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Abstract
Glucose-induced augmented vascular endothelial growth factor (VEGF) production is a key

event in diabetic retinopathy. We have previously demonstrated that downregulation of

miR-200b increases VEGF, mediating structural and functional changes in the retina in dia-

betes. However, mechanisms regulating miR-200b in diabetes are not known. Histone

methyltransferase complex, Polycomb Repressive Complex 2 (PRC2), has been shown to

repress miRNAs in neoplastic process. We hypothesized that, in diabetes, PRC2 represses

miR-200b through its histone H3 lysine-27 trimethylation mark. We show that human retinal

microvascular endothelial cells exposed to high levels of glucose regulate miR-200b repres-

sion through histone methylation and that inhibition of PRC2 increases miR-200b while

reducing VEGF. Furthermore, retinal tissue from animal models of diabetes showed in-

creased expression of major PRC2 components, demonstrating in vivo relevance. This re-

search established a repressive relationship between PRC2 and miR-200b, providing

evidence of a novel mechanism of miRNA regulation through histone methylation.

Introduction
Diabetic retinopathy is a microvascular complication of diabetes and a leading cause of vision
loss [1]. In early diabetic retinopathy, hyperglycemia induces the expression of vasoactive and
inflammatory factors that increase retinal capillary permeability, causing macular edema, and
contributing to pericyte and endothelial cell loss [2]. Extracellular matrix (ECM) proteins also
are increased, contributing to basement membrane thickening [3]. As diabetic retinopathy pro-
gresses, microaneurysms develop and new vessels are formed. New vessels may lead to bleeding
and tractional retinal detachment, leading to vision loss. Sustained hyperglycemia, elevated
blood pressure and abnormal plasma lipids are all important risk factors in the progression of
chronic diabetic complications including retinopathy. However large scale studies in both
types of diabetes have shown that hyperglycemia is the main factor in the development of mi-
crovascular complications [4–6].

There are numerous signaling events and pathways that are involved in altering the expres-
sion of vasoactive factors like vascular endothelial growth factor (VEGF). Glucose, first leads to
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signaling changes in endothelial cells of the retinal capillaries, which further leads to altered sig-
nals to other cell types. Endothelial cells are particularly susceptible to hyperglycemcia-induced
damage due to their constitutive expression of glucose transporter 1 (GLUT-1) [7–9]. A number
of mechanisms are involved in hyperglycemia-induced damage, including production of ad-
vanced glycation end products, oxidative stress and activation of intracellular signaling pathways
such as proten kinase C (PKC) and p38 mitogen-activated protein kinase (MAPK) [10–14]. The
functional consequence of the altered signaling events in diabetes is increased transcription of
multiple vasoactive factors and ECM proteins, which are involved in the development and pro-
gression of chronic diabetic complications.

Recent research in our laboratory has elucidated the role of several microRNAs (miRNAs)
that are involved in regulating vasoactive factors and ECM proteins in diabetic complications
[15,16]. miRNAs are post-transcriptional regulators of gene expression. They are produced ini-
tially by RNA Polymerase 2 (Pol2) as immature transcripts and are processed into shorter, ma-
ture miRNAs [17,18]. Mature miRNAs target messenger RNAs (mRNAs) for inhibition
through specific binding at the 3’ untranslated region (UTR), triggering mRNA degradation or
halting translation depending on complementarity [19]. From an evolutionary perspective,
miRNAs represent another level of control over cellular events by tightly regulating gene ex-
pression [20]. Therefore, aberrant miRNA expression in disease processes can disrupt normal
cell physiology and mediate pathogenetic processes [21,22]

One miRNA of importance in diabetic retinopathy is miR-200b. miR-200b has been shown
to regulate VEGF [15]. Our laboratory has shown decreased miR-200b in bovine retinal endo-
thelial cells exposed to high levels of glucose, as well as in retinal tissue of streptozotocin-in-
duced (STZ) diabetic rats at 1 month following diabetes induction. Due to loss of negative
regulation, VEGF expression and retinal permeability were enhanced. Intravitreal injections of
miR-200b were protective by reducing VEGF as well as vessel permeability [15]. Furthermore,
miR-200b levels were decreased in human retinal tissue from diabetic patients compared to
non-diabetic patients, further supporting that loss of miR-200b occurs in diabetic retinopathy
and that restoring miR-200b may be therapeutically useful. However why miRNAs, like miR-
200b, become dysregulated in diabetes is poorly understood. Additional research in this topic
is necessary to further our understanding and develop novel treatment strategies, and current
research suggests an epigenetic link between microRNA regulation and histone methylation.

Histone methylation is another emerging theme in the field of epigenetics and is involved in
the coordination of gene expression. Amino acid residues within histone subunit molecules
can become methylated by histone methylatransferases, which changes the overall accessibility
of chromatin and affects how transcription factors can activate/repress genes in the modified
area [23]. So far only H3K4 and H3K9 methylation have been examined in cell culture studies
and animal models of diabetes. However, evidence suggests that methylation is indeed a thera-
peutically targetable mechanism through its involvement in gene regulation in chronic diabetic
complications [24–27].

One particular type of methylation, H3K27me3, has been linked to miRNA regulation in
several investigations. Polycomb Repressive Complex 2 (PRC2) is a multimeric complex that
catalyzes trimethylation of lysine 27 on histone H3 (H3K27me3) and has been linked to nega-
tively regulating many genes, including miRNAs [28,29]. It consists of a major methyltransfer-
ase core, EZH2, major adaptor proteins, EED and SUZ12, as well as long-non coding RNA
[29–33]. Most of the functional importance of PRC2 has come from research in the cancer
field. In a variety of cancers, PRC2 components such as EZH2 and SUZ12 are increased, lead-
ing to increased H3K27me3 at a variety of gene promoters. The functional result is silencing of
expression in that area, resulting in increased angiogenesis and enhanced metastasis [34].
PRC2 has also been implicated in regulating cell-cell adhesion and inflammatory genes in
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endothelial cells [35]. Most importantly, PRC2, and specifically the EZH2 and SUZ12 subunits,
have been shown to regulate miR-200b in the context of neoplasia [36,37]. Furthermore, in
human fibroblasts, increased H3K27me3 was found at the promoter regions of the miR-200
gene cluster with correlating decreased expression relative to epithelial cells, illustrating a
mechanism for how miR-200b becomes repressed [38].

While there is limited understanding as to why microRNAs like miR-200b become re-
pressed in diabetic complications, based on the above discussion, it is possible that the underly-
ing regulation of miR-200b may involve PRC2. We hypothesize that glucose induces increased
PRC2 expression and activity, which causes alteration of miR-200b levels. Such changes may
play a role in the development of diabetic retinopathy. Altogether, the importance of miR-200b
in diabetic retinopathy, with possible links of PRC2 to miR-200b, provides clear rationale for
investigating this complex in the context of diabetic retinopathy. Involvement of PRC2 in dia-
betic retinopathy remains elusive, as well as links to VEGF and angiogenesis, providing addi-
tional motivation for the current study.

Materials and Methods

In Vitro Studies
All cell types investigated, including those isolated from diabetic individuals, were obtained from
commercial sources. To investigate PRC2 and miR-200b regulation in the context of diabetic ret-
inopathy, the major cell type used for investigation was the human retinal microvascular endo-
thelial cell (HRMECs, Olaf Pharmaceuticals, Worchester, MA, Cat# HEC09). Other endothelial
cell types were used for parts of this investigation include human dermal microvascular endothe-
lial cells (HDMECs) isolated from non-diabetic individuals (Lonza, Cat# CC-2543) and type 1
and type 2 diabetic individuals (Lonza, Cat# CC2929, CC2930), were grown and passaged in tis-
sue culture flasks in Endothelial Basal Medium 2 (EBM-2; Lonza, Walkersville, MD) containing
5mMD-glucose, 10% fetal bovine serum (FBS; Sigma-Aldrich, Oakville, ON) and all provided
growth factors and antibiotics (EBM-2 Single Quots). No additional antibiotic was added to the
medium. HRMECs were incubated at 37°C with 5% CO2 and used between passages 3 and 8 to
minimize variability. Prior to experimentation, HRMECs were seeded on the appropriate dish
based on the assay. At 80–90% confluency, HRMECs were serum starved overnight by removing
the growth medium and replacing it with EBM-2 containing 0% FBS, no growth factors or
antibiotics. Following starvation, cells were treated with additional D-glucose (Sigma-Aldrich,
Oakville, ON) to represent high glucose levels (HG, 25mM) with normal glucose controls (NG,
5mM). Osmotic controls were also used where necessary (20mM L-glucose + 5mMD-glucose).
All experiments were performed with 6 replicates unless noted otherwise.

In Vivo Studies
All animal were cared for according to the Guiding Principles in the Care and Use of Animals.
All experiments were approved by Western University and Animal Care and Veterinary Ser-
vices (ACVS). These experiments conform to the Guide for Care and Use of Laboratory Ani-
mals published by the NIH (NIH publication no. 85-23, revised in 1996).

Male Sprague–Dawley rats (175 g, 6 weeks old) were obtained (Charles River, Wilmington,
MA, USA). Diabetes was induced by a single intraperitoneal injection of streptozotocin (STZ,
65mg/kg, in citrate buffer 5.6pH), with control rats receiving an identical volume of citrate
buffer. Rats were monitored for changes in body weight and blood glucose. After 4 weeks of di-
abetes duration, rats were sacrificed, retinal tissue was collected and RNA was extracted as
described below.
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Male C57BL/6 mice (23–36gm, were administered three doses STZ (50mg/kg) to induce di-
abetes, with control animals receiving an identical volume of citrate buffer. Animals were mon-
itored for changes in body weight and blood glucose. After 8 weeks of diabetes duration, mice
were sacrificed and retinal tissue was collected.

RNA Extraction and Real Time RT-PCR
mRNA was extracted using TRIZOL reagent (Invitrogen, Burlington, ON) according to manu-
facturer’s instructions. RNA concentration was quantified with spectrophotometry (260nm;
Gene Quant, Pharmacia Biotech, USA).

To generate cDNA, 2μg of total RNA was used with the High Capacity Reverse Transcription
Kit (Applied Biosystems, Foster City, CA) and random hexamer primers. Quantitative Real
time RT-PCR was performed using a Roche LightCycler 96 (Roche, Laval, QC) and SYBR
Green detection (Clontech, Mountain View, CA). The reaction mixture (total volume 20μL)
consisted of the following components: 10μL of SYBR Advantage qPCR Premix, 1μL of each
10μM forward and reverse primer, 1μL cDNA sample and 7μL nuclease free water. Primers for
VEGF, EZH2, EED, SUZ12, KDM6A, and KDM6B are shown in Table 1 (Qiagen, Germantown,
MD and Sigma-Aldrich). Normalization was performed to β-actin to account for differences in
reverse transcription efficiencies of cDNA.

MiRNA Extraction and Real Time RT-PCR
To isolate miRNA, mirVana microRNA Isolation Kit (Ambion, Austin, TX) was used accord-
ing to the manufacturer’s instructions. This protocol involves precipitating RNA on a column
to reduce the loss of small RNAmolecules such as miRNAs. The RNA concentration was quan-
tified using spectrophotometry (260nm).

To generate cDNA, 100ng of total RNA was used with Reverse transcription was performed
using the High Capacity Reverse Transcription Kit.

Specific primers are necessary to analyze mature miRNAs due to their short size. TaqMan
miRNA Assays (Applied Biosystems) were used as primers for Real Time RT-PCR (Table 2).
miR-200b expression was quantified using this method and normalization was performed to
house keeping gene U6.

Table 1. Oligonucleotide sequences RT-PCR.

Genes Primer Sequences (50 ! 30)

β-actin (human/rat/mouse) CCTCTATGCCAACACAGTGC CATCGTACTCCTGCTTGCTG

VEGF (human) GAACTTTCTGCTGTCTTGGG CTTCGTGATGATTCTGCCCT

EZH2 (human) QIAGEN (QT00054614)

EED (human) QIAGEN (QT00074627)

SUZ12 (human) TACGGCTCCTATTGCCAAAC TGCTTCAGTTTGTTGCCTTG

KDM6A (human) QIAGEN (QT00094654)

KDM6B (human) QIAGEN (QT00098742)

VASH1 (human) GTTCCCTCCGAAACTGAGAC ACAAAGCACCCCCATCTAAC

EZH2 (rat) GCACACTGCAGAAAGATCCA AGGTAGCACGGACACTGCTT

EZH2 (mouse) AGACGTCCAGCTCCTCTGAA CATCCTCAGTGGGAACAGGT

EED (rat/mouse) CTGGCAAAATGGAGGATGAT GGTCAGTGTTGTGCATTTGG

SUZ12 (rat/mouse) GTCTCAGGGGTTCCAAAACA ACACTGCCTGTTCCAAATCC

doi:10.1371/journal.pone.0123987.t001
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Protein Extraction andWestern Blotting
To determine changes in VEGF expression at the protein level, Western Blotting was per-
formed. Protein was extracted using whole cell lysates in RIPA buffer, as per manufacturer’s in-
structions (Sigma-Aldrich). Lysates were sonicated twice for 30 seconds on ice prior to final
centrifugation to increase protein yield. Protein concentration was determined using a Bicinch-
oninic Acid assay (Thermo Fischer Scientific, Rockford, IL).

Western Blotting was performed using 30μg of protein. Samples were diluted LDS Sample
Buffer (Life Technologies) and heated at 70°C for 10 minutes. Samples were separated on a
4–12% Tris-Glycine gel (Life Technologies) and were transferred overnight to a PDVFmem-
brane. The membrane was blocked for 30 minutes at room temperature and washed twice in
T-PBS (Sigma-Aldrich, 0.1% Tween). Primary antibody incubation (VEGF or β-actin) was per-
formed in blocking buffer at empirically determined dilutions (1:200 and 1:1000 respectively,
Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibody incubation was performed in
T-PBS at 1:5000 dilution (Santa Cruz Biotechnology). The membrane was washed four times
for 5 minutes after each antibody incubation. Detection was performed using the Amersham
ECL PrimeWestern Blotting Detection Reagent as per manufacturer’s instructions (GE Health-
care Life Sciences, QC, Canada). Luminescence was quantified using densitometry software.

Chromatin Immunoprecipitation (ChIP) qPCR Analysis
To elucidate changes in chromatin modifications associated with high glucose, ChIP-qPCR
was performed. This technique allows pull down of specific protein targets and confirms ge-
nome association by performing qPCR with primers against select genomic regions. Chroma-
tin Immunoprecipitation (ChIP) Assay Kit (Milipore, Temecula, CA) was used according to
manufacturer’s instructions. Following 24 hours of glucose exposure, the cells were fixed using
formalin, collected and lysed in SDS buffer containing protease inhibitors. The lysate was soni-
cated on ice three times in 30 second intervals with a KONTES Micro-Ultrasonic Cell Disrup-
tor (power of 6 at a tuning of 4) to attain DNA fragments in the 200–1000bp range,
appropriate for immunoprecipitation. The lysate was centrifuged and the supernatent was pre-
cleared. 5% of each sample was transferred to a fresh tube and stored at -80°C for an input
measurement. Antibodies were used in 1:400 dilution for each immunoprecipiation reaction.

Following overnight antibody incubation, Salmon Slurry Agarose was added to the mix-
ture for one hour and spun down. The pellet was washed five times in the following series:
Low Salt Solution, High Salt Solution, Li-Cl Solution and twice at room temperature (both
8.0 pH EDTA). Each wash was performed for 5 minutes with rotation. Following the final
wash and centrifuge, precipitated DNA was released using of freshly prepared elution solu-
tion (1% SDS, 1M NaHCO3) with rotation. Cross-links were reversed with high concentra-
tions of NaCl. Proteins were degraded using protease K (Sigma-Aldrich) and DNA was
precipitated using phenol-chloroform (1:1). The pellet was resuspended in 8.0 pH EDTA
for use in subsequent qPCR analysis.

Table 2. RT-PCR TaqManmiRNA Probe Sequences.

Genes Probe Stem-Loop Sequence (50 ! 30)

mature
miR-
200b

CCAGCUCGGGCAGCCGUGGCCAUCUUACUGGGCAGCAUUGGAUGGAGUCAGGUCUCUAAUACUGCCUGGUAAUGAUGACGGCGGAGCCCUGCACG

U6 GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTT

doi:10.1371/journal.pone.0123987.t002
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Pulldown antibodies include anti-H3K27me3 and anti-Pol2 (Milipore). Control for these
antibodies include manufacturer provided IgG and ascitic fluid negative control. Primer design
to the miR-200b promoter region was performed based on an identified promoter region 2kb
upstream of the miR-200b gene (Sigma-Aldrich). Control primers provided by the manufac-
turer were used to assure the quality of the ChIP reaction, as well as to determine specificity of
the chromatin modification changes associated with high glucose. Sequences for these primers
are listed in Table 3.

VEGF ELISA
To determine changes in secreted VEGF protein, VEGF was measured in the supernatant of
HRMECs treated in various conditions. Human Vascular Endothelial Growth Factor ELISA
Kit (45-VEGHU-E01, Alpco, Salem, NH) was used according to manufacturer’s instructions.
Briefly, this protocol incubates 50μL of supernatant in an antibody-coated well. A biotinylated
anti-VEGF antibody was incubated and the wells were washed. Following another series of
washes, Streptavidin-HRP solution was incubated in the wells and the wells were washed. Fi-
nally, a stabilized chromagen was incubated in the wells in darkness and the reaction was
stopped using a stop solution. VEGF concentration was measured with a plate reader at 450nm
using a standard curve.

PRC2 Inhibition with 3-Deazaneplanocin A (DZNep) Chemical Inhibitor
A general methylation inhibitor DZNep (Cayman Chemical, Ann Arbor, MI), which has
shown selectivity for PRC2 and H3K27me3, was used as a loss-of-function treatment [32].
DZNep is an indirect inhibitor of methylation, which functions by directly inhibiting a hydro-
lase that metabolizes Ado-Hcy. Ado-Hcy is a end product formed after a methyltransferase,
like EZH2, uses its substrate, Ado-Met, to methylate an amino acid or nucleotide residue [39].
DZNep therefore results in increased cellular levels of Ado-Hcy, which inhibits EZH2 by mov-
ing it to an inactive conformation. Concentrations from 1μM to 10μM have been shown to in-
hibit H3K27me3 activity and 5μMwas used for this study [39].

DZNep was tested in normal glucose and high glucose, with an equal amount of DMSO
(Santa Cruz Biotechnology) as a control in the same conditions. Cells were pre-treated with
DZNep at the starvation period, prior to addition of D-glucose, as well as during the D-
glucose treatments.

PRC2 Gene Knockdown with Small Interfering RNA
To improve the specificity of the hypothesized mechanism, knockdown of specific gene targets
was performed using small interfering (siRNA). Specifically, EZH2 and SUZ12 siRNA (Qia-
gen) were used for gene knockdown with control siRNA (Life Technologies) to control for the
transfection process and specificity (Table 4).

Based on previous experiments in our laboratory, cells were treated with siRNA at a concen-
tration of 100nM using Lipofectamine 2000 (Invitrogen) and Opti-MEM (Life Technologies).

Table 3. Oligonucleotides for ChIP-qPCR Analysis.

Genomic region Primer Sequences (50 ! 30)

miR-200b promoter GCCGGGATCACATTCCTC CTCAGCTTGGGAAAATCCAG

Human alpha satellite CTGCACTACCTGAAGAGGAC GATGGTTCAACACTCTTACA

GAPDH promoter TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA

doi:10.1371/journal.pone.0123987.t003
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Cells were grown to 80% confluency and were washed with D-PBS prior to transfection to re-
move antibiotics. Cells were transfected for 4 hours and was supplemented with 2x the volume
of full EBM-2 containing 10% FBS, growth factors and antibiotics. The following day, the cells
were serum starved overnight. The following day, cells were treated with D-glucose and were
incubated for 48 hours, when they were collected for gene expression analysis as described
above. Gene knockdown was verified by RT-PCR.

Tube Formation Assay
As a measure of VEGF activity and angiogenesis, a tube formation assay was performed with
transfected cells. BD Matrigel Matrix Phenol Red-Free (BD Biosciences, Bedford, MA) was ali-
quoted (100μL per well) into a 96-well plate. Prior to seeding, the transfected cells were collect-
ed with trypsin and cellular density was quantified using a hemocytometer. Cells were seeded
at a density of 1.5x104 cells per well. Density of cells plated was determined empirically. The
cells were then incubated for 1 hour at 37°C to allow for attachment, after which growth medi-
um was aspirated and replaced with serum-free medium containing 25mM (HG) D-glucose.
Cells transfected with control siRNA were also cultured in 5mM (NG) D-glucose as a control.
After 16 hours incubation, the medium was carefully aspirated from each well, the cells were
washed once with D-PBS and pictures were taken at 40× magnification using a Nikon Diaphot
microscope (Nikon Canada, Mississauga, ON) with PixeLINK camera and PixeLINK Capture
OEM software (PixeLINK, Ottawa, ON). Branch numbers and branch points were counted
and a ratio of branches:branch points was calculated for each treatment. Each treatment was
repeated in triplicate with at least two field of views per replicate.

Cell Viability Assay
To determine the cytotoxicity of the treatments used in our experiments, the WST-1 Cell Via-
bility Assay (Roche) was used. Cells were seeded (5.0x104/well) onto a 96-well plate and were
allowed to attach overnight. The following morning, the full medium was removed and was re-
placed with 100μL of serum-free medium containing various concentrations of D-glucose
(5mM, 10mM, 15mM, 25mM, 50mM, 100mM). Following 24 hours of incubation with glu-
cose, 10μL of WST-1 reagent was added to each well. The plate incubated for 1.5 hours at 37°C
to produce a colour reaction. Absorbance was measured with a Multiskan FC Microplate Pho-
tometer (Thermo Scientific, Finland) at 450nm with a reference wavelength of 690nm. Survival
was determined by the difference between the absorbances at 450nm and 690nm.

Statistical Analysis
To determine statistical significance, 2-tailed Student’s T-test was performed with an α-value
of 0.05 using SPSS. P values< 0.05 were considered stastically significant. For experiments
with multiple comparisons, one-way ANOVA was performed with an α-value of 0.05 using
SPSS. Tukey’s test was performed to determine significant differences between groups.

Table 4. Silencing small interfering RNA sequences.

Gene siRNA sequences (50 ! 30)

Control Primers Life Technologies (AM4635)

EZH2 CCAUGUUUACAACUAUCAATT UUCAUACUUCUAAACAUGGTT

SUZ12 GCAUAAUGUCAAUAGAUAAT UUAUCUAUUGACAUUAUGCTA

doi:10.1371/journal.pone.0123987.t004
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Results

MiR-200b and VEGF Are Altered in Human Retinal Endothelial Cells
Exposed to High Levels of Glucose
This was one of the first investigations to expose the human retinal microvascular endothelial
cell (HRMEC) type to high glucose. Therefore, initial experiments were performed to confirm
whether glucose increases VEGF levels. L-glucose treatment (osmotic control; OSM) was also
used. L-glucose is metabolically inactive and does not cause oxidative stress and hyperglyce-
mia-induced signaling changes as D-glucose does [15,16,40]. We show that VEGF mRNA lev-
els were significantly increased after 24 hour exposure to medium containing 25mM glucose
compared to 5mM glucose, while concentrations greater than 25mM did not show any differ-
ences in VEGF expression levels (Fig 1A). 20mM L-glucose did not have any effect on VEGF
expression (Fig 1A). Furthermore, increasing glucose cocnentrations showed increased cyto-
toxicity as measured by a WST-1 assay (Fig 1B). Therefore, 5mM glucose was selected as nor-
mal glucose (NG) and 25mM glucose was selected as the high glucose (HG) for all subsequent
analyses. To test the effects of glucose at different time points, HRMECs were exposed to 5mM
or 25mM D-glucose for various durations. VEGF transcript levels were significantly increased
in HG compared to NG at 24 hour and 48 hours time points, though no significant changes
were observed before these time points (Fig 1C). Therefore, subsequent experiments were per-
formed at these time points to test the effects of glucose exposure on endothelial cells. These
findings are consistent with previous studies performed in our laboratory using various endo-
thelial cell types.

To verify the effects of glucose exposure on miR-200b expression, HRMECs were exposed
to 25mM D-glucose for 24 and 48 hours. At both 24 and 48 hours, miR-200b levels showed
significant decrease in HG compared to NG and OSM controls (Fig 1D). In parallel, VEGF
showed significantly increased levels in HG compared to NG and OSM controls (Fig 1E).
This result is consistent with previous work performed in our laboratory in bovine retinal en-
dothelial cells. This is the first time miR-200b decrease has been observed in human endothe-
lial cells isolated from the retina. Furthermore, increased VEGF expression was observed at
the protein level measured by Western Blotting (Fig 1F and 1G). This increase at the protein
level parallels the increase observed in VEGF mRNA. These findings further strengthen the
relationship between hyperglycemia and decreased miR-200b expression in the context of
diabetic retinopathy.

PRC2 Components Are Altered in Endothelial Cells Exposed to High
Glucose Levels
Once decreased miR-200b and increased VEGF was established in HRMECs exposed to HG,
the mRNA levels of several genes associated with the PRC2 complex was measured by qPCR.
These included EZH2, the methyltransferase portion of PRC2, EED and SUZ12, the adaptor
protein of PRC2, and KDM6A and KDM6B, which are the demethylases associated with
H3K27me3 and thus oppose PRC2 activity.

At both 24 and 48 hours in HG, mRNA of EZH2, EED and SUZ12 were elevated compared
to NG and OSM controls (Fig 2A, 2B and 2C). These observations show increased expression
of the PRC2 components, which were hypothesized to negatively regulate miR-200b expres-
sion. Furthermore, no difference was observed in expression levels of KDM6A and KDM6B be-
tween NG, HG and OSM controls (Fig 2D and 2E). Interestingly, KDM6A was observed to
significantly decrease in HG at the 48 hour time point (Fig 2D). This suggests there is no
change or even a decrease in demethylase expression for H3K27 methylation. Altogether, an
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increase in expression of PRC2 with no change or decrease in demethylase expression suggests
a shift towards increase of H3K27me3 in HG. Overall, these experiments provide correlational
evidence linking PRC2 to negatively regulating miR-200b in HG, though additional supporting
evidence is necessary.

Fig 1. High levels of glucose alter VEGF andmiR-200b expression in HRMECs. A:HRMECs exposed to various concentrations of D-glucose for 24
hours exhibited differential mRNA levels of VEGF. Compared to 5mMD-glucose, VEGF expression was significantly increased at 15mM and 25mMD-
glucose concentrations, with no change at 20mM L-glucose. B:Measured byWST-1 assay, HRMECs exposed to increasing concentrations of D-glucose for
24 hours exhibited decreased cell viability at 25mM, 50mM and 100mM compared to 5mM.C: HRMECs exposed to 25mM (high glucose; HG) glucose for 24
and 48 hours demonstrated significantly increased VEGFmRNA compared to 5mM (normal glucose; NG). These differences were not observed at time
points earlier than 24 hours.D,E:HRMECs exposed to 5mM D-glucose (NG) 25mMD-glucose (HG) and 20mM L-glucose+5mMD-glucose (osmotic control;
OSM). HRMECs cultured for 24 hours and 48 hours in HG showed significantly decreased levels of miR-200b with parallel increased levels of VEGF
expression compared to NG and OSM. F,G: VEGF is also increased at the protein level in HG compared to NG as measured byWestern Blotting. [* p < 0.05
compared to NG; n = 6; data expressed as mean ± SEM, normalized to β-actin or U6 and expressed as a fold change of NG].

doi:10.1371/journal.pone.0123987.g001
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PRC2 Activity Is Increased Specifically at the MiR-200b Promoter
Region
To demonstrate the involvement of PRC2 at the level of the genome and chromatin modifica-
tions, ChIP was performed using antibodies for H3K27me3. Negative control antibody IgG
was used to demonstrate specificity of the immunoprecipitation reaction. RNA Polymerase 2
(Pol2) was also immunoprecipitated to measure transcriptional activity of miR-200b at the
level of the genome in addition to the RT-PCR results demonstrated above. Ascitic fluid was
used as a negative control for this antibody as provided by the manufacturer.

Following ChIP-qPCR analysis, H3K27me3 was found to be significantly increased at the
miR-200b promoter region in HG compared to NG controls (Fig 3A). IgG isotype control pull
down showed significantly less association than the H3K27me3-specific antibody. Also, Pol2
was found to be significantly decreased at the miR-200b promoter region in HG compared to
NG controls (Fig 3B). Again, specificity of this antibody was demonstrated as association with
the negative control was minimal. Therefore, this increase of the H3K27me3, which is specific
to the PRC2 complex, demonstrates a strong regulatory relationship between PRC2 and miR-
200b at the level of chromatin modification. Furthermore, since this type of methylation is be-
lieved to be repressing and is associated with closed chromatin, the observation of decreased
Pol2 association at the miR-200b promoter region further supports the mechanism and

Fig 2. High levels of glucose alter the expressions of PRC2 component and related genes.Real time RT-PCR analysis of PRC2 components in
HRMECs exposed to 5mMD-glucose (NG), 25mMD-glucose (HG), and 20mM L-glucose+5mMD-glucose (OSM).A: After 24 and 48 hour exposure to D-
glucose, levels of EZH2, EED and SUZ12, were significantly increased compared to NG and OSM controls. B: After 24 exposure to D-glucose, KDM6A and
KDM6B levels did not change in HG. After 48 hours, KDM6A was significantly decreased compared to NG and OSM controls, while KDM6B showed no
change. [* p < 0.05 compared to NG; n = 6; data expressed as mean ± SEM, normalized to β-actin and expressed as a fold change of NG].

doi:10.1371/journal.pone.0123987.g002
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accounts for the decrease in miR-200b expression demonstrated earlier. Altogether, these re-
sults paint a picture of the genomic events occurring at the miR-200b promoter region in HG,
and further support that PRC2 may regulate miR-200b in diabetes.

Finally, to improve the specificity of this mechanism, areas of the genome with well-
known association to the targets that were immunoprecipitated were measured by qPCR.
No significant differences were observed in H3K27me3 and Pol2 association at the α-satellite
region and GAPDH promoter region between NG and HG, though specificity between the
specific and non-specific antibodies was still observed (Fig 3C and 3D). These negative con-
trol experiments further support that PRC2 specifically regulates miR-200b in HG, as these
changes in H3K27me3 and Pol2 association are specific to certain genomic regions and are
not global.

Fig 3. High levels of glucose alter H3K27me3 and RNA polymerase 2 association at the miR-200b promoter region. A:ChIP-qPCR analysis of H3K27
trimethylation (H3K27me3) at the miR-200b promoter region. Association of H3K27me3 at the miR-200b promoter region was significantly increased in
25mM (HG) glucose compared to 5mM (NG) glucose.B:ChIP-qPCR analysis of RNA polymerase 2 (Pol2) at the miR-200b promoter region. Association of
Pol2 at the miR-200b promoter region was significantly decreased in HG compared to 5mMNG. C:ChIP-qPCR analysis of H3K27me3 at the human alpha-
satelite region. Association of H3K27me3 at the human alpha satellite region showed no significant change between HG and NG. D:ChIP-qPCR analysis of
Pol2 at the GAPDH promoter region. Association of Pol2 at the GAPDH promoter region showed no significant difference between 25mM (HG) glucose and
5mM (NG) glucose. Association of IgG and ascitic fluid (negative control) was minimal and showed no difference between NG and HG in all experiments.
[* p < 0.05 compared to NG; n = 3; data expressed as mean percentage of input ± SEM].

doi:10.1371/journal.pone.0123987.g003
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Loss of Function Analysis Using DZNep Inhibitor Demonstrates a
Cause-And-Effect Relationship between PRC2 and MiR-200b
Expression
To demonstrate a cause-and-effect relationship between PRC2 and miR-200b, a chemical inhib-
itor for H3K27me3, DZNep, was used. HRMECs treated for 24 hours with DZNep showed sig-
nificantly higher miR-200b levels in both NG and HG compared to the other controls (Fig 4A).
In parallel, VEGF mRNA was significantly decreased when HRMECs were treated with DZNep
compared to all other controls (Fig 4B). Furthermore, VEGF was measured in the supernatant
of treated HRMECs (Fig 4C). VEGF protein was elevated in HRMECs treated in HG and HG
with DMSO, compared to respective controls, however this elevation was not seen in HRMECs

Fig 4. HRMECs treated with 3-Deazaneplanocin A (DZNep) chemical inhibitor demonstrated increasedmiR-200b and decreased VEGF expression.
A:After 24 exposure to DZNep in HG, miR-200b levels were significantly increased.B,C: In parallel levels of VEGFmRNA and secreted VEGF protein were
decreased in HRMECs treated in HGwith DZNep compared to controls. [NG = 5mMD-glucose, HG = 25mMD-glucose, NG+DMSO = 5mMD-glucose + 0.05%
DMSO, HG+DMSO = 25mMD-glucose + 0.05%DMSO, NG+DZNEP = 5mMD-glucose + 5μMDZNep, HG+DZNEP = 25mM + 5μMDZNep; identical letters
represent groups that are not significantly different; p < 0.05; n = 6; data expressed asmean ± SEM, normalized to β-actin for VEGF and U6 for miR-200b,
expressed as a fold change of NG].

doi:10.1371/journal.pone.0123987.g004
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treated with DZNep, demonstrating parallel changes in VEGF mRNA and protein. Since PRC2
was hypothesized to negatively inhibit miR-200b, through its repressing methylation-mark, in-
creased expression of miR-200b would be expected by inhibiting PRC2. Increased miR-200b ex-
pression was observed with decreased VEGF mRNA and protein, a target of miR-200b,
providing evidence to support the hypothesis by showing a cause-and-effect relationship by
using loss-of-inhibition.

Loss of Function with SiRNA Demonstrates That SUZ12 Is of
Importance in PRC2-Mediated Regulation of miR-200b
To further eludicate the role of specific components of PRC2 in the regulation of miR-200b,
siRNA-mediated gene knockdown of EZH2 and SUZ12 was performed. Knockdown efficiency
was verified by RT-PCR (Fig 5A and 5B). In HG, HRMECs transfected with control siRNA
showed a significant decrease in miR-200b expression and increase in VEGF expression (Fig 5C
and 5D). When EZH2 was silenced in HG, miR-200b and VEGF showed no differences in ex-
pression compared to HRMECs treated with control siRNA in HG (Fig 5C and 5D). However,
silencing of SUZ12 increased miR-200b and decreased VEGF, with levels similar to HRMECs
transfected with control siRNA in NG (Fig 5C and 5D). In addition, a tube formation assay was
conducted to provide a functional correlate. HRMECs transfected with control siRNA and
EZH2 siRNA in HG showed significantly increased branching compared to HRMECs trans-
fected with control siRNA in NG (Fig 5E and 5F). HRMECs treated with SUZ12 siRNA in HG
showed decreased branching, equivalent to HRMECs treated with control siRNA in NG (Fig 5E
and 5F). Altogether, this data suggests that SUZ12 is important in regulating miR-200b in HG,
as knockdown of SUZ12 corrected miR-200b and VEGF levels.

PRC2 Is Altered in Other Endothelial Cell Types and in Target Tissues of
Diabetic Complications
Finally, the expression of PRC2 components was measured in retinal tissues of animal models
of diabetes. VEGF expression was found to be increased while miR-200b expression was found
decreased in the retinas of diabetic mice compared to controls (Fig 6A). We have previously
demonstrated that VEGF and miR-200b expression is altered in the retinas of diabetic rats
(21). Furthermore, EZH2, EED and SUZ12 were significantly increased in the retinal tissue of
diabetic animals compared to non-diabetic controls (Fig 6A and 6B). These findings are consis-
tent with the in vitro data produced in this project and suggests that PRC2-mediated regulation
of miR-200b may be relevant in vivo.

Furthermore, the expression of PRC2 components was measured in human dermal micro-
vascular endothelial cells isolated from healthy individuals (HDMECs), from a patient with
type 1 diabetes (Type 1) and a patient with type 2 diabetes, all treated in NG or HG. These cells
show similar alterations in VEGF and miR-200b as in HRMECs (Fig 6C,6D and 6E). Further-
more, significantly increased expression of PRC2 was observed in all cell types treated in HG
(Fig 6C,6D and 6E). This suggests that PRC2 may be relevant in endothelial cells and may not
be specific to retinal endothelial cells. This opens up the exciting possibility of common patho-
genic mechanisms in diabetic complications.

Discussion
Our key findings are: 1) miR-200b and VEGF are altered in HRMECs exposed to glucose,
2) PRC2 component mRNA and activity at the miR-200b promoter region is in HRMECs ex-
posed to glucose, 3) treatment with DZNep inhibitor and transfection of SUZ12 siRNA
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Fig 5. HRMECs treated with SUZ12 siRNA demonstrate increasedmiR-200b expression, decreased VEGF expression and decreased endothelial
branching. A,B:Gene knockdown of EZH2 and SUZ12 was confirmed by qPCR.C,D: In HRMECs transfected with EZH2 siRNA in HG, miR-200b and VEGF
were not significantly different fromHG+control siRNA but decreased compared to NG+control siRNA. In HRMECs transfected with SUZ12 siRNA in HG, miR-
200b was significantly increased with decreased levels of VEGF compared to HRMECs transfected with control siRNA, with levels similar to NG+control siRNA.
E,F: Tube formation assay to measure endothelial branching. HRMECs transfected with HG+control siRNA demonstrated significantly increased branching
compared to NG+control siRNA. Transfection of EZH2 siRNA did not reduce endothelial branching significantly compared to HG+control siRNA. However,
transfection of SUZ12 siRNA significantly reduced endothelial branching compared to HG+control siRNA. [NG+control siRNA = 5mMD-glucose + 100nM
control siRNA, HG+control siRNA = 25mMD-glucose + 100nM control siRNA, HG+EZH2 siRNA = 25mMD-glucose + 100nM EZH2 siRNA, HG+SUZ12
siRNA = 25mM + 100nM SUZ12 siRNA; identical letters represent groups that are not significantly different; p < 0.05; n = 6; data expressed asmean ± SEM,
normalized to U6 or β-actin and expressed as a fold change of NG+control siRNA].

doi:10.1371/journal.pone.0123987.g005
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Fig 6. PRC2 components are altered in animal models of diabetes and other endothelial cell types exposed to high glucose. A,B: Real time RT-PCR
analysis of PRC2 component expression in animal retinal tissue from streptozotocin (STZ) induced diabetic and control animals.A: After 1 month of
diabetes, VEGF expression was increased and miR-200b expression was decreased. Furthermore, EZH2, EED and SUZ12 levels were increased in rat
retinal tissue from diabetic animals compared to control animals. B: After 2 months of diabetes, EZH2, EED and SUZ12 levels were increased in mouse
retinal tissue of diabetic animals compared to controls.C,D,E:Real time RT-PCR analysis of VEGF, miR-200b and PRC2 components in HDMECs of
various origins. In all groups, VEGF and miR-200b expression was altered.C: In non-diabetic adult HDMECs, EED and SUZ12 levels were significantly
increased by HG. D,E: In HDMECs isolated from patients with diabetes (Type 1 & Type 2), EZH2, EED and SUZ12 were significantly increased in HG
compared to NG controls. [HDMECs = human dermal microvascular endothelial cells, Type 1 = HDMECs isolated from a patient with type 1 diabetes, Type
2 = HDMECs isolated from a patient with type 2 diabetes, * p < 0.05 compared to control/NG; n = 6; data expressed as mean ± SEM, normalized to β-actin
and expressed as a fold change of control].

doi:10.1371/journal.pone.0123987.g006
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increased miR-200b and decreased VEGF levels, and 4) PRC2 components are altered in reti-
nal tissues from diabetic animals and other endothelial cell types exposed to high glucose.
Histone methylation as a mechanism for a dynamic response to external stimuli, like hyper-
glycemia, is a new way of thinking. Few mediators and types of methylation have been stud-
ied in the context of diabetic complications thus far. H3K27 methylation research has been
expanding in the cancer field but remains uninvestigated in diabetes. Furthermore, recent ev-
idence from cancer research suggests that the major methyltransferase complex for H3K27
trimethylation, PRC2, is involved in silencing several miRNA involved in cancer, including
miR-200b. Since miR-200b is also involved in diabetic retinopathy, a similar underlying
mechanism may be present and is worth investigating.

Establishment of correlational evidence between miR-200b repression and PRC2 was im-
portant to first investigating a potential regulatory relationship. Though many proteins and
lncRNA are involved in the PRC2 complex, three major components were selected for investi-
gation. EZH2 is the major methyltransferase component while EED and SUZ12 are the major
adaptor proteins. Expression of the major PRC2 components was increased in HG. Further-
more, this increase was specific to D-glucose treatment but not L-glucose. This suggests that
PRC2 expression is increased due to signaling induced by hyperglycemia, and not due to osmo-
larity changes. This could be due to induction of certain transcription factors. For example,
hypoxia inducible factor 1 alpha (HIF-1α) has been shown to become stabilized and increase in
transcriptional activity by high glucose in brain endothelial cells [41]. Furthermore, HIF-1α
has been shown to regulate EZH2 and may be responsible for regulating others genes in the
PRC2 complex [42,43]. Further investigation into HIF-1α stabilization would be suggest as a
possible upstream mechanism of PRC2 induction in hyperglycemia.

Interestingly, after 24 hours of glucose exposure, no change was observed in the demethy-
lases for H3K27me3, KDM6A and KDM6B. Furthermore, after 48 hours of glucose treatment,
KDM6A was decreased relative to NG controls, while KDM6B again showed no change. Al-
though increased mRNA expression of PRC2 components, and no change or decrease in
KDM6A/B mRNA, does not imply a direct increase in their activity, it does suggest that PRC2
activity may be increased through increased expression. Further investigating these compo-
nents at the protein level would strengthen this relationship between high glucose and in-
creased PRC2 expression.

Most importantly, H3K27me3 was increased in HG specifically at the miR-200b promoter re-
gion, just upstream of the transcriptional start site. This increase in H3K27 methylation, a re-
pressing type of methylation, suggests formation of closed, inaccessible chromatin and accounts
for the decreased expression of miR-200b. Since PRC2mediates this type of methylation, this ob-
servation further strengthens the hypothesis that PRC2 regulates miR-200b in response to hyper-
glycemia. Furthermore, RNA Pol2 association at the same promoter region was decreased in
HG, further suggesting that heterochromatin was formed and that decreased expression of miR-
200b in HG is regulated at the genome level. Finally, these changes in qPCR appear to be specific
to the miR-200b promoter region. At the human alpha-satelite region, an area of heterochromain
well known to associate with H3K27me3, no changes were observed in H3K27me3. Also, at the
GAPDH promoter region, a highly expressed area of the genome, no changes were observed in
Pol2 association. Therefore, H3K27me3 is increased specifically, while Pol2 association is de-
creased specifically, at the miR-200b promoter region. This is one of the first investigations to
connect two epigenetic mechanism, ie. histone methylation and microRNAs, in the context of a
complication of diabetes. It is possible that PRC2 regulates other miRNAs. Other investigations
have shown connections to PRC2 and microRNA regulation albeit in a different context [39,44].
In particular, miR-146a, which has demonstrated importance in diabetic retinopathy for its regu-
lation on fibronectin, has been identified as a potential target of PRC2 [15,44]. Thus, it is possible
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that PRC2 regulates multiple miRNAs. miR-200b is just one miRNA which shows particular rel-
evance in the context of diabetic retinopathy.

Cause-and-effect experimentation was important to further demonstrating a regulatory re-
lationship between PRC2 and miR-200b. Using a chemical inhibitor of PRC2 and H3K27me3,
DZNep, miR-200b expression in HG was significantly increased while VEGF mRNA and pro-
tein were decreased in parallel. DZNep is not specific for H3K27me3 inhibition, thus siRNA-
mediated gene knockdown was used to further elucidate the mechanism [45]. siRNA against
EZH2 and SUZ12 were used because these targets have been directly linked to regulating miR-
200b in neoplasia. Interestingly, silencing of EZH2 in HG showed no significant changes in
miR-200b and VEGF levels when compared to control siRNA. However, in HG, silencing of
SUZ12 produced significantly increased miR-200b and decreased VEGF expression compared
to control siRNA, and similar expression to control siRNA in NG. Furthermore, silencing of
SUZ12 produced decreased endothelial branching compared to control siRNA and EZH2
siRNA, indicating functional alterations in endothelial cells and possibly a proxy of VEGF ac-
tion. Therefore, it is possible that PRC2 regulation is dependent on SUZ12 and not EZH2. This
is interesting because EZH2 is the major methyltransferase component for PRC2 and has been
demonstrated to regulate miR-200b in neoplasia. EZH2 is often regarded as the most impor-
tant component for PRC2 regulation, however in our study SUZ12 was shown to be important
for miR-200b regulation. One possibility is that silencing of EZH2 in HG is insufficient to re-
store miR-200b levels to normal levels because SUZ12 is still able to occupy the miR-200b pro-
moter region. Studies have shown that recruitment of PRC2 is dependent on SUZ12 [33,46,47].
Furthermore, EZH1, a homolog of EZH2, also catalyzes for H3K27me3 and has been shown to
compensate for EZH2-knockdown by replacing it in PRC2 complex [40,48]. Thus, silencing of
SUZ12 prevents methylation at the miR-200b promoter region by preventing overall recruit-
ment of PRC2, while silencing of EZH2 may be compensated by EZH1. Although EZH1 was
not examined in this investigation, it may explain why SUZ12 appears to be important in
PRC2-mediated regulation of miR-200b. Additional experimentation is necessary to elucidate
the interplay of these specific components of PRC2.

Finally, additional correlational evidence using other models, including animal models and
other endothelial cell types, suggests the potential importance of PRC2 in diabetic retinopathy.
In retinal tissue from diabetic rats and mice EZH2, EED and SUZ12 expressions were increased
relative to non-diabetic control animals. Therefore, this mechanism may be relevant in vivo
and requires further investigation to determine the therapeutic potential of inhibiting these tar-
gets to prevent the microvascular changes associated with diabetes. Furthermore, PRC2 com-
ponents were elevated in HDMECs exposed to HG isolated from healthy individuals, as well as
individuals with type 1 and type 2 diabetes. This further strengthens the mechanism that PRC2
components are elevated in HG in endothelial cells. Furthermore, the increase in HG observed
in endothelial cells isolated from diabetic patients offers some interesting conclusions. These
cells were isolated from patients who had diabetes for several years (ie. greater than 20 years).
However, when treated in HG, PRC2 components were still overexpressed suggesting that hy-
perglycemia-induced upregulation does not become dampened. Thus, PRC2 and miR-200b
may be important in other complications of diabetes.

While other work in the field of epigenetics in diabetic complications has focused on either
histone methylation or miRNAs, this project has shown how these epigenetic mechanisms
work together to regulate VEGF. This project has demonstrated that PRC2 negatively regu-
lates miR-200b and thus appears to be a good therapeutic target in diabetic retinopathy. Due
to its nature as a multimeric enzyme complex, it can potentially be targeted with a small mole-
cule. While much work is needed to design a chemical inhibitor that would selectively target
this complex and be effective in being transported to the retina, an organ with its own selective
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permeability, this work has demonstrated another therapeutic strategy, which may show effi-
cacy in the prevention of diabetic retinopathy. It is hoped that continued investigation into
this complex will lead to a small molecule therapy for diabetic retinopathy that can be more
accessible and cost effective in treating diabetic retinopathy, though such goals are far in
the distance.

In summary, we show that PRC2 regulates miR-200b in retinal endothelial cells through
H3K27me3 repression (Fig 7). This is one of the first investigations to connect histone meth-
ylation and miRNA regulation in the context of diabetic retinopathy. Ultimately, this work
builds on the characterization of miRNA our lab has studied by elucidating a new regulation
mechanism. Investigating such mechanisms is important to further our understanding of
the signaling events that occur in response to hyperglycemia in diabetic retinopathy, as
well as developing novel treatment strategies to maintain the quality of life of patients
with diabetes.

Fig 7. Summary of key findings. (A) Glucose-induced increased PRC2 expression and activity causes alteration of miR-200b levels. Such changes may
play a role in the development of diabetic retinopathy. (B) This relationship is regulated at the level of genome by PRC2-mediated repression through
H3K27me3 at the miR-200b promoter region.

doi:10.1371/journal.pone.0123987.g007
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