-treated db/db mice had signifi-
cantly reduced fibronectin immunostaining, and decreased glo-
merular matrix accumulation (Fig. 6, F and G).

To evaluate the in vivo relevance of miR-29c knockdown on
Spry1 expression in the kidneys of db/db mice, we examined Spryl
protein levels in the kidney cortices of miR-29¢ ASO-treated mice
by using Western blot analysis. Importantly, Western blotting
showed the up-regulation of Spry1 in the kidney cortices of ASO-
treated db/db mice (Fig. 7, A and B). To further validate our find-
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FIGURE 5. miR-29c promotes cell apoptosis, promotes accumulation of fibronectin, and activates Rho kinase by targeting Spry1. Lenti-CAG and A and
B, Lenti-miR-29¢ podocytes were transfected with miR-29c inhibitor as indicated under NG (5 mm) conditions. Cell apoptosis was analyzed by FACS (A) and
caspase-3 activity assay (B). Results were obtained from three independent experiments. Data are shown as mean = S.E. C, control podocytes were transfected
with Spry1 siRNA (siSpry1, 30 nm) and/or miR-29c inhibitor as indicated and treated with HG (25 mwm) for 36 h. Apoptosis in the cells was analyzed by FACS.
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analysis of Rho kinase activity in E (n = 3).

ings, we performed immunofluorescent staining for Spryl protein
comparing kidneys from miR-29c ASO-treated db/db mice with
the untreated db/db mice. Spryl protein expression was detected
in the glomeruli by immunofluorescence staining and was up-reg-
ulated in the majority of glomeruli in miR-29¢c ASO-treated db/db
mice (Fig. 7C). Furthermore, consistent with our in vitro studies,
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Rho kinase activity was significantly reduced by miR-29¢ ASO
treatment (Fig. 7, D and E). These results demonstrate the thera-
peutic efficacy of miR-29¢ ASO in an experimental model of DN in
vivo and suggest that the knockdown of miR-29c in vivo leads to
increased Spryl protein level and decreased Rho kinase activity,
consistent with our in vitro findings.
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FIGURE 6. In vivo inhibition of miR-29c ameliorates progression of DN. A, miR-29c expression level was significantly down-regulated in the kidney cortices
of miR-29c ASO-treated db/db mice as compared with control db/db mice. Representative RT-qPCR resulting from three different experiments is shown (n = 3).
Expression levels were normalized to U6 snRNA expression. Data are shown as mean = S.E. B, injection of miR-29¢ ASO led to improved proteinuria in db/db
mice. Urine albumin and creatinine from miR-29¢ ASO-treated and control db/db mice (n = 5/group) were measured at the indicated weeks of age, and the
relative albumin/creatinine ratio (ACR) was calculated. C, representative TUNEL assay to detect the apoptosis in miR-29c ASO-treated db/db mice as compared
with control db/db mice. Apoptotic cells in the glomeruli are indicated by arrows. D, quantitative analysis of apoptosis in miR-29c ASO-treated mice as
compared with control as shown in C (n = 3). E, caspase-3 activity in the kidney cortex lysates of miR-29c ASO-treated db/db mice as compared with control
mice. Data are shown as mean = S.E. (n = 5). F, representative fibronectinimmunostaining from kidney cortex of miR-29c ASO-treated db/db mice as compared

with control mice. G, the mesangial matrix index of miR-29c ASO-treated db/db mice was significantly decreased as compared with control mice.

DISCUSSION

Our findings identify miR-29c as a signature miRNA in the
diabetic milieu. Our results also indicate that miR-29c¢ directly
targets Spryl and promotes Rho kinase activation, leading to
enhanced cell apoptosis and increased fibronectin synthesis.
Importantly, the in vivo inhibition of miR-29c ameliorated pro-
gression of DN in an established experimental model of diabe-
tes in vivo.

An emerging body of evidence suggests that miRNAs serve
as important therapeutic targets in a wide range of complex
human diseases by targeting multiple transcripts (65, 66).
We argued that to identify key regulatory miRNAs in DN, it
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would be necessary to examine miRNA expression patterns
in an unbiased manner. Accordingly, we examined expres-
sion profiles of miRNAs in samples obtained from glomeruli
from db/db mice and in kidney cell lines exposed to hyper-
glycemic conditions. Our integrated in vitro and in vivo
experimental design identified up-regulation of miR-29c as a
signature miRNA in hyperglycemic conditions. Several other
miRNAs were also up-regulated in our comparative miRNA
arrays (Table 1), including miR-192, which was highly
expressed in all samples and had been previously demon-
strated to be significantly increased in glomeruli isolated
from diabetic mice, leading to TGF-B-mediated collagen
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expression in mesangial cells by down-regulating ZEB2
expression (7).

Another major finding of this study is the identification of
Spryl as a novel target of miR-29c in hyperglycemic conditions.
Spryl has been recently found to serve as a target for miR-21 in
myocardiac fibroblast (67). It is becoming increasingly clear
that most miRNAs are promiscuous and target multiple genes
(65, 68). The miR-29 family of miRNAs is a good example
because they exert their effects through modulating multiple
targets. Indeed, DNA methyltransferase 3, collagen, Mcl-1,
phosphatidylinositol 3-kinase, CDK6, and YY1 have all been
previously validated as direct targets of miR-29¢ (10, 44—51).
Our findings demonstrate that Spryl is a bona fide target of
miR-29¢ under hyperglycemic conditions. We demonstrate
that miR-29¢ directly interacts with 3’-UTR of Spryl and
represses Spryl expression. Consistent with this notion, an
inverse correlation between miR-29¢ and Spryl expression was
detected in podocytes.

Functionally, our data indicate that miR-29¢ not only exhib-
its a potent pro-apoptotic effect, in agreement with other recent
reports (45, 46, 49, 69), but also promotes fibronectin synthesis
in hyperglycemic conditions. Indeed, overexpression of miR-
29¢ induced apoptosis and increased fibronectin synthesis in
podocytes. Importantly, knockdown or overexpression of
Spryl expression modulated the effects of miR-29c on apopto-
sis and fibronectin expression, indicating the critical role of
Spryl as a target of miR-29c in both high glucose-induced cell
apoptosis and fibronectin synthesis in podocytes. It is also
important to emphasize that several recent studies have impli-
cated the potential role of miRNAs and Spry1 as regulators of
extracellular matrix proteins. For instance, miR-377 was shown
to play a pivotal role in increased fibronectin protein produc-
tion in mesangial cells (8), and a recent report by Sabatel et al.
(70) provided evidence that Spryl may serve as an endogenous
angiogenesis inhibitor, whose silencing can modulate the inter-
action between cells and extracellular matrix proteins. Interest-
ingly, although the role of Spryl on fibronectin synthesis has
recently been described (70), the effect of Spry1 on cell apopto-
sis is less understood with a number of published studies sug-
gesting that Spryl can increase or decrease apoptosis at the
cellular level, depending on the cellular context (12, 67, 71, 72).

Our study also revealed the role of miR-29c as a regulator of
the Rho kinase pathway. The effect of miR-29¢ on Rho kinase
activation is of significant importance because recent studies
have suggested that RhoA and Rho kinase are up-regulated in
DN, and pharmacological inhibition of Rho kinase results in
amelioration of proteinuria (22, 23, 62). Furthermore, several
studies have reported that the RhoA/Rho kinase pathway medi-
ates cell apoptosis and promotes fibronectin assembly at the
cellular level (61, 62). Our data indicate that Rho kinase is
downstream of the high glucose-induced miR-29¢/Spry1 path-
way because inhibition of Spry1 was able to increase Rho kinase
activity. Although Spryl and its related proteins have previ-
ously been implicated as negative regulators of RhoA and its
downstream effector Rho kinase (17-19), our findings provide
the first evidence for a direct interaction between Spryl and
Rho kinase under hyperglycemic environments. Furthermore,
our findings suggest a regulatory role for miR-29c on Rho
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kinase activation and provide an underlying mechanism for the
aberrant expression of Rho kinase in DN.

In summary, we propose that miR-29c is a central compo-
nent of high glucose-induced signaling. Our findings suggest
that up-regulation of miR-29c promotes the progression of
DN through a Spry1/Rho kinase pathway (Fig. 7F). Our study
also underscores the effectiveness of in vivo inhibition of key
miRNAs in complex disease such as DN. These findings pro-
vide new insights into the role of miR-29¢ in the diabetic
milieu and open a window of opportunity for a novel thera-
peutic intervention.
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