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Vascular endothelial growth factor (VEGF) is a dimeric glyco-
protein that plays a crucial role in microvascular complications
of diabetes, including diabetic nephropathy. However, the
precise regulatory mechanisms governing VEGF expression
in the diabetic milieu are still poorly understood. Here, we
provide evidence that microRNA-93 (miR-93) regulates VEGF
expression in experimental models of diabetes both in vitro and
in vivo. Comparative microRNA expression profile arrays iden-
tified miR-93 as a signature microRNA in hyperglycemic condi-
tions. We identified VEGF-A as a putative target of miR-93 in
the kidney with a perfect complementarity between miR-93
and the 3’-untranslated region of vegfa in several species. When
cotransfected with a luciferase reporter construct containing
the mouse vegfa 3'-untranslated region, expression of miR-93
markedly decreased the luciferase activity. We showed that
forced expression of miR-93 in cells abrogated VEGF protein
secretion. Conversely, anti-miR-93 inhibitors increased VEGF
release. Transfection of miR-93 also prevented the effect of
high glucose on VEGF downstream targets. Using transgenic
mice containing VEGF-LacZ bicistronic transcripts, we found
that inhibition of glomerular miR-93 by peptide-conjugated
morpholino oligomers elicited increased expression of VEGF.
Our findings also indicate that high glucose decreases miR-93
expression by down-regulating the promoter of the host MCM7
gene. Taken together, our findings provide new insights into
the role of miR-93 in VEGF signaling pathway and offer a poten-
tially novel target in preventing the progression of diabetic
nephropathy.

Vascular endothelial growth factor-A (VEGF-A)? is a ho-
modimeric glycoprotein with a central role in angiogenesis,
vascular homeostasis, and the maintenance of capillary integ-
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rity, particularly in the kidney glomerulus (1, 2). Several lines of
evidence have recently suggested that precise regulation of glo-
merular VEGF expression in the kidney is required for the
proper development and function of glomerulus (2, 3). First,
pharmacological and genetic disruptions of VEGF were shown
to result in significant proteinuria and glomerular endotheliosis
(2,4,5). Second, the administration of an adenovirus expressing
sFlt (soluble fms-like tyrosine kinase) in animal models also
caused endotheliosis and proteinuria (6). Finally, targeted dele-
tion of VEGF in podocytes, the major source of VEGF produc-
tion in the kidneys, resulted in thrombotic glomerular injury
(2). Although these observations suggest a detrimental effect of
low levels of VEGF in the kidney, high levels of VEGF have also
been implicated in the pathogenesis of a variety of inflamma-
tory diseases, particularly in microvascular complications of
diabetes (2, 3, 7). Indeed, VEGF has emerged as a major medi-
ator of diabetic retinopathy and nephropathy (7-9). A patho-
genic role for VEGF in diabetic nephropathy (DN) was inferred
from reports indicating that VEGF-A was up-regulated in the
kidneys of animal models of DN. The use of anti-VEGF in strepto-
zotocin-induced type 1 diabetic animals or in db/db type 2
diabetic mice was shown to result in significant improvement in
the kidney function in animal models of DN (10, 11). However,
the regulatory mechanisms by which glomerular VEGF expres-
sion is tightly maintained in the kidneys are unknown.

A potential mechanism for the precise regulation of VEGF in
the kidneys might be through its regulation by microRNAs
(miRNAs). miRNAs are a class of short (21-24 nucleotides),
noncoding RNA molecules that are evolutionarily conserved
and function as negative regulators of gene expression (12, 13).
The involvement of miRNAs as novel regulators of a variety of
biological processes in the cell as well as their roles in diverse
pathologies is increasingly reported (14, 15). Of particular
interest, several recent reports have implicated miRNAs in the
regulation of kidney development and angiogenesis (16, 17).

Despite the critical role of VEGF in microvascular complica-
tions of diabetes, the regulatory role of miRNAs on VEGF
remains unknown. Here, we investigated the role of miRNAs on
VEGF expression in the hyperglycemic environment using an
integrated in vitro and in vivo approach. We generated miRNA
expression profiles from glomerular kidney samples from dia-
betic db/db mice as well as from cultured podocytes and kidney
microvascular endothelial cells exposed to elevated glucose
concentrations. We identified and validated microRNA-93
(miR-93) as a key regulator of VEGF signaling in the kidneys.
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Using a combination of gain-of-function and silencing experi-
ments, we showed that miR-93 is a critical regulator of VEGF
expression in the diabetic milieu both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Plasmids and Morpholino Oligomers—The 3'-UTR of the
mouse vegfa gene (NM_001025250) was amplified from podo-
cyte genomic DNA by PCR using HotMaster Taqg polymerase
(5PRIME, Gaithersburg, MD), with the following primers:
GTCTCGAGGGTTTCGGGAACCAGACCTCTCA (forward)
and CAGAATTCCAGAAACAACCCTAATCTTCCGGG (re-
verse). PCR product was cloned between Xhol and EcoRI sites
of luciferase reporter vector 3.1-luc, kindly provided by Dr.
Ralph Nicholas (Dartmouth Medical School, Hanover, NH)
(18). The putative miR-93 binding site GCACUUU (nucleo-
tides 162—168) was mutated into UGUAGCG by oligonucleo-
tide-directed PCR. All constructs were verified by sequencing.
The pWZL Blast VEGF expression plasmid was purchased
from Addgene (Cambridge, MA). The pEGP-miR-93 was
obtained from Cell Biolabs (San Diego, CA). The luciferase
reporter vector pGL4.10 (luc2) was from Promega (Madison,
WI). The mouse miR-93 antisense morpholino was synthesized
by Gene Tools (Philomath, OR) using the sequence 5'-CACT-
ACCTGCACGAACAGCACTTTG-3'. For experiments using
3.1-luc luciferase reporter constructs in vitro, 1.5 X 10° HeLa
cells were plated in 12-well plates. 1.5 ug of 3.1-luc luciferase
construct, 50 ng of pSV-B-galactosidase control vector (Pro-
mega), and 30 nM miRNA mimics (Ambion, Austin, TX) were
transfected using Lipofectamine 2000 (Invitrogen). After 48 h
of transfections, luciferase and (-galactosidase activity were
assayed as reported previously (19).

Tissue Culture—A conditionally immortalized renal micro-
vascular endothelial cell line was a kind gift of Dr. Robert Lan-
gley (M.D. Anderson Cancer Center, University of Texas,
Houston, TX) (20). Conditionally immortalized mouse podo-
cytes were kindly provided by Dr. Peter Mundel (University of
Miami, Miami, FL) and cultured as reported previously (21).
Briefly, podocytes were cultured on BD BioCoat collagen I
plates (BD Biosciences) at 33 °C in the presence of 20 units/ml
mouse recombinant interferon-y (Invitrogen) to enhance
expression of a thermosensitive T antigen. To induce differen-
tiation, podocytes were maintained at 37 °C without interfer-
on-vy for 10-12 days.

Animal Studies—All animal studies were conducted accord-
ing to the National Institutes of Health Principles of Laboratory
Animal Care and the guidelines of the IACUC of Baylor College
of Medicine. The diabetic db/db mice and their control litter-
mates db/m mice were obtained from Jackson Laboratories
(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 temperature of 22 °C. The Vegf-lacZ-KI'*'~
mice were kindly provided by Dr. Andras Nagy (Samuel Lunen-
feld Research Institute, Toronto, ON, Canada) (22). Kidney glo-
meruli were isolated by perfusion using Dynabeads (Invitrogen)
as described previously (23). miR-93 knock-out mice (Mir106b-
2571115 [T) were purchased from Jackson Laboratories.

miRNA Extraction and Microarray Analysis—miRNAs were
extracted using miRNeasy Mini Kit (Qiagen, Valencia, CA)
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according to the manufacturer’s instructions. miRNA microar-
ray was performed using Micro Paraflo microfluidic chips (LC
Sciences, Houston, TX). Data were analyzed by normalizing the
signals using a LOWESS filter (locally weighted regression)
(24). For two-color experiments, the ratio of the two sets of
detected signals (log2 transformed, balanced) and p values of
the ¢ test were calculated. Those with p < 0.05 were considered
as differentially expressed miRNAs.

Computational Targeted Gene Predictions of miR-93—The
full-length mRNAs of mouse vegf (NM_001025250) were
obtained from the NCBI database. The miRNA sequence data-
base (miRBase) was obtained from the University of Manches-
ter. Three separate algorithms (miRanda, TargetScan, and
PicTar) were used to find potential targets sites for miR-93. The
RNA Hybrid program (25) was used to predict the secondary
structure of the RNA-miRNA duplex.

Real Time Reverse Transcription-PCR, Northern Blotting,
and in Situ Hybridization for miRNAs—The miRCURY locked
nucleic acid microRNA PCR System (Exiqon, Woburn, MA)
was used in conjunction with qPCR and SYBR Green Super-
mix (Bio-Rad) for quantification of miRNA transcripts
according to the manufacturer’s instructions. U6 snRNA was
used as an internal control with the following primers: 5'-
CGCTTCGGCAGCACATATAC-3' (forward) and 5'-TTCA-
CGAATTTGCGTGTCAT-3" (reverse). The reactions were
incubated in a 96-well plate at 95 °C for 10 min followed by 40
cycles of 95 °C for 10 s and 60 °C for 1 min. Individual samples
were run in triplicate, and each experiment was repeated at
least three times. Relative gene expression was calculated using
the 2722<T method (26). Northern blotting was carried out
using [y-**P]JATP (PerkinElmer Life Sciences) end-labeled
miRNA locked nucleic acid probes (Exiqon) (27). Signals were
quantitated using software National Institutes of Health Image
J version 1.42q. In situ hybridization was performed using a
locked nucleic acid miR-93 probe (5'-CTACCTGCACGAA-
CAGCACTTTG-3' and scramble miRNA control probe (5'-
GTGTAACACGTCTATACGCCCA-3'), both of which were
digoxigenin-labeled at the 5'-end (Exiqon). Hybridizations
were conducted overnight at 58 °C. Sections were digitally
imaged and quantitated using an automated program (28).
Observable expression strengths were scored into four grades
according to the intensity of the staining: cells with no detect-
able precipitate (—), weakly expressing cells (+), moderately
expressing cells (++), and strongly expressing cells filled with
dye precipitate (+++).

miRNA Mimics and Inhibitors—Pre-miRNA precursor mol-
ecules and anti-miR miRNAs were purchased from Ambion.
They were introduced into podocytes using Lipofectamine
2000 at a final concentration of 30 nm. These pre-miRNA mim-
ics are small, double-stranded RNAs that mimic endogenous
precursor miRNAs and can be taken up and activated by the
miRNA processing pathway. The anti-miR miRNA inhibitors
are chemically modified RNAs that can bind to and inhibit the
activity of target miRNAs.

Reverse Transcription-gPCR—Total RNA was extracted using
TRIzol reagent (Invitrogen). First-strand cDNAs were generated
using a Superscript VILO ¢cDNA Synthesis kit (Invitrogen).
SYBR Green-based qPCR on a DNAEngine OPTICON (Bio-
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Rad) was used to analyze the relative expression levels of the
following genes with the different primer sets: collagen type
IVa3 (COL4A3), 5'-AGAGGGGACGAGGGCGGAAC-3' (for-
ward) and 5'-TCCCCGGCGGGACACAGATT-3' (reverse);
fibronectin (FNI), 5'-GCGGTTGTCTGACGCTGGCT-3’ (for-
ward) and 5'-TGGGTTCAGCAGCCCCAGGT-3' (reverse);
B-actin, 5'-TGTTACCAACTGGGACGACA-3’ (forward) and
5'-GGGGTGTTGAAGGTCTCAAA-3' (reverse).

Measurement of VEGF by ELISA and Western Blotting—
VEGF concentrations in the supernatant were measured by
ELISA using Quantikine Mouse VEGF Immunoassay (R&D
Systems, Minneapolis, MN). Protein levels of VEGF-A were
analyzed by Western blotting in whole cell lysates using anti-
VEGF antibody (Thermo Scientific, Fremont, CA). Signals were
quantitated by Odyssey Infrared Imager (Li-CoR Biosciences,
Lincoln, NE).

Generation of miR-93 Stable Podocytes—Undifferentiated
podocytes were stably transfected with pEGP-miR-93 precur-
sor using Lipofectamine 2000 and selected with 1 ug/ml puro-
mycin (Sigma) in the presence of 20 units/ml interferon-vy at
33°C.

Immunofluorescence Microscopy—Immunostaining was per-
formed as described previously (29, 30). Briefly, expression of
miR-93 and endogenous VEGF in the stable miR-93-GFP podo-
cytes was detected using green fluorescent and anti-VEGF anti-
bodies (Thermo Scientific). Coverslips were imaged on an
Applied Precision SoftWoRx Image Restoration Microscope
(deconvolution). For immunostaining in the kidneys, goat anti-
nephrin (R&D Systems) and mouse anti-VEGF antibodies were
used. Sections were incubated at 4 °C overnight. Sections were
imaged on a Zeiss LSM 510 inverted laser scanning microscope.

Whole Mount X-Gal Staining of Kidney Organ Culture—
Adult kidney organ culture and tissue delivery of antisense
morpholino oligomers were carried out as reported previously
(31, 32). Briefly, kidneys from VEGF-LacZ mice were harvested
under sterile conditions. Kidney capsules were removed and
kidney cortices dissected and cut into small pieces (approx-
imately 1 mm). Kidney cortex pieces were cultured using a
roller bottle incubator (model 1000; Robbins Scientific, Sunny-
vale, CA) at 37°C, 5% CO,, 20% O,, 75% N, for 72 h in Dulbec-
co’s modified Eagle’s medium, containing 10% fetal bovine
serum, 1X penicillin and streptomycin, under either normal
glucose (5 mMm D-glucose) or high glucose conditions (25 mm
D-glucose). miR-93 morpholino oligomers (10 um) were deliv-
ered into the cultured kidneys using 4 mm Endo-Porter delivery
system (Gene Tools) (32). After 72 h, kidneys were fixed in 2%
paraformaldehyde and 0.2% glutaraldehyde. X-gal staining
(Millipore) was performed at 37 °C in 0.02% glutaraldehyde, 5
mMm K;Fe(CN),, 5 mm K,Fe(CN)6, and 2 mm MgCl, as
described previously (33). Kidneys were then postfixed in 4%
paraformaldehyde followed by paraffin embedding. Paraffin
sections were dewaxed and mounted and examined under a
Nikon Eclipse 80i microscope.

Promoter Cloning and Luciferase Reporter Assay—Based on
the reported human MCM?7 promoter sequence (34), the
mouse MCM?7 promoter spanning 500 bp upstream of the
gene was PCR amplified from podocytes genomic DNA using
HotMaster Tagq polymerase (5PRIME) with the following
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FIGURE 1. Identification of miR-93 as a signature miRNA in high glucose
(HG) conditions. Comparative microarray analysis indicated that 5 miRNAs
were down-regulated within all samples, whereas 45 miRNAs were down-
regulated in db/db glomeruli, 86 in high glucose-treated kidney microvascu-
lar endothelial cells, and 32 miRNAs in podocytes treated with high glucose
(25 mm) for 24 h compared with normal glucose conditions.

primer set: 5'-GTAGGTACCGCGGACTAGCCAGGTGGA-
AAGATAG-3' (forward) and 5'-GCAGCTAGCTCTGGGGA-
AGCAGAAAAAACGCG-3' (reverse). PCR products were
cloned into KpnI-Nhel sites of pGL4.10 (luc2). The MCM7
promoter construct or the empty pGL4.10 (luc2) vector was
cotransfected with pSV-B-galactosidase into podocytes. Lucif-
erase activity was measured using Dual-Glo Luciferase
Reporter Assay kit (Promega,) on a FLUOstar Omega lumi-
nometer (BMG Labtech, Cary, NC) as reported previously (19),
using [-galactosidase as internal control.

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).

RESULTS

Hyperglycemia Elicits Down-regulation of miR-93 Expres-
sion—Comparative miRNA arrays from high glucose-exposed
(25 mm) podocytes and kidney microvascular endothelial cells,
as well as in the kidney glomeruli obtained from diabetic db/db
mice revealed that a number of miRNAs were differentially
modulated in high glucose conditions (Fig. 1 and supplemen-
tal Tables 1-4). Because we were interested in the role of
miRNAs on the expression of VEGF-A in the diabetic environ-
ment, we initially focused on miRNAs that were preferentially
down-regulated under hyperglycemic conditions. Among
those individual miRNAs differentially expressed, we focused
on miR-93 which was consistently decreased within all samples,
and potentially had a highly conserved binding site in the
3'-UTR region of vegfa in several species (Fig. 24, upper panel).
As shown in Fig. 24 (lower panel), the 3'-UTR of the mouse
vegfa gene contains a 7-mer that is perfectly complementary to
the seed region of miR-93. The minimum free energy predicted
for hybridization with the vegfa 3'-UTR and miR-93 at this site
was AG = —27.4 kcal mol™", consistent with an authentic
miRNA targeting (35). As determined by RNA Hybrid analysis,
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Gene:
Mouse ve gfa NM_001025250 3'-UTR length:1809

Mmu AAGCCUGACAUGAAGGAAGAGGAGACUCUUCGAGGACACUUUGGUCCGGAGGGCGAGA
Hsa AA-CCUGAAAUGAAGGAAGAGGAGACUCUGCGCAGAGCACUUUGGGUCCGGAGGGCGAGA
Rno AAGCCUGACAUGARAGG! CUCUUC [FCACUUUGGGUCCGGAGGGCGAGA
Cfa AA-CCUGAARUGAAGGAAGAGGAGACUCUGCGCAGAGCACUUUGGGUCCGGAGGGCGCAA

vegfa 3'-UTR °' A A AGGAAGAGGAG UCUUCGAGG G 3'
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FIGURE 2. miR-93 is predicted to target vegfa gene. A, upper panel, miR-93 target site resides at nucleotides
162-168 (shown in the blue box) of the vegf 3’-UTR, is highly conserved in several species. Lower panel,
sequence alignment of miR-93 with the mouse vegfa 3’-UTR is shown. B, miR-93 can potentially form a strong
secondary structure with the target sequence of 3'-UTR of vegfa (predicted by RNA Hybrid).
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FIGURE 3. Expression pattern of miR-93 in vivo. A, expression of miR-93 in different tissues as detected by
Northern blotting. U6 snRNA serves as a loading control. B, expression pattern of miR-93 in a db/m kidney tissue
by in situ hybridization. Inset, higher power view. G, glomerulus; T, tubule. Images are representative of three

cose (5 mm) or high glucose (25 mm)
medium for 24 h. Northern blot
analysis in podocytes indicated that
miR-93 expression was significantly
down-regulated in high glucose
compared with normal glucose con-
dition (Fig. 4, C and D). Using qPCR,
we also found that the exposure of
cultured podocytes to high glucose
levels (25 mm) led to a near 2-fold
decrease in miR-93 expression lev-
els (Fig. 4E). Taken together, these
findings validated our predicted
profiling data on miR-93 expression
both in vitro and in vivo.

miR-93 Targets vegfa 3'-UTR—
To address whether binding of
miR-93 to the vegfa 3'-UTR leads to
translational suppression of VEGF,
we cloned mouse vegfa 3'-UTR into
luciferase reporter vector 3.1-luc
(18) (Fig. 5A). We also generated a
mutated miR-93 binding site (miR-93
mutant) in which the putative
miR-93 binding site (GCACUUU)
in the vegfa 3'-UTR was mutated
into UGUAGCG (Fig. 5B).

Transient cotransfection of miR-

independent experiments.

we also found that miR-93 and its binding site in vegfa could
potentially form a very stable secondary structure (Fig. 2B).
Thus, we hypothesized that VEGF-A might serve as a target for
miR-93 in the diabetic milieu.

Validation of miR-93 Expression in Vitro and in Vivo—We
initially examined miR-93 expression pattern by Northern blot
analysis from multiple tissues obtained from control db/m mice
(Fig. 3A). Using a locked nucleic acid-labeled miR-93 probe, we
found that the expression level of miR-93 was high in spleen,
lung, and kidney (Fig. 3A4). To examine further the localization
of miR-93 expression in the kidney, we carried out in situ
hybridization using digoxigenin-labeled locked nucleic acid-
miR-93 probe (Fig. 3B). Hybridization with the miR-93-specific
probe revealed the presence of miR-93 predominantly in the
cortical region of the kidneys. Generalized staining of miR-93
was detected throughout glomeruli and tubular epithelial cells.

To verify our array analysis and to address whether miR-
93 expression is differentially expressed in DN, expression of
miR-93 was validated by Northern blot analysis in the glomeruli
of db/db and control db/m mice from independent experi-
ments (Fig. 44). As shown in Fig. 4, A and B, diabetic db/db
mice had significantly lower expression levels of miR-93 com-
pared with db/m control mice (p < 0.05; Fig. 4B). These results
confirmed that the glomeruli expression of miR-93 is markedly
down-regulated in diabetic mice.

Next, we validated the expression profile of miR-93 in podo-
cytes, the main source of VEGF production in the kidneys (4,
18). Differentiated podocytes were cultured under normal glu-
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93 mimics and luciferase expression

plasmids in HeLa cells resulted in
significant repression of the basal level of the vegfa transcript,
whereas transfection of cells with miR-690 mimics, a control
microRNA that was not predicted to target VEGF, did not have
any effect on the expression of luciferase (Fig. 5C). Importantly,
suppression of the vegfa 3'-UTR by miR-93 mimics was abro-
gated when cells were transfected with miR-93 mutant (Fig.
5C), consistent with the conclusion that miR-93 acts as a nega-
tive regulator of vegfa by binding to the vegfa 3'-UTR.

A connection between miR-93 and VEGE-A as its target was
further substantiated when we assessed the protein levels of
VEGEF-A in the luciferase lysates using a monoclonal VEGF-A
antibody. Western blot analysis indicated that transfection of
cells with miR-93 mimics significantly decreased VEGF protein
levels compared with that in control miR-690 transfected cells
(Fig. 5D). Taken together, these results indicate that miR-93
down-regulates VEGF expression through binding to the
3'-UTR of the vegfa gene.

Effect of Gain of Function and Silencing of miR-93 on VEGF
Protein Levels—To address whether miR-93 modulates VEGF-A
protein levels in podocytes, we transfected miR-93 mimics into
podocytes and measured VEGF release in the medium under
normal glucose (5 mm) or elevated glucose conditions (25 mm)
by using ELISAs. Consistent with several previous reports (36,
37), we found that elevated glucose levels increased VEGF
secretion (Fig. 6A4). In contrast, transfection of podocytes with
miR-93 mimics significantly reduced high glucose-induced
VEGEF release in the medium. Conversely, inhibition of miR-93
in podocytes with anti-miR-93 increased the secretion of VEGF
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FIGURE 4. miR-93 is down-regulated in high glucose conditions. A, North-
ern blot analysis of representative results from glomerular miR-93 expression
in two control db/m and two diabetic db/db mice. B, quantitative analysis of
miR-93 expression. Mean values for miR-93 expression were generated by
measuring the pixel intensity in each band using ImagelJ version 1.42q. Meas-
ured transcript levels were normalized to U6 snRNA expression. Samples were
run in triplicate. Data are shown as mean = S.E. (error bars). C, Northern blot
analysis of miR-93 expression in high glucose (HG)-treated podocytes com-
pared with normal glucose (NG). D, quantitative analysis of miR-93 expression
in podocytes. Measured transcript levels were normalized to U6 snRNA
expression. Samples were run in triplicate. Data are shown as mean * S.E.
(error bars). E, reverse transcription-gPCR analysis of miR-93 in podocytes and
kidney microvascular endothelial cells (EC) after exposure to high glucose for
24 h. Measured transcript levels were normalized to U6 snRNA expression.
Data represent three independent experiments with three replicates each
and are shown as mean = S.E. (error bars).

in the medium, whereas inhibition of miR-690, as a control, did
not have any effect (Fig. 6B). Thus, these findings suggest that
overexpression or knockdown of miR-93 modulates VEGF pro-
duction in podocytes.

To support the notion that miR-93 could directly regulate
VEGE-A expression in podocytes, we generated a podocyte cell
line with stable expression of mouse miR-93 precursor using
pEGP-miR-93 construct, which enabled us to monitor miR-93
expression by green fluorescent protein fluorescence. As shown
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FIGURE 5. miR-93 targets vegfa. A, schematic diagram of vegfa 3'-UTR
reporter construct. B, sequence alignment between miR-93 and mouse vegfa
3’-UTR wild type (wt) and miR-93 mutant (mut). Red color indicates the
sequence of the mutated miR-93 binding site. C, Hela cells transfected with
either luc-vegfa-wt or luc-vegfa-mutant, along with miR-93 mimics (30 nm). A
nonrelated miRNA (miR-690) was used as control. Luciferase activities were
normalized to B-galactosidase activities. Results were obtained from three
independent experiments. Data are shown as mean = S.E. (error bars). NS,
nonsignificant. D, Western blot analysis of VEGF-A protein levels in cells trans-
fected with miR-93 mimics.

in Fig. 6C, we observed significantly reduced fluorescent immu-
noreactivity of VEGF in miR-93-GFP-transfected podocytes
compared with nontransfected control cells (Fig. 6, C and D).
Taken together, these results indicate that miR-93 directly
down-regulates VEGF expression.

miR-93 Represses High Glucose-induced Downstream Targets
of VEGF in Podocytes—To investigate the biological signifi-
cance of miR-93 as a regulator of VEGF in the kidneys, we
analyzed the effect of miR-93 on the expression of two widely
studied VEGF downstream targets, a3 collagen IV (COL4A3)
and fibronectin (FN1) genes (3, 38). To this end, we transfected
podocytes with miR-93 mimics before culturing them in nor-
mal glucose or high glucose medium. As shown in Fig. 74, high
glucose caused a significant increase in the expression of the
COL4A3 gene. Transfection of miR-93 mimics in podocytes
abrogated high glucose-induced COL4A3 expression. The
effect of miR-93 on COL4A3 expression was VEGF-dependent
because forced expression of VEGF ¢DNA lacking 3'-UTR in
podocytes rescued the inhibitory effect of miR-93 on COL4A3
expression. Similar results were obtained with miR-93 and FN1
expression in podocytes (Fig. 7B).

Inhibition of miR-93 Expression by Morpholino Oligomers
Mimics the Effect of Hyperglycemia on Glomerular VEGF Ex-
pression—To assess the effect of miR-93 in normal and high
glucose conditions on VEGEF-A expression in the kidneys, we
took advantage of a transgenic mouse line containing a VEGF-
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FIGURE 7. miR-93 inhibits high glucose-induced downstream target
genes of VEGF. A, podocytes were transfected with miR-93 mimics with or
without VEGF cDNA lacking 3'-UTR. Cells were serum-starved and exposed to
high glucose (HG) for 24 h, and a3 collagen (IV) (COL4A3) or fibronectin (FNT).
B, mRNAs were assessed by reverse transcription-qPCR. Expression levels of
mMRNAs were normalized as described under “Experimental Procedures.” Data
are shown as mean = S.E. (error bars).

LacZ bicistronic transcript (22) (Fig. 84). Use of these trans-
genic mice allowed visualization of B-galactosidase activity
after increased VEGEF-A expression in the kidneys (39). Kidney
cortices from VEGF-LacZ mice were removed and cultured
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under either normal glucose (5 mm) or high glucose conditions
(25 mm). After 72 h, kidneys were fixed, and whole mount LacZ
staining of samples was performed. In normal glucose condi-
tions, cultured glomeruli and tubular cells were very faintly
stained, indicating very low expression of VEGF. In contrast,
glomerular VEGF was strongly expressed when kidneys were
cultured in high glucose conditions for 72 h (Fig. 8C). Impor-
tantly, miR-93 morpholino oligomers exposed to normal glu-
cose conditions also induced -galactosidase activity in cul-
tured kidneys (Fig. 8C). These results strongly suggest that
inhibition of miR-93 with morpholino oligomers leads to up-
regulation of VEGEF-A expression, mimicking the effect of high
glucose conditions on VEGF.

To provide further experimental evidence for the effect of
miR-93 on the expression VEGF in vivo, we explored VEGF-A
expression in miR-93 knock-out (miR-937/7) mice (40). As
shown in Fig. 8D, glomerular VEGF immunostaining in miR-
93"/~ mice was markedly increased compared with that in con-
trol mice. This result suggests that miR-93 plays a critical role in
regulating VEGF expression in vivo.

Transcriptional Regulation of MCM?7 Promoter by High Glu-
cose Is Responsible for miR-93 Repression—To address the
underlying mechanism by which high glucose represses expres-
sion of miR-93, we sought to assess the effect of high glucose on
miR-93 promoter. miR-93 is encoded by intron 13 of the host
MCM?7 gene (41), and its abundance is linked to the expression
of MCM7 promoter (42) (Fig. 9A). The only reported human
MCM?7 promoter (34) has several transcription factor binding
sites (E2F1, GC box, and E box), some of which have been
reported to be glucose-responsive (43—45). Thus, we amplified
a 500-bp upstream region of the mouse MCM?7 promoter from
podocyte genomic DNA by PCR and subcloned it into pGL4
luciferase reporter to create pGL4-miR-93-Luc construct. We
then tested the promoter activity of pGL4-miR-93-Luc under
normal or high glucose exposure in podocytes. Luciferase assay
showed that the cloned 500-bp upstream region of M\CM?7 gene
indeed had strong promoter activity, and hyperglycemia
decreased luciferase activity reproducibly over its basal activity
in normal glucose environment in podocytes (Fig. 9B), suggest-
ing that the underlying regulatory mechanism by which miR-93
is down-regulated in hyperglycemic conditions is because of
the regulatory effect of high glucose on a 500-bp upstream
region of the transcriptional start of MCM?7 promoter.

DISCUSSION

Previous reports have demonstrated the requirement of
maintaining appropriate levels of VEGF-A for the proper devel-
opment and function of kidney glomeruli (2—4). In the current
study, we have identified miR-93 as a signature miRNA in
the diabetic environment and a critical regulator of VEGF-A
expression.

A major finding of this report is the identification of VEGF as
a target of miR-93 in hyperglycemic conditions. It has been well
established that the regulation of VEGF is tightly controlled
at transcription, posttranscription, translation, and differential
cellular localization of various isoforms (3, 46). Translational
regulation of VEGF-A depends on the presence of internal ribo-
some entry sites in the 5'-UTR, whereas its transcriptional reg-

ACEVEN

VOLUME 285+-NUMBER 30-JULY 23,2010



A VEGF-LacZ

miR-93 site

20X

8 C
N
ok <o Normal
0,
Endo-Porter O’B glucose
= - i
binds to cell /—\Morphollno oligo
Endocytose )
s Cytosol High
glucose
release

Normal glucose+
miR-93 morpholino

D Green: Nephrin

Red: VEGF

miR-93 °/

FIGURE 8. miR-93 regulates VEGF expression in kidneys. A, schematic diagram of the VEGF-LacZ targeting
construct. B, mechanism of Endo-Porter system delivery through endocytosis. C, light microscopic images of
whole mount X-gal staining demonstrating B-galactosidase activity (blue) in the glomeruli and tubular cells in
the kidney sections from adult VEGF-LacZ mice. Kidney cortex pieces were cultured ex vivo in normal glucose,
high glucose, or normal glucose in the presence of miR-93 morpholino oligomers. Original magnifications are
X200 and X400. G, glomerulus. D, immunofluorescence staining of glomerular VEGF with anti-VEGF-A (red)
and anti-nephrin (green) antibodies using confocal laser scanning microscopy. Original magnification, X600.

ulation involves a plethora of transcription factors (3). Iden-
tification of miR-93 in this report uncovers an additional
layer of control by this class of regulatory molecules on
VEGF expression in diabetic environment. Consistent with
the conclusion that miR-93 regulates VEGF expression,
forced expression of miR-93 repressed the transcription of
vegfa 3'-UTR and prevented high glucose-induced increase
in VEGF protein secretion. In cultured podocytes, the use of
miR-93 mimics led to attenuated VEGF secretion, whereas
the use of anti-miR-93 inhibitors caused a significant
increase in VEGF production. We further showed that over-
expression of miR-93 abrogated VEGF downstream targets
such as collagen IV and fibronectin.

Another major finding of this study is that miR-93 can
directly modulate VEGF expression in vivo. Indeed, by using
a transgenic VEGF-LacZ mouse as our experimental model
in vivo, we were able to (i) assess the effects of high glucose
on VEGF in vivo and (ii) to investigate the effects of miR-93
inhibition on VEGF expression in kidneys ex vivo by taking
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advantage of morpholino oligo-
mers. These findings indicate that
VEGF is an important target of
miR-93 in vivo in an animal model
that recapitulates the regulatory
events leading to modulation of
VEGF expression.

The precise regulation of miRNAs
expression is largely unknown.
However, it is becoming increas-
ingly evident that the integration of
miRNAs into introns of protein
coding genes represents a common
and convenient mechanism for reg-
ulating the expression of miRNAs
(47, 48). miR-93 is encoded by
intron 13 of the MCM7 gene (41),
and although our results suggest the
presence of a glucose-responsive
element on MCM?7 promoter as the
underlying regulatory mechanism
by which miR-93 is down-regulated
in hyperglycemic conditions, a re-
cent report has suggested that miR-93
might also have its own promoter
(47). Further studies are needed to
validate the presence of a specific
miR-93 promoter and examine the
potential effect of high glucose
on the putative miR-93-specific
promoter.

VEGF plays myriad roles in mi-
crovascular complications of diabe-
tes, including diabetic retinopathy
and nephropathy. Recent publica-
tions have clearly established the
roles of miR-192 and miR-377 in
regulating a number of key genes
involved in the pathogenesis of dia-
betic nephropathy in vitro (30, 49). However, the role of
miRNAs on VEGF expression in the diabetic milieu remained
unknown. The identification of miR-93 in this study as a novel
regulator of VEGF in the diabetic environment could have
important implications in further understanding the biology
and functions of VEGF as a key mediator of angiogenesis and
microvascular complications of diabetes.

In summary, we show that miR-93 has a modulatory ef-
fect on VEGF expression and its downstream signaling,
which might play important roles in the pathogenesis of dia-
betic nephropathy (Fig. 9C). Future studies are under way in
our laboratory to examine whether forced in vivo expression
of miR-93 in an experimental murine model could override
the stimulatory effect of hyperglycemia on VEGF expression.
Dissecting molecular mechanisms by which miR-93 regu-
lates VEGF both in normal and pathological conditions
can lead to insights into preventing microvascular complica-
tions of diabetes. Although many obstacles remain to be
addressed, miRNA mimics and miRNA antisense constructs
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could hold promise for the design of a new generation of
drugs for the treatment of patients with diabetic kidney
disease.
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