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Abstract

Aims/hypothesis The pathophysiology of diabetic retinopathy is linked to hyperglycaemia and its effect on retinal microvascular

tissues. The resulting endothelial injury changes the endothelial cell phenotype to acquire mesenchymal properties (i.e.

endothelial–mesenchymal transition [EndMT]). Such changes can be regulated by epigenetic mechanisms, including long

non-coding RNAs (lncRNAs). lncRNA H19 may influence EndMT through TGF-β. We investigated the role of H19 in

regulating EndMT during diabetic retinopathy.

Methods H19 was overexpressed or silenced in human retinal endothelial cells exposed to various glucose levels. The cells were

examined for H19, endothelial and mesenchymal markers. We then expanded the study to retinal tissues in a mouse model of

diabetic retinopathy and also examined vitreous humour samples from individuals with proliferative diabetic retinopathy.

Results Expression of H19 was downregulated in high glucose conditions (25 mmol/l). H19 overexpression prevented glucose-

induced EndMT. Such changes appear to involve TGF-β through a Smad-independent mechanism. Diabetes caused downreg-

ulation of retinal H19. UsingH19 knockout mice, we demonstrated similar EndMT in the retina. Examination of vitreous humour

from individuals with proliferative diabetic retinopathy also reinforced the downregulation of H19 in diabetes.

Conclusions/interpretation We therefore concluded that H19 regulates EndMT in diabetic retinopathy through specific

mechanisms.

Data availability The results from our previous microarray can be found online using the GEO accession number GSE122189.
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Abbreviations

ECM Extracellular matrix

EMT Epithelial–mesenchymal transition

EndMT Endothelial–mesenchymal transition

ERK Extracellular signal-regulated kinase

FISH Fluorescence in situ hybridisation

FSP1 Fibroblast-specific protein 1

GEO Gene Expression Omnibus

HG High D-glucose (25 mmol/l) (experimental

treatment)

HRECs Human retinal microvascular endothelial

cells

KO Knockout

lncRNA Long non-coding RNA

MAPK Mitogen-activated protein kinase

miR microRNA

NG Normal D-glucose (5 mmol/l) (experimental

treatment)

NIH National Institutes of Health

PDR Proliferative diabetic retinopathy

PI3K Phosphatidylinositol-3-kinase

SM22 Smooth muscle 22

α-SMA α-Smooth muscle actin

STZ Streptozotocin

TGFβRII TGF-β receptor II

VE-cad Vascular endothelial cadherin

VEGF Vascular endothelial growth factor
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Introduction

Diabetes mellitus leads to several life-limiting complications,

and its worldwide prevalence is estimated to rise from 382

million in 2013 to 592 million by 2035 [1, 2]. Diabetic reti-

nopathy, a prominent microvascular complication, causes

vision-threatening retinal changes in one-third of the diabetic

population [3]. Progression of diabetic retinopathy is associat-

ed with duration of diabetes, hypertension and hyperglycaemia

[4], and hyperglycaemia has been shown to impair endothelial

function in animal and human studies [5, 6].

Endothelial cells lining the circulatory system facilitate ef-

fective blood pumping, regulate coagulation, fibrinolysis,

platelet aggregation and vascular tone, and play critical roles

inmaintaining homeostasis [7]. In hyperglycaemia, endothelial

cells undergo a range of intracellular events that promote en-

dothelial dysfunction and loss of physiological properties [7].

In diabetes, dysfunctional endothelial cells promote excess ac-

cumulation of extracellular matrix (ECM) proteins in damaged

tissues, leading to organ dysfunction [8, 9]. Accumulation of

ECM is accompanied by fibroblast proliferation and its differ-

entiation into myofibroblasts, the key cellular mediators of

fibrosis [10]. Damaged endothelial cells express markers char-

acteristic of myofibroblast differentiation such as α-smooth

muscle actin (α-SMA), smooth muscle 22 (SM-22), vimentin

and fibroblast-specific protein 1 (FSP1), thereby adopting a

mesenchymal phenotype [11]. Concurrently, endothelial cell

markers such as vascular endothelial (VE)-cadherin and

CD31 are downregulated [11]. This phenomenon, known as

endothelial–mesenchymal transition (EndMT), which results

in a differentiated phenotype, imparts invasive and migratory

abilities to affect pathological processes [11].

Switching of cellular phenotypes is an important biological

event, and phenotypic alterations from epithelial to mesenchy-

mal cell type, termed epithelial–mesenchymal transition

(EMT), is a key paradigm during embryonic development

[11, 12]. It is classified into three categories: type 1 EMT

occurs during the embryonic and developmental stages, and

types 2 and 3 EMTare active after birth and are involved with

fibrosis in chronic inflammation and malignancies, respective-

ly [11]. EndMT can be considered as a subcategory of EMT

and associated with its three categories [11]. EndMT involves

phenotypic changes, evidenced by a decrease in endothelial

markers and an increase in mesenchymal markers. EMT, on

the other hand, is characterised by a decrease in epithelial cell

markers (e.g. E-cadherin and integrins) and an increase in

mesenchymal markers [11, 13]. EndMT, similar to EMT,

may be regulated by the TGF-β superfamily of proteins, in-

cluding TGF-β1 and TGF-β2, through Smad-dependent and

Smad-independent signalling pathways such as MAPK/ERK

kinase (MEK)–extracellular signal-regulated kinase (ERK),

phosphatidylinositol-3-kinase (PI3K) and p38 mitogen-

activated protein kinase (MAPK) [11, 14, 15].

Long non-coding RNAs (lncRNAs) are RNA transcripts

(>200 nucleotides) that lack protein-coding potential [16].

lncRNAs play important roles in physiological processes, for

example as modulators of alternative splicing, factors in-

volved in chromatin remodelling and cis/trans-acting regula-

tors of gene expression and RNAmetabolism [17, 18]. Recent

evidence shows that dysregulation of target genes leads to
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abnormal lncRNA expression in multiple cancer types and

plays a critical role in mediating TGF-β-induced EMT during

tumour metastasis [19, 20]. One key lncRNA in

tumourigenesis is the oncofetal lncRNA H19. The H19 gene

is paternally imprinted and produces a 2.3 kb spliced, capped

and polyadenylated lncRNA, which is predominantly cyto-

plasmic and co-regulated by insulin-like growth factor 2, a

maternally imprinted gene located at the same locus [21].

Specific roles of H19 in tumourigenesis are disputable as it

harbours pro-tumourigenic [22] and tumour-suppressive [21,

23] properties. In diabetes, exposure to high glucose levels

reduced H19 expression in neonatal cardiomyocytes, and in

the myocardium of streptozotocin (STZ)-induced diabetes in

rats used as amodel of diabetes [24]. H19 has also been shown

to alter the microRNA (miR)-200 pathway by increasing up-

stream histone acetylation, thus reversing EMT [23]. We have

previously documented that, without affecting other members

of the miR-200 family (miR-200a and miR-429), miR-200b is

specifically downregulated in the retina of diabetic mice [25].

Subsequent studies in our laboratory have revealed that, in

addition to directly regulating vascular endothelial growth

factor (VEGF), miR-200b can indirectly regulate VEGF

through histone acetyltransferase p300 [25]. This action of

miR-200b was repressed on exposure to high glucose, an ef-

fect also observed during incubation with TGF-β1 [26].

We have also reported that glucose-induced EndMT in the

retina and heart of diabetic animals is regulated by miR-200b,

through modulation of p300 [26, 27]. This was accompanied

by the activation of TGF-β-mediated Smad signalling and

increased levels of ECM proteins [26, 27]. Although several

miRNAs have been shown to inhibit EndMT through their

actions on TGF-β1/Smad signalling, the only other miRNA

known to regulate high glucose-induced EndMT is miR-142-

3p [28]. Nevertheless, the role of lncRNAs in this milieu is

currently less explored, and the role of H19 in EndMT during

diabetic retinopathy remains unknown.

The purpose of this study was to decipher the role of H19 in

EndMT development during diabetic retinopathy. We used hu-

man retinal microvascular endothelial cells (HRECs) to under-

stand whether H19 regulates this phenomenon through

TGF-β-mediated Smad-dependent or Smad-independent path-

ways, and to elucidate the influence of H19 on miR-200b. We

further expanded this study to include STZ-induced diabetes in

mice and vitreous humour from diabetic individuals.

Methods

All experimental groups were categorised based on their re-

spective treatments (glucose or STZ-induction) and relevant

controls. No randomisation was carried out. The researchers

were not blinded to the experimental groups, unless otherwise

mentioned.

Cells HRECs (Olaf Pharmaceuticals, Worcester, MA, USA;

negative for mycoplasma; www.interchim.fr/ft/E/EOC230.

pdf) were grown in endothelial basal media-2 with 10% FBS

[22] and plated at 4.3 × 105 cells/ml. After 24 h of incubation

with serum-free endothelial basal media-2, HRECs were treat-

ed with various concentrations of glucose (5 mmol/l, normal

(D-) glucose [NG]; 25 mmol/l, high (D-) glucose [HG]) for

48 h. L-Glucose (25 mmol/l) was used as an osmotic control.

Cells for transfection were seeded at 7.5 × 105 cells/ml to

achieve 90% confluency. HRECs were transfected with one

of the following: silencer RNA, siH19 (20 nmol/l;

Dharmacon, Chicago, IL, USA), miRIDIANmiR-200b mimic

or antagomir (20 nmol/l; Dharmacon) or overexpression vector

pcDNA 3.1(+) vector harbouring a full-length cDNA sequence

of humanH19 (NorClone Biotech Labs London, ON, Canada)

using the transfection reagent Lipofectamine2000 (Invitrogen,

Burlington, ON, Canada). Scrambled silencer RNA,

miRIDIAN scrambled miR control or empty vector were used,

respectively, as controls. Following transfection, cells were

starved of serum for 24 h and treated with glucose as above.

Each experiment was performed with three or more replicates

and, unless specified, as previously reported with the removal

of significant outliers that existed in data replicates [27].

Animals The mice were cared for based on guidance principles

for the care and use of animals. Western University and Animal

Care and Veterinary Services approved all the experiments, and

these conformed to theGuide for the care and use of laboratory

animals published by the National Institutes of Health (NIH;

publication 85-23, revised 1996). All animals were monitored

regularly during breeding, weaning, and pre- and post-treat-

ment. Diabetic animals were regularly monitored for glucose

levels, were provided with adequate food and water, and bed-

ding was frequently changed because of frequent urination.

H19∆exI (also known as H19tm1.1Sriv) male mice, generated

on a C57/BL6J background using a cre-loxP-based deletion

strategy targeted to delete exon1 from H19, were used, along

with C57/BL6J wild-type control animals [29]. The H19∆exI

mice were a generous gift from K. Pfeifer (NIH, Bethesda,

MD, USA). Blood glucose levels were measured in 8- to 10-

week-old mice, and STZ was then administered intraperitone-

ally. The mice were given a total of five doses of STZ

(50 mg/kg in citrate buffer, pH 5.6) on alternate days [30].

Sex- and age-matched littermate controls received an identical

volume of citrate buffer. Hyperglycaemia (>20 mmol/l) was

confirmed by measuring tail vein blood glucose using a

glucometer. All treatment and control animals were frequently

monitored and placed in metabolic cages (for 24 h) to collect

urine after diabetes had been present for 8 weeks. Afterwards,

all the mice were euthanised by a lethal dose of isoflurane and

retinal tissues were collected. Major portions of the tissues

were kept frozen, while small amounts were formalin-fixed

and paraffin-embedded.
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Human vitreous humour This part of the study was approved

by the Western Research Ethics Board at Western University

(London, ON, Canada). Informed consent was gained prior to

procurement of the surgical samples, and all samples were han-

dled according to the Declaration of Helsinki. Vitreous humour

were collected from individuals undergoing a 25-gauge pars

plana vitrectomy performed by an experienced vitreoretinal

surgeon. Samples were categorised into groups of individuals

diagnosed with proliferative diabetic retinopathy (PDR; n = 8,

five men and three women; mean age ± SD = 76 ± 3.77 years)

and non-diabetic individuals (n = 5, three men and two women;

mean age ± SD = 61.6 ± 8.35 years) with no previous history of

diabetes mellitus and diagnosed with an idiopathic macular

hole or other non-diabetic ocular condition. All specimens were

centrifuged at (12,000 g for 10 min at 4°C) and pellets were

collected for RNA extraction [31, 32]. The pellets included

fibrovascular tissue, hyalocytes and white blood cells [33,

34]. Vitreous humour samples showing haemorrhage were ex-

cluded to avoid contamination with RNA from blood cells.

RNA analysis Total RNA was extracted using TRIzol reagent

(Invitrogen, Burlington, ON, Canada) [26]. cDNA for PCR

was produced with a high-capacity cDNA reverse-

transcription kit (Applied Biosystems, Burlington, ON,

Canada). mRNA expression was measured using real-time

RT-PCR using LightCycler (Roche Diagnost ics ,

Mississauga, ON, Canada) and normalised to β-actin.

Primers were designed with Primer 5 software (Premier

Biosoft, Palo Alto, CA, USA; see electronic supplementary

material [ESM] Table 1). The genes measured were human

and mouse β-actin andmiR-200b,H19, CD31, VE-CAD (also

known as CDH5), FSP1 (also known as S100A4), SM22 (also

known as TAGLN), a-SMA (also known as ACTA2), TGF-β

(also known as TGFB1), Cd31 (also known as Pecam1), Ve-

cad (also known as Cdh5), Fsp1 (also known as S100a4), α-

Sma (also known as Acta2) and Vim.

miRNA analysis The mirVana miRNA isolation kit (Ambion,

Austin, TX, USA) was used to extract miRNA from HRECs.

cDNAwas synthesised using TaqMan microRNA Assay RT

Primers and MultiScribe reverse transcriptase (Life

Technologies, Burlington, ON, Canada) following the manu-

facturer’s protocol [26]. TaqMan microRNA Assay was used

to perform RT-qPCR in a LightCycler (Roche Diagnostics).

Data were normalised to U6 (also known as RNU6-1) small

nuclear RNA.

Fluorescence in situ hybridisation As described [30, 35], cells

were seeded at 75% confluency on glass cover slips in 12-well

plates and treated with various concentrations of glucose for

48 h. Fluorescence in situ hybridisation (FISH) was performed

according to the manufacturer’s protocol (https://www.

biosearchtech.com/support/resources/stellaris-protocols). The

human H19 probes were oligonucleotides tagged with CAL

Fluor Red 610 Dye, mixed and pooled to a final concentration

of 5 nmol (Biosearch Technologies, Petaluma, CA, USA). The

HRECs hybridised with probes were counterstained with

Hoechst 33342 (1 mg/ml; Invitrogen) and mounted with

Vectashield mounting medium (Vector Labs, Burlingame,

CA, USA). Images were captured with a fluorescent

microscope (Olympus BX51; Olympus, Richmond Hill, ON,

Canada) by researchers blinded to the experimental groups and

analysed using ImageJ software (NIH, Bethesda, MD, USA).

Immunofluorescence HRECs were seeded on cover slips in

12-well plates at approximately 75% confluency. Following

various treatments, cells were rinsed with PBS, fixed with

methanol:acetone (4:1, vol./vol.) and permeated with 0.5%

Triton X-100 in PBS [26]. After incubation with 5% normal

serum, cells were incubated with one of the primary antibod-

ies: mouse anti-CD31 (Abcam, Toronto, ON, Canada), rabbit

anti-VE-cadherin (VE-cad; Santa Cruz, Dallas, TX, USA),

rabbit anti-FSP1 (Abcam), rabbit anti-SM22 (Santa Cruz),

goat anti-vimentin (Santa Cruz) and rabbit anti-TGF-β

(Abcam) at 1:100 dilutions as previously described [26].

Secondary antibodies conjugated with Alexa Fluor 488 (goat

anti-mouse IgG, goat anti-rabbit IgG or donkey anti-goat IgG

[Invitrogen]) were used at 1:200 dilutions. A fluorescent mi-

croscope (Olympus BX51) was used for image capture by

researchers blinded to the experimental groups, and images

were analysed with ImageJ software. Hoechst 33342 was used

as a nuclear stain.

Immunohistochemical analyses for permeability Paraffin-em-

bedded retinal tissues were immunocytochemically stained for

IgG using anti-mouse IgG antibody (MP Biomedicals, Solon,

OH, USA) [30, 32]. All stains were arbitrarily scored (0–3) in

a masked fashion.

Western blottingHRECs overexpressingH19 vector and con-

trol samples were exposed to NG and HG conditions for 48 h.

Total proteins were extracted with RIPA buffer (Thermo

Fisher, Markham, ON, Canada) containing protease inhibitor

(cOmplete Mini Tablet; Roche). A bicinchoninic acid protein

assay kit (Pierce, Rockford, IL, USA) was used to determine

protein concentration. A total of 30μg of protein was resolved

by 10% SDS gel electrophoresis, transferred to a

polyvinylidene difluoride membrane (Bio-Rad, Hercules,

CA, USA) and incubated overnight at 4°C with one of the

primary antibodies: mouse anti-CD31, rabbit anti-FSP1

(1:1000 and 1:100, respectively; Abcam); rabbit anti-SM22,

mouse anti-β-actin antibody (1:200 and 1:400, respectively;

Santa Cruz); rabbit anti-p-ERK1/2, rabbit anti-ERK1/2, rabbit

anti-p-Smad2/3, mouse anti-Smad2/3 (1:1000; Cell Signaling

Technology, Beverly, MA, USA); polyclonal anti-Akt and

anti-p-Akt (Ser473 and Thr308) (1:1000; New England
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BioLabs, Pickering, ON, Canada). The membranes were then

incubated with HRP-conjugated anti-rabbit antibody

(1:10,000; Upstate Biotechnology, Charlottesville, VA, USA)

or anti-mouse antibody (1:10,000; Vector Laboratories) for 1 h

at room temperature [36]. All antibodies were diluted in Tris-

buffered saline–tween (TBST) (25 mol/l Tris base, 150 mol/l

Nacl, 3 mol/l KCl, 0.1% Tween 20), pH adjusted to 7.4–7.6.

Blots were visualised using electrochemiluminescence

(Amersham Pharmacia Biotechnology, Amersham, UK).

Quantification of blots was performed by densitometry using

Mocha software (SPSS, Chicago, IL, USA) and all blots were

taken from the respective membranes and cropped to improve

clarity. As noted in the product protocols, all antibodies were

validated by the manufacturer.

Luminex assay Components of TGF-β signalling were mea-

sured using the Milliplex MAP TGF-β signalling pathway

magnetic bead 6-plex-Cell Signaling Multiplex assay

(Millipore, Burlington, MA, USA). The kit comprised p-Akt

(Ser473), p-ERK1/2 (Thr185/Tyr187), p-Smad 2 (Ser465/

Ser467), p-Smad3 (Ser423/Ser425), Smad4 (total) and

TGF-β receptor II (TGFβRII) (total) analytes. The manufac-

turer’s protocol was followed, and total protein from the ex-

tracted lysate was measured using bicinchoninic acid.

Samples (<500 mg/ml) were assessed using Luminex technol-

ogy with a Milliplex MAP TGF-β signalling kit containing a

multiplex magnetic bead-based antibody detection kit [30].

Statistical analysis The statistical significance was determined

by Student’s t test (unpaired) or one-way ANOVA followed

by a post hoc test when appropriate. Data were expressed as

mean ± SD, and a p value of 0.05 or less was considered

significant. All results are expressed as the mean of n = 5–7

per group. GraphPad Prism 5 software (GraphPad, La Jolla,

CA, USA) was used for statistical analysis.

Results

H19 expression is regulated in endothelial cells by exposure

to glucose Our first aim was to study the alterations in H19 in

HRECs after glucose exposure. We had previously performed

a microarray analysis on HRECs exposed to HG for 48 h to

study expression levels of lncRNAs [30]. Array results

showed one of the highest levels of downregulation of H19

with HG compared with NG treatment (Gene Expression

Omnibus [GEO] accession number GSE122189).

Furthermore, duration-dependent analyses of H19 expression

showed one of its lowest levels after 48 h of HG exposure and

no changes in concentration with 25 mmol/l L-glucose. We

validated glucose-mediated downregulation of H19 expres-

sion in these HRECs bymeasuring H19 RNA expression after

HG treatment (an approximately 50% reduction, p < 0.0243)

(Fig. 1a). Cellular H19 expression was visualised by RNA

FISH, which helped us delineate its subcellular distribution.

FISH analyses showed significant reductions in H19 expres-

sion in HG-treated cells (Fig. 1b,c). In the control groups

(NG), H19 was distributed partly in the nucleus but predom-

inantly in cytoplasm. When treated with HG, although both

nuclear and cytoplasmic positivity were reduced, the changes

were pronounced in the nucleus. To examine whether this

finding was clinically relevant, we performed similar analyses

in the vitreous humour samples. H19 RNA expression levels

were significantly lower in the diabetic vitreous humour vs

controls (Fig. 1d).
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Fig. 1 H19 expression in glucose-treated HRECs. (a) H19 RNA expres-

sion measured using real-time RT-PCR was reduced on exposure to 25

mmol/l D-glucose (HG, 48 h), but there was no difference between 5

mmol/l D-glucose (NG) control cells and cells exposed to 25 mmol/l L-

glucose as an osmotic control (Osm, 48 h). (b) FISH using human H19

probes showed a decrease in H19 expression in HRECs exposed to HG

conditions, with largely cytoplasmic localisation in comparison toNG. (c)

Quantification of FISH data performed using ImageJ confirmed glucose-

induced H19 downregulation in terms of mean fluorescence intensity;

AU, arbitrary units. (d) RNA analysis (mean ± SD) of vitreous humour

in diabetic participants indicated a decrease in H19 levels compared with

non-diabetic individuals. Scale bars, 10 μm. RNA data are expressed as a

ratio to β-actin, normalised to control. Data are mean ± SD; *p<0.05 vs

NG or non-diabetic participants; †p<0.05 vs HG. n=6 per group
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H19 reverses glucose-mediated EndMT in HRECs and in ret-

inas in diabetes EndMT is characterised by a decrease in the

expression of endothelial markers and gain of a more mesen-

chymal phenotype.We employed multiple markers to validate

this transition. For the endothelial markers, we used CD31 and

VE-cad, while the mesenchymal markers used were FSP1,

SM22, α-SMA and vimentin—representing well-

characterised EndMTmarkers [26, 27]. Based on our previous

duration-dependent analyses [26, 27, 30] and from the well-

established work of other investigators [37, 38], we found that

glucose-induced changes in several molecules occurred at the

48 h mark; we therefore used this time point for our in vitro

experiments. HG treatment produced a significant downregu-

lation of the endothelial markers CD31 (also known as

PECAM1) and VE-CAD (Fig. 2a,b), accompanied by an up-

regulation of mesenchymal markers FSP1, SM22 and α-SMA

(Fig. 2c–e). As the expression of H19 was reduced in HG-

exposed HRECs, we overexpressed H19 to establish a cause-

and-effect relationship. We used a pcDNA 3.1(+) vector

harbouring a full-length cDNA sequence of human H19. We

transfected HRECs with an empty vector (control) or H19-

pcDNA 3.1, followed by treatment with varying concentra-

tions of glucose. We then quantified mRNA levels.

Overexpression of H19 reversed EndMT markers in spite of

the HG environment (Fig. 2a–e), indicating that glucose-

induced EndMT changes are mediated through H19 in

HRECs. As miR-200b is a well-known negative regulator of

EndMT [26, 27], we conducted a similar experiment with

miR-200b mimic transfection followed by HG incubation,

confirming its prevention of HG-induced EndMT (Fig. 2a–e).

To identify a relationship of H19 with miR-200b in this con-

text, we performed additional experiments (Fig. 2a–e). H19

overexpression increased basal and glucose-induced miR-200b

downregulation, while silencing of H19 had a reverse effect,

indicating H19 as a positive regulator of miR-200b (Fig. 2f,g).

However, H19 expression was unaffected by miR-200b
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Fig. 2 Effect of H19 overexpression on EndMT markers at the mRNA

level in HRECs. (a–f) Treatment of HRECs with HG reduced the mRNA

expression of endothelial markers CD31 (a) and VE-CAD (b), and in-

creased the expression of mesenchymal markers FSP1 (c), SM22 (d) and

α-SMA (e), compared with NG. Overexpression of H19 (H19 NG and

H19 HG) reversed these alterations in EndMT markers, and similarly

miR-200b overexpression (using miR-200b mimics [200b HG])

corrected the HG-induced alteration of EndMT markers (a–e). H19 over-

expression increased basal and glucose-induced downregulation of miR-

200b (f) and rescued cells from EndMT in spite of a blockade of miR-

200b using antagomirs [H19 200b(ant) NG] (a–e). (g) H19 siRNA trans-

fection (siH19) had a glucose-like effect on miR-200b. (h) H19 levels

were unaffected by overexpression of miR-200b under HG conditions.

mRNA/RNA data are expressed as a ratio to β-actin; miRNA data are

expressed as a ratio to U6 normalised to control; mean ± SD. *p<0.05 vs

empty vector treated with NG; †p<0.05 vs empty vector treated with HG.

n=5 per group
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overexpression in an HG environment, indicating that miR-

200b was unable to reverse HG-induced decreases in H19

(Fig. 2h). In order to further delineate a direct relationship, we

performed a rescue experiment. We used miR-200b antagomirs

in an NG environment and then overexpressed H19. Such an

intervention prevented glucose-induced EndMT. These findings

suggest that, under HG conditions, H19 is not regulated bymiR-

200b and may be working independently (Fig. 2a–e).

We extended our study to confirm EndMT changes at a pro-

tein level. In all instances, HG-induced reductions in endothelial

markers were corrected with H19 overexpression (Fig. 3a–d).

Furthermore, the HG-induced increase in mesenchymal

markers was also corrected following H19 overexpression

(Fig. 4a–d, ESM Fig. 1), in keeping with the mRNA levels.

Immunofluorescent studies were accompanied by western blot-

ting that confirmed H19-induced overexpression of CD31 and

downregulation of SM22 and FSP1, compared with the HG

control (Fig. 5a–c).

siRNA-mediated silencing in NG produced a glucose-like

effect on EndMT markers. Interestingly, lowering of H19 ex-

pression in an HG environment had no further effects on these

markers, suggesting that such alterations had already reached

their lowest levels following HG incubation (Fig. 6a–e). In

animal experiments, diabetic wild-type and H19∆exI mice,

along with their control animals, were monitored for 2 months.

This time point was selected as we are able to maintain diabetic

mice for up to 2 months without exogenous insulin.

Furthermore, we and several groups have demonstrated that

early and functional changes of diabetic retinopathy develop

at this time point [30, 32, 39]. Elevated blood glucose, polyuria

and reduced body weight were evident in diabetic animals,

indicative of poorly controlled diabetes (ESM Table 2).
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Fig. 3 Effect of H19 upregulation on protein expression of endothelial

markers. Immunofluorescence staining of HRECs showed reduced

production of endothelial markers CD31 (a) and VE-cad (b) in HG vs

NG. These alterations were prevented in H19-overexpressing HRECs
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these findings (c, d). Scale bars, 10 μm. Protein data are expressed as a

ratio to β-actin, normalised to control (mean ± SD); *p<0.05 vs empty
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Animal retinal tissues showed diabetes-induced reductions in

H19 alongwith retinal changes of EndMT: reduced endothelial

and increased mesenchymal markers. Such changes were also

observed in H19 knockout (KO) mice (Fig. 6f–j). Retinal
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Fig. 6 H19 siRNA transfection

led to a glucose-like EndMT

phenotype. (a–e) H19 siRNA

transfection of HRECs reduced

endothelial markersCD31 (a) and

VE-CAD (b), and upregulated

mesenchymal markers FSP1 (c),

SM22 (d) and α-SMA (e) in NG.

No further enhancement of

EndMTwas seen when similar

transfection was carried out in

HG. (f–j) Similarly, H19∆exI mice

(H19 KO-C) demonstrated a

diabetes-like EndMT phenotype

in the retina. No further

exaggeration of EndMTwas seen

when diabetes was induced in the

KO animals (H19 KO-D). (k)

Immunohistochemical staining of

the mouse retina for IgG showed

enhanced extravascular diffuse

stain, signifying increased

extravasation in the wild-type

diabetic (WT-D; score 3), H19

KO-C (score 2) and H19 KO-D

(score 3) mice compared with

wild-type controls (WT-C; score

0). Scale bars, 10 μm. mRNA

data (mean ± SD) are expressed as

a ratio to β-actin, normalised to

control. *p<0.05 vs scrambled

siRNA in NG (ScrNG); †p< 0.05

vs wild-type control (WT-C). n=6

per group
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Treatment with HG reduced protein levels of endothelial markers CD31
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vector (H19 NG and H19 HG) prevented such changes. Representative

western blots and densitometric analyses (mean ± SD) are shown. n=3 per

group. Protein data are expressed as a ratio to β-actin
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tissueswere stained for IgG, as IgG extravasation is amarker of

increased vessel permeability [30, 32]. Wild-type diabetic and

H19KOdiabetic animals showed an increase in vascular leak-

age (ascoreof3,comparedwithascoreof0 inwild-typecontrol

animals, and a score of 2 inH19KO control animals; Fig. 6k).

H19 regulates TGF-β to suppress EndMTAs TGF-β is an im-

portant regulator of EndMT [26], we examined whether H19

was regulating TGF-β1 levels. H19 overexpression inhibited

TGF-β1 and prevented glucose-mediated TGF-β1 upregula-

tion at both the mRNA (Fig. 7a) and protein (Fig. 7b,c) levels.

The effect of H19 was not influenced by the varying levels of

glucose. Since miR-200b regulates EndMT through TGF-β1

[26], we also confirmed miR-200b-mediated regulation of

EndMT using miR-200b mimic transfection followed by HG

incubation (Fig. 7a). To understand whether the regulation of

TGF-β1 by H19 was dependent on miR-200b, we performed

a rescue experiment in which we suppressed miR-200b ex-

pression using miR-200b antagomirs in NG and then

overexpressed H19. The TGF-β1 levels continued to be

downregulated, further indicating possible H19 action inde-

pendent of miR-200b (Fig. 7a).

H19 regulates TGF-β1-mediated EndMT through a Smad-

independent MAPK–ERK1/2 pathway To identify TGF-β sig-

nalling pathway candidates affected by H19’s regulation of

EndMT, we used Luminex technology. We performed the ex-

periments in endothelial cells as doing such specific signalling

analyses on the whole tissue might not have provided a clear

answer. Luminex assay permitted simultaneous relative quan-

tification of several phosphorylated and total TGF-β signal-

ling proteins from cell lysates. HG caused increased produc-

tion or phosphorylation of TGFβRII (total), p-Smad 2, p-

Smad 3 and Smad 4 (total), p-Akt and p-ERK1/2 proteins

(Fig. 8a–f). HRECs were also transfected with H19-pcDNA

3.1 vector and treated with NG (H19 NG) and HG (H19 HG).

TGFβRII (total) was significantly reduced following H19

overexpression (Fig. 8a). Basal levels of Smad proteins (p-

Smad 2, p-Smad 3, Smad 4) and p-Akt were increased follow-

ing H19 overexpression (Fig. 8b–e). However, levels of these

molecules in the HG environment appeared to be unal-

tered following H19 overexpression. Interestingly, p-

ERK1/2 levels were significantly downregulated in sam-

ples overexpressing H19 irrespective of the influence of

glucose in these groups (Fig. 8f). We confirmed these

results of p-Smad 2/3 and p-Akt proteins by western blot-

ting (Fig. 8g,h). p-ERK1/2 protein levels were significant-

ly downregulated after H19 overexpression, similar to the

Luminex assay (Fig. 8i). This led us to conclude that H19

suppresses glucose-mediated EndMT through regulation

of the MAPK–ERK1/2 pathway of TGF-β signalling

using a Smad-independent route (Fig. 9).
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Fig. 7 H19 prevents glucose-mediated upregulation of TGF-β1. (a) HG

treatment in HRECs increased mRNA expression of TGF-β1 compared

with NG. H19 overexpression (H19 NG and H19 HG) reduced TGF-β1

in both the NG and HG environments. A similar reduction was seen

following miR-200b mimic transfection (200b HG). miR-200b

antagomirs [H19 200b(ant) NG] failed to rescue H19 overexpression-

induced TGF-β1 downregulation. (b, c) Exposure to HG elevated TGF-

β1 protein levels in HRECs. H19 overexpression downregulated the

increase in TGF-β1 protein on exposure to varying glucose levels (H19

NG and H19 HG). Quantification data using ImageJ confirmed the find-

ings (c). Scale bars, 10μm. mRNA and protein levels were expressed as a

ratio to β-actin (mean ± SD). *p<0.05 vs empty vector treated with NG;
†p<0.05 vs empty vector treated with HG. n=5 per group
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Discussion

Our current study deciphers the role of lncRNA H19 in

diabetes-induced EndMT in HRECs.We report that H19 over-

expression prevents glucose-induced EndMT through

TGF-β1 and subsequent TGF-β signalling via a blockade of

the MAPK–ERK1/2 pathway. To demonstrate these changes,

we conducted experiments using H19 overexpression vector

and H19-silencing siRNA in HRECs. Furthermore, such reg-

ulatory action of H19 occurs independently of miR-200b, a

miRNA previously shown to regulate diabetes-induced

EndMT [26, 27]. Our animal experiments confirmed the role

of H19 in retinal EndMT, and the human vitreous humour

findings showed hyperglycaemia-induced downregulation of

H19 in PDR compared with non-diabetic individuals.

lncRNAs play important roles in cancer metastasis through

regulation of EMT by targeting multiple signalling pathways

including TGF-β signalling [40]. The lncRNA MALAT1 can

modulate TGF-β1-induced EndMT in isolated endothelial pro-

genitor cells by negatively regulating miR-145 [41]. Another
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Fig. 8 H19 regulates EndMT

through a Smad-independent

MAPK–ERK1/2 pathway. (a–f)

A Luminex assay panel for TGF-

β signalling was used to quantify

several proteins: TGFβRII (total),

p-Smad2, p-Smad3, Smad4

(total), p-Akt and p-ERK1/2.

These proteins were upregulated

in HRECs when exposed to HG

treatment compared with NG.

H19 overexpression

downregulated the increase in

TGFβRII (total), in both NG and

HG conditions (a). Increased H19

levels did not reduce p-Smad2

(b), p-Smad3 (c), Smad4 (total)

(d) or p-Akt (e) protein levels. p-

ERK1/2 protein levels were

significantly downregulated (f) as

a result of H19 overexpression in

HRECs with NG and HG

treatments. (g–i) Representative

western blots and densitometric

analyses of (g) p-Smad2/

3:Smad2/3 show no effect

following H19 overexpression.

(h) p-Akt protein expression was

slightly reduced by H19

overexpression. (i) Glucose-

induced increases in p-ERK1/2

significantly decreased following

H19 overexpression. Protein

levels are expressed as a ratio to

β-actin (mean ± SD); *p<0.05 vs

empty vector treated with NG;
†p<0.05 vs empty vector treated

with HG. n=6 per group except

for western blots, which were n=3

per group
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study has revealed that hypoxia-induced EndMT in human

umbilical vein endothelial cells was promoted by the lncRNA

GATA6-AS, through histone methylation [42]. Nevertheless,

the role of lncRNAs in regulating hyperglycaemia-induced

EndMT remains unclear. We have reported here for the first

time a regulatory role of lncRNA H19 in glucose-mediated

EndMT through its inhibition of TGF-β1 and its subsequent

signalling pathway. H19 has been well studied in tumours, but

its role in diabetic complications is not certain. Our data are

similar to those of a previous study reporting downregulation of

H19 in cardiac tissues of diabetic rats [24]. Our FISH analyses

also revealed that although H19 was distributed across the cell

cytoplasm and nucleus in normal cells, high glucose treatment

reduced its expression to a few scattered spots predominately in

the cytoplasm [23]. The exact reasons for such subcellular

changes need further exploration. Moreover, during EMT in

cancers, TGF-β is an important inducer of H19 through acti-

vation of the PI3K/Akt signalling pathway [43]. However, in

our study, H19 suppressed TGF-β1 and TGF-βIIR during

EndMT in HRECs. Overexpression of H19 significantly re-

duced TGF-β1 levels, resulting in the prevention of EndMT

in spite of high glucose conditions. Such findings suggest al-

ternative epigenetic regulatory mechanisms of H19 that require

further studies.

Hyperglycaemia is the central event leading to micro- and

macrovascular pathologies in diabetes [44]. Endothelial cells

are exposed to circulating blood glucose and are the primary

cell type to be affected by hyperglycaemia [44–46].

Endothelial cell dysfunction ensues as endothelial cells lose

their quiescence, elude their normal function and acquire new

phenotypes [32, 45]. Evidence suggests that endothelial cells

then acquire a mesenchymal phenotype and begin to express

markers characteristic of myofibroblasts, contributing to the

advancement of sclerotic diseases [47, 48]. In PDR, fibrotic

and inflammatory alterations in the epiretinal membranes are

characterised by α-SMA-expressing myofibroblasts and in-

flammatory cells in the stromal compartment [49]. We and

others have reported the development of hyperglycaemia-

induced EndMT in diabetic complications [26, 27, 50]. In this

study, EndMT was reproduced in HRECs as we observed

decreased endothelial markers CD31 and VE-cad, and in-

creased mesenchymal markers FSP1, SM22, α-SMA and

vimentin. Furthermore, our animal data demonstrated similar

changes in the retina of diabetic animals, which were further

pronounced following H19 KO. IgG staining revealed en-

hanced vascular permeability in wild-type and H19 KO

diabetic animals compared with wild-type controls. In ad-

dition, vitreous humour from participants with PDR

showed downregulation of H19.

EndMTwas originally identified as an embryonic mech-

anism for cardiac valve development from endothelial cells

of the atrioventricular canal [51]. It is also involved in

angiogenic sprouting in the postnatal retina, causing mes-

enchymal cells to be formed at the tips of vascular sprouts

mediated by VEGF-A [52]. EndMT has recently emerged

as a major contributor to various pathologies such as organ

fibrosis [26, 27, 53, 54]. EndMT is also suggested to influ-

ence the development of fibroblasts and myofibroblasts,

which are responsible for the progression of fibrosis and

advancement of PDR [48]. A number of EndMT-inducing

stimuli have been identified, including growth factors,

cell–cell interactions, shear stress, environmental factors

(e.g. hypoxia and hyperglycaemia) and, recently, epige-

netics [55, 56]. Epigenetic modifications have been shown

to contribute to EndMT, which is a stable alteration in cell

phenotype [56]. Aberrant promoter methylation [56], his-

tone deacetylase 3-mediated repression [57] and several

miRNAs [58] are regulators of EndMT. Our previous work

has also reported miR-200b as a negative regulator of

diabetes-induced EndMT in retinal and cardiac cells and

tissues [26, 27]. Data from the current study, however,

suggest that H19 may influence EndMT independently of

miR-200b. This proposed pathway requires further

characterisation.

TGF-β is described as the major regulator of EndMT and

harbours profibrotic properties by inducing and propagating

resident fibroblasts [59]. As TGF-β1 mediates both Smad-
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Fig. 9 An overview of the various processes described in the study. H19

is downregulated under high glucose conditions and regulates the expres-

sion of miR-200b. H19 and miR-200b regulate TGF-β1 signalling.

Overexpression of H19 decreases TGF-β1 levels and affects the TGF-

β1–MAPK–ERK1/2 signalling pathway (a Smad-independent pathway

[SHC-transforming protein, GRB2, SOS]) by preventing pERK1/2 pro-

tein expression. In turn, this leads to an increase in endothelial markers

and a reduction in mesenchymal markers, leading to prevention of

EndMT. GRB2, growth factor receptor-bound protein 2; SHC, Src ho-

mology 2 domain-containing; SOS, son of sevenless protein
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dependent and Smad-independent pathways, we investigated

whether these pathways were regulated by H19. Our previous

work on epigenetic regulation of EndMT in diabetic retinop-

athy describes a Smad-dependent regulation of TGF-β1 me-

diated by miR-200b and histone acetyltransferase p300 [26].

We employed the Luminex assay that quantified phosphory-

lated proteins of Smad-dependent (p-Smad2 and p-Smad3)

and Smad-independent (p-Akt and p-ERK1/2) pathways.

The analysis showed no effect on Smad proteins and p-Akt

levels following overexpression of H19. Conversely, H19 reg-

ulated the production of phosphorylated ERK1/2 proteins,

suggesting that H19-mediated suppression of EndMT occurs

through a Smad-independent pathway. Although we con-

firmed these results bywestern blotting, we recognise the need

for extended study into the mechanisms involved in such

regulation.

In conclusion, our data describes a novel role of lncRNA

H19 in regulating EndMT induced by elevated glucose levels.

H19 facilitates this regulation by suppressing TGF-β1 and its

signalling pathways by repressing the MAPK–ERK1/2 sig-

nalling pathway. A schematic diagram of such a regulatory

process is outlined in Fig. 9. We recognise that additional

mechanismsmay be in place to regulate such pathways, which

warrants further exploration. Nevertheless, our findings open

up possibilities for RNA-based therapies targeting a funda-

mental glucose-mediated cellular phenotypic alteration.
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