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Abstract

LncRNAs, recently found to be pervasively transcribed in the genome, can play key
roles in epigenetic modifications during gene transcription. Although, IncRNAs have no coding
potential they can regulate various biological processes. Their role in diabetic complications are
however not clear.

Using array analysis, we identified alterations of two IncRNAs in high glucose
(25mM/L,HG) treated retinal endothelial cells (HRECs). We validated upregulations of
IncRNA, ANRIL and downregulation of H19 in HRECs following incubation in HG. ANRIL
expressions were further measured with or without siRNA knockdown in ECs. ANRIL
knockout (KO) mice with or without streptozotocin (STZ)-induced diabetes were also
investigated for mRNA and protein expression of VEGF and ECM proteins FN and Colla4.
ANRIL knockdown prevented glucose-induced increased VEGF, FN and Collo4 levels.
Comparable results were observed in the retina, heart and kidneys of diabetic ANRILKO mice
compared to wildtype controls. Furthermore, ANRILKO had a protective effect on diabetes-
induced renal functional changes. We further showed that these alterations under ANRIL’s
regulation are mediated by p300 and enhancer of zeste 2 (EZH2) of the PRC2 complex.

We also investigated the role of H19 in diabetes by silencing or overexpressing H19 in
ECs exposed to various glucose levels. We extended our study to H19 knockout (KO) mice and
vitreous samples from patients with proliferative DR. In both instances, diabetes caused
downregulation of H19 expression. The cells and retinal tissues from animals were examined.
H19 overexpression prevented glucose-induced endothelial-mesenchymal transition (EndMT)
through TGF-B in a Smad-independent pathway. Additional experiments showed a regulatory
relationship between ANRIL and H19.

These data suggest that glucose and diabetes cause alteration of specific IncRNAs in ECs
and mouse tissues respectively. This led to increased production of vasoactive factors and ECM
proteins; and alteration of cellular phenotypes to facilitate vascular remodeling and other
changes in diabetic complications. Identification of such mechanisms help in a better
understanding of the pathologies in diabetes and consequent development of RNA based

therapies.
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Chapter 1

1 General Introduction

1.1 Diabetes

Diabetes is a chronic disease caused by lack of sufficient insulin production by the pancreas or
when the body cannot effectively utilize the produced insulin leading to elevated blood glucose
known as hyperglycemia. The ancient Egyptians first recognized diabetes in 1500 B.C.E as a
condition where a person excessively urinates and loses body weight. It’s two types (later Type
I and Type II diabetes) were described by ancient Indian physician, Sushruta, and the surgeon
Charaka (400-500 C.E) but its association with elevated glucose wasn’t discovered till the late
1700s (1). The prevalence of diabetes has increased drastically over the past three to four
decades resulting in the elevation of diabetes to one of the most common and serious medical
conditions faced by mankind today. According to the World Health Organization, the diabetic
population has risen from 108 million in 1980 to 422 million in 2014, with numbers rising
rapidly in middle and low-income countries (2). Overall diabetes caused 1.6 million deaths in
2015 and is a major cause of kidney failure, blindness, heart attacks, strokes and lower limb

amputations (3).

Diabetes is comprised of various metabolic conditions involving cell’s inability to transport and
utilize glucose. The two major types are: Type 1 (T1D)- is due to insufficient insulin production
caused by T-lymphocyte mediated autoimmune destruction of pancreatic B-cells, Type II
(T2D)- is due to insulin resistance leading to compensatory B-cell hypertrophy. Other types
could manifest during pregnancy, drug/chemical toxicity, genetic disorders, insulin receptor
disorders and in association with pancreatic exocrine disease (4). Both T1D and T2D are
characterized by chronic hyperglycemia, resulting in various secondary complications including
kidney failure, neuropathy, peripheral vascular diseases, cardiac failure as well as retinopathy
(5). Therefore, modern medical care lays emphasis on various interventions aimed at controlling

the blood glucose levels, aimed at reducing the likelihood of chronic complications.



1.2 Diabetic complications

Pathophysiological changes in diabetes contribute to hyperglycemia resulting in disrupted
cellular glycolysis and pyruvate oxidation (6). Chronic hyperglycemia and acute glucose
fluctuations result in the onset and progression of several secondary complications including

nephropathy, retinopathy, cardiomyopathy and neuropathy (7-11).

1.2.1 Diabetic Retinopathy

Diabetic retinopathy (DR) is the most common cause of blindness in individuals over 50 and
affects 1 in 3 persons with diabetes (12). DR was first detected in the 19" century using an
ophthalmoscope. It is a chronic vascular complication characterized by low-grade
inflammation, serum leakage through microvasculature, loss of capillaries and increased

vascular permeability ultimately leading to neovascularization (13,14).

Initially, hyperglycemia contributes to gradual biochemical and cellular alterations. During this
period, vascular alterations surface, accompanied by elevated mitochondrial and extracellular
reactive oxygen species (ROS) production injuring endothelial cells (ECs), pericytes and
neuronal tissues. These events are accompanied by localized hypoxia due to blockage of retinal
capillaries and release of angiogenic growth factors. As the disease progresses leaky blood
vessels become prominent resulting in macular edema (non-proliferative). Progression of this
process results in proliferative diabetic retinopathy (PDR), characterized by angiogenesis with
tufts of highly permeable new weak blood vessels on the surface of retina. These vessels can

rupture easily allowing blood to leak out into the vitreous and compromise vision (15).

Recent research has suggested that retinal dysfunction in diabetes is associated with changes in
the retinal neurovascular unit (16). This unit is conferred with unique characteristics by the
retinal architecture. The inner retinal layers are in close proximity with the neurovascular units,
thereby aiding in oxygen and nutrient delivery, while the outer retinal layers support production
of electrochemical impulses in response to light stimulation (16). In DR, the whole retinal
neurovascular system is impaired causing loss of neurovascular coupling, neurodegeneration

and neuroinflammation that can be detected before the development of vascular damage (17).



These insights suggest addressing both vascular dysfunction and neural degeneration for

possible therapeutic interventions in DR.

Present day treatments for DR revolve around laser photocoagulation for macular edema and/or
proliferative disease and vitreo-retinal surgery for serious complications (18). Other approaches
that delay its progression include blood sugar management, reduction of LDL using statins,
blockade of renin-angiotensin system and newer methods of inhibiting angiogenesis and edema

using vascular endothelial growth factor (VEGF) and VEGFR inhibitors (15,19-21).

1.2.2 Diabetic Nephropathy

As the worldwide diabetic population continues to rise, advanced diabetic nephropathy (DN)
continues to be leading cause of end-stage renal failure (ESRD) (22). Clinical development of
DN is based on the level of urine albumin excretion (UAE) and decline in the glomerular
filtration rate (GFR) (23). For unknown reasons 20% to 40% of patients with diabetes develop
DN associated with microalbuminuria (>30 mg <300 mg albumin in the urine/day),
macroalbuminuria (>300 mg albumin in the urine/day), and subsequent progression to ESRD

(24,25).

The disease progression starts in the nephron where hyperfiltration and hyperperfusion leads to
hypertrophy and subsequent thickening of the glomerular basement membrane (26). Glomerular
hyperfiltration paves way to microalbuminuria, culminating in microalbuminuria and renal
failure (27). Once the nephropathy is established multiple mechanisms contribute to its
outcomes. These include hyperglycemia-induced hemodynamic changes such as activation of
vasoactive factors like renin—angiotensin—system (RAS) as well as genetic predisposition (28).
During the course of this process, the kidney undergoes functional derangement and structural
remodeling that alters various cellular events and activates signaling pathways. Interaction of
these pathways in a complex mechanism results in renal fibrosis, mesangial expansion,
glomerular hypertrophy, oxidative stress and tubular inflammation (29). The body responds by
releasing cytokines like transforming growth factor Bl (TGF-B1), further aggravating the
hemodynamic changes (30-32).



Prevention and treatment strategies for DN involve targeting the risk factors including
hyperglycemia, hypertension, smoking and dyslipidemia (33). Blood sugar control reduced the
risk of disease development at young age, but its long-term effect on rate of progression of
chronic kidney disease (CKD) is controversial (34, 35). Along with hypoglycemic effects,
metformin, sodium glucose transporter-2 (SGLT2) inhibitors, thiazolidinediones, glucagon like
peptide-1 (GLP-1) agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors have positive effects
on DN (36-40). RAS blockers and dietary salt restriction have been used to control blood
pressure in DN patients with increased UAE. RAS blockers impact GFR in DN patients,
decrease glomerular tuft pressure and inhibit cytokine overproduction (41). However, RAS
blockade has failed to fully prevent renal injury progression in T1D and may cause accelerated
disease progression in patients with advanced chronic kidney disease (42). Smoking plays a
huge role in DN progression and quitting is mandatory for both T1D and T2D patients (43).
Statins are important hypolipidemic treatment recommended for all DN patients as it reduces
risk of atherosclerotic heart diseases in CKD patients but have minimal effect on CKD
progression (41,44). However, these approaches are not effective for all diabetic patients or
have varying side-effects. The accumulating scientific evidence call for a change in plan, raising

the need for novel therapeutic strategies to prevent its development and progression of ESRD.

1.2.3 Diabetic Cardiomyopathy

Cardiovascular complications are responsible for majority of diabetes related morbidity and
mortality (45). Such complications include atherosclerosis, autonomic neuropathy and diabetic
cardiomyopathy (DCM). DCM causes structural and functional changes in the myocardium
independent of coronary artery disease and hypertension (46). Rubler and colleagues first
described ventricular dysfunction occurring in diabetic patients in 1972 (47). Alterations in
myocardial structure, calcium signaling and metabolism are primary features that precede
accelerated left ventricular hypertrophy and increase susceptibility to ischemic injury and heart
failure (HF) (48). Myocardial tissue undergoes structural and functional modifications in
diabetes induced by hyperglycemia, hyperlipidemia and insulin resistance (49). A histological
trademark of DCM is interstitial and perivascular fibrosis, characterized by increased deposition

of collagen accompanied by crosslinking of these collagen fibers contributing to reduced



ventricular compliance (47,50-51). Myocardial fibrosis is accompanied by left ventricle
hypertrophy (LVH). LVH has been linked to elevated serum markers of systemic inflammation
like fibrinogen, C-reactive protein and microalbuminuria (52). These structural changes are
accompanied by functional alterations namely diastolic and systolic dysfunction. Diastolic
dysfunction is defined as defective ventricular relaxation leading to pressure increase and
impairment in blood filling during diastole (49). During systolic dysfunction, the myocardium
fails to eject adequate blood volume, but is observed at later stages in DCM after subsequent
diastolic dysfunction has been established in the patients (53,54). Early identification of these

abnormalities is important to provide appropriate treatment and prevent advancement to HF.

Multiple mechanisms have been proposed to explain the pathogenesis of DCM. These include
autonomic dysfunction, defects in lipid metabolism, abnormalities in ion homeostasis,
alterations in structural proteins, increased oxidative stress, interstitial fibrosis and alterations in
myocardial substrates and energy metabolism (55-60). As compensation for glucose
assimilation, fatty acid transporters are increased to generate ATP through fatty acid (FA)
degradation (59). However excess FAs accumulate in cytosol and causes lipotoxicity through
generation of diacylglycerol and ROS. Hyperglycemia also triggers ROS and advanced
glycation end-product (AGE) production culminating in cardiac gluco-toxicity. Lack of fuel and
lipo/gluco-toxicity triggers cardiac inflammation, fibrosis and contractile dysfunction (61). In
response RAS and TGF-f systems mediating cytokine/ chemokines responses are significantly

enhanced (62).

Currently there is no single therapy for treating diabetic cardiomyopathy. Treatment options
centers around dietary glycemic control, direct and indirect regulators of fatty acid metabolism,
and inhibitors of factors triggering heart failure (53,63). Medical advancements and lifestyle
interventions have contributed to reduction in cardiovascular mortality in diabetic patients.
However epidemiological studies show higher incidence of diabetic cardiomyopathy despite
adjustments for hypertension, microvascular diseases, hypercholesterolemia, body mass index

and other factors (64-66).



1.3 Pathogenesis: Mechanism of diabetic complications

Hyperglycemia is the central event leading to these micro- and macrovascular pathologies in
diabetes. Four distinct mechanisms have been proposed to explain the underlying effect of
hyperglycemia. These are: increased polyol pathway flux, increased levels of AGE, activation
of protein kinase C (PKC) isoforms as well as enhanced hexosamine pathway (67). Polyol
pathway is a less frequent route for glucose metabolism under normal conditions.
Hyperglycemia mediates increased conversion of glucose to polyalcohol sorbitol mediated by
aldose reductase, the first enzyme in this pathway (68). This is accompanied by decrease in co-
factor NADPH essential for regenerating reduced glutathione (GSH), resulting in intracellular
oxidative stress (69). Intracellular hyperglycemia is a key accelerator of intracellular and
extracellular AGE formation (70,71). The intracellular AGEs then functionally alter
intracellular proteins, modify binding properties of extracellular matrix proteins (ECM) and
facilitate binding of AGE precursor-modified plasma proteins to AGE receptors on endothelial
and mesangial cells. These events then aid in activating the production of ROS (67). Majority of
the PKC isoforms are activated by diacylglycerol (DAG) which are elevated during
hyperglycemia (72). These isoforms are responsible for numerous effects such as elevated
levels of vasoconstrictors like endothelin-1 (ET-1), permeability factors like VEGEF,
microvascular matrix proteins like, fibronectin and type IV collagen (Collo4) as well as TGF-
Bl (73). In addition, they also contribute to activation of nuclear factor-xB (NF-kB) and
NAD(P)H oxidases whereas bioavailability of nitric oxide (NO) and endothelial nitric oxide
synthase (eNOS) expression are reduced (73-76). Increased utilization of excess glucose by the
hexosamine shunt pathway also contribute to pathogenesis of diabetic complications (DC) (77).
This event mediates increased transcription of key genes such as TGF-B1 in arterial ECs and
plasminogen activator inhibitor-1 (PAI-1) in vascular smooth muscles, through a 4-fold increase
in O-GlcNAcylation of the transcription factor Spl (78-79). These mechanisms once thought to
be independent of each other are currently known to reflect a single hyperglycemia-induced
phenomenon; namely the over production of superoxide by mitochondrial electron transport
chain (MTETC) (80). Elevated levels of glucose in ECs in diabetes increase the flux of electron
donors (NADH and FADH2) into the MTETC and subsequently lead to voltage gradient across
mitochondrial membrane rising above critical threshold (81). Crossing the threshold leads to

increased superoxide formation and high levels of ROS. Mitochondrial superoxides produced
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due to hyperglycemia further activate the above-mentioned pathways by inhibiting
glyceraldehyde-3 phosphate dehydrogenase (GAPDH). Inhibition of GAPDH increases the
intracellular levels of glucose by deregulating glycolysis. The accumulating GAPDH shuttles
into the nucleus and gets modified by activated poly (ADP-ribose) polymerase (PARP). PARP
usually resides in the nucleus in an inactive form and gets activated when increased ROS
production in the mitochondria induces DNA strand breaks (82). PARP modified GAPDH is
reduced in activity leading to intracellular AGE formation, activation of PKC and hexosamine
pathway flux. The pathways then alter cell signaling by triggering various transcription factors,
inflammatory markers, cytokines and growth factors leading to further cell damage in multiple
ways (72,83-84). In the following sections I will describe specific mechanisms, which are of

direct relevance to this research.

1.4 Cell Signaling in diabetic complications

Signaling abnormalities in various cell types contribute to the pathogenesis of DC. As ECs are
primary targets of these complications, we will focus on these cells. Alterations in both intra-
and intercellular signaling evolve slowly during the years while the disease progresses.
Hyperglycemia and possibly free fatty acid (FFA) levels are key factors implicated in the
activation of biochemical pathways, including stress-activated signaling pathways of NF-«xB,
NH,-terminal Jun kinases/stress activated protein kinases (JNK/SAPK), p38 mitogen-activated
protein (MAP) kinase, ERK1/2 signaling, PKC signaling and others like PI3 kinase, Janus
kinase (JAK/STAT) and mTOR pathway activation (85-91). One of the intracellular pathways
most extensively studied as a target of hyperglycemia and oxidative stress, is transcription
factor NF-xB (92). In the cytoplasm of unstimulated cells NF-«xB exists as a latent dimer bound
to IxkB. On activation by factors like oxidative stress, NF-kB dissociates from IxB and
translocate into nucleus where it binds to kB elements in the promoter region of certain genes
and affects gene expression (93). NF-«kB plays key roles in inflammatory responses ultimately
leading to enhanced fibrosis especially in the kidneys; and regulates expression of large number
of genes, including those involved in DC such as VEGF (94-96). Many of these factors, in turn,
activate NF-kB, thereby initiating a vicious cycle. High glucose exposure on cultured ECs can

activate number of protein kinase family members, especially PKC (97-98). Isoform BII of PKC
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shows highest induction in the retina and heart of diabetic animals (99). PKC activation
involves increased DAG levels which are observed to be elevated in high glucose treated
vascular cells as well as retina of diabetic animals (99-100). Activation of PKC directly or in
concert with other intracellular signaling proteins can cause number of effects such as mediating
glucose-induced EC permeability, enhance ECM production, regulate cellular activity as well as
involvement in the expression of various growth and vasoactive factors such as VEGF (97-
98,101-104). Binding of VEGF to VEGF receptors causes release of DAG, and this increase in
DAG in turn leads to selective activation of PKC isoforms which mediate vasoregulatory roles
of VEGF such as permeability (105-106). VEGF also has critical effects on the physiology and
pathophysiology of podocytes, which is the main source of renal VEGF (107). Secreted VEGF
facilitates autocrine activation of podocytes, thereby inducing podocyte glomerular basement
membrane matrix protein production; e.g. a3(IV) collagen synthesis via PI3K signaling (108).
Further evidence suggests that accelerated glomerular angiogenesis may contribute to diabetic
glomerular hypertrophy and ECM expansion (109). Although VEGF receptors are present on
podocytes and mesangial cells, VEGF’s effect of DN results largely from endothelial signaling
leading to enhanced endothelial growth and proliferation as well as increase in permeability;

possibly through subsequent activation of MAPK pathway (110-111).

One of the crucial steps in the progression of DR is thickening of basal lamina (BL) that
surrounds ECs and pericytes of the retinal capillaries (112-114). Disturbances in the balance
between synthesis and breakdown of ECM components induced by high intracellular glucose is
considered the main cause of BL thickening (115-118). In addition, various growth factors like
VEGF and transforming growth factor TGF-$, may play a more direct role in this balance
disturbance (119-120). Excessive ECM deposition also occurs in the heart muscles
accompanied by abnormal proliferation of cardiac fibroblasts (121). Cardiac fibrosis is
characteristic of DCM and TGF-f is one of the most studied mediators of this phenomenon
(122-123). Numerous studies have reported high-glucose mediated elevation in the transcription
of TGF-P genes, thereby increasing the levels of the protein and its downstream signaling (124-
125). In addition to its role in the canonical SMAD signaling pathway, TGF-f is also the key
stimulator of three known MAP pathways namely; ERK, JNK and p38 pathways (126-128).

ECM protein deposition leading to glomerulosclerosis and renal hypertrophy are characteristic
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features of DN (129). Clinical studies suggest that responses triggered by TGF- are involved in
pathways leading to interstitial fibrosis and glomerulosclerosis observed in ESRD (130).
Evidently, TGF-f is the chief cytokine in the regulation of ECM synthesis and is responsible for
stimulating the production of its components including proteoglycans, fibronectin and collagen,

while blocking matrix degradation (131).

1.4.1 Extracellular matrix proteins in diabetic complications

Chronic diabetes leads to structural and functional alterations in the vasculature. Modifications
to ECM and basement membrane (BM) thickening are the structural hallmarks in the target
organs of DC (132). First recorded by Siperstein and colleagues in 1968, these disturbances of
ECM are directly linked to loss of function in the target organs (133). ECM encompasses an
insoluble network of collagens, fibronectin, elastins, structural glycoproteins, proteoglycan
hyaluronans and integrins that provide cells with mechanical support and mediate multifarious
interactions between cells or cells and ECM of the vascular tissues (134). Excessive ECM
deposition in the glomerular matrix and tubulointerstitium is associated with significant decline
in the renal function during diabetes (135-136). As mentioned earlier ECM level depends on the
balance between synthesis and degradation. Elevated glomerular basement membrane thickness
in the glomeruli and the tubular system is seen in both T1D and T2D. Interstitial fibrosis and
atrophy of the tubules follow these glomerular changes. The interstitium harbors inflammation
and in the advanced stages of DN, glomerulosclerosis is prominent with a substantial
accumulation of ECM in the mesangium accompanied by reduced capillary volume (137). In
the retina, ECM provides a framework on which the cells reside and hence contributes to
structural integrity and the vasculature. Here, it functions as a cell attachment substratum,
promotes wound healing and enables intracellular communication among other functions (138-
140). The cardiac ECM consists of fibrillar collagen localized within myocardial interstitium
and non-fibrillary collagen as well as fibronectin and laminin in the myocyte basement
membrane (141-142). With the progression of diabetes, left ventricle might hypertrophy with
occurrence of hypertension-induced diastolic dysfunction (143-144). DCM is characterized as
cardiac dysfunction and alterations to vascular ECM are accompanied by various cardiovascular

complications. Regulating ECM composition by transforming growth factors and VEGF-



mediated angiogenic responses are compensatory responses to sustained EC damage by
hyperglycemia (145). ECM breakdown and formation plays pivotal roles in angiogenesis. It can

mobilize angiogenic growth factors to provide cues for directional growth of ECs.

1.4.2 Vascular endothelial growth factor in diabetic complications

VEGEF is a vital part of tissue growth and organ repair segment of angiogenesis (new blood
vessels sprouting from pre-existing vasculature) and vasculogenesis (new blood vessel
formation) (146). Angiogenesis or neovascularization includes migration and proliferation of
endothelial and smooth muscle cells, ECM breakdown, pericyte and macrophage accumulation
and development of new vasculature (147). VEGF was discovered in 1983 by Senger, Dvorak
and colleagues as a key mediator in angiogenesis (148). Subsequent isolation, cloning and
clinical studies provided evidence for its critical role in occular neovascularization (149-151).
Diabetes is closely linked to impaired neovascularization and anomalies associated with it
includes increased angiogenesis in the retina and blood vessel walls, impaired wound healing,
defective release and function of endothelial progenitor cells from bone marrow and increased
production of angiogenesis inhibitor, angiostatin (152-154). Although VEGF plays a central
role in the development of pathological microvascular complications such as DR, it is also
essential for the survival of ECs, enhances microvascular permeability and is a potent
vasodilator (155-157). In DR, VEGF is important for proliferative DR as well as diabetic
macular edema (158). It alters retinal capillary permeability by enhancing protein
phosphorylation and increases EC proliferation by activating MAP proteins (159-160). It also
stimulates ECs to release matrix metalloproteinases leading to degradation of BM, in turn
allowing for cell migration (161). The proliferation and migration of ECs are followed by
synthesis of new BMs. These BMs have new capillaries which are stabilized by recruitment of
pericytes and other growth factors to the site (162). Microvascular abnormalities in heart can
cause ischemia in the absence of coronary atherosclerosis, leading to adverse cardiovascular
events in diabetes. DCM is characterized by these microvascular abnormalities in the absence of
coronary disease and leads to progressive heart failure (163-164). They are influenced by
angiogenesis factors, especially VEGF, in response to hyperglycemia and ischemia (165).

Impairments in VEGF expression and action have been observed to occur in diabetic patients
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(166-168). Glucose plays a significant role in DN pathogenesis and evidence suggests its direct
and indirect stimulation of VEGF expression in podocytes through TGF-B (169-170). Glucose
also increases TGF-f expression in podocytes and mesangial cells, which thereby stimulates
glomerular basement membrane (GBM) thickening and glomerulosclerosis through VEGF
(169-170). VEGF in turn inhibits TGF-f3 expression through negative feedback mechanism.
VEGF signaling affects GBM thickening, slit pore density and the quantity of nephrin, a protein
required for proper functioning of the renal filtration barrier, which are all related to the extent
of diabetic albuminuria (171). Obvious upregulation of VEGF in glomerular epithelial cells is a
sign of early DN, while its increase in the proximal tubules mark a more progressed stage (172).
VEGF in the glomeruli is important in DN development and the rise in glomerular VEGF
speeds up DN progression to advanced stages (172).

1.4.3 Endothelial-mesenchymal transition in chronic diabetic complications

The entire circulatory system is lined by ECs, forming a boundary between circulating blood in
the lumen and vessel walls from heart to small capillaries (173). They allow the blood to be
pumped farther by reducing turbulence of flow and unambiguously play critical roles in
maintaining overall homeostasis (173-174). The endothelium secretes several factors that
regulate coagulation, fibrinolysis, platelet aggregation and vascular tone (174). Hyperglycemia
causes the endothelium to be exposed to a range of negative intracellular occurrences that
promote endothelial dysfunction, where the endothelium loses it physiological properties (174).
Accumulation of fibrous connective tissue and excess ECM production in and around inflamed
or damaged tissue, that culminates in organ failure or death is one of the consequences of
endothelial dysfunction (175-178). Fibrosis involves proliferation of local fibroblasts and their
differentiation into myofibroblasts (178). Myofibroblasts, in comparison to fibroblasts have
elevated a-smooth muscle actin (a-SMA) and upregulated production of ECM proteins like type
IV collagens (178-179). Initially the origin of these myofibroblasts was thought to be local
proliferation of resident fibroblasts in response to factors like TGF- 3, but subsequent research
suggests other cellular sources such as ECs (180-181). ECs can adopt mesenchymal phenotype
and express markers characteristic of myofibroblast differentiation such as a-SMA, smooth

muscle 22a (SM22a), vimentin, fibroblast specific protein 1 (FSP1) and ECM proteins like
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fibronectin and collagen and downregulate EC markers such as vascular endothelial cadherin
(VE-Cadherin) and cluster of differentiation 31 (CD-31) (181-183). This phenomenon is known
as endothelial-mesenchymal transition (EndMT) through which ECs gain an altered
differentiated phenotype and obtain invasive and migratory abilities (173). At the cellular level,
EndMT can be defined as loss of cell adhesion and actin reorganization to convert apical-basal
polarity to front-end back end polarity resulting in change from compact, well-structured
cobblestone-like shape to less organized spindle-shaped cells (183-184). The major regulatory
cytokines that stimulate EndMT belong to TGF- 3 superfamily of proteins including TGF-1
and TGF-B2 (181,184-186). Importance of this major regulator in the activation of EndMT has
been described in several studies (187). TGF promotes EndMT through Smad-dependent and
Smad-independent pathways like PKC (185,188). Several studies have shown that inhibition at
TGF-signaling at various stages have resulted in decrease or partial reduction in EndMT and
fibrosis in animal models (185,187,189). TGF-signaling plays important roles in myofibroblast
differentiation and ECM alterations favor myofibroblast transdifferentiation through altered
responses to mechanical stress or transduction of growth factor signals (181). TGF is also
responsible for induction of cardiac fibroblast transdifferentiation to myofibroblasts and
promotes cardiac fibrosis by inducing ECM protein synthesis and reducing collagenase
expression (190-191). Renal fibrosis, caused by aberrant ECM accumulation, have also been
linked to abnormal differentiation and proliferation of activated myofibroblasts (181,192-193).
Therefore, TGF-signaling and EndMT are major contributors to generation of myofibroblasts
that are key role players in the development of fibrotic diseases such as DCM or DN. Targeting
these pathways and their specific components in myofibroblasts can possibly lead to effective
anti-fibrotic therapies (181). There are several known inhibitors of EndMT including epigenetic
regulators such as microRNAs (miRNA) and histone acetylators (194-195). Our lab has
demonstrated that during DR and DCM, miRNA 200b (miR200b) modulates EndMT in concert
with histone acetylator, p300 through regulation of TGF-B mediated Smad signaling pathways
(196-197). Most miRNAs act through inhibition of TGF-f signaling although other ways of
miRNA action in regulating EndMT have also been recorded in literature (198-203).
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1.5 Epigenetic regulation in Diabetic Complications

The chronic nature of diabetes makes it a high-risk factor for development of many
complications like cardiovascular disorders, kidney damage and retinal deterioration.
Multifactorial causes can be ascribed to the development of these complications (204-206).
There is considerable evidence indicating that the interaction between genes and the
environment can influence an individual’s susceptibility to develop a chronic complication
(207-209). The environmental factors can alter signaling pathways and alter gene expression
through epigenetic modifications. Epigenetics is defined as the study of heritable changes in
gene expression that does not involve changes to underlying DNA sequence. This represents a

change in phenotype without a change in genotype that affects how cells read genes (210).

The chromosomal DNA is tightly packaged into chromatin, and its status between
transcriptionally “active” (euchromatin) and ‘inactive’(hetero-chromatin) in response to
extracellular signals are key aspects that regulate gene expression (211-213). Chromatin is
composed of subunits known as nucleosomes. Each nucleosome has an octamer of histones,
with two copies of histone proteins (H2A, H2B, H3 and H4), wrapped by 147 base pairs of
chromosomal DNA. Post-translational modification of these histones (PTHMs) alter their
interactions with DNA and represent one of the key epigenetic regulations (214-215).
Epigenetic regulations can lead to non-heritable or heritable effects. During non-heritable
changes, cells are able to respond fast to factors altered in the environment (216). Heritable or
long-term epigenetic effects occur in response to long acting stimuli and can be transmitted to
memory of the offspring cells (217,218). There are several components of epigenetic pathways.
PTHMs along with methylation of DNA, short noncoding RNAs (ncRNAs; for example, micro
RNAs (miRNAs) and long noncoding RNAs (IncRNAs) are all components of these pathways.

1.5.1 Histone modification
Histone methylation and acetylation are the most well characterized epigenetic marks

implicated in diabetes and its complications (219-220).
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Methylation: Histone methylation involves transfer of methyl groups from the methyl donor
S-adenosylmethionine (SAM) to amino acid residues (lysine, arginine and histidine) by histone
methyltransferases (221,222). Methylation at the arginine and lysine residues leads to either
activation or repression of transcription. Arginine residue methylation results in activation while
methylation at lysine can lead to activation or repression of transcription. Generally, H3K4
(histone 3 methylated at lysine 4), H3K36 and H3K79 are associated with transcriptional
activation and H3K9, H3K27 and H4K20 are seen in repressed regions (223). To add to the
complexity of this regulation, lysine residues can be mono-methylated (m1), di-methylated (m2)
or tri- methylated (m3). Furthermore, the specific action of methylases and demethylases
control chromatin accessibility to transcriptional enzymes and therefore influence protein

expression (224).

A recent study has showed that human ECs transiently exposed to high glucose, stimulated
transcriptional activation of NFkB-p65, followed by overexpression of inflammatory factors.
These alterations were attributed to Set7-dependent mono-methylation of H3K4 (225-226).
Reversal of oxidative stress through overexpression of ROS-scavenger enzymes prevented both

NF-kB activation and vascular inflammation (225-226).

Evidence suggests involvement of important histone modifications in gene regulation associated
with pathogenesis in DN. A gene expression study on DN-related genes in mouse and rat
models, showed increase in transcriptional activating methylation H3K4me2, coupled with
decreased levels of H3K27me3 levels (227). Silencing of histone methyltransferase SET7 in
mesangial cells (MC) attenuated TGF-f1-induced gene expression (228). TGF-B is implicated
in fibrosis and expression of these genes and others like cell cycle inhibitor p21 in renal cells,
which contribute to DN pathogenesis (229). High glucose treatments in rat MC led to similar
histone modifications at fibrotic and cell cycle gene p21 promoters (228). Recent results from
Finnish DN study reported linkage between the polymorphism in SUV39H2, gene encoding for
a histone methyltransferase and various diabetic microvascular complications, including

retinopathy.
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Recently our lab described regulatory roles of tri-methylation at lysine27 (H3K27me3)
catalyzed by H3K27me3 transferase EZH2 (PRC2 component) in DC (230). EZH2 is part of
PRC2 multimeric complex known to negatively regulate expression of genes including
miRNAs. Other components of PRC2 complex are EED, SUZ12 and RpAp46/48 and this
complex has been widely studied in tumor biology where increased EZH2 promoted VEGF

stimulation and subsequent angiogenesis (231-232).

Acetylation: Histone acetylation involves interplay between two families of enzymes to
transfer acetyl group to lysine residues (233). Histone acetyl transferases (HATSs) utilize acetyl
CoA and catalyze transfer of acetyl groups to lysine. Histone de-acetyl transferases (HDACs)
oppose HATs and reverse lysine acetylation (234). HATs are grouped, based on sequence
homology, structural motifs and function (235). Over activity of HATs results in hyper
acetylated histones with neutralized e-amine positive charge on H3K and H4K N-terminal tails,
that obliterates interactions with negatively charged DNA backbone (236). Hyperacetylation
therefore favors euchromatin formation; allowing better access to DNA templates by RNA
polymerase and transcription factors. HDAC on the other hand removes acetyl groups from e-

amine groups, resulting in creation of heterochromatin and transcriptional silencing (237).

Enhanced ROS production has vital roles to play in the pathogenies of diabetic complication
especially in the development of endothelial dysfunction (77). Epigenetic regulation of ROS
generating genes can have important implications in understanding the mechanisms underlying
these complications. Recent research suggests regulatory roles of both HATs and HDACs on
several genes associated with endothelial dysfunction and inflammation in diabetes. Activation
of sirtuin 1 (SIRT 1) from the sirtuin family of HDACs reduces ROS formation, thereby
suppressing NF-kB activation and PARP cleavage (238). Similarly, HATs can also regulate
NF-kB transcription, resulting in alterations in the gene expression of inflammatory pathway
genes. High glucose treatment on monocytes resulted in increased transcriptional activity of
HATs CREB binding protein (CBP) and p300/CBP- associated factor (p/CAF) leading to
enhanced acetylation of histone lysine at the promoter regions of inflammatory genes and TNF-
a and rise in their expression (239). HATs-mediated increase in pro-inflammatory cytokines

were prevented by p300 blocker, curcumin treatment on human monocytes exposed to high
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glucose by reducing HAT activity and acetylation of CBP/p300 complex (240). Increased
promoter histone lysine acetylation of inflammatory genes has also been described in

monocytes of T1D and T2D patients (241).

Li and colleagues recently reviewed the roles of HATs in DN and have reported that high
glucose-mediated elevation in HATs such as p300, CBP and p/CAF are accompanied by
activation of pro-inflammatory cytokines, fibrotic processes, ECM proteins and endothelial
function in DN through acetylation of histone and non-histone proteins like Smads, p53, SP1
and NF-xB (242). Available literature on DN also suggests that HDAC1, HDAC2 and HDACS
modulate genes induced by TGF-B1 (243). TGF-B1, a key signaling molecule implicated in
fibrosis, increases acetylation at H3K by recruiting the HATs like transcriptional co-activator
p300 and CBP to the PAI-1 and p21 promoters (243). A chromatin immunoprecipitation (CHIP)
assay to study histone modifications at promoters for AGEs and PAI-1 showed increased active
marks (mostly acetylation) in the glomeruli of diabetic db/db mice versus non-diabetics (244).
Increased H3K9 acetylation at promoters of inflammatory genes is tightly linked to elevated
HbAlc levels and induction of DC (245). In our work with DC, we have previously shown
miR200b dependent increased production of p300 (246,247). Furthermore, glucose induced
upregulation of vasoactive factors like VEGF and endothelin 1 (ET-1) were prevented by
p300siRNA (247). Moreover, p300 and SIRT1 (HDAC) were shown to regulate each other
directly and indirectly in endothelial cells exposed to high glucose (248).

In DR, increased histone acetylation has been partly ascribed to lowering of HDAC activity as a
result of high glucose treatment on retinal cells. HDAC initiators and inhibitors, mitigated or
aggravated diabetes-induced histone acetylation and pro-inflammatory protein expression in
Miiller glial cells, thereby confirming role of histone acetylation in the pathophysiology of DR
(249). Recent research has shown that HDAC1 and HDAC2 modulate expression of cardiac
hypertrophy genes (250). In DCM, HDAC3 exerts a pro-hypertrophic effect in diabetic mice by
reducing expression of a MAP kinase phosphatase, DUSPS5 (251). However, additional work is
warranted to identify specific types altered and their molecular targets in chronic diabetic

complications.
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1.5.2 DNA methylation

Methylation of DNA occurs at position C5 of cytosine in CpG dinucelotides, mostly in the
promoter regions by DNA methyl transferases (DNMTs). The presence of symmetrical CpG
methylation marks on both DNA strands facilitates post-replicative maintenance of the DNA
methylation patterns (252). There are two key components in the DNA methylation machinery
of mammals, DNMTs which establish and maintain DNA methylation patterns, and methyl-
CpG binding proteins (MBDs), involved in identifying the methylation marks (253). These
modifications usually repress gene expression by disrupting the binding of transcriptional
machinery to promoter or by recruiting co-repressors to the promoter site. The methylation
patterns on the DNA are established by DNMTs, DNMT3A and DNMT3B53 along with
DNMT3L54 (254). These patterns are maintained through cell division by the methyl-
transferase, DNMT1 (254). DNMTs are wide-spread and involve similar catalytic mechanisms
where the enzyme and the substrate base react to form a covalent reaction intermediate (255).
All DNMTs use SAM as the methyl donor and transfers the methyl group to positon 5 on the
cytosine ring or amino group at position 6 of adenine (256). However, DNA methylation is not
an irreversible process. A family of protein known as Ten-eleven translocation (TET) are
actively catalyzing demethylation, primarily at the transcription factor binding sites (254).

Regulation of DNA methylation is associated with various human diseases including diabetes.

Alterations in DNA methylation of inflammatory genes, lipid and glucose metabolism genes as
well as those involved in oxidative stress have been reported in diabetes (257). Short-term high
glucose exposure to aortic endothelial cells led to promoter DNA methylation of NFxB-p65
(225). In streptozotocin (STZ)-induced diabetic rats, demethylation of liver X receptor o (LXR
a) a key regulator of macrophage function increased myocardial ventricular expression (258).
Another study in diabetic rats reported cell death of cardiomyocytes and DCM as a result of
altered methylation of p53-inducible p2IWAFI1/CIPI promoter (259). In T2D patients with
DCM, demethylation of CpG islands in the Kelch-like ECH associated protein 1 (Keapl)
promoter increased Keapl expression and targeted nuclear factor (erythroid-derived 2)-like 2
(Nrf2), a regulator of antioxidant proteins to proteosomal degradation (260). These studies
indicate that gene regulation by DNA methylation under high glucose environments may have

important roles in pathophysiology of DCM.
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Hyperglycemia mediated alterations of DNA methylation have also been reported in DN (261).
DNA methylation profiling of DN patients showed altered methylation of 1,061 genes (262).
Fibrotic and non-fibrotic kidneys isolated from animal models of kidney disease showed
aberrant hypermethylation at RASALI, induced by TGF-B1. It leads to increased Ras activation
in fibroblasts, leading to proliferation and fibrosis (263). ECs exposed to high glucose showed
altered DNA methylation of several genes involved in endothelial function (264). DNA
methylation profiling of genomic DNA from diabetic patients with or without DN, also showed
differential methylation of various genes, including UNCI3B, that is known to mediate
apoptosis in glomerular cells exposed to hyperglycemia, indicating its association with initiation

and pathogenesis of DN (265).

Altered DNA methylation of several genes dysregulated in DR, have been observed in diabetic
patients and in vitro studies. A genome-wide analysis of DNA methylation in T1D patients
identified differential methylation of close to 233 unique genes in cases of PDR versus controls,
suggesting the prospects of this distinct methylation pattern as a marker for PDR (266). Matrix
metalloproteinase-9 (MMP-9) is known to be elevated in retina and capillary cells during
diabetes (267). Kowluru and colleagues showed that prevention of hypomethylation at the
MMP-9 promoter prevents mitochondrial damage in retinal ECs and tissues from diabetic
mouse retina (268). Persistent hypermethylation at the regulatory region of the catalytic subunit
of mitochondrial DNA (mtDNA) replication enzyme, affected its binding to mtDNA which was
associated with continued progression of DR in STZ-induced diabetic rats (269). These
aforementioned studies in ECs, animals and patients highlight the significant role of DNA

methylation in the pathophysiology of diabetes and its complications like DCM, DN and DR.

1.5.3 Non-coding RNAs

Genomics studies over the years have influenced the identification of potential drug targets for
validation. However, target validation does not promise a drug candidate. Regulation of gene
expression by controlling post-transcriptional modification is an expensive mechanism for the
protein-coding genes. Hence novel approaches that target the process at the transcriptional level

would save energy involved in RNA modification and subsequent protein production. Majority
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of the human genome sequences studied to date are protein-coding which comprises only 1.5%
of the entire genome (270). Recently focus has been drawn onto the remaining non-coding area
of the genome and its importance in normal development and relevance in diseases (271). These
ncRNAs when functional, exert regulatory activities independent of the protein encoding route.
Hence on manipulation, they constitute potential drug targets capable of phenotypic changes in
the organism (272). The potential roles of these ncRNAs are still baffling, although they are
known to play regulatory roles in various biological processes. For instance, miRNAs are a
category of short ncRNAs (< 22-nts) involved in multiple physiological and pathological
functions in the living system (273-275). On the other hand, IncRNAs are of larger size

(>200nts) which works through a variety of mechanisms.

1.5.3.1 Short non-coding RNA (miRNAs)

miRNAs (~20-25 nucleotide) are short RNA molecules that do not code for proteins. miRNAs
as synthesized through RNA polymerase II, processed to precursors in the nucleus by RNAse
IIT Dorsha and DiGeorge syndrome critical region 8 (DGCRS) and exported to cytoplasm by
exportin 5. They are further processed in the cytoplasm by Dicer into functionally active~22 nt
double-stranded RNA molecules (miRNA duplex). Recent evidence show that the
thermodynamic stability of the duplex determines which strand is to be selected to be loaded
onto RISC (RNA-induced silencing complex) by Ago (Argonaute) proteins (276). Regardless of
the strand chosen, once loaded into RISC the miRNAs direct the complex to the target, based on
complementarity between the miRNA seed sequence and target transcript, culminating in
transcriptional repression of the target. Mechanisms of repression by miRNAs are diverse,
where a single miRNA can target multiple mRNAs or a single mRNA can by targeted by
multiple miRNAs (277). Presently, more than 2000 human miRNAs are listed in the miRBase,
and this huge number combined with the vast range of their targets make them candidates for
numerous functions (278). miRNAs play important roles in controlling histone modification
(277,279-280), in diverse cellular processes (281) and regulate IncRNAs (282). miRNAs are
implicated in number of diseases and have emerged has key regulators of specific aspects of

disease pathology in DC (283).
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Nephropathy is an important research area where most miRNA dysregulations have been
identified. Podocyte-specific deletion of Dicer was attributed to kidney failure and early death
(284,285). Abnormal expression of several miRNAs in cell lines and kidney of diabetic mice
emphasis importance of these molecules in renal fibrosis and DN. TGF-B1-treated murine
mesangial cells and mouse models of diabetes (T1D and T2D) showed elevation of several
miRNAs (miR192, miR200b/c, miR216a and miR217) in their renal glomeruli compared to
non-diabetics (286-289). However, another miRNA, miR-200a was decreased in TGF-B1-
treated proximal tubular epithelial cells (290). miR21 upregulated in T1D mice, could also
target PTEN and promote mTOR signaling; important components in DN. Other miRNAs
alterations were found in glomeruli of db/db mice as well as podocytes and renal endothelial
cells exposed to high glucose. These included miR93, miR29c, miR192 and miR200b
(291,292). To decipher their role in DR, an in-depth miRNA profiling of the retina and retinal
ECs in STZ-induced rats were conducted. The results showed upregulation of miRNAs
responsive to NF-kB (such as miR146, miR155, miR132 and miR21) and VEGF in the diabetic
samples versus controls (293). Our lab has also shown regulatory roles on miRNAs, miR146a
and miR200b in ECs treated with high glucose and retinas from diabetic mouse models. These
miRNAs were themselves reduced in a high glucose environment and regulated expression of
fibronectin and VEGF respectively, both mediated by increase in the co-activator p300
(294,246). Another miRNA, miR29b was upregulated in the early stage of diabetes in cells of
retinal ganglion cells and inner nuclear layer of retinas of STZ-induced rats versus normal
animals (295). The results indicate a protective role of miR29b against apoptosis of retinal
neurons in DR and can be considered with other miRNAs for intravitreal injections as therapy
for DR. Several studies have also focused on identifying miRNAs as therapeutic and diagnostic
tools for diabetic cardiovascular complications (296). DCM is the result of dysfunction in a
number of cells types in the heart such as vascular ECs, cardiomyocytes and myoblasts (297).
Along with these, there is an increased recruitment of M1 macrophage leading to elevated
cytokine levels in diabetic hearts (298). These cytokines along with transcriptional factors
mediate effects that result in cardiac hypertrophy and fibrosis (297). Many miRNAs have been
recognized in these processes including miR133, miR320, miR29, miR30, miR1, miR206 and
miR21 (299). We have demonstrated pathogenic roles of miR146a, miR200b, miR133a, miR
195, miR1, miR9 in glucose exposed ECs and in various chronic DC (300).
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1.5.3.2 Long non-coding RNA (IncRNA)

The vast span of non-coding regions brings us to question of its role in the cellular system,
especially the poorly understood IncRNAs. The idea of IncRNAs first surfaced some two
decades ago with the description of X-inactive specific transcript (XIST), the gene that is
responsible for X-chromosome inactivation in eutherian lineage and lacks an open reading
frame (301,302). They are defined as transcripts >200 nucleotides that may be transcribed by
RNA polymerase II or III, subjected to splicing or contain a single exon (303). On the basis of
their location and orientation relative to nearby genes they can be classified as sense/antisense,
divergent/convergent or intronic/intergenic (304). These tissue-specific RNAs tend to form
thermodynamically stable secondary and higher-order structures. Their myriads of roles include
modulation of alternate splicing, chromatin remodeling, cis/trans-acting regulators of gene
expression and RNA metabolism (305-309). Cis-acting IncRNAs mediate local genes while
trans-acting IncRNAs are involved with multiple targets (309). Dysregulation of target genes
leads to abnormal IncRNA expression responsible for cellular defects and disease progression
including carcinogenesis and neurodegeneration (271,310). MALATI, lincRNA-p21, HOTAIR,
LSINCTS, PTCSC3 and H19 are some of the IncRNAs associated with various kinds of cancers
(311). Another IncRNA, CDKN2B-AS1 (ANRIL) has been linked to cancer, diabetes and
cardiovascular diseases (312). Along with cancer, GAS5 IncRNA has been linked to

autoimmune diseases (313).

Recent publications since 2012, has shown a significant increase in the focus of IncRNAs in
diabetes mellitus and its complications. In retinal samples from patients with early DR, 303
IncRNAs were found to be perversely expressed, of which 214 were downregulated and
remaining 89 were upregulated (314). Additionally, metastasis-associated lung adenocarcinoma
transcript-1 (MALAT1) that interacts with NF-kB, was significantly upregulated in retinas of
STZ-induced diabetic rats and db/db mice as well as in the aqueous humor of DR patients
(314,315). We have also reported MALAT] levels to be elevated in high glucose-treated ECs
and diabetic kidneys, which regulated glucose-induced inflammatory cytokine production (316).

In DN, TGF-B activated Akt by stimulating the expression of miR-216a and miR-217 along
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with their host IncRNA, RP23, as well as miR192 and its host IncRNA, CJ241444 resulting in
p300 activation (288,317). These alterations resulted in mesangial cell proliferation and
hypertrophy. Another IncRNA, plasmacytoma variant translocation 1 (PVT1), was classified as
a candidate gene for ESRD in T2D and later found to be associated with ESRD in T1D as well
(318,319). Upregulated under high glucose conditions, PVT1 was revealed to be a regulator of
ECM, and targeted TGF-B1 and PAI-1 (320). DCM is a prominent cardiovascular complication
of diabetes and a few IncRNAs have been associated with DCM also. In a rat model of DCM,
Zhou and colleagues reported upregulation of IncRNA myocardial infarction—associated
transcript (MIAT) (321). Their recent work showed MIAT to function as competing
endogenous RNA to increase death-associated protein kinase 2 (DAPK2) through sponging of
miR22-3p, facilitating cardiomyocyte apoptosis in DCM (322). MALATI1 was shown to be
upregulated in cardiac tissues of diabetic rats and patients with myocardial infarction (323-325).
MALATI knockdown was able to reduce myocardial inflammation as a result of diabetes and
led to improved left ventricular function in the diabetic rats (323, 324). LncRNA HI19 is
reported to have multiple mode of actions on cardiomyocytes exposed to high glucose. It can
bind and recruit EZH2 at the promoter of GTP-binding protein Di-Ras3 (DIRAS3), causing
inhibition of DIRAS3-mediated autophagy and imparting a protective effect of the
cardiomyocytes exposed to high glucose (326). H19 can also serve as a precursor to miR675
and post-transcriptionally regulate numerous target genes important for cell proliferation and

differentiation (327,328).

Implications of IncRNAs in diseases broaden the avenues for potential drug targets such as
antisense therapies. Although ncRNAs do not give any room for protein product manipulations
for therapy, use of techniques like siRNA has shown regulation of sense transcript expression
levels. Taking into account the long road ahead, these approaches could be useful in

overcoming a key problem in traditional therapies: development of drug resistance.

1.5.3.2.1 H19 IncRNA

Over the years several IncRNAs have been identified in mammals, but many of their biological

roles remain unknown. The H79 gene (also known as ASM; BWS; WT2; ASM1; D11S813E;
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LINC00008 and NCRNAO00008) produces a 2.3kb spliced, capped and polyadenylated IncRNA
which is abundantly expressed in developing embryos and down-regulated after birth (329).
H19 was isolated by Tilghman and colleagues in 1984 while screening for genes upregulated by
a-fetoprotein in mice fetal liver (330). The paternally imprinted gene is conserved between
humans (Ch 11pl15) and mice (Ch 7) but lacks a common open reading frame, ruling out
existence of proteins coded by this gene (329). Predominantly cytoplasmic, H19 is co-regulated
by Igf2 (Insulin-like growth factor 2); a maternally imprinted gene located on the same locus
(331). In the H19-Igf2 locus, a primary imprint is set on H/9-ICR (imprinting control region)
during gametogenesis and secondary imprinting is established on Igf2-DMR (differentially
methylated regions) after fertilization (332). The two genes share endodermal and mesodermal

enhancers that regulate the promoter region activation.

H19 was one of the first IncRNAs to be well characterized since its discovery 20 years ago.
However most of its biological roles remain undeciphered. Speculations revolve around
potential functions as post-transcriptional regulator binding to certain proteins like Igf2 mRNA-
binding proteins, or interaction with molecules like miRNAs through DNA methylation or

histone modification of DMRs (333,334).

H19 is known to harbor protumorigenic properties as ectopic H19 expression enhanced
tumorigenic property of carcinoma cells in vivo (335). Its carcinogenic properties have been
recently described in various cancers like bladder carcinoma (336), hepatocellular carcinoma
(337) and gliomas (338) although some research described tumor suppressor roles of H19 in the
initial stages of colorectal cancer (339) and other cancers (332). This gene has also been
implicated in genetic disorders like Beckwith-Wiedemann Syndrome (BWS) (340) and Silver-
Russell Syndrome (SRS) (341) as well as during gestational diabetes in mouse models

(342,343).

Dysregulation of H19 and other ncRNAs present pathological consequences through versatile
functional roles. Different ncRNAs including IncRNA and miRNAs may have close
relationships depending on their location and sequence similarity. This has become increasingly

evident in current research on functional roles of H19 where it is observed to interact with
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several miRNAs. These include; modulation of miR-let-7 in skeletal muscles (344), interaction
with its direct precursor miR-675 in gliomas (338) and regulation of miR-200 family in
hepatocellular carcinomas (337). Our lab has previously shown a novel miR200b mediated
regulation of histone acetylator, p300 in diabetic retinopathy (246). Hence, modulating H19
may potentially lead to correction of abnormalities in several molecules altered during different
DC, directly or through p300. In this study, we plan to elucidate the role of H19 in DR and its
interactions with members of miR200 family in DC. Such alterations will be studied using in

vitro and in vivo models of diabetes.

1.5.3.2.2 ANRIL IncRNA

The INK4/ARF locus on chromosome 9p21 was highlighted as the strongest genetic
susceptibility locus for cardiovascular disease (CVD) (345,346). Later it was associated with
other conditions such as type 2 diabetes (346, 347), Alzheimer disease (348), glaucoma
(349,350), endometriosis (351) and periodontitis (352). The CVD and diabetes-associated hot-
spot lies in a region overlapping a newly discovered IncRNA, ANRIL (antisense ncRNA in the
INK4 locus). However, the CVD-risk alleles have been associated with both, increased (353)
and reduced expression of ANRIL (354,355). ANRIL is also known as CDKN2B-ASI;
CDKN2B-AS; CDKN2BAS; NCRNAO00089 and pl5AS. ANRIL consists of 19 exons,
spanning 126.3kb. It produces a 3834bp RNA. It is situated in the plS5/CDKN2B-
pl6/CDKN2A-p14/ARF gene cluster, in the antisense direction (312).

ANRIL’s transcription is initiated from INK4A4-ARF-INK4B gene cluster and it
represses INK4A4, ARF and/orINK4B (355). ANRIL may have a direct transcriptional effect or
an indirect effect in association with a histone modifier and methylating agent, the member of
the multiprotein Polycomb Repressor Complex 1 and 2 (PRC1, PRC2). The PRC2 system
consists of many subunits (eg. EZH2, EED, SUZ12 and RpAp46/48), each having its own role
in maintaining and stabilizing PRC2 activity. These complexes are critical in the epigenetic
regulation of the CDKN2A/B locus (356). Moreover, histone modifications caused by
Polycomb proteins occur in coordination with other epigenetic mechanisms. Polycomb proteins

CBX7 and EZH2 interact with DNA methyltransferase DNMT3B and the activity of chromatin
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remodelers have shown to influence PRCs occupancy in the CDKN2A/B locus (356).
Furthermore, EZH2 bound and directly methylated transcription factor GATA4 is a key dose
sensitive regulator of heart development in mice and human (357,358). GATA4 methylation by
PRC2 proteins impaired its acetylation by histone acetylator, p300 resulting in reduced
transcriptional potency (359). Conversely, loss of PRC2 activity in embryonic stem cells
resulted in histone H3K27 acetylation catalyzed by acetyltransferases p300 and CBP (360).
Recently over expression of ANRIL has been shown to regulate p300 and hence might be a key
player PRC complex-p300/CBP mediated epigenetic modifications (361). Past research by us
and others have reported that VEGF, ECM proteins and other factors characteristically altered
in DC are regulated by p300 and specific miRNAs (196,197, 230,246,247,283,294). We have
also shown that miR200b regulates VEGF production by altering p300 levels and works
through PRC2 complex (230). We predict that ANRIL too may regulate important factors
elevated in DC through PRC2 complex with / without mediation by miR200 and p300. We hope
to decipher this regulatory role of ANRIL in DC.
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Figure 1.1: An overview of the various processes at the cellular and molecular level during h

hyperglycemia. Glucose enters endothelial cells from blood. High levels of intracellular glucose
activate several pathways such as polyol pathway, hexosamine pathway, protein kinase C and
advanced glycation (AGE) pathways. These pathways increase superoxide production by the

mitochondrial electron transport chain, leading to oxidative stress. Oxidative stress thorough
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epigenetic regulators, activate expression of transcription factors like NF-kB as well as multiple
pathogenic molecules such as vascular endothelial growth factors (VEGF) and transformation
growth factors TGF-B. Downstream signaling from these molecules causes cellular damage in

diabetic complications.

1.6 Rationale

Microarray analysis of the long non-coding RNAs from microvascular ECs exposed to high
glucose (25mM) showed alterations of multiple IncRNAs (Fig 1.2). We specifically examined
two IncRNAs, ANRIL and H19 in this study due to their known interactions with key
epigenetic regulators of interest to us, namely the PRC2 complex, p300 and miR200b
(337,356,361). We have previously shown that these epigenetic regulators control diabetes-
induced upregulation of VEGF and ECM proteins as well as cellular phenotypic alterations such
as EndMT. Furthermore, these IncRNAs are also known to be of importance in cardiovascular
diseases and diabetes (345-347, 326). In this thesis, we hope to decipher key regulatory roles of
ANRIL and H19 on these pathogenic changes through mediation by PRC2 complex, p300 and
miR200b. We identified alterations of ANRIL and H19 in the array analysis and validated such
changes by RT-PCR. As discussed above, IncRNAs may mediate their action directly or
indirectly through p300, miR200b or changing actions of PRC complex. Hence modulating
these IncRNAs may potentially lead to correction of abnormalities in several molecules altered.
In this study, we plan to elucidate the roles of ANRIL and H19 in diabetic complications,
possibly directly or through interactions with miR-200b and p300. We have previously shown
alterations of p300, miR200b and PRC methylation in multiple chronic diabetic complications.
Hence, based on our previous discussion and these preliminary findings we hypothesized that in
chronic diabetic complications IncRNAs ANRIL and H19 regulate production of key

pathogenic molecules and cellular phenotype changes through specific pathways.
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Figure 1.2: a) Volcano plot of differentially expressed IncRNAs in hyperglycemic versus
normoglycemic condition treated endothelial cells. Vertical lines correspond to 1.2-fold change
up and down, respectively, and the horizontal line represents a p-value of 0.05. Red points
differentially expressed genes with statistical significance. b) The pie chart shows potential

function of the IncRNAs altered in diabetes as detected by the array.

1.7 Central Hypothesis

In chronic diabetic complications, IncRNAs- ANRIL and H19 regulate production of key

pathogenic molecules and cellular phenotype changes through specific pathways.

1.8 Specific Aims

Aim 1: To elucidate the role of ANRIL in regulating VEGF in diabetic retinopathy
(Investigated in Chapters 2 of the thesis).

In this aim we examined the changes in the expression of ANRIL in human retinal endothelial
cells exposed to high glucose and retinal tissue from diabetic mice. Then we moved onto
unravelling the regulatory role of ANRIL on the expression of VEGF in a high glucose
environment. The last part of the study explores the mechanism of ANRIL’s action whether it

occurs through its interaction with miR200b, p300 and PRC2 complex.
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Aim 2: To investigate the regulatory role of ANRIL in upregulation of extracellular
matrix protein and VEGF in diabetic nephropathy and diabetic cardiomyopathy
(Investigated in Chapter 3).

This study explores the role of ANRIL, extending it to other diabetic complications namely the
kidneys and heart. Expression of ANRIL were measured in the kidneys and cardiac tissues. The
study further explores alterations of extracellular matrix proteins and VEGF under the influence

of ANRIL and examines whether these are mediated by p300 and PRC2 complex.

Aim 3: To examine the role of H19 in regulating endothelial-mesenchymal transition
during diabetic retinopathy. (Investigated in Chapter 4).

The expression of H19 in diabetic retinopathy is explored here. The study utilizes human retinal
endothelial cells exposed to high glucose and retinal tissue from diabetic mice and samples
from diabetic patients. The study aims to elucidate the role of H19 in regulating endothelial-

mesenchymal transition and the specific mediator pathways.

1.9 References

1. Lakhtakia R. The History of Diabetes Mellitus. Sultan Qaboos Univ Med J, 2013. 13: p.
368-370.

2. Mathers CD, Loncar D. Projections of global mortality and burden of disease from 2002
to 2030. PLoS Med, 2006. 3: p.1-20.

3. World Health Organization. Global Reports on Diabetes, 2016. p.1-88.

4. American Diabetes Association clinical practice recommendations. Diabetes Care, 1997.
20: p. S1-70.

5. Diabetes Control and Complications Trial Research Group, The effect of intensive
treatment of diabetes on the development and progression of long-term complications in
insulin-dependent diabetes mellitus. N Engl ] Med, 1993. 329: p. 977-986.

6. An D; Rodrigues B, Role of changes in cardiac metabolism in development of diabetic

cardiomyopathy. Am J Physiol Heart Circ Physiol, 2006. 291: p. 1489-1506.

28



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Stratton IM, Adler AL, Neil HA, Matthews DR, Manley SE, Cull CA, et al. Association
of glycaemia with macrovascular and microvascular complications of type 2 diabetes
(UKPDS 35): prospective observational study. Brit Med J, 2000. 321: p. 405-412.

Klein R. Hyperglycemia and microvascular and macrovascular disease in diabetes.
Diab Care, 1995. 18: p. 258-268.

Fowler MJ. Microvascular and Macrovascular Complications of Diabetes. Clin Diab,
2008. 26: p. 77-82.

Monnier L, Colette C. Glycemic variability: should we and can we prevent it? Diab
Care, 2008. 31: p. 150-154.

Colette C, Monnier L. Acute glucose fluctuations and chronic sustained hyperglycemia
as risk factors for cardiovascular diseases in patients with type 2 diabetes. Horm Metab
Res, 2007. 39: p. 683-686.

Lingam G, Wong TY. Systemic Medical Management of Diabetic Retinopathy. Middle
East Afr J Ophthalmol, 2013. 20: p. 301-308.

Adamis AP. Is diabetic retinopathy an inflammatory disease? Br J Ophthalmol, 2002.
86: p. 363-365.

Lutty GA. Effects of Diabetes on the Eye. Invest Ophthalmol Vis Sci, 2013. 54: p. 81-
87.

Caldwell RB, Bartoli M, Behzadian MA, El-Remessy AEB, Al-Shabrawey M, Platt
DH, et al. Vascular endothelial growth factor and diabetic retinopathy:
pathophysiological mechanisms and treatment perspectives. Diabetes Metab Res Rev,
2003. 19: p. 442-455.

Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl ] Med, 2012. 366: p.
1227-1239.

Abcouwer SF, Gardner TW. Diabetic retinopathy: loss of neuroretinal adaptation to the
diabetic metabolic environment. Ann N'Y Acad Sci, 2014. 1311: p. 174-190.

Mohamed Q, Gillies MC, Wong TY. Management of diabetic retinopathy- A systematic
review. ] Am Med Assoc, 2007. 298: p. 902-916.

The relationship of glycemic exposure (HbAIC) to the risk of development and
progression of retinopathy in the Diabetes Control and Complications Trial. Diabetes,

1995. 44: p. 968-983.

29



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Gupta A, Gupta V,Thapar S, Bhansali A. Lipid-lowering drug atorvastatin as an adjunct
in the management of diabetic macular edema. Am J Ophthalmol, 2004. 137: p. 675-
682.

Chaturvedi N, Sjolie AK, Stephenson JM, Abrahamian H, Keipes M, Castellarin A, et
al. Effect of lisinopril on progression of retinopathy in normotensive people with type 1
diabetes. The EUCLID Study Group. Lancet, 1998. 351: p. 28-31.

Zimmet P, Alberti KG; Shaw J. Global and societal implications of the diabetes
epidemic. Nature, 2001. 414: p. 782-787.

Haneda, M, Utsunomiya K, Koya D, Babazono T, Moriya T, Makino H, et al. 4 new
classification of Diabetic Nephropathy 2014. a report from Joint Committee on Diabetic
Nephropathy. Clin Exp Nephrol, 2015. 19: p. 1-5.

Perkins BA, Ficociello LH, Roshan B, Warram JH, Krolewski AS. In patients with type
1 diabetes and new-onset microalbuminuria the development of advanced chronic
kidney disease may not require progression to proteinuria. Kidney Int, 2010. 77: p. 57-
64.

Palmer BF. Proteinuria as a therapeutic target in patients with chronic kidney disease.
Am J Nephrol, 2007. 27: p. 287-293.

Mauer SM, Steffes MW, Ellis EN, Sutherland DE, Brown DM, Goetz FC. Structural-
functional relationships in diabetic nephropathy. J Clin Invest, 1984. 74: p. 1143-1155.
Remuzzi G, Schieppati A, Ruggenenti P. Nephropathy in patients with type 2 diabetes.
N Engl J Med, 2002. 346: p. 1145-1151.

Ziyadeh FN. Mediators of diabetic renal disease: the case for TGF-f as the major
mediator. J] Am Soc Nephrol, 2004. 15: p. 55-57.

Arora MK, Singh UK. Molecular mechanisms in the pathogenesis of diabetic
nephropathy: an update. Vascul Pharmacol, 2013. 58: p. 259-271.

Ichinose K, Kawasaki E, Eguchi K. Recent advancement of understanding pathogenesis
of type 1 diabetes and potential relevance to diabetic nephropathy. Am J Nephrol, 2007.
27: p. 554-564.

Raptis AE, Viberti G. Pathogenesis of diabetic nephropathy. Exp Clin Endocrinol Diab,
2001. 109: p. 424-437.

Singh DK, Winocour P, Farrington K. Mechanisms of disease: the hypoxic tubular

30



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

hypothesis of diabetic nephropathy. Nat Clin Pract Nephrol, 2008. 4: p. 216-226.

Gross JL, de Azevedo MJ, Silveiro SP, Canani LH, Caramori ML, Zelmanovitz T.
Diabetic nephropathy: diagnosis, prevention, and treatment. Diab Care, 2005. 1: p. 164-
176.

Bilous R. Microvascular disease: what does the UKPDS tell us about diabetic
nephropathy? Diabet Med, 2008. 25: p. 25-29.

Gosmanov AR, Lu JL, Sumida K, Potukuchi PK, Rhee CM, Kalantar-Zadeh K, et al.
Synergistic association of combined glycemic and blood pressure level with risk of
complications in US veterans with diabetes. J Hypertens, 2016. 34: p. 907-913.
Regazzetti C, Robert G, Laurent K, Le Marchand-Brustel Y, Auberger P, et al.
Metformin, independent of AMPK, induces mTOR inhibition and cell-cycle arrest
through REDD]. Cancer Res, 2011. 71: p. 4366-4372.

Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch WE, Parving HH, et al.
Effects of losartan on renal and cardiovascular outcomes in patients with type 2
diabetes and nephropathy. N Engl J Med, 2001. 345: p. 861-869.

Pan Y. Renoprotection provided by losartan in combination with pioglitazone is
superior to renoprotection provided by losartan alone in patients with type 2 diabetic
nephropathy. Kidney Blood Press Res, 2007. 30: p. 203-211.

Fujita H, Morii T, Fujishima H, Sato T, Shimizu T, Hosoba M, et al. The protective
roles of GLP-IR signaling in diabetic nephropathy: possible mechanism and therapeutic
potential. Kidney Int, 2014. 85: p. 579-589.

Tani S, Nagao K, Hirayama A. Association between urinary albumin excretion and low-
density lipoprotein heterogeneity following treatment of type 2 diabetes patients with the
dipeptidyl peptidase-4 inhibitor, vildagliptin: a pilot study. Am J Cardiovasc Drugs,
2013. 13: p. 443-450.

Sharaf El Din UA, Salem MM, Abdulazim DO. Stop chronic kidney disease
progression: time is approaching. World J Nephrol, 2016. 5: p. 258-273.

Ficociello LH, Perkins BA, Silva KH, Finkelstein DM, Ignatowska-Switalska H,
Gaciong Z, et al. Determinants of progression from microalbuminuria to proteinuria in

patients who have type 1 diabetes and are treated with angiotensin-converting enzyme

inhibitors. Clin J Am Soc Nephrol, 2007. 2: p. 461-469.

31



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gambaro G, Bax G, Fusaro M, Normanno M, Manani SM, Zanella M, et al. Cigarette
smoking is a risk factor for nephropathy and its progression in type 2 diabetes mellitus.
Diabetes Nutr Metab, 2001. 14: p. 337-342.

Wanner C. Chronic kidney disease: Statins in chronic kidney disease: time to move on?
Nat Rev Nephrol, 2015. 11: p. 262-263.

Winer N, Sowers JR. Epidemiology of diabetes. J Clin Pharmacol, 2004. 44: p. 397-405.
Bugger H, Abel ED. Rodent models of diabetic cardiomyopathy. Dis Mod Mech, 2009.
2: p. 454-466.

Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, Grishman A. New type
of cardiomyopathy associated with diabetic glomerulosclerosis. Am J Cardiol, 1972. 30:
p- 595-602.

Boudina S, Abel ED. Diabetic cardiomyopathy, causes and effects. Rev Endocr Metab
Disord, 2010. 11: p. 31-39.

Lorenzo-Almoros A, Tunon J, Orejas M, Cortes M, Egido J and Lorenzo O.
Diagnostic approaches for diabetic cardiomyopathy. Cardiovas Diabetol, 2017. 16: p. 1-
14.

Aneja A, Tang WH, Bansilal S, Garcia MJ, Farkouh ME. Diabetic cardiomyopathy:
insights into pathogenesis, diagnostic challenges, and therapeutic options. Am J
Med, 2008. 121: p. 748-757.

Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glycation end products.
Sparking the development of diabetic vascular injury. Circulation. 2006. 14: p. 597-605.
Palmieri V, Bella JN, Tracy RP. Relationship of left ventricular hypertrophy to
inflammation and albuminuria in adults with type 2 diabetes. The Strong Heart
Study. Diab Care, 2003. 26: p. 2764-2769.

Hayat SA, Patel B, Khattar RS, Malik RA. Diabetic cardiomyopathy: mechanisms,
diagnosis and treatment. Clinical Science, 2004. 107: p. 539-557.

Ernande L, Bergerot C, Rietzschel ER, De Buyzere ML, Thibault H, Pignon- blanc PG,
et al. Diastolic dysfunction in patients with type 2 diabetes mellitus: is it really the rst
marker of diabetic cardiomyopathy? ] Am Soc Echocardiogr, 2011. 24: p. 1268-1275.
Taegtmeyer H, McNulty P, Young ME. Adaptation and maladaptation of the heart in
diabetes, part I: general concepts. Circulation, 2002. 105: p. 1727-1733.

32



56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wende AR, Abel ED. Lipotoxicity in the heart. Biochim et Biophy Acta, 2010. 1801: p.
311-319.

Spector KS, Diabetic cardiomyopathy. Clin Cardiol, 1998. 21: p. 885-887.

Tziakas DN, Chalikias GK, Kaski JC. Epidemiology of the diabetic heart. Coron Artery
Dis, 2005. 16: p. 3-10.

Cai L, Wang Y, Zhou G, Chen T, Song Y, Li X, Kang Y. Attenuation by
metallothionein of early cardiac cell death via suppression of mitochondrial oxidative
stress results in a prevention of diabetic cardiomyopathy. ] Am Coll Cardiol, 2006. 48:
p. 1688 -1697.

Lopaschuk GD. Metabolic abnormalities in the diabetic heart. Heart Fail Rev, 2002. 7:
p. 149-159.

Frustaci A, Kajstura J, Chimenti C, Jakoniuk I, Leri A, Maseri A, et al. Myocardial cell
death in human diabetes. Circ Res, 2000. 87: p. 1123-1132.

Bugger H, Abel ED. Molecular mechanisms of diabetic cardiomyopathy. Diabetologia.
2014. 57: p: 660-671.

Bayeva M, Sawicki KT, Ardehali H. Taking Diabetes to Heart-Deregulation of
Myocardial Lipid Metabolism in Diabetic Cardiomyopathy. ] Am Heart Assoc, 2013. 2:
p. 1-17.

Kannel WB, Hjortland M, Castelli WP. Role of diabetes in congestive heart failure: the
Framingham study. Am J Cardiol, 1974. 34: p. 29-34.

Devereux RB, Roman MJ, Paranicas M, O’Grady MJ, Lee ET, Howard BV, et al.
Impact of diabetes on cardiac structure and function: the strong heart study.
Circulation, 2000. 101: p. 2271-2276.

Bertoni AG, Tsai A, Kasper EK, Brancati FL. Diabetes and idiopathic cardiomyopathy:
a nationwide case-control study. Diab Care, 2003. 26: p. 2791-2795.

Brownlee M, Biochemistry and molecular cell biology of diabetic complications. Nature
2001. 414: p. 813-820.

Holcomb GN, Klemm LA, Dulin WE. The polyol pathway for glucose metabolism in
tissues from normal, diabetic, and ketotic Chinese hamsters. Diabetologia, 1974. 19: p.
549-553.

Lee AY, Chung SSM. Contributions of polyol pathway to oxidative stress in diabetic

33



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

cataract. Faseb J, 1999. 13: p. 23-30.

Stitt A. Advanced glycation: an important pathological event in diabetic and age related
ocular disease. Br J Ophthalmol., 2001. 85(6): p. 746-753.

McCance DR, Dyer DG, Dunn JA, Bailie KE, Thorpe SR, Baynes JW, Lyons TJ.
Maillard reaction products and their relation to complications in insulin-dependent
diabetes mellitus. J Clin Invest, 1993. 91(6): p. 2470-2480.

Koya D, King GL. Protein kinase C activation and the development of diabetic
complications. Diabetes, 1998. 47: p. 859-866.

Geraldes P, King GL. Activation of Protein Kinase C Isoforms and Its Impact on
Diabetic Complications. Circ Res, 2010. 106: p. 1319-1331.

Min W, Bin ZE, Quan ZB, Hui ZJ, Sheng FG. The signal transduction pathway of
PKC/NF-kB/c-fos may be involved in the influence of high glucose on the
cardiomyocytes of neonatal rats. Cardiovasc Diabetol, 2009. 8: p. 1-14.

Hink U, Li H, Mollnau H, Oelze M, Matheis E, Hartmann M, et al. Mechanisms
underlying endothelial dysfunction in diabetes mellitus. Circ Res, 2001. 88: p. 14-22.
Ding Y, Vaziri ND, Coulson R, Kamanna VS, Roh DD. Effects of simulated
hyperglycemia, insulin, and glucagon on endothelial nitric oxide synthase expression.
Am J Physiol Endocrinol Metab, 2000. 279: p. 11-17.

Giacco F, Brownlee M. Oxidative Stress and Diabetic Complications. Circ Res, 2010.
107: p. 1058-1070.

Kolm-Litty V, Sauer U, Nerlich A, Lehmann R, Schleicher ED. High glucose-induced
transforming growth factor betal production is mediated by hexosamine pathway in
porcine glomerular mesangial cells. J Clin Invest, 1998. 101: p. 160-169.

Chen YQ, Su M, Walia RR, Hao Q, Covington JW, Vaughan DE. Sp! sites mediate
activation of the plasminogen activator inhibitor-1 promoter by glucose in vascular
smooth muscle cells. J Biol Chem, 1998. 273: p. 8225-8231.

Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et al,
Normalizing mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature, 2000. 404: p. 787-790.

Korshunov SS, Skulachev VP, Starkov AA. High protonic potential actuates a

mechanism of production of reactive oxygen species in mitochondria. FEBS Lett, 1997.

34



82.

83.

&4.

85.

86.

87.

88.

&9.

90.

91.

92.

416: p. 15-18.

Brownlee M. The Pathobiology of Diabetic Complications. Diabetes. 2005. 54: p.1615-
1625.

Charonis AS, Reger LA, Dege JE, Kouzi-Koliakos K, Furcht LT, et al. Laminin
alterations after in vitro nonenzymatic glycosylation. Diabetes. 1990. 39: p. 807-814.

Du XL, Edelstein D, Rossetti L, Fantus IG, Goldberg H, Ziyadeh F, et al.
Hyperglycaemia-induced mitochondrial superoxide over production activates the hexose
pathways ad induces plasminogen activator-1 expression by increasing Spl
glycosylation. Proc Natl Acad Sci U S A, 2000. 97: p. 12222-12226.

Huynh K, Bernado BC, McMullen JR, Ritchie RH. Diabetic cardiomyopathy:
Mechanisms and new treatment strategies targeting antioxidant signalling pathways.
Pharmacol. Ther, 2014. 142: p. 375-415.

Barnes PJ, Karin M. Nuclear factor-kappa B: a pivotal transcription factor in chronic
inflammatory diseases. N Eng J Med. 1997. 336: p. 1066-1071.

Kyriaskis JM, Avruch J. Sounding the alarm: protein kinase cascades activated by
stress ad inflammation. J Biol Chem, 1996. 271: p. 24313-24316.

Haneda M, Araki S, Togawa M, Sugimoto T, Isono M, Kikkawa R. Mitogen-activated
protein kinase cascade is activated in glomeruli of diabetic rats and glomerular
mesangial cells cultured under high glucose conditions. Diabetes, 1997. 46: p. 847-853.
Liu W, Schoenkerman A, Lowe WL Jr. Activation of members of the mitogen-activated
protein kinase family by glucose in endothelial cells. Am J Physiol Endocrinol Metab,
2000. 279: p. 782-790.

Banes AK, Shaw S, Jenkins J, Redd H, Amiri F, Pollock DM, et al. Angiotensin II
blockade prevents hyperglycemia-induced activation of JAK and STAT proteins in
diabetic rat kidney glomeruli. Am J Physiol Renal Physiol, 2004. 286: p. 653-659.

Mori H, Inoki K, Masutani K, Wakabayashi Y, Komai K, Nakagawa R, Guan KL,
Yoshimura A. The mTOR pathway is highly activated in diabetic nephropathy and
rapamycin has a strong therapeutic potential. Biochem Biophys Res Commun, 2009.
384: p. 471-475.

Barnes PJ, Karin M. Nuclear factor-kappa B: a pivotal transcription factor in chronic

inflammatory diseases. N Engl J Med, 1997. 336: p. 1066-1071.

35



93.

94.

95.

96.

97.

98.

99.

Baeuerle PA. Pro-inflammatory signaling: last pieces in the NF-xB puzzle? Curr Biol,
1998. 8: p. 19-22.

Chow FY, Nikolic-Paterson DJ, Atkins RC, Tesch GH. Macrophages in streptozotocin-
induced diabetic nephropathy: potential role in renal fibrosis. Nephrol Dial Transplant,
2004. 19: p. 2987-2996.

Morcos M, Sayed AA, Bierhaus A, Yard B, Waldherr R, Merz W, et al. Activation of
tubular epithelial cells in diabetic nephropathy. Diabetes, 2002. 51: p. 3532-3544.
Mohamed AK, Bierhaus A, Schiekofer S, Tritschler H, Ziegler R, Nawroth PP. The role
of oxidative stress and NF-xB activation in late diabetic complications. Biofactors,
1999. 10: p. 157-167.

Xin X, Khan ZA, Chen S, Chakrabarti S. Extracellular signal-regulated kinase (ERK) in
glucose-induced and endothelin-mediated fibronectin synthesis. Lab Investig, 2004. 84:
p. 1451-1459.

Chen S, Apostolova MD, Cherian MG, Chakrbarti S. Interaction of endothelin-1 with
vasoactive factors in mediating glucose-induced increased permeability in endothelial
cells. Lab Investig, 2000. 80: p. 1311-1321.

Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, King GL. Preferential
elevation of protein kinase C isoform [ II and diacylglycerol levels in the aorta and
heart of diabetic rats: differential reversibility to glycemic control by islet cell
transplantation. Proc Natl Acad Sci USA, 1992. 89: p. 11059-11063.

100. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, King GL. Correlation of

diacylglycerol level and protein kinase C activity in rat retina to retinal circulation. Am

J Physiol Endocrinol Metab, 1993. 265: p. E783-E793.

101. Huang Q, Yuan Y. Interaction of PKC and NOS in signal transduction of

microvascular hyperpermeability. Am J Physiol Heart Circ Physiol, 1997. 273: p.
H2442- H2451.

102. Koya D, King Gl. Protein kinase C activation and the development of diabetic

complications. Diabetes, 1998. 47: p. 859-866.

103. Pomero F, Allione A, Beltramo E, Buttiglieri S, D’Alu F, Ponte E, et al. Effects of

protein kinase C inhibition and activation on proliferation and apoptosis of bovine

retinal pericytes. Diabetologia, 2003. 46: p. 416-419.

36



104. Park JY, Takahara A, Gabreile A, Chou E, Naruse K, Suzuma K, et al. Induction of
endothelin-1 expression by glucose an effect of protein kinase C activation. Diabetes,
2000. 49: p. 1239-1248.

105. Xia P, Aiello LP, Ishii H, Jiang ZY, Park DJ, Robinson GS, et al. Characterization of
vascular endothelial growth factor’s effect on the activation of protein kinase C, its
isoforms, and endothelial cell growth. J Clin Invest. 1996. 98: p. 2018-2026.

106. Aiello LP, Bursell SE, Clermont A, Duh E, Ishii H, Takagi C, et al. Vascular
endothelial growth factor- induced retinal permeability is mediated by protein kinase C
in vivo and suppressed by orally effective p-isoform-selective inhibitor. Diabetes, 1997.
46: p. 1473-1480.

107. Brosius FC, Khoury CC, Buller CL, Chen S. Abnormalities in signaling pathways in
Diabetic Nephropathy. Expert Rev Endocrinol Metab, 2010. 5: p. 51-64.

108. Chen S, Kasama Y, Lee JS, Jim B, Marin M, Ziyadeh FN. Podocyte- derived vascular
endothelial growth factor mediates the stimulation of alpha3(1V) collagen production by
transforming growth factor-1 in mouse podocytes. Diabetes, 2004. 53: p. 2939-2949.

109. Nakagawa T, Kosugi T, Haneda M, Rivard CJ, Long DA. Abnormal angiogenesis in
diabetic nephropathy. Diabetes, 2009. 58: p. 1471-1478.

110. Hohenstein B, Hausknecht B, Boehmer K, Riess R, Brekken RA, Hugo CP. Local
VEGF activity but not VEGF expression is tightly regulated during diabetic
nephropathy in man. Kidney Int, 2006. 69: p. 1654-1661.

111. Shibuya M, Claesson-Welsh L. Signal transduction by VEGF receptors in regulation
of angiogenesis and lymphangiogenesis. Exp Cell Res, 2006. 312: p. 549-560.

112. Roy S, Sato T, Paryani G, Kao R. Downregulation of fibronectin overexpression
reduces basement membrane thickening and vascular lesions in retinas of galactose-fed
rats. Diabetes, 2003. 52: p. 1229-1234.

113. Cai J, Boulton M. The pathogenesis of diabetic retinopathy: old concepts and
newquestions. Eye, 2002. 16: p. 242-260.

114. Kuiper EJ, van Zijderveld R, Roestenberg P, Lyons KM, Goldschmeding R, Klassen I,
et al. Connective tissue growth factor is necessary for retinal capillary basal lamina

thickening in diabetic mice. ] Histochem Cytochem, 2008. 56: p. 785-792.

37



115. Nishikawa T, Giardino I, Edelstein D, Brownlee M. Changes in diabetic retinal matrix
protein mRNA levels in a common transgenic mouse strain. Curr Eye Res, 2000. 21: p.
581-587.

116. Roy S, Maiello M, Lorenzi M. Increased expression of basement membrane collagen
in human diabetic-retinopathy.J Clin Invest, 1994. 93: p. 438-442.

117. Spirin KS, Saghizadeh M, Lewin SL, Zardi L, Kenney MC, Ljubimov AV. Basement
membrane and growth factor gene expression in normal and diabetic human retinas.
Curr Eye Res, 1999. 18: p. 490-499.

118. Arden GB, Sidman RL, Arap W, Schlingemann RO. Spare the rod and spoil the eye.
Br J Ophthalmol. 2005. 89: p. 764-769.

119. Kuiper EJ, Hughes JM, Van Geest RJ, Vogles IM, Goldschmeding R, Van Norden CJ,
et al. Effect of VEGF-A on expression of profibrotic growth factor and extracellular
matrix genes in the retina. Invest Ophthalmol Vis Sci, 2007. 48: p. 4267-4276.

120. Branton MH, Kopp JB. TGF-beta and fibrosis. Microbes Infect, 1999. 1: p. 1349-1365.

121. Yue Y, Meng K, Pu Y, Zhang X. Transforming growth factor beta (TGF-f3) mediates
cardiac fibrosis and induces diabetic cardiomyopathy. Diab Res Clinical Prac, 2017.
133: p. 124-130.

122. Gao YL, Kang L, Li CM, Wang XY, Sun CF, Li QZ, et al. Resveratrol ameliorates
diabetes-induced cardiac dysfunction through ATIR-ERK/p38 MAPK signaling
pathway. Cardiovasc Toxicol, 2016. 16: p. 130-137.

123. Suematsu Y, Miura SI, Goto M, Matsuo Y, Arimura T, Kuwano T, et al. LCZ696, an
angiotensin receptor-neprilysin inhibitor, improves cardiac function with the
attenuation of fibrosis in heart failure with reduced ejection fraction in streptozotocin
induced diabetic mice. Eur J Heart Fail, 2016. 109: p. 321-331.

124. Iwano M, Kubo A, Nishino T, Sato H, Nishioka H, Akai Y, et al. Quantification of
glomerular TGF-beta 1 mRNA in patients with diabetes mellitus. Kidney Int, 1996. 49:
p. 1120-1126.

125. Dagher Z, Gerhardinger C, Vaz J, Goodridge M, Tecilazich F, Lorenzi M. The
increased transforming growth factor-b signaling induced by diabetes protects retinal

vessels. Am J Pathol, 2017. 87: p. 627-638.

38



126. Li ZL, Shi Y, Ding Y, Ran Y, Le G. Dietary oxidized tyrosine (OTyr) stimulates TGF-
bl-induced extracellular matrix production via the JNK/p38 signaling pathway in rat
kidneys. Amino Acids, 2016;1-20.

127. Ferreira RR, de Souza EM, de Oliveira FL, Ferra™o PM, Gomes LH, Mendonc,alima L,
et al. Proteins involved on TGF-b pathway are up-regulated during the acute phase of
experimental Chagas disease. Immunobiol, 2016. 221: p. 587-594.

128. Wojciechowski MC, Mahmutovic L, Shu DY, Lovicu FJ. ERK1/2 signaling is required
for the initiation but not progression of TGFb-induced lens epithelial to mesenchymal
transition (EMT). Exp Eye Res, 2017. 159: p. 98-113.

129. Goldberg R. Cytokine and cytokine-like inflammation markers, endothelial
dysfunction, and imbalanced coagulation in development of diabetes and its
complications. J Clin Endocrinol Metab, 2009. 94: p. 3171-3182.

130. Border WA, Noble NA, Yamamoto T, Harper JR, Yamaguchi Y, Pierschbacher MD, et
al. Natural inhibitor of transforming growth factor-ff protects against scarring in
experimental kidney disease. Nature. 1992. 360: p. 361-364, 1992.

131. Rivarola EWR, Moyses-Neto M, Dantas M, Da-Silva CG, Volpini R, Coimbra TM.
Transforming growth factor [ activity in urine of patients with type 2 diabetes and
diabetic nephropathy. Brazi ] Med Biol Res, 1999. 32: p. 1525-1528.

132. Brownlee M, Spiro RG. Biochemistry of the basement membrane in diabetes mellitus.
Adv Exp Med Biol, 1979. 124:141-156.

133. Siperstein MD, Unger RH, Madison LL. Studies of muscle capillary basement
membranes in normal subjects, diabetic, and prediabetic patients. J Clin Invest, 1968.
47: p. 1973-1999.

134. Hayden MR, Sowers JR, Tyagi SC. The central role of vascular extracellular matrix
and basement membrane remodeling in metabolic syndrome and type 2 diabetes: the
matrix preloaded. Cardiovasc Diabetol, 2005. 4: 1-20.

135. Steffes MW, Osterby R, Chavers B, Mauer M. Mesangial expansion as a central
mechanism for loss of kidney function in diabetic patients. Diabetes, 1984. 38: p. 1077-
1081.

136. Gilbert RE, Cooper ME: The tubulointerstitium in progressive diabetic kidney disease:
More than an aftermath of glomerular injury? Kidney Int, 1999. 56: p. 1627-1637.

39



137. Kolset SO, Reinholt FP, Jenssen T. Diabetic Nephropathy and Extracellular Matrix. J
Histochem Cytochem, 2012. 60: p. 976-986.

138. Mao Y, Schwarzbauer JE. Fibronectin fibrillogenesis, a cell-mediated matrix assembly
process. Matrix Biol J Int Soc, 2005. 24: p. 389-399.

139. Valero C, Javierre E, Garcia-Aznar JM, Gomez-Benito MJ, 2014. A cell-regulatory
mechanism involving feedback between contraction and tissue formation guides wound
healing progression. PloS One, 2014. 9: p. 1-10.

140. Boudreau NJ, Jones, PL, 1999. Extracellular matrix and integrin signaling: the
shape of things to come. Biochem. J. 339: p. 481-488.

141. Eghbali M, Weber KT. Collagen and the myocardium: Fibrillar structure, biosynthesis
and degradation in relation to hypertrophy and its regression. Mol Cell Biochem, 1990.
96: p. 1-14.

142. Bishop JE, Laurent GJ. Collagen turnover and its regulation in the normal and
hypertrophying heart. Eur Heart J. 1995. 16: p. 38-44.

143. Regan TJ, Wu CF, Yeh C. Myocardial composition and function in diabetes-The
effects of chronic insulin use. Circ Res, 1981. 49: p. 1268-1277.

144. Shapiro L, Leatherdale B, MacKinnon J. Left ventricular function in diabetes mellitus-
Il.Relation between clinical features and left ventricular function. Br Heart J, 1981. 45:
p. 129-132.

145. Khan ZA, Chakrabarti S. Growth factors in proliferative diabetic retinopathy. Exp
Diabesity Res, 2003. 4: p. 287-301.

146. Wirostko B, Wong TY, Simo R. Vascular endothelial growth factors and diabetic
complications. Pro Ret Eye Res, 2008. 27: p. 608-621.

147. Addepalli V, Gatne D. Restoration of Angiogenesis: A Promising Therapeutic Strategy
in Diabetic Cardiomyopathy. Adv Biochem Health and Disease, 2014. 9: p. 339-348.
148. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VA, Dvorak HF. Tumor cells
secrete a vascular permeability factor that promotes accumulation of ascites fluid.

Science, 1983. 219: p. 983-985.

149. Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren T, Feder J, et al. Vascular
permeability factor, an endothelial cell mitogen related to PDGF'. Science, 1989. 246: p.
1309-1312.

40



150. Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N. Vascular endothelial
growth factor is a secreted angiogenic mitogen. Science, 1989. 246: p. 1306-1309.

151. Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah ST, et al. Vascular
endothelial growth factor in ocular fluid of patients with diabetic retinopathy and other
retinal disorders. N Engl J Med, 1994. 331: p. 1480-1487.

152. LuJ, Yao Y, Dai Q, Ma G, Zhang S, Cao L, et al. Erythropoietin attenuates cardiac
dysfunction by increasing myocardial angiogenesis and inhibiting interstitial fibrosis in
diabetic rats. Cardiovasc Diabetol, 2012. 11: p. 1-11.

153. Sasso F, Torella D, Carbonara O, Ellison GM, Torella M, Scardone M, et al. Increased
vascular endothelial growth factor expression but impaired vascular endothelial growth
factor receptor signaling in the myocardium of type 2 diabetic patients with chronic
coronary heart disease. Diabetes paradigm reassessed? J Am Coll Cardiol, 2005. 46: p.
827-834.

154. Xu L, Kanasaki K, Kitada M, Daisuke K. Diabetic angiopathy and angiogenic defects.
Fibrogenesis Tissue Repair, 2012. 5: p. 1-9.

155. Ferrara N. Role of vascular endothelial growth factor in regulation of physiological
angiogenesis. Am J Physiol Cell Physiol, 2001. 280: p. C1358-C1366.

156. Pandya NM, Dhalla NS, Santani DD. Angiogenesis- a new target for future therapy.
Vascul Pharmacol, 2006. 44: p. 265-274.

157. Simo” R, Carrasco E, Garcia-Ramirez M, Hernandez C. Angiogenic and
antiangiogenic factors in proliferative diabetic retinopathy. Curr Diabetes Rev, 2006. 2:
p. 71-98.

158. Simo R, Hernandez C. Intravitreous anti-VEGF for diabetic retinopathy: hopes and
fears for a new therapeutic strategy. Diabetologia, 2008. 51: p. 1574-80.

159. Antonetti DA, Barber AJ, Hollinger LA, Wolpert EB, Gardner TW. Vascular
endothelial growth factor induces rapid phosphorylation of tight junction proteins
occludin and zonula occluden 1. A potential mechanism for vascular permeability in
diabetic retinopathy and tumors. ] Biol Chem, 1999. 274: p. 23463-23467.

160. Ferrara N. Vascular endothelial growth factor:basic science and clinical progress.

Endocr Rev, 2004. 25: p. 581-611.

41



161. Witmer AN, Vrensen GF, Van Noorden CJ, Schlingemann RO. Vascular endothelial
growth factors and angiogenesis in eye disease. Prog Retin Eye Res, 2003. 22: p. 1-29.

162. Crocker DJ, Murad TM, Geer JC. Role of the pericyte in wound healing: an
ultrastructural study. Exp Mol Pathol, 1970. 13: p. 51-65.

163. De Boer RA, Pinto YM, Van Veldhuisen DJ. The imbalance between oxygen demand
and supply as a potential mechanism in the pathophysiology of heart failure: the role of
microvascular growth and abnormalities. Microcirculation, 2003. 10: p. 113-126.

164. Factor SM, Okun EM, Minase T. Capillary microaneurysms in the human diabetic
heart. N Engl J Med, 1980. 302: p. 384-388.

165. Cooper ME, Vranes D, Youssef S, Stacker SA, Cox AJ, Rizkalla B, Casley DJ, Bach
LA, Kelly DJ, Gilbert RE. Increased renal expression of vascular endothelial growth
factor (VEGF) and its receptor VEGFR-2 in experimental diabetes. Diabetes, 1999. 48:
p. 2229-2239.

166. Chou E, Suzuma I, Way KJ, Opland D, Clermont AC, Naruse K, et al. Decreased
cardiac expression of vascular endothelial growth factor and its receptors in insulin-
resistant and diabetic states: a possible explanation for impaired collateral formation in
cardiac tissue. Circulation, 2002. 105: p. 373-379.

167. Marfella R, Esposito K, Nappo F, Siniscalchi M, Sasso FC, Portoghese M, et al.
Expression of angiogenic factors during acute coronary syndromes in human type 2
diabetes. Diabetes, 2004. 53: p. 2383-2391.

168. Sasso FC, Torella D, Carbonara O, Ellison GM, Torella M, Scardone M, et al.
Increased vascular endothelial growth factor expression but impaired vascular
endothelial growth factor receptor signaling in the myocardium of type 2 diabetic
patients with chronic coronary heart disease. ] Am Coll Cardiol, 2005. 46: p. 827-834.

169. Tufro A, Veron D. VEGF podocytes in diabetic nephropathy. Semin Nephrol, 2012.
32: p. 385-93.

170. Diamond-Stanic MK, You YH, Sharma K. Sugar, sex, and TGF-b in diabetic
nephropathy. Semin Nephrol, 2012. 32: p. 261-268.

171. Sung SH, Ziyadeh FN, Wang A, Pyagay PE, Kanwar YS, Chen S. Blockade of
vascular endothelial growth factor signaling ameliorates diabetic albuminuria in mice.

J Am Soc Nephrol, 2006. 17: p. 3093-3104.

42



172. Carranza K, Veron D, Cercado A, Bautista N, Pozo W, Tufro A, et al. Cellular and
molecular aspects of diabetic nephropathy, the role of VEGF-A. Nefrologia, 2015. 35:
p. 131-138.

173. Lin F, Wang N, Zhang T. The Role of Endothelial-Mesenchymal Transition in
Development and Pathological Process. Life, 2012. 64: p. 717-723.

174. Hadi HAR, Suwaidi JA. Endothelial dysfunction in diabetes mellitus. Vasc Health Risk
Manag, 2007. 3: p. 853-876.

175. Karsdal MA, Manon-Jensen T, Genovese F, Kristensen JH, Nielsen MJ, Sand JM, et
al. Novel insights into the function and dynamics of extracellular matrix in liver
fibrosis. Am J Physiol Gastrointest Liv Physiol, 2015. 308: p. G807-G830.

176. Rockey DC, Bell PD, Hill JA. Fibrosis-A common pathway to organ injury and
failure. N Engl ] Med, 2015. 372: p. 1138-1149.

177. Wynn TA. Common and unique mechanisms regulate fibrosis in various
fibroproliferative diseases. J Clin Investig, 2007. 117: p. 524-529.

178. Ho YY, Lagares D, Tager AM, Kapoor M. Fibrosis-A lethal component of systemic
sclerosis. Nat Rev Rheumatol, 2014. 10: p. 390-402.

179. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmouliere A, Varga J, et al. Recent
developments in myofibroblast biology: Paradigms for connective tissue remodeling.
Am ] Pathol, 2012. 180: p. 1340-1355.

180. Postlethwaite AE, Shigemitsu H, Kanangat S. Cellular origins of fibroblasts: Possible
implications for organ fibrosis in systemic sclerosis. Curr Opin Rheumatol, 2004. 16: p.
733-738.

181. Pardali E, Sanchez-Dufthues G, Gomez-Puerto MC, Dijke P. TGF-Induced
Endothelial-Mesenchymal Transition in Fibrotic Diseases. Int ] Mol Sci, 2017. 18: p. 1-
22.

182. Sonsoles Piera-Velazquez S, Zhaodong Li Z, Jimenez SA. Role of Endothelial-
Mesenchymal Transition (EndoMT) in the Pathogenesis of Fibrotic Disorders. A ]
Pathol, 2011. 179: p. 1074-1080.

183. Sanchez-Dufthues G, de Vinuesa AG, ten Dijke P. Endothelial-to-Mesenchymal
transition in Cardiovascular Diseases: Developmental Signaling Pathways Gone Awry.

Dev Dyn, 2017. 2017: p. 1-17.

43



184. Medici D. Endothelial- Mesenchymal transition in regenerative medicine. Stem Cell
Int, 2016: 2016: p. 1-7.

185. Medici D, Potenta S, Kalluri R. Transforming growth factor-f2 promotes Snail-
mediated endothelial-mesenchymal transition through convergence of Smad-dependent
and Smad independent signaling. Biochem J, 2011. 437: p. 515-520.

186. Milani S, Herbst H, Schuppan D, Stein H, Surrenti C. Transforming growth factors 1
and 2 are differentially expressed in fibrotic liver disease. Am J Pathol, 1991. 139: p.
1221-1229.

187. Cooley BC, Nevado J, Mellad J, Yang D, Hilaire CS, Negro A, et al. TGF- signaling
mediates endothelial-to-mesenchymal transition (EndMT) during vein graft remodeling.
Sci Transl Med, 2014. 6: p. 227-234.

188. Li Z, Jimenez SA. Protein kinase C and c-Abl kinase are required for transforming
growth factor induction of endothelial-mesenchymal transition in vitro. Arthritis
Rheum, 2011. 63: p. 2473-2483.

189. Kokudo T, Suzuki Y, Yoshimatsu Y, Yamazaki T, Watabe T, Miyazono K. Snail is
required for TGF-induced endothelial-mesenchymal transition of embryonic stem cell-
derived endothelial cells. J Cell Sci, 2008. 121: p. 3317-3324.

190. Dobaczewski M, Bujak M, Li N, Gonzalez-Quesada C, Mendoza LH, Wang XF, et al.
Smad3 signaling critically regulates fibroblast phenotype and function in healing
myocardial infarction. Circ Res, 2010. 107: p. 418-428.

191. Bujak M, Ren G, Kweon HJ, Dobaczewski M, Reddy A, Taffet G, et al. Essential role
of Smad3 in infarct healing and in the pathogenesis of cardiac remodeling. Circulation,
2007. 116: p. 2127-2138,

192. Edeling M, Ragi G, Huang S, Pavenstadt H, Susztak K. Developmental signalling
pathways in renal fibrosis: The roles of Notch, Wnt and Hedgehog. Nat Rev Nephrol,
2016. 12: p. 426-439.

193. Sun YB, Qu X, Caruana G, Li J. The origin of renal fibroblasts/myofibroblasts and the
signals that trigger fibrosis. Differentiation, 2016. 92: p. 102-107.

194. Ghosh AK, Nagpal V, Covington JW, Michaels MA, Vaughan DE. Molecular basis of
cardiac endothelial-to-mesenchymal transition (EndMT): differential expression of

microRNAs during EndMT. Cell Signal, 2012. 24: p. 1031-1036.

44



195. Eisenberg LM, Markwald RR. Molecular regulation of atrioventricular valvuloseptal
morphogenesis. Circ Res, 1995. 77: p. 1-6.

196. Cao Y, Feng B, Chen S, Chu Y, Chakrabarti S. Mechanisms of endothelial to
mesenchymal transition in the retina in diabetes. Invest Ophthalmol Vis Sci, 2014. 55:
p. 7321-7331.

197. Feng B, Cao Y, Chen S, Chu X, Chu Y, Chakrabarti S. miR-200b Mediates
Endothelial-to- Mesenchymal Transition in Diabetic Cardiomyopathy. Diabetes, 2016.
65: p. 1-12.

198. Correia AC, Moonen JR, Brinker MG, Krenning G. FGF2 inhibits endothelial-
mesenchymal transition through microRNA-20a-mediated repression of canonical TGF-
£ signaling. J Cell Sci, 2016. 129: p. 569-579.

199. Bonet F, Due™nas A, Lopez-S anchez A, Garc'1a-Mart ez V, Ar’anega AE, Franco D.
MiR-23b  and miR-199a impair epithelial-to-mesenchymal transition during
atrioventricular endocardial cushion formation. Dev Dyn, 2015. 244: p. 1259-1275.

200. Zhang J, Zhang Z, Zhang DY, Zhu J, Zhang T, Wang C. microRNA 126 inhibits the
transition of endothelial progenitor cells to mesenchymal cells via the PIK3R2-PI3K/Akt
signaling pathway. PLoS ONE, 2013. 8: p. 1-9.

201. van Zonneveld AJ, de Bruin RG, van Solingen C, Dulis JM, Kobayashi K, van der
Veer EP, et al. MicroRNA-155 functions as a negative regulator of RhoAsignaling in
TGF-f-induced endothelial to mesenchymal transition. MicroRNA, 2012. 1: p. 2-10.

202. Zhu K, Pan Q, Jia LQ, Dai Z, Ke A, Zeng H, et al. MiR-302c inhibits tumor growthof
hepatocellular carcinoma by suppressing the endothelial mesenchymal transition of
endothelial cells. Sci Rep, 2014. 4: 1-7.

203. Nagai T, Kanasaki M, Srivastava SP, Nakamura Y, Ishigaki Y, Kitada M, et al. N-
acetyl-serylaspartyl- lysyl-proline inhibits diabetes-associated kidney fibrosis and
endothelial-mesenchymal transition. BioMed Res Int, 2014. 2014: p. 1-12.

204. Domingueti CP, Dusse LM, Carvalho MD, de Sousa LP, Gomes KB, Fernandes AP.
Diabetes  mellitus:  the linkage between oxidative stress, inflammation,
hypercoagulability and vascular complications. ] Diabetes Complicat, 2016. 30: p. 738-
745.

45



205. Sayyid RK, Fleshner NE. Diabetes mellitus type 2: a driving force for urological
complications. Trends Endocrinol Metab, 2016. 27: p. 249-261.

206. Cai X, McGinnis JF. Diabetic retinopathy: animal models, therapies, and perspectives.
J Diabetes Res, 2016. 2016: p. 1-9.

207. Keating S, El-Osta A. Epigenetic changes in diabetes. Clin Genet, 2013. 84: p. 1-10.

208. Pirola L, Balcerczyk A, Okabe J, El-Osta A. Epigenetic phenomena linked to diabetic
complications. Nat Rev Endocrinol, 2010. 6: p. 665-675.

209. C. Ling, L. Groop. Epigenetics: a molecular link between environmental factors and
type 2 diabetes. Diabetes, 2009. 58: p. 2718-2725.

210. Goldberg AD, Allis CD, Bernstein E. Epigenetics: a landscape takes shape. Cell,
2007. 128: p. 635-638.

211. James LI, Frye SV. Targeting chromatin readers. Clin Pharmacol Ther, 2013. 93: p.
312-314.

212. Grewal SI, Jia S. Heterochromatin revisited. Nat Rev Genet, 2007. 8: p. 35-46.

213. Bush KM, Yuen BT, Barrilleaux BL, Riggs JW, O’Geen H, Cotterman RF, et al.
Endogenous mammalian histone H3.3 exhibits chromatin-related functions during
development. Epigenetics Chromatin, 2013. 9: p. 1-16.

214. Kouzarides, T. Chromatin modifications and their function. Cell, 2007. 128: p. 693-
705.

215. Jones PA. Functions of DNA methylation: islands, start sites, gene bodies and beyond.
Nat Rev Genet, 2012. 13: p. 484-492.

216. Karaguzel G, Ozer S, Akcurin S, Turkkahraman D, Bircan 1. Type [ diabetes-related
epidemiological, clinical and laboratory findings. An evaluation with special regard to
autoimmunity in children. Saudi Med J, 2007. 28: p. 584-589.

217. Fetita LS, Sobngwi E, Serradas P, Calvo F, Gautier JF. Consequences of fetal exposure
to maternal diabetes in offspring. J Clin Endocrinol Metab, 2006. 91: p. 3718-3724.

218. Allis CD, Jenuwein T, Reinberg D. Epigenetics. Cold Spring Habor: Inglis, John,
2007. 502: p. 1-14.

219. Villeneuve LM, Natarajan R. The role of epigenetics in the pathology of diabetic

complications. Am J Physiol, 2010. 299: p. F14-F25.

46



220. Pirola L, Balcerczyk A, Okabe J, El-Osta A. Epigenetic phenomena linked to diabetic
complications. Nat Rev Endocrinol, 2010. 6: p. 665-675.

221. Grillo MA, Colombatto S. S-Adenosymethionine and protein methylation. Amino
Acids, 2005. 28: p. 357-362.

222. Byvoet P, Shepherd GR, Hardin JM, Noland BJ. The distribution and turnover of
labelled methyl groups in histone fractions of cultured mammalian cells. Arch Biochem
Biophys, 1972. 148: p. 558-567.

223. Kouzarides T. Chromatin modifications and their function. Cell, 2007. 128: p. 693-
705.

224. Feng Q. Wang H, Ng HH. Erdjument-Bromage H, Tempst P, Struhl K, Zhang Y.
Methylation of H3-lysine 79 is mediated by a new family of HMTases without a SET
domain. Curr Biol, 2002. 12: p. 1052-1058.

225. El-Osta A, Brasacchio D, Yao D, Pocai A, Jones PL, Roeder RG, et al. Transient high
glucose causes persistent epigenetic changes and altered gene expression during
subsequent normoglycemia. J Exp Med, 2008. 205: p. 2409-2417.

226. Allan GM, Nouri F, Korownyk C, Kolber MR, Vandermeer B, McCormack J.
Agreement among cardiovascular disease risk calculators. Circulation, 2013. 127: p.
1948-1956.

227. Komers R, Mar D, Denisenko O, Xu B, Oyama TT, Bomsztyk K. Epigenetic changes
in renal genes dysregulated in mouse and rat models of type 1 diabetes. Lab Invest,
2013. 93: p. 543-552.

228. Kanwar YS, Sun L, Xie P, Liu Y, Chen S. A glimpse of various pathogenetic
mechanisms of diabetic nephropathy. Annu Rev Pathol, 2011. 6: p. 395-423.

229. Sun G, Reddy MA, Yuan H, Lanting L, Kato M, Natarajan R. Epigenetic histone
methylation modulates fibrotic gene expression. J Am Soc Nephrol, 2010. 21: p. 2069-
2080.

230. Ruiz M, Feng B, Chakrabarti S. Polycomb Repressive Complex 2 Regulates MiR-200b
in Retinal Endothelial Cells: Potential Relevance in Diabetic Retinopathy. PLoS ONE,
2015.10: p. 1-21.

231. Di Croce L, Helin, K. Transcriptional regulation by Polycomb group proteins. Nat
Struct Mol Biol, 2013. 20: p. 1147-1155.

47



232. Chang CJ, Hung MC. The role of EZH?2 in tumour progression. Br J Cancer, 2012.
106: 243-247.

233. Xhemalce B, Dawson MA, Bannister AJ. Histone modifications. Epigenetic regulation
and Epigenomics. Reviews in Cell Biology and Molecular Medicine. John Wiley and
Sons, 2011.

234. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications. Cell
Res, 2011. 21: p. 381-395.

235. Avvakumov N, Cote J. The MYST family of histone acetyltransferases and their
intimate links to cancer. Oncogene, 2007. 26: p. 5395-5407.

236. Turner B. Decoding the nucleosome. Cell, 1993. 75: p. 5-8.

237. Liang G, Klose RJ, Gardner KE, Zhang Y. Yeast Jhd2p is a histone H3 Lys4
trimethyldemethylase. Nat Struct Mol Biol, 2007. 14: p. 243-245.

238. Zheng Z, Chen H, Li J, Li T, Zheng B, Zheng Y, et al. Sirtuin I-mediated cellular
metabolic memory of high glucose via the lkbl/ampk/ros pathway andtherapeutic effects
of metformin. Diabetes, 2012. 61: p. 217-228.

239. Rodenhiser D, Mann M. Epigenetics and human disease: translating basic biology into
clinical applications. Can Med Assoc J, 2006. 174: p. 341-348.

240. Yun J-M, Jialal I, Devaraj S. Epigenetic regulation of high glucose-induced
proinflammatory cytokine production in monocytes by curcumin. J Nutr Biochem, 2011.
22: p. 450-458.

241. Miao F, Gonzalo IG, Lanting L, Natarajan R. In vivo chromatin remodeling events
leading to inflammatory gene transcription under diabetic conditions. J Biol Chem,
2004.279: p. 18091-18097.

242. Li X, Li C, Sun G. Histone acetylation and its modifiers in the patho-genesis of
diabetic nephropathy. ] Diabetes Res, 2016. 2016: p. 1-11.

243. Yuan H, Reddy MA, Sun G, Lanting L, Wang M, Kato M, et al. Involvement of
p300/CBP and epigenetic histone acetylation in TGF-f1-mediated gene tran-scription in
mesangial cells. Am J Physiol Renal Physiol, 2013. 304: p. 601-613.

244. Reddy MA, Sumanth P, Lanting L, Yuan H, Wang M, Mar D, et al. Losartan reverses
permissive epigenetic changes in renal glomeruli of diabetic db/db mice. Kidney Int,

2014. 85: p. 362-373.

48



245. Miao F, Chen Z, Genuth S, Paterson A, Zhang L, Wu X, et al. DCCT/EDIC Research
Group: Evaluating the role of epigenetic histone modifications in the metabolic memory
of type 1 diabetes. Diabetes, 2014. 63: p. 1748-1762.

246. McArthur K, Feng B, Wu Y, Chen S, Chakrabarti S. MicroRNA-200b regulates
vascular endothelial growth factor-mediated alterations in diabetic retinopathy.
Diabetes, 2011. 60: p. 1314-1323.

247. Chen S, Feng B, George B, Chakrabarti R, Chen M, Chakrabarti S. Transcriptional
coactivator p300 regulates glucose-induced gene expression in endothelial cells. Am J
Physiol Endocrinol Metab, 2010. 298: p. 127-137.

248. Rokhsana Mortuza, Shali Chen, Biao Feng, Subhrojit Sen, Subrata Chakrabarti. High
Glucose Induced Alteration of SIRTs in Endothelial Cells Causes Rapid Aging in a p300
and FOXO Regulated Pathway. PLOS One, 2013. 8: p. 1-13.

249. Kadiyala CSR, Zheng L, Du Y, Yohanes E, Kao HY, Miyagi M, Kern TS. Acetylation
of Retinal Histones in Diabetes Increases Inflammatory Proteins J Biol Chem, 2012.
87: p. 25869-25880.

250. Portela A, Esteller M. Epigenetic modifications and human disease. Nat Biotechnol,
2010. 28: p. 1057-1068.

251. Xu Z, Tong Q, Zhang Z, Wang S, Zheng Y, Liu Q, et al. Inhibition of HDAC3 prevents
diabetic cardiomyopathy in OVE26 mice via epigenetic regulation of DUSP5-ERK1/2
pathway. Clin Sci, 2017. 131: p. 1841-1857.

252. Holliday R, Pugh JE. DNA modification mechanisms and gene activity during
development. Science, 1975. 187: p. 226-232.

253. Robertson KD. DNA methylation and human disease. Nat Rev, 2005. 6: p. 597-610.

254. Schubeler D. Function and information content of DNA methylation. Nature, 2015.
517: p. 321-326.

255. Wu JC, Santi DV. On the mechanism and inhibition of DNA cytosine
methyltransferases. Prog Clin Biol Res, 1985. 198: p. 119-129.

256. Razin A. DNA Methylases. In: Setlow J.K. (eds) Genetic Engineering. Genetic
Engineering (Principles and Methods), 1989. 11.Springer, Boston, MA

49



257. Nasrin N, Wu X, Fortier E, Feng Y, Bare OC, Chen S, et al. SIRT4 regulates fatty acid
oxidation and mitochondrial gene expression in liver and muscle cells. J Biol Chem,
2010. 285: p. 31995-32002.

258. Cheng Y, Liu G, Pan Q, Guo S,Yang X. Elevated expression of liver X receptor alpha
(LXRa) in myocardium of streptozotocin-induced diabetic rats. Inflammation, 2011. 34:
p. 698-706.

259. Monkemann H, De Vriese AS, Blom HJ, Kluijtmans LAJ, Heil SG, Schild HH, et al.
Early molecular events in the development of the diabetic cardiomyopathy. Amino
Acids, 2002. 23: p. 331-336.

260. Liu ZZ, Zhao XZ, Zhang XS, Zhang M. Promoter DNA demethylation of Keapl gene
in diabetic cardiomyopathy. Int J Clin Exp Pathol, 2014. 7: p. 8756-8762.

261. Barres R, Osler ME, Zierath JR. Non-CpG methylation of the PGC-1alpha promoter
through DNMT3B controls mitochondrial density. Cell Metab, 2009. 10: p. 189-198.
262. Ko YA, Greally JM, Susztak K. Cytosine methylation changes in enhancer regions of
core pro-fibrotic genes characterize kidney fibrosis development. Genome Biol, 2013.

14: p. 1-14.

263. Bechtel W, McGoohan S, Zeisberg EM, Miiller GA, Kalbacher H, Salant DJ, et al.
Methylation determines fibroblast activation and fibrogenesis in the kidney. Nat Med,
2010. 16: p. 544-550.

264. Pirola L, Balcerczyk A, Tothill RW, Haviv I, Kaspi A, Lunke S, et al. Genome-wide
analysis distinguishes hyperglycemia regulated epigenetic signatures of primary
vascular cells. Genome Res, 2011. 21: p. 1601-1615.

265. Bell C, Teschendorff AE, Rakyan VK, Maxwell AP, Beck S, Savage DA. Genome-
wide DNA methylation analysis for diabetic nephropathy in type 1 diabetes mellitus.
BMC Med Genomics, 2010. 3: p. 1-11.

266. Agardh E, Lundstig A, Perfilyev A, Volkov P, Freiburghaus T, Lindholm E, et al.
Genome-wide analysis of DNA methylation in subjects with type 1 diabetes identifies
epigenetic modifications associated with proliferative diabetic retinopathy. BMC Med,
2015.13: p. 1-9.

50



267. Santos JM, Tewari S, Lin JY, Kowluru RA. Interrelationship between activation of
matrix metalloproteinases and mitochondrial dysfunction in the development of diabetic
retinopathy. Biochem Biophys Res Commun, 2013. 438: p. 760-764.

268. Kowluru RA, Shan Y, Mishra M. Dynamic DNA methylation of matrix
metalloproteinase-9 in the development of diabetic retinopathy. Lab Invest, 2016. 96: p.
1040-1049.

269. Tewari S, Zhong Q, Santos JM, Kowluru RA. Mitochondria DNA replication and DNA
methylation in the metabolic memory associated with continued progression of diabetic
retinopathy. Invest Ophthalmol Vis Sci, 2012. 53: p. 4881-4888.

270. Alexander RP, Fang G, Rozowsky J, Snyder M, Gerstein MB. Annotating non-coding
regions of the genome. Nat Rev Gen, 2010. 11: p. 559-571.

271. Esteller M. Non-coding RNAs in human disease. Nat Rev Gen, 2011. 12: p. 861-874.

272. Wahlestedt C. Natural antisense and noncoding RNA transcripts as potential drug
targets. Drug Discov Today, 2006. 11: p. 503-508.

273. He L, Hannon GJ. Micrornas: small RNAs with a big role in gene regulation. Nat Rev
Gen, 2004. 5: p. 522-531.

274. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell, 2004.
116: p. 281-297.

275. Wu W, Sun M, Zou GM, Chen JJ. MicroRNA and cancer: current status and
prospective. Int J Cancer, 2007. 120: p. 953-960.

276. Ro S, Park C, Young D, Sanders KM, Yan W. Tissue-dependent paired expression of
miRNAs. Nucleic Acids Res, 2007. 35: p. 5944-5953.

277. Bartel DP. MicroRNAs : Genomics , Biogenesis , Mechanism , and Function. Cell,
2004. 116: p. 281-297.

278. Su WL, Kleinhanz RR, Schadt EE. Characterizing the role of miRNAs within gene
regulatory networks using integrative genomics techniques. Mol Syst Biol, 2011. 7: p.
1-12.

279. Chen JF, Mandel EM, Thomson JM, Wu Q, Caliis TE, Hammond SM, et al. The role
of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation.
Nat Genet, 2006. 38: p. 228-233.

51



280. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and prospects
for epigenetic therapy. Nature, 2004. 429: p. 457-463.

281. Iorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics, monitoring and
therapeutics. A comprehensive review. EMBO Mol Med, 2012. 4: p. 143-159.

282. Zhang Z, Zhu Z, Watabe K, Zhang X, Bai C, Xu M, et al. Negative regulation of
IncRNA GAS5 by miR-21. Cell Death Differ, 2013. 20: p. 1558-1568.

283. Kantharidis P, Wang B, Carew RM, Lan HY. Diabetes complications: the microRNA
perspective. Diabetes, 2011. 60: p. 1832-1837.

284. Harvey SJ, Jarad G, Cunningham J, Goldberg S, Schermer B, Harfe BD, et al.
Podocyte-specific deletion of dicer alters cytoskeletal dynamics and causes glomerular
disease. ] Am Soc Nephrol, 2008. 19: p. 2150-2158.

285. Gentle ME, Shi S, Daehn I, Zhang T, Qi H, Yu L, et al: Podocyte-selective deletion of
dicer induces proteinuria and glomerulosclerosis. ] Am Soc Nephrol, 2013. 24: p. 787-
799.

286. Kato M, Wang L, Putta S, Wang M, Yuan H, Sun G, et al. Post-transcriptional up-
regulation of Tsc-22 by Ybxl, a target of miR-216a, mediates TGF-f-induced collagen
expression in kidney cells. J Biol Chem, 2010. 285: p. 34004-34015.

287. Kato M, Zhang J, Wang M, Lanting L, Yuan H, Rossi 1], et al. MicroRNA-192 in
diabetic kidney glomeruli and its function in TGF-p-induced collagen expression via
inhibition of E-box repressors. Proc Natl Acad Sci USA, 2007. 104: p. 3432-3437.

288. Kato M, Putta S, Wang M, Yuan H, lanting L, Nair I, et al. TGF-f activates Akt kinase
through a microRNA-dependent amplifying circuit targeting PTEN. Nat Cell Biol, 2009.
11: p. 881-889.

289. Park JT, Kato M, Yuan H, Castro N, Lanting L, Wang M, et al. FOG2 protein down-
regulation by transforming growth factor-f1-induced microRNA-200b/c leads to Akt
kinase activation and glomerular mesangial hypertrophy related to diabetic
nephropathy. J Biol Chem, 2013. 288: p. 22469-22480.

290. Wang B, Koh P, Winbanks C, Coughlan MT, McClelland A, Watson A, et al. miR-
200a prevents renal fibrogenesis through repression of TGF-S2 expression. Diabetes,
2011. 60: p. 280-287.

52



291. Long J, Wang Y, Wang W, Chang BH, Danesh FR. Identification of microRNA-93
as a novel regulator of vascular endothelial growth factor in hyperglycemic conditions.
J Biol Chem, 2010. 285: p. 23457-23465.

292. Long J, Wang Y, Wang W, Chang BH, Danesh FR. MicroRNA-29c is a signature
microRNA under high glucose conditions that targets Sprouty homolog 1, and it’s in
vivo knockdown prevents progression of diabetic nephropathy. J Biol Chem, 2011. 286:
p. 11837-11848.

293. Kovacs B, Lumayag S, Cowan C, Xu S. MicroRNAs in early diabetic retinopathy in
streptozotocin-induced diabetic rats. Invest Ophthalmol Vis Sci, 2011. 52: p. 4402-
4409.

294. Feng B, Chen S, McArthur K, Wu Y, Sen S, Ding Q, Feldman RD, Chakrabarti S.
miR-146a-Mediated extracellular matrix protein production in chronic diabetes
complications. Diabetes.2011. 60: p. 2975-2984.

295. Silva VA, Polesskaya A, Sousa TA, Correa VM, Andre ND, Reis RI, et al. Expression
and cellular localization of microRNA-29b and RAX, an activator of the RNA-dependent
protein kinase (PKR), in the retina of streptozotocin-induced diabetic rats. Mol Vis,
2011. 17: p. 2228-2240.

296. Jaguszewski M, Osipova J, Ghadri JR, Napp LC, Widera C, Franke J, et al. 4 signature
of circulating microRNAs differentiates takotsubo cardiomyopathy from acute
myocardial infarction. Eur Heart J, 2014. 35: p. 999-1006.

297. MikiT, Yuda S, Kouzu H, Miura T. Diabetic cardiomyopathy: pathophysiology and
clinical features. Heart Failure Rev, 2012. 18: p. 149-166.

298. Schilling JD, Machkovech HM, Kim AHJ, Schwedwener R, Schaffer JE. Macrophages
modulate cardiac function in lipotoxic cardiomyopathy. Am J Physiol Heart Circ
Physiol, 2012. 303: p. H1366-H1373.

299. Mcclelland A, Kantharidis P. microRNA in the development of diabetic complications.
Clini Sci, 2014. 126: p. 95-110.

300. Puthenveetil P, Thomas AA, Chakrabarti S. MicroRNAs in diabetes - are they
perpetrators in disguise or just epiphenomena? Non-coding RNAs Endocrinol, 2014. 1:
p. 31-43.

53



301. Brown CJ, Ballabio A, Rupert JL, Lafreniere RG, Grompe M, Tonlorenzi R, et al. 4
gene from the region of the human X inactivation centre is expressed exclusively from
the inactive X chromosome. Nat Rev Gen, 1991. 349: p. 38-44.

302. Lee JT. Epigenetic regulation by long noncoding RNAs. Science, 2012. 338: p. 1435-
1439.

303. Ng S, Lin L, Soh BS, Stanton LW. Long noncoding RNAs in development and disease
of the central nervous system. Trends in Genetics, 2013. 29: p. 461-468.

304. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Ann Rev Biochem,
2012. 81: p. 145-166.

305. Gutschner T, Diederichs S. The hallmarks of cancer: a long non-coding RNA point of
view. RNA Biol, 2012. 9: p. 703-719.

306. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer, 2006.
6: p. 857-866.

307. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, et al. Long non-coding
RNA HOTAIR reprograms chromatin state to promote cancer metastasis. Nat Rev Gen,
2010. 464: p. 1071-1076.

308. Kotake Y, Nakagawa T, Kitagawa K, Suzuki S, Liu N, Kitagawa M, et al. Long non-
coding RNA ANRIL is required for the PRC2 recruitment to and silencing of
p15(INK4B) tumor suppressor gene. Oncogene, 2011. 30: p. 1956-1962.

309. Nagano T, Fraser P. No-nonsense functions for longnoncoding RNAs. Cell, 2011. 145:
p. 178-181.

310. Salta E, De Strooper B. Non-coding RNAs with essential roles in neurodegenerative
disorders. The Lan Neur, 2012. 11: p. 189-200.

311. Wahlestedt C. Targeting long non-coding RNA to therapeutically upregulate gene
expression. Nat Rev, 2013. 12: p. 433-446.

312. Congrains A, Kamide K, Ohishi K, Rakugi. ANRIL: Molecular Mechanisms and
Implications in Human Health. Int J Mol Sci, 2013. 14: p. 1278-1292.

313. Kino T, Hurt DE, Ichijo T, Nader N, Chrousos GP. Noncoding RNA GasJ5 is a growth
arrest- and starvation-associated repressor of the glucocorticoid receptor. Sci Signal,

2010. 3: p. 1-16.

54



314. Yan B, Tao ZF, Li XM, Zhang H, Yao J, Jiang Q. Aberrant expression of long
noncoding RNAs in early diabetic retinopathy. Invest Ophthalmol Vis Sci, 2014. 55: p.
941-951.

315. Liu JY, Yao J, Li XM, Song YC, Wang XQ, Li Y], et al. Pathogenic role of IncRNA-
MALATI in endothelial cell dysfunction in diabetes mellitus. Cell Death Dis, 2014. 5: p.
1-10.

316. Puthanveetil P, Chen S, Feng B, Gautam A, Chakrabarti S. Long non-coding RNA
MALATI regulates hyperglycaemia induced inflammatory process in the endothelial
cells. J Cell Mol Med, 2015. 19: p. 1418-1425.

317. Kato M, Dang V, Wang M, Park JT, Deshpande S, Kadam S, et al. TGF-beta induces
acetylation of chromatin and of Ets-1 to alleviate repression of miR-192 in diabetic
nephropathy. Sci. Signaling, 2013. 6: 1-31.

318. Hanson RL, Craig DW, Millis MP, Yeatts KA, Kobes S, Pearson JV, et al.
Identification of PVTI as a candidate gene for end-stage renal disease in type 2 diabetes
using a pooling-based genome-wide single nucleotide polymorphism association study.
Diabetes, 2007. 56: p. 975-983.

319. Millis MP, Bowen D, Kingsley C, Watanabe RM, Wolford JK. 2007. Variants in the
plasmacytoma variant translocation gene (PVTI1) are associated with end-stage renal
disease attributed to type 1 diabetes. Diabetes, 2007. 56: p. 3027-3032.

320. Alvarez ML, DiStefano JK. Functional characterization of the plasmacytoma variant
translocation 1 gene (PVTI) in diabetic nephropathy. PLoS One, 2011. 6: 1-8.

321. Ishii N, Ozaki K, Sato H, Mizuno H, Saito S, Takahashi A, et al. Identification of a
novel non-coding RNA, MIAT, that confers risk of myocardial infarction. ] Hum Genet,
2006. 51:1087-1099.

322. Zhou X, Zhang W, Jin M, Chen J, Xu W, Kong X. /ncRNA MIAT functions as a
competing endogenous RNA to upregulate DAPK2 by sponging miR-22-3p in diabetic
cardiomyopathy/ Cell Death Dis, 2017. 8: p. 1-8.

323. Zhang M, Gu H, Chen J, Zhou X. Involvement of long noncoding RNA MALATI in the
pathogenesis of diabetic cardiomyopathy. Int J Cardiol. 2016. 202: p. 753-755.

55



324. Zhang M, Gu H, Xu W, Zhou X. Down-regulation of IncRNA MALATI reduces
cardiomyocyte apoptosis and improves left ventricular function in diabetic rats. Int J
Cardiol. 2016. 203: p. 214-216.

325. Vausort M, Wagner DR, Devaux Y. Long noncoding RNAs in patients with acute
myocardial infarction. Circ Res, 2014. 115: p. 668-677.

326. Zhuo C, Jiang R, Lin X, Shao M. LncRNA H19 inhibits autophagy by epigenetically
silencing of DIRAS3 in diabetic cardiomyopathy. Oncotarget, 2017. 8: p. 1429-1437.
327. Dey BK, Pfeifer K, Dutta A. The H19 long noncoding RNA gives rise to microRNAs
miR-675 3p and miR-675-5p to promote skeletal muscle differentiation and

regeneration. Genes Dev, 2014. 28: p. 491-501.

328. Keniry A, Oxley D, Monnier P, Kyba M, Dandolo L, Smits G, et al. The H19 lincRNA
is a developmental reservoir of miR-675 that suppresses growth and Igfir. Nat Cell
Biol, 2012. 14: p. 659-665.

329. Brannan CI, Dees EC, Ingram RS, Tilghman SM. The product of the HI9 gene may
function as an RNA. Mol Cell Biol, 1990. 10: p. 28-36.

330. Pachnis V, Belayew A, Tilghman SM. Locus unlinked to a-fetoprotein under the
control of the murine raf and Rif genes. Proc Natl Acad Sci U S A, 1984. 81: p. 5523-
5527.

331. Zemel S, Bartolomei M, Tilghman S. Physical linkage of two mammalian imprinted
genes, H19 and insulin-like growth factor 2. Nat Gen, 1992. 2: p. 61-65.

332. Gabory A, Jammes H, Dandolo L. The H19 locus: Role of an imprinted noncoding
RNA in growth and development. Bioessays, 2010. 32: p. 473-480.

333. Runge S, Nielsen FC, Nielsen J, Lykke-Anderson J, Wewer UM, Chritiansen J. H/9
RNA binds four molecules of insulin-like growth factor II mRNA-binding protein J Biol
Chem, 2000. 275: p. 29562-29569.

334. Forne T, Oswald J, Dean W, Saam JR, Bailleul B, Dandolo L, et al. Loss of the
maternal H19 gene induces changes in Igf2 methylation in both cis and trans. Proc Natl
Acad Sci U S A, 1997. 94: p. 10243-10248.

335. Matouk J, DeGroot N, Mezan S, Ayesh S, Abu-lail R, Hochberg A, Galun E. The H19
non-coding RNA is essential for human tumor growth. PLoS ONE 2007. 2: p. 1-15.

56



336. Luo M, Li Z, Wang W, Zeng Y, Liu Z, Qiu J. Long non-coding RNA H19 increases
bladder cancer metastasis by associating with EZH2 and inhibiting E-cadherin
expression. Can Letters, 2013. 333: p. 213-221.

337. Zhang L, Yang F, Yuan J, Yuan S, Zhou W, Huo X, Xu D, Bi H, Wang F, Sun S.
Epigenetic activation of the MiR-200 family contributes to HI19-mediated metastasis
suppression in hepatocellular carcinoma. Carcinogenesis, 2013. 34: p. 577-586.

338. Shi Y, Wang Y, Luan W, Wang P, Tao T, Zhang J, Qian J, Liu N, You Y. Long Non-
Coding RNA HI19 Promotes Glioma Cell Invasion by Deriving miR-675. PLoS ONE,
2014.9: p. 1-7.

339. Yoshimizu T, Miroglio A, Ripoche MA. The HI19 locus acts in vivo as a tumor
suppressor. Proc Natl Acad Sci U S A, 2008. 105: p. 12417-12422.

340. Weksberg R, Smith AC, Squire J, Sadowski P. Beckwith-Wiedemann syndrome
demonstrates a role for epigenetic control of normal development. Human Mol Gen,
2003. 12: p. 61-68.

341. Gicquel C, Rossignol S, Cabrol S, Houang M, Steunou V, Barbu V, et al, Epimutation
of the telomeric imprinting center region on chromosome 1lpl5 in Silver-Russell
syndrome. Nat Gen, 2005. 37: p. 1003-1007.

342. Ding GL, Wang FF, Shu J, Tian S, Jiang Y, Zhang D, et al. Transgenerational glucose
intolerance with Igf2/H19 epigenetic alterations in mouse islet induced by intrauterine
hyperglycemia. Diabetes, 2012. 61: p. 1133-1142.

343. Shao WJ, Tao LY, Gao C, Xie JY, Zhao RQ. Alterations in methylation and expression
levels of imprinted genes H19 and Igf2 in the fetuses of diabetic mice. Comp Med, 2008.
58: p. 341-346.

344. Kallen AM, Zhou X, Xu J, Qiao C, Ma J, Yan L, et al. The Imprinted H19 LncRNA
antagonizes Let-7 MicroRNAs. Mol Cell 2013. 52: p. 101-112.

345. The Welcome Trust Case Control Consortium. Genome-wide association study of
14,000 cases of seven common diseases and 3000 shared controls. Nature 2007. 447: p.
661-678.

346. Broadbent HM, Peden JF, Lorkowski S, Goel A, Ongen H, Green F, et al

Susceptibility to coronary artery disease and diabetes is encoded by distinct, tightly

57



linked, SNPs in the ANRIL locus on chromosome 9p. Hum Mol Genet, 2008. 17, p. 806-
814.

347. Cugino D, Gianfagna F, Santimone I, de Gaetano G, Donati MB, lacoviello L, et al.
Type 2 diabetes and polymorphisms on chromosome 9p21: A meta-analysis. Nutr Metab
Cardiovasc Dis, 2012. 22: p. 619-625.

348. Emanuele E, Lista S, Ghidoni R, Binetti G, Cereda C, Benussi L, et al. Chromosome
9p21.3 genotype is associated with vascular dementia and Alzheimer’s disease.
Neurobiol Aging, 2011. 32:p. 1231-1235.

349. Burdon KP, Macgregor S, Hewitt AW, Sharma S, Chidlow G, Mills RA,et al.
Genome-wide association study identifies susceptibility loci for open angle glaucoma at
TMCOI and CDKN2BAS1. Nat Genet, 2011. 43: p. 574-578.

350. Ramdas WD, van Koolwijk LM, Lemij HG, Pasutto F, Cree AJ, Thorleifsson G, et al.
Common genetic variants associated with open-angle glaucoma. Hum Mol Genet, 2011.
20: p. 2464-2471.

351. Uno S, Zembutsu H, Hirasawa A, Takahashi A, Kubo M, Akahane T, et al. 4 genome-
wide association study identifies genetic variants in the CDKN2BAS locus associated
with endometriosis in Japanese. Nat Genet, 2010. 42: p. 707-710.

352. Schaefer AS, Richter GM, Groessner-Schreiber B, Noack B, Nothnagel M, el Mokhtari
NE, et al. Identification of a shared genetic susceptibility locus for coronary heart
disease and periodontitis. PLoS Genet. 2009. 5: p. 1-8.

353. Holdt LM, Beutner F, Scholz M, Gielen S, Gébel G, Bergert H, et al. ANRIL
expression is associated with atherosclerosis risk at chromosome 9p21. Arterioscler
Thromb Vasc Biol, 2010. 30: p. 620-627.

354. Congrains A, Kamide K, Oguro R, Yasuda O, Miyata K, Yamamoto E, et al. Genetic
variants at the 9p21 locus contribute to atherosclerosis through modulation of ANRIL
and CDKN2A/B. Atherosclerosis, 2012. 220: p. 449-455.

355. Cunnington MS, Santibanez Koref M, Mayosi BM, Burn J, Keavney B. Chromosome
9p21 SNPs associated with multiple disease phenotypes correlate with ANRIL
expression. PLoS Genet, 2010. 6: p. 1-17.

356. Popov N, Gil J. Epigenetic regulation of the INK4b-ARF-INK4a locus: In sickness and
in health. Epigenetics, 2010. 5: p. 685-690.

58



357. Garg V, Kathiriya IS, Barnes R, Schluterman MK, King IN, Butler CA, et al. GATA4
mutations cause human congenital heart defects and revealan interaction with TBX5.
Nature, 2003. 24: p. 443-447.

358. Pu WT, Ishiwata T, Juraszek AL, Ma Q, Izumo S. GATA4 is a dosage-sensitive
regulator of cardiac morphogenesis. Dev Biol, 2004. 275: p. 235-244.

359. He A, Shen X, Ma Q; Cao J; von Gise A; Zhou P, et al. PRC2 directly methylates
GATA4 and represses its transcriptional activity. Genes & Dev, 2012. 26: p. 37-42.

360. Pasini D, Malatesta M, Jung HR, Walfridsson J, WIller A, Olsson L, et al.
Characterization of an antagonistic switch between histone H3 lysine 27 methylation
and acetylation in the transcriptional regulation of Polycomb group target genes. Nucl.
Acids Res, 2010. 38: p. 4958-4969.

361. Sato K, Nakagawa H, Tajima A, Yoshida K, Inque 1. ANRIL is implicated in the
regulation of nucleus and potential transcriptional target of E2F1. Oncology Reports,
2010. 24: p. 701-707.

59



Chapter 2

2 ANRIL: A Regulator of VEGF in Diabetic Retinopathy®

Anu Alice Thomas, Biao Feng, and Subrata Chakrabarti
Department of Pathology and Laboratory Medicine, Western University, London, Ontario,
Canada

A version of this chapter has been published: Thomas AA, Feng B, Chakrabarti S. ANRIL: a
regulator of VEGF in diabetic retinopathy. Invest Ophthalmol Vis Sci, 2017. 58: p. 470-480.
doi: 10.1167/i0vs.16-20569. ARVO journals applies the Creative Commons Attribution
Licenses to works. Under this license, authors retain ownership of copyright for their content
and distribution of the original work is permitted provided it is properly cited. No permission is
required from publishers.

60



2.1 Introduction

Diabetic retinopathy is the most common cause of blindness in individuals over 50 years of age,
affecting 1 in 3 persons with diabetes (1). It is a chronic vascular complication characterized by
low-grade inflammation, serum leakage through microvasculature, loss of capillaries, increased
vascular permeability and eventually neovascularization (2,3). Last decade has seen scientific
and medical progress on early diagnosis and prevention in order to combat this condition.
However, in this complication a variety of defects lead to functional and structural alterations in

the retina that remains a significant challenge (4).

Endothelial cells (ECs), the main target of hyperglycemic damage undergoes growth, increased
permeability, remodeling and phenotypic alterations in diabetes (5). Various vasoactive factors
are involved in angiogenesis as seen in diabetic retinopathy. However, vascular endothelial
growth factor (VEGF) signaling in ECs, represent a major rate-limiting step in this process (6).
Induced in response to increased oxidative stress, VEGF binds to and activates tyrosine kinase
receptors VEGFR-1 and VEGFR-2. Production of VEGF may however be regulated at

transcriptional and post-transcriptional levels (7-10).

Transcriptional regulation in mammalian systems is critically characterized by dynamic
switching between “active” and “inactive” states of chromatin in response to extracellular and
intrinsic signals. Such signals include histone and DNA modifications as major epigenetic
mediators, recently joined by several RNA molecules including microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs) (11,12). Advances in DNA/RNA sequencing techniques
have highlighted the existence of numerous noncoding RNA (ncRNA) molecules with
significant regulatory roles, impacting both physiology and diseases (13-16). In particular,
IncRNAs have been shown to be of importance in various biological process such as
transcription, translation, splicing, intracellular/extracellular trafficking, etc (17). Recent studies
have identified large and small-scale mutations affecting noncoding genomes. Mutations in
IncRNAs have been linked to diseases such as cancers, neurodegenerative diseases as well as

genetic disorders (18-23).
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A recent genome-wide study revealed existence of IncRNA ANRIL (Antisense RNA to INK4
locus). ANRIL has been noted to be significant in cardiovascular diseases, type 2 diabetes,
glaucoma, intracranial aneurysm and cancers (24-28). ANRIL consists of 19 exons, spanning
126.3kb and producing a 3.8bp RNA. It is situated in the pl15/CDKN2B-p16/CDKN2A-
p14/ARF gene cluster (29). ANRIL may have direct transcriptional effects or an indirect role as
a recruiter of chromatin remodeling complexes like polycomb repressor complex 2 (PRC2) to
specific genomic loci (30,31). Overexpression of ANRIL has also been shown to regulate
histone acetylator, p300 (32). Its role in epigenetic silencing of specific miRNAs have also been

reported (33).

We and others have previously shown that VEGF and other vasoactive factors are regulated at
the transcriptional level through p300 and specific miRNAs (34-36). We have also shown that
in diabetic retinopathy, microRNA 200b (miR200b) regulates production of VEGF directly or
through regulation of p300 and/or through PRC2 complex (8,9). ANRIL may work though
PRC2 complex, and in other systems has been shown to have a regulatory role on p300 (31,32).
Here, we examined the role of ANRIL in regulating VEGF production, its molecular
mechanism and action in diabetic retinopathy. These phenomena were studied in human retinal
endothelial cells (HRECs) exposed to various levels of glucose as well as in retinal tissues of
diabetic mice. We further investigated whether ANRIL facilitates such effects by regulating
miR200b in concert with PRC2 complex and p300.

2.2 Methods

All reagents were obtained from Sigma (Oakville, ON, Canada) unless otherwise specified.

2.2.1 Cells

We used human retinal endothelial cells (HRECs, Olaf Pharmaceuticals, Worcester, MA, USA),
grown in endothelial basal media-2 (EBM-2), supplemented with 10% fetal bovine serum. The
cells were plated at a density of 4.3x10° cells/mL. Following 24h incubation in serum-free
media (EBM-2), cells were incubated with various levels of D- glucose [SmM/L,normal glucose

(NG); 25mM/L,high glucose (HG)] or 25mM/L L-glucose, osmotic control (LG)] at 75% cell
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confluency as previously described (37). 3-Deazaneplanocin A (DZNEP) pre-treatment was

also carried out where needed (9). Each experiment was performed atleast in triplicates.

2.2.2 siRNA transfection

HRECs were transfected with  Lincode’™  Human CDKN2B-ASI  siRNA
(5nmol/L,Dharmacon,Chicago,IL) or silencer siRNA CDKN2B-AS (5nmol/L,
Ambion,Austin,TX) using Lipofectamine2000 (Invitrogen, Burlington, ON, Canada).
Scrambled controls were used. The cells were transfected for 3h and recovered in full media
overnight. Cells were then incubated in media with various glucose levels as previously
described by us (9). Gene knockdown was verified by real time RT-PCR, which showed ~70%

reduction of ANRIL expression (compared to scrambled control).

2.2.3 Animals

All procedures were conducted in accordance with the ARVO statement for the Use of Animals
in Ophthalmic and Vision Research. All animals were cared for according to the guiding
principles in the care and use of animals. Western University and Animal Care and Veterinary
Services approved the experiments. All experiments conform to the guide for care and use of

laboratory animals published by the NIH (NIH publication no. 85-23, revised in 1996).

ANRIL knockout (KO) mice with a 70kb deletion on Chr 4 [129S6/SvEvTac-Del(4C4-
C5)1Lap/Mmcd] corresponding to 58kb interval on chromosome 9p21 in humans, were used
(38). The ANRILKO mice were obtained from Mutant Mouse Resource & Research Centre
(MMRC, Davis, CA); and administered five doses of STZ intraperitoneally (50mg/kg in citrate
buffer, pH5.6) on alternate days. Age and sex-matched littermate controls received identical
volume of citrate buffer. Diabetes was confirmed by measuring blood glucose (>20mmol/L)
from tail vein using a glucometer. Animals were monitored for changes in body weight and

blood glucose. After 8 weeks of diabetes, mice were sacrificed and tissues collected.

2.2.4 Microarray
For IncRNA microarray analysis, HRECs were incubated with various levels of glucose.

Cellular RNA was extracted using RNA isolation kit (Ambion, Carlsbad, CA). Custom analysis
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of IncRNA expression profiling was performed by Arraystar Inc. (Rockville, MD).

2.2.5 RNA analysis

RNA was extracted with TRIzol reagent (Invitrogen) as previously described (37). cDNA for
PCR was synthesized using high-capacity cDNA reverse-transcription kit (Applied Biosystems,
Burlington, ON, Canada). Real time RT-PCR to detect mRNA expression was done in the
LightCycler (Roche Diagnostics). Housekeeping gene 3-actin mRNA was used to normalize the

data.

2.2.6 miRNA analysis

MiRNA was isolated using mirVANA miRNA isolation kit (Ambion, Austin, TX) (8,34,37).
cDNA for PCR was synthesized with high-capacity cDNA reverse-transcription kit (Applied
Biosystems, Burlington, ON, Canada). Real time RT-PCR was performed with TagMan
miRNA Assays (Applied Biosystems) in a LightCycler (Roche Diagnostics). miR-200b

expression levels were normalized to housekeeping gene U6.

2.2.7 ELISA
ELISA was performed to measure the expression of VEGF protein using a commercially
available kit (ALPCO, Salem, NH; R&D Systems, Minneapolis, MN) according to the

manufacturer’s instructions (34).

2.2.8 Tube formation assay

HRECs (1.5x10* per well) were seeded on BD Phenol Red-Free Matrigel matrix (100uL per
well; BD Biosciences, Bedford, MA) into a 96-well plate. After 1h incubation at 37°C, growth
medium was replaced with serum-free medium containing appropriate amounts of glucose (9).
Recovery experiments were performed by incubating treated cells with VEGF (20ng/ml).
Pictures were taken at 40X magnification using a Nikon Diaphot microscope (Nikon Canada,

Mississauga, ON) with PixeLINK camera (PixeLINK, Ottawa, ON). Images were captured
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from at least two field views/plate. Branch points were counted for each treatment and plotted

graphically.

2.2.9 Cell proliferation assay

Cell proliferation was analyzed colorimetrically by quantifying cleavage of WST-1 (Roche,
USA) by mitochondrial enzymes. Transfected HRECs were seeded at density of 2x10°*
cells/well in 96-well plates and cultured overnight. Cells were serum starved and treated with
various glucose levels for 48h. At the end of the timepoint, 20ul of WST-1 was added to each
well and incubated for 1h at 37 °C. Absorbance was measured at 490nm (39).

2.2.10 Fluorescence in situ hybridization

Cells were seeded at 75% confluency in 12-well plates and treated with various glucose levels
for 48h. FISH was performed according to the manufacturer’s protocol (biosearchtech.com/
stellaris protocols) (40). The probes were custom designed using the Stellaris FISH probe
designer and tagged with Cal Fluor Red 610 Dye (Biosearch technologies, Petaluma,CA).
Following hybridization of probes, the cells were counter-stained with Hoechst and mounted
with Vectashield mounting medium (Vector Labs, Burligame, CA). Positive stains were
detected with a fluorescent microscope (Olympus BX51; Olympus, Richmond Hill, ON,

Canada) and analyzed with ImageJ software.

2211 RIP

RNA Immunoprecipitation (RIP) assay was conducted using Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, USA) following the manufacturer’s instruction (41). Anti-
EZH2 or anti-p300/CBP antibodies and IgG (control) were used for RIP (Millipore, USA). Co-
precipitated RNAs were detected with real time RT-PCR.
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2.2.12 Immunohistochemistry
Mouse retinal sections were immunocytochemically stained for IgG using anti-mouse IgG
antibody (MP Biomedicals, OH,USA,) as previously described (42). The stains were arbitrarily

scored (0-3) in a masked fashion.

2.2.13 Statistical analysis

Data are expressed as mean = SEM. To determine statistical significance, one-way ANOVA
followed by Tukey’s post-hoc test was performed as appropriate, using fixed-level testing with
level of significance set at 5%. GraphPad Prism 5 (GraphPad, San Diego, CA, USA) software

was used for statistical analysis.

2.3 Results

2.3.1 Glucose regulates ANRIL expression

Primary aim of this study was to identify the roles of glucose-induced alterations in IncRNA, to
mediate gene transcription in the pathogenesis of diabetic retinopathy. As endothelial cells are
primary targets of glucose-induced damage, we have used these cells to perform our in vitro
studies. VEGF is reported here as a downstream molecule, that is regulated by ANRIL. Hence,
HRECs were used to investigate alterations in ANRIL expression and its effect on VEGF
expression and function. HRECs were exposed to 25mM D-glucose (HG) environments for
various time points, using SmM D-glucose (NG) glucose levels as controls. We observed HG
induced elevation in VEGF expression in a time dependent manner, with highest expression at
48h (data not shown). Hence for subsequent expression analysis 48h glucose incubation was
used. Microarray analysis conducted on HRECs post 48h HG incubation showed a 2.5fold
elevation in ANRIL (Fig 2.1A). The results were validated by real time RT-PCR (Fig 2.1B). A
significant, (=1.8 fold) increase was seen with HG. Such relatively smaller increase may
possibly be explained by relatively small sample size. However, no significant ANRIL
alteration was seen following 25mM L-glucose (osmotic control) incubation (Fig 2.1B). We
performed RNA-FISH for ANRIL to examine its cellular distribution and to detect its
subcellular localization. We used custom designed RNA FISH probes consisting of 34
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complementary oligonucleotides, each 20 bases long and labeled with 3’end flurophore tag.
This approach has been shown to be highly specific for RNA detection (43). Glucose induced
upregulation of ANRIL expression was confirmed by this technique. No change in subcellular
distribution was noted following incubation with HG (Fig 2.1C and D). Interestingly, the cells
showed both cytoplasmic and nuclear distribution of ANRIL, although predominately localized

in an around the cytoplasmic side of the nuclear envelope (Fig 2.1C).

Figure 2.1: Alteration of IncRNA ANRIL in HG (25 mM) versus control (NG; 5 mM). (A)
Volcano plot of differentially expressed IncRNAs in NG versus HG in HRECs. Vertical lines

correspond to 1.2-fold changes up and down, respectively, and the horizontal line represents a P
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value of 0.05. Red points indicate differentially expressed genes with statistical significance.
Arrow represents location of ANRIL. (B) Array data were validated by real-time RT-PCR
analysis of ANRIL, which confirmed its increased expression on exposure to HG (48 hours).
No alterations were seen following incubation with 25 mM L-glucose (osmotic control, Osm).
(RNA expressions are presented as a ratio of b-actin, normalized to NG.) (C) Fluorescence in
situ hybridization using probes against human ANRIL showed increased expression (nuclear
and perinuclear cytoplasmic) in HRECs exposed to HG versus NG (48 hours). (D) Quantitative
data following analysis using ImageJ confirmed glucose-induced ANRIL upregulation (MFI,
mean fluorescence intensity). Images quantified by Image]J (*P < 0.05 versus NG. n=4 or

more/group).

2.3.2 ANRIL regulates glucose-induced expression and function of VEGF
We then proceeded to investigate mechanisms and significance of glucose-induced ANRIL
upregulation. ANRIL has been shown to interact with PRC2 complex, that regulates VEGF
expression (9,31). The role of ANRIL in VEGF regulation was explored by knocking down
ANRIL levels using siRNAs in HRECs. We used two siRNAs. As both gave similar results,
data from one are shown. VEGF upregulations at mRNA and protein levels are characteristic of
exposure of ECs to high levels of glucose. Such upregulations were prevented following
ANRIL siRNA transfection, showing a direct regulatory relationship (Fig 2.2A and B). As a
functional parameter, we examined VEGF-mediated angiogenesis using tube formation assays
on HRECs. Glucose-induced increased tube formation was prevented by ANRIL silencing. In
addition, such reduction in siANRIL transfected cells were rescued on further incubation with
VEGF (Fig 2.2C and D). WST-1 assay further revealed that cell proliferation was inhibited in
siANRIL transfected cells compared to scrambled controls. Meanwhile, rescue experiments
showed that VEGF incubation increased the cell proliferative ability in ANRIL transfected cells
both in low and high glucose (Fig 2.2E).
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Figure 2.2: ANRIL regulates glucose-induced VEGF expression in HRECs (48 hours).
Transfection of HRECs with ANRIL siRNA reduced (A) HG (25mM glucose)-induced
upregulation of VEGF mRNA and (B) protein expression compared with scrambled siRNA
(scr). Endothelial tube formation assay shows (C) representative micrograph and (D)
quantification using branch point assay. High glucose—induced increased endothelial tube
formation was prevented by ANRIL siRNA, which was subsequently rescued by incubation

with VEGF. (E) In parallel, ANRIL siRNA reduced endothelial cell proliferation (WST-1
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assay), which was also reversed following VEGF incubation (NG.5 mM glucose). Messenger
RNA expressions are presented as a ratio of b-actin, normalized to NG. Protein levels are

normalized to NG. * #P < 0.05 versus scrNG or scrHG, n=4 or more per group).

2.3.3 Diabetes-induced retinal VEGF upregulation and function are
prevented in the ANRILKO mice

With goals to translate our findings and establish the observation in diabetic conditions, we
employed ANRILKO mouse models. Due to uncharacterized ANRIL mouse RNA sequence, as
per standard practice, its expression in mice was measured using pl5, as a surrogate marker for
ANRIL (Fig 2.3B) (38). The wild type and KO animals following STZ-induction were
monitored for a period of 2 months. Diabetic mice demonstrated hyperglycemia (Fig 2.3A),
polyuria, glycosuria and reduced body weight gain, distinctive of poorly controlled diabetes
(data not shown). ANRILKO had no effect on these parameters except for urine volume. Urine

findings are further being investigated and will be reported separately.

We examined retinal tissues from the diabetic and control animals and analyzed for ANRIL and
VEGF expression. ANRIL upregulation was observed in the retina of wild type diabetic
animals. In addition, VEGF mRNA and protein levels were elevated in diabetes. All such

changes were prevented in the ANRILKO diabetic animals (Fig 2.3C and D).

We stained the retinal tissues for IgG. Extravasated IgG is a marker for increased permeability,
a functional effect of VEGF (45). Diabetes caused increased retinal microvascular permeability
in wild type diabetic animals (score 3, compared to score 0 in wild type controls), which was
prevented in the retina of diabetic ANRILKO mice (scorel) (Fig 2.3E). These observations
suggested that ANRIL regulates VEGF expression and its functional consequences in diabetic

retinopathy.
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Figure 2.3: ANRIL regulates retinal VEGF in diabetic mice. (A) Diabetic wild-type (WT-D)
mice and diabetic ANRILKO (KO-D) mice showed hypergylcemia and reduced body weight
(data not shown). (B) Basal and diabetes-induced ANRIL RNA expression in the retina,
measured by pl5, its surrogate marker, was significantly reduced in the control ANRILKO mice
(KO-C) mice and KO-D mice. Diabetes-induced elevation of VEGF (C) mRNA and (D) protein
expression levels were also prevented in retina of KO-C and KO-D animals. (E)
Immunohistochemical stain on mouse retina using anti-IgG antibody showing increased
extravascular diffuse stain, indicating increased extravasation (score 3) in the WT-D compared
with wildtype controls (WT-C) (score 0). Such changes were prevented in KO-D (score 1).
Messenger RNA expressions are presented as a ratio of b-actin, normalized to WT-C. Protein

levels are normalized to WT-C. * #P < 0.05 versus WT-C or WT-D, n . 8.
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2.3.4 ANRIL causes VEGF upregulation through PRC complex

We carried out additional in vitro experiments to gain mechanistic insight of ANRIL’s actions
as seen above. We have previously shown that glucose-induced miR200b-mediated VEGF
upregulation works through PRC2 complex (9). PRC2 is part of transcriptional-repressive
complexes PRCs (PRC1, PRC2) and consists of many subunits (eg. EZH2, EED, SUZ12 and
RpAp46/48) (46). These complexes are critical in the epigenetic regulation of the CDKN2A/B
locus (31,47). Hence, we examined whether ANRIL has any regulatory relationship with PRC2
complex in diabetic retinopathy. We measured expression of EZH2, which was upregulated in
HRECs on exposure to HG, and in the retina of diabetic animals (Fig 2.4A and D) (9).
ANRILKO resulted in a significant downregulation of EZH2 levels (Fig 2.4A and D). EED
expression levels were similarly altered, whereas SUZ12 levels remained unaffected (Fig

2.4B,C,EF).

To establish a cause effect relationship, we used DZNEP, a global methylase blocker, to inhibit
PRC2 activity. All components of the PRC2 complex were suppressed by this methylase
blocker (Fig 2.4G-I) (48). This blockade resulted in reduction of mRNA expression levels for
both VEGF and ANRIL (Fig 2.4]J and K), suggesting regulatory effect of PRC2 on ANRIL and
VEGF.
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Figure 2.4: ANRIL-PRC2 complex interaction. Transfection of HRECs (48 hours) with
siANRIL reduced HG (25 mM glucose)-induced (A, B) upregulation of EZH2 and EED
mRNA, whereas SuZ12 mRNA (C) remained unaltered. (D—F) Diabetes-induced increased
retinal mRNA expression of EZH2 and EED was similarly reduced in ANRILKO mice
[controls (KO-C) and diabetic (KO-D)], whereas SUZ12 levels were unaffected. (G) EZH2

mRNA overexpression in HG were blocked by the global histone methylation inhibitor
DZNEP. (H, I) 3-Deazaneplanocin A also reduced upregulation of EED and SUZ12. (J, K) 3-

Deazaneplanocin A also reduced glucose-induced ANRIL and VEGF mRNA upregulation
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(WT-C, WT-D, NG [5 mM glucose]). Messenger RNA expressions are presented as a ratio of
b-actin, normalized to NG/WT-C. *P < 0.05 versus sctNG/WT-C, #P < 0.05 versus scrHG or
WT-D, and n. 8 or more per group.

2.3.5 ANRIL acts through p300 and miR200b

We have previously shown that VEGF is also regulated by miR200b through p300 (8). We
explored the relationship of ANRIL in this context. Interestingly, we found that reduction in
ANRIL expression using siRNA, resulted in correction of glucose-induced upregulation of p300
(Fig 2.5A). In retinal tissues of control and diabetic animals, ANRILKO also significantly
reduced expression of p300 (Fig 2.5B). These findings indicate that ANRIL regulates glucose-
mediated increase in p300 in diabetic retinopathy (8,34). To further examine possible feedback
regulation of ANRIL by p300, we silenced p300 in HRECs (such silencing led to =75%
reduction in p300 mRNA expression) and observed no effect of this alteration on ANRIL
expression (Fig 2.5C). On the other hand, ANRIL silencing also reduced glucose-induced
miR200b downregulation (Fig 2.5D).

We further established possible interaction of ANRIL with EZH2 component of PRC2 and
p300 thorough RNA-IP (RIP) assay in HRECs. ANRIL expression levels were determined by
real time RT-PCR on the samples immunoprecipitated using specific antibodies to EZH2 and
p300 (Fig 2.5E and F). Binding of ANRIL to p300 was significantly elevated when exposed to
high glucose levels. There was also increase in EZH2 binding to ANRIL under HG. This data
strongly indicates that ANRIL directly binds to both p300 and EZH2 when exposed to high

levels of glucose.
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Figure 2.5: Interaction of ANRIL with the histone acetylator p300 and miR200b.Transfection of
HRECs (48 hours) with siANRIL reduced HG (25 mM glucose)-induced (A) upregulation of
p300 and (D) downregulation of miR200b versus control (NG; 5 mM glucose). (B) Diabetes-
induced elevated p300 mRNA expressions were prevented in the retinal tissues of diabetic
ANRILKO mice (KO-D; n=8/group). (C) However, silencing of p300 by siRNA did not alter
ANRIL mRNA expression in HRECs. (E, F) RNA-IP with anti-EZH2 and anti-p300 performed
in HRECs showed glucose-induced increased binding of ANRIL with the molecules (anti-IgG
as negative control). (G) A schematic outline of the mechanism related to ANRIL upregulation
and its interactions with p300, miR200b and PRC2 complex in mediating VEGF upregulation in
diabetic retinopathy. In this process ANRIL binds with EZH2 and p300. It further regulates

miR200b expression. A combination of all these mechanisms ultimately cause glucose-induced
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VEGF upregulation. (WT-C= wildtype controls, WT-D=wildtype diabetic, KOC=ANRILKO
controls, mRNA expressions are presented as a ratio of b-actin, normalized to NG/WT-C. *P <
0.05 versus WT-C or scrNG or anti-p300NG, #P < 0.05 versus WT-D or scrHG or anti-
EZH2HG or anti-p300HG. N= 3 or more per group of cells.

2.4 Discussion

In this study, we have demonstrated that IncRNA ANRIL is upregulated in response to high
levels of glucose. ANRIL regulates glucose-mediated upregulation of VEGF through its
interaction with p300 and PRC2 components in glucose-exposed ECs and in the retinal tissue of

diabetic animals.

Present-day treatments for proliferative diabetic retinopathy revolve around destructive
treatments of laser photocoagulation, vitreo-retinal surgery and blocking VEGF signaling (49).
Targeting the transcriptional process may constitute a novel approach. Majority of the human
genome sequences studied till date are protein-coding which comprises only 1.5% of the entire
genome (50). Recently, focus has been drawn onto the remaining non-coding area of the
genome and its importance in normal development and relevance in diseases (51). ncRNAs
generated from non-coding areas, when functional, exerts regulatory activities independent of
the protein-encoding route. Hence, they constitute potential drug targets (52). Here we focus on

a specific IncRNA in diabetic retinopathy.

The various roles of IncRNAs include modulation of alternate splicing, chromatin remodeling,
cis/trans-acting regulators of gene expression and RNA metabolism (53-56). Dysregulation of
target genes leads to abnormal IncRNA expression responsible for cellular defects and disease
progression including carcinogenesis and neurodegeneration (51,57). Our study demonstrates an
important and novel, regulatory role of IncRNA ANRIL in VEGF regulation in diabetic
retinopathy.

Originally identified from familial melanoma patients, ANRIL is a potential target for

cardiovascular diseases (24). It has been known to be associated with diabetes, open angle
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glaucoma and various cancers (58). We found that ANRIL binds to both p300 and EZH?2 of the
PRC2 complex to regulate VEGF expression, characteristic of retinal degeneration in diabetes.
Microarray analysis followed by cellular and tissue data confirmed the glucose-mediated
upregulation of ANRIL. Interestingly, ANRIL showed perinuclear localization in HRECs. In
contrast, ANRIL has been previously reported to show nuclear expression in gastric cancer (33).

However, IncRNAs have been observed to show cell-to-cell variability in expression patterns

(59).

Histone methylation and acetylation are well characterized epigenetic marks implicated in
diabetic complications (60,61). Histone methylation involves transfer of methyl groups to
amino acid residues by histone methyltransferases such as EZH2 (PRC2 complex) (62). In some
tumors, increased EZH2 promotes VEGF stimulation and subsequent angiogenesis (63). In our
experiments, in ANRIL silenced HRECs and in ANRILKO mice, reduced levels of VEGF were
accompanied by EZH2 reduction. EZH2 blockade resulted in reduction in ANRIL and VEGF
RNA expression, showing a cause-effect relationship. We have previously demonstrated
interaction of miR200b with SUZ12 of PRC2 complex in the regulation of VEGF (9). The
upregulation of miR200b in siANRIL transfected HRECs suggests another interaction of
ANRIL with mir200b in the regulation of VEGF.

Diabetic ANRILKO animals and HRECs in HG following ANRIL siRNA transfection showed
reduction in p300 mRNA expression. We have previously demonstrated that p300 is
upregulated in diabetes and it controls multiple gene expressions (64). We have also previously
shown miR200b-dependent increased production of p300 in diabetic retinopathy (8) and
glucose-induced upregulation of VEGF was prevented by p300siRNA (34). Retinal tissues from
ANRILKO diabetic animals showed downregulated expression of p300 along with the lowering
of VEGF. Furthermore, RNA-IP assay revealed significantly stronger binding of ANRIL with
p300 after exposure to HG. Hence, another route of ANRIL regulating VEGF maybe mediated
through its effect on the transcriptional regulator, p300. To the best of our knowledge this is
also the first direct demonstration of ANRIL mediated p300 regulation in diabetes. A schematic

outline of the regulatory process as observed in this study is outline in Fig 2.5G.

Numerous IncRNAs associate with and possibly target histone-modifying activities (59).
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LncRNA scaffolds are now known to organize the concerted activities of chromatin-modifying
complexes spatially and temporally (65,66). For example, HOTAIR associates with PRC2 and
Lys-specific demethylase 1(LSD1) (67). PRC2 and LSDI1 are responsible for the deposition of
the repressive histone marks and removal of active histone marks, respectively. Recently, in
other systems overexpression of ANRIL is known to change p300, mediating epigenetic
modifications (32). Hence a pattern of combined interaction of ANRIL with PRC2 and p300
might be an important mechanism in its regulation of VEGF in diabetic retinopathy. Hence
ANRIL-mediated VEGF upregulation is not direct and is mediated by the aforesaid molecules.
However, it is possible that additional molecules, including other IncRNAs and other mediators

may potentially be involved in such regulations. Such pathways need additional investigations.

Although there are no previous reports on ANRIL alterations in diabetic retinopathy, recently
another IncRNA MIAT has been shown to be upregulated in diabetic retinopathy (68).
However, exact pathways for ANRIL upregulation in the genome are not clear. LncRNAs are
under the same regulatory process as that of coding genes (69). Hence, hyperglycemia induced
oxidative stress and subsequent alterations of transcriptional machinery may also potentially

regulate such process.

In summary, we have shown that in the retinal endothelial cells, glucose causes upregulation of
ANRIL. This upregulation is responsible for altered VEGF expression and function. We further
confirmed these novel findings in ANRILKO mice with STZ-induced diabetes. The regulatory
effect of ANRIL on VEGF was mediated by interactions of ANRIL with components of PRC2
complex and histone acetylator, p300. The current data from this study sheds light on a
potentially new, targeted method to prevent diabetic retinopathy using an RNA based approach.
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3.1 Introduction

Diabetes comprises of various metabolic conditions involving cell’s inability to transport
and utilize glucose. According to International Diabetes Federation Atlas, worldwide
diabetic population was 438 million in 2015 and predicts a rise to 642 million in 2040;
with majority of the new diabetic population emerging from Asia (31). As the number of
people with diabetes steadily rises, chronic diabetic complications remain the significant
cause of morbidity. At present, the treatment involves dietary modifications, exercise
and weight loss, oral medications and insulin. Recent years have seen important advances
in the field of pathogenesis in diabetes, affecting cardiovascular, renal and nervous

systems as well as vision and lower extremities (4).

Diabetic nephropathy (DN) continues to be leading cause of end-stage renal failure
requiring renal replacement therapy (27,62). Excess mortality is observed in people with
DN, with impaired glomerular filtration rate (eGFR) and/or albuminuria (1,29). For
unknown reasons, 20% to 40% of patients with diabetes develop DN associated with
micro or macro-albuminuria and subsequent renal failure (50). Furthermore, there is an
increased risk for the development of ventricular dysfunction leading to cardiac
hypertrophy and failure in diabetic patients, known as diabetic cardiomyopathy (DCM)
(11,46). Alterations in myocardial structure, calcium signaling and metabolism are

features that precede the above-mentioned changes (9).

Multiple mechanisms contribute to the initiation and progression of DN and DCM. These
include hyperglycemia induced hemodynamic changes such as activation of vasoactive
factors such as VEGF as well as genetic predisposition, setting the stage for injury and
organ failure (7). Overall effects of hyperglycemia lead to structural and functional
changes in the target organs. The renal tissues undergo alterations such as glomerular
basement membrane thickening, increased mesangial matrix synthesis and compromised

selective glomerular permeability; eventually leading to glomerulosclerosis and
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interstitial fibrosis (26). The abnormal vessels formed due to enhanced VEGF signaling
are associated with glomerular hypertrophy, increased capillary occlusions,
tubulointerstitial injury and urinary albumin excretion in the kidneys (38). In the heart,
diabetes increases fatty acid metabolism, and alters intracellular signaling leading to
impairment in excitation—contraction coupling and inefficient production of energy.
These changes are likely to augment development of left ventricular hypertrophy,

increased sensitivity to ischemic injury and likelihood of heart failure (37).

Interstitial fibrosis is a robust indicator of disease progression during diabetes (5). It
involves accumulation and deregulated remodeling of extracellular matrix (ECM)
proteins such as fibronectin (FN), novel chains of laminin and type IV collagen (Coll04)
(20). The excess accumulation of ECM in the heart mirrors occurrences in the kidneys
and peritoneum during diabetes. Changes to cardiac tissues include myocardial stiffening
as a result of cross-linking and ECM deposition, hypertrophy and neuronal abnormalities
culminating in diastolic dysfunction (3). In kidneys, there is gradual scarring of
glomerulus (glomerulosclerosis) as a result of ECM accumulation in the mesangial
interstitial spaces (44). The continued augmented synthesis, deposition and reduced
degradation of these ECM proteins and their post-translational modifications contribute

to development of fibrosis (12,33).

Ethnicity and differences in inherited genetics has been proposed as response to the
damage in both kidneys and heart due to diabetes (34,60). The molecular basis
underlying these complications remains unknown (34). Recent evidence has suggested
important roles of epigenetics leading to DN and DCM. The epigenetic modifications
include DNA methylation at cytosine, posttranslational modifications (PTMs) of histones
like acetylation and methylation, and alterations of noncoding RNAs (ncRNAs) (43).
ncRNAs; such as microRNAs and long noncoding RNAs (IncRNAs) are important parts
of the epigenetic realm due to their ability to regulate gene expression at both
transcriptional and translational levels (54). The long transcripts of IncRNA (200-2000nt)
lack protein-coding capability (13). They can regulate local and distal genes by various

mechanisms and play key roles in diverse biological processes (59).
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IncRNA ANRIL consists of 19 exons, spanning 126.3kb, and is situated in
p15/CDKN2B-p16/CDKN2A-p14/ARF (INK4b-ARF-INK4a) gene cluster, in the
antisense direction (2). We have recently reported that ANRIL is upregulated in human
retinal endothelial cells (HRECs) and retinal tissues of diabetic mice. Upregulated
ANRIL regulates VEGF through interaction with EZH2 of polycomb repressive complex
2 (PRC2) and histone acetylator, p300 (53). ANRIL is known to function as a recruiter of
PRC complexes to facilitate altering of chromatin structure and set the stage for gene
regulation (61). Recent “allele-specific” functional genomic studies showed preferential
binding of p300 led to increased interaction of chromatin with ANRIL promoters, thereby
activating transcription of the IncRNA (39). Others and we have described the regulatory
role of ANRIL on the expression of p300, a well-known regulator of FN in diabetic
complications (15, 24, 53). ANRIL locus is a hotspot for numerous disease-associated
polymorphisms and DNA alterations where they regulate genomic neighbors in both cis
and frans (2). It has been steadily associated with cardiovascular diseases as well as

cancer, diabetes, glaucoma and other conditions (17).

Here we investigated the specific role of ANRIL in regulating the production of ECM
protein and VEGF in DN. We further expanded this study to examine whether similar
changes occur in DCM. The study was focused on investigating alterations in ANRIL
expression in the kidneys and heart of streptozotocin (STZ)-induced diabetic mice. To
examine specific role of ANRIL, we used a unique tool, i.e ANRIL” mice with STZ-
induced diabetes. Subsequently we determined if the alterations resulted in pathologically
significant modifications to the structure and function of these organs. We further
investigated if ANRIL’s regulation of ECM proteins and VEGF is modeled through p300
or PRC2- mediated pathway in DN and DCM.
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3.2 Materials and Methodology

3.2.1 Animals

All animals were cared for according to the guiding principles in the care and use of
animals. The experiments were approved by Western University and Animal Care and
Veterinary Services. All experiments conform to the guide for care and use of laboratory

animals published by the NIH (NIH publication no. 85-23, revised in 1996).

ANRIL knockout (129S6/SvEvTac-Del(4C4-C5)1Lap/Mmcd) mice, acquired from
Mutant Mouse Resource & Research Centre (MMRC, Davis, CA). ANRIL had been
identified to be located within the p/5/CDKN2B-pl16/CDKN2A-p14/ARF gene cluster
(INK4 locus) and occurs anti-sense to these genes in the cluster. As the mouse RNA for
ANRIL hasn’t been characterized yet, ANRILKO mouse model was created on a
129S6/SvEv background where 70kb region on Chr 4 of the mouse gene aligning to
human 58-kb non-coding CAD risk interval was removed by targeted deletion. The
deletion was confirmed as the mice had significantly reduced expression levels of the
neighboring genes CDKN2A and CDKN2B (located on the INK locus along with
ANRIL), whereas there was no substantial expression change of other neighboring genes,
Mtap and Dmrtal (located outside of the INK locus) (57). We have also confirmed
ANRILKO by measuring mRNA expression of CDKN2B (p15) in the mice tissues (Fig
3.1 A).

Diabetes was induced with STZ (five doses) intraperitoneally (50mg/kg in citrate buffer,
pH5.6) on consecutive days (22). Age and sex-matched littermate controls received equal
volume of citrate buffer. Blood glucose (>20mmol/L) measured from tail vein bi-weekly
over the course of the study using a glucometer, confirmed diabetes. Animals were
monitored for variations in body weight and blood glucose. Mice were sacrificed after 8

weeks and tissues were collected.
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3.2.2 Echocardiography

Echocardiography was used to measure left ventricular hypertrophy (LVH), a marker for
heart failure and myocardial infraction. Diabetic and control animals (wild types and
ANRILKO) were lightly anesthetized (1.5% inhaled isoflurane) and subjected to
echocardiography on a warm handling platform. A 40-MHz linear array transducer (MS-
550D) and Vevo 2100 preclinical ultrasound system (VisualSonics, ON, Canada) were
used for the experiment. Left ventricular fractional shortening (FS) was used as cardiac
contractile function index. Pulse waved color flow-guided Doppler recordings of
maximal early (E) and late (A) diastolic transmittal flow velocities and Doppler tissue
imaging recordings of peak E’ velocity and peak A’ velocity was collected. Mitral inflow
patterns (E/A ratio) and mitral annulus velocities (E’/A’) were used to assess diastolic

dysfunction as reported previously (22).

3.2.3 RNA analysis

TRIzol reagent (Invitrogen, Canada) was used to extract total RNA as previously
described (23). cDNA for PCR was synthesized with high-capacity cDNA reverse-
transcription kit (Applied Biosystems, Burlington, ON, Canada). mRNA expression was
detected through real time RT-PCR wusing LightCycler (Roche Diagnostics).

Housekeeping gene B-actin was used to normalize the data.

3.2.4 ELISA

Total protein was extracted from kidney and heart tissues and concentrations measured
by bicinchoninic acid (BCA) method. ELISA was performed to measure expression of
FN and Colla4 protein in mouse kidney tissues using a commercially available kit

(Bosterbio, CA, USA) according to the manufacturer’s instructions (15).

3.2.5 Luminex Assay
Multiplex luminex assay for angiogenesis was used to measure VEGF and hepatocyte

growth factor (HGF) protein concentration in tissues extracted from heart and kidney of
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diabetic and control mice. Tissues were extracted with RiPA buffer followed by
precipitation with 80% ice cold acetone (8). Acetone precipitation was performed to
ensure samples were devoid of possible colour from the extracted tissue that might
interfere with the assay. Protein concentration of tissue lysate was measure by BCA
assay. The samples (<500 mg/ml) were assessed using Luminex technology with
Milliplex Mouse MAP Angiogenesis kit (Millipore, MA,USA) containing multiplex

magnetic bead-based antibody detection kit according to manufacturer’s protocol (55).

3.2.6 Urine albumin assay

24 hr urine was collected from the animals by placing them in metabolic cages before
sacrifice with care so that feaces did not contaminate the urine samples. Measurement of
urinary albumin and creatinine was performed by ELISA (Albuwell M; Exocell,
Philadelphia, PA, USA). All procedures were performed using manufacture’s protocol

and the data was used to calculate urinary albumin:creatinine ratio (UACR) (16).

3.2.7 Histology and Immunohistochemistry

Renal cross-sections were fixed and embedded in paraffin and sectioned at Sum thickness
on positively charged slides. The sections were de-paraffinized in xylene and stained with
periodic acid-Schiff (PAS) for assessment of glomerulosclerosis and mesangial
expansion and Masson’s trichome-stain for evaluation of interstitial expansion as
described elsewhere (48). The stains were arbitrarily scored (0-3) in a masked fashion

(42).

For immunohistochemical staining, the de-paraffinized kidney and heart sections were
antigen-retrieved in citrate buffer and incubated with primary antibodies overnight at
4°C. The primary antibodies (Abcam, MA, USA) used were rabbit anti-mouse FN and
Colla4 (1:100). The slides were incubated in InmPRESS™ (Peroxidase) anti-rabbit IgG
Reagent kit (Vector Lab, CA,USA) for 30 mins, mounted and viewed under microscope

(40).
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3.2.8 Statistical analysis

Statistical significance was determined by Student’s #-test or one-way ANOVA followed
by post-hoc test when appropriate. Data are expressed as mean + SEM. A p value of 0.05
or less was considered to be significant and results are expressed as average of n = 5-8
animals per group. GraphPad Prism 5 (GraphPad, CA, USA) software was used for

statistical analysis.

3.3 Results

3.3.1 ANRIL expression is elevated in kidneys of diabetic animals

We observed a protective effect of ANRIL nullification in HRECs and retina of diabetic
mice in our previous study (53). Similar phenomena were investigated in diabetic kidneys
in this research. Since ANRIL mouse RNA sequence remains uncharacterized, as per
standard practice, its expression in mice was measured using pl5, as a surrogate marker
for ANRIL (Fig 3.1A) (57). Following STZ-induction, wildtype and ANRILKO animals
were monitored for a period of 2 months. Hyperglycemia was evident in the diabetic
animals (Fig 3.1B), along with polyuria, glycosuria and reduced body weight (Fig 3.1C),
distinctive of poorly controlled diabetes. Interestingly, although ANRILKO had no effect
on the above parameters, the urine volume in the diabetic ANRILKO animals were

significantly less than in wildtype diabetics (Fig 3.2A).
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Figure 3.1: ANRIL expression in diabetes. (A)ANRIL mRNA expressions were increased
in the kidneys of wild-type diabetic mice (WT-D) compared with the wild-type
nondiabetic controls (WT-C). Both basal and diabetes-induced upregulated ANRIL
expression were reduced in ANRIL-knockout (ANRILKO) controls (KO-C) and
ANRILKO diabetics (KOD), respectively [ANRIL expression was measured by pl5, its
surrogate marker]. WT-D mice and KO-D animals showed hyperglycemia (B) and
reduced body weight (C) gain following 2 months of diabetes compared with controls

(WT-C and KO-C). (*P 0.05 vs. WT-C, #P 0.05 vs.WT-D; n 8/group).
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Figure 3.2: ANRIL regulates structural and functional changes in the kidneys of diabetic
animals. Diabetes-induced elevated urine excretion (polyuria; A) and increased renal
albumin/creatinine ratio (B) were prevented in the diabetic animals lacking ANRIL (KO-
D). (C) Kidneys of wild-type diabetic (WT-D; score 3) mice showed mesangial
expansion (periodic acid-Schiff stain; arrows show pink extracellular matrix protein

deposition) compared with wild-type controls (WT-C; score 0) and ANRILKO controls
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(KO-C; score 0). Such changes were prevented in the diabetic animals lacking ANRIL
(KO-D; score 1). Immunohistochemical staining of kidney sections (D) for fibronectin
(FN) showed significantly elevated positive stain (arrows) in the WT-D animals, which
were prevented in KO-D mice. (E) Kidneys of wildtype diabetic (WT-D; score 0) and
diabetic animals lacking ANRIL (KO-D) showed no significant increase in tubule-
interstitial scarring (dark staining of Trichome stain) compared with wild-type controls
(WT-C; score 0). *P 0.05 vs. WT-C, #P 0.05 vs. WT-D. Bar 10um, same magnification

for all micrographs; n 8/group.

3.3.2 ANRIL regulates renal structure and function in the diabetic
mice

Kidney dysfunction generally reflects pathological changes in the kidneys in diabetes.
We estimated urine volume and albumin-creatinine levels, which showed renal protection
in the ANRILKO, as this ratio is characteristically elevated in wildtype diabetics (Fig
3.2B). We further stained the kidney sections with PAS stain. The stains showed
increased mesangial matrix protein deposition in the wildtype diabetics. The increased
mesangial matrix depositions were prevented in diabetic ANRILKO animals (Fig 3.2C).
Trichome staining of the tissues did not show any significant increase in tubule-
interstitial scarring in the diabetic animals as these changes could be more prevalent at

later time points (Fig 3.2E).

3.3.3 ECM proteins are regulated by ANRIL in diabetic animals

The finding of reduced urine volume and Alb/Cre ratio directed us to think of a
protection in the ANRILKO animals against hyperglycemic insults. Increased production,
deposition and reduced breakdown of ECM proteins are key features of DN. We
measured the FN and Collo4 levels to find whether such protection was due to reduced
deposition of these proteins. Immunohistochemical stains showed significantly elevated
FN levels in the wildtype diabetic groups compared to non-diabetics and diabetic

ANRILKO animals (Fig 3.2D). Similarly, increased levels of mRNA and protein
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expression of ECM proteins, FN and Collo4, observed in wildtype diabetic animals were

prevented in the ANRILKO diabetic animals (Fig 3.3A-D).

3.3.4 ANRIL regulates VEGF production in the kidneys in diabetes

ANRIL regulates vasoactive factors such as VEGF in the retina during diabetes (45). We
further explored the possibility of such regulation in the kidneys. The mRNA and protein
levels of VEGF were increased in diabetic wildtypes compared to controls. mRNA
alterations were prevented in ANILKO diabetic animals (Fig 3.3E and F). In contrast,
mRNA expression of hepatocyte growth factor (HGF) remained elevated in both
wildtype and ANRILKO diabetic animals (Fig 3.3G). This observation indicates
ANRIL’s role to be specifically acting through regulation of ECM proteins and VEGF.
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Figure 3.3: ANRIL regulates extracellular matrix (ECM) proteins and VEGF in kidneys

of diabetic animals. (A-D) Diabetes induced elevation of ECM proteins; FN mRNA (A),
FN protein (B), type IV collagen (Col14) mRNA (C), and Col14 protein (D) levels were
prevented in the kidneys of ANRILKO diabetic animals (KO-D). Increased expression of
VEGF at the mRNA (E) and protein (F) levels were significantly prevented in the KO-D

animals. G: the elevated mRNA levels of hepatocyte growth factor (HGF) in diabetes
remained unaffected in KO-D. WT-C, wild-type controls; WT-D, wild-type diabetics;
KO-C, ANRILKO control. *P 0.05 vs. WT-C, #P 0.05 vs. WT-D; n 8/group.
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3.3.5 ANRIL works in association with other epigenetic regulators

ANRIL works in concert with other epigenetic regulators, such as p300, a histone
acetylator and EZH2, histone methyltransferase component of PRC2 complex (53). As
expected, these components were increased in the kidneys of wildtype diabetic mice and
were corrected in the diabetic ANRILKO kidney tissues (Fig 3.4A and B). The other
components of PRC2, namely embryonic ectoderm development protein (EED) and
suppressor of zeste (SUZ12) were not altered in the ANRILKO mice compared to
wildtypes (Fig 3.4C and D).
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Figure 3.4: ANRIL’s action is mediated by epigenetic mechanism. Diabetes-induced
increased renal mRNA expressions of p300 (A) and enhancer of zeste 2 (EZH2; B) were
prevented in diabetic ANRILKO animals (KO-D), whereas embryonic ectoderm
development protein (EED; C) and suppressor of zeste (SUZ12; D) mRNA levels were
unaffected. WT-C, wild-type controls; WT-D, wild-type diabetics; KO-C, ANRILKO
controls. *P 0.05 vs. WT-C, #P 0.05 vs. WT-D; n 8/group.
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3.3.6 ANRIL-mediated ECM and VEGF regulation in diabetic hearts

We extended our study to examine if other organs, namely cardiac tissue, were similarly
affected. Heart tissue was analyzed to elucidate possible regulatory role of ANRIL in
development of DCM and subsequent structural alterations. We observed similar
alterations in expression levels of FN, Collo4 and VEGF as seen in kidneys (Fig 3.5A-
D). Immunohistochemical analysis showed elevated FN and Collo4 protein expression in
wildtype diabetic groups compared to control groups and diabetic ANRILKO animals
(Fig 3.6A and B). However, trichome stain failed to show any obvious scarring (data not
shown). We also performed echocardiographic examination on the live animals to
examine any functional changes in the cardiac functional changes among various groups
(Fig 3.6C-E). This lack of functional changes in the diabetic animals may, at least in part
be explained by lack of significant scarring in this species.

Our analysis of mRNA expression levels of p300 and EZH2 of the PRC2
complex suggested that ANRIL may regulate ECM and vasoactive proteins in heart by
similar epigenetic mediators (Fig 3.7A and B). The other two components of PRC2
complex; EED and SUZ12 remained unaffected by altered ANRIL levels (Fig 3. 7C and
D).
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Figure 3.5: ANRIL regulates ECM proteins and VEGF levels in cardiac tissues of
diabetic mice. Diabetes-induced elevation of FN (A), Coll4 (B), and VEGF (C) mRNA

levels as well as VEGF protein expressions (D) was prevented in hearts of diabetic

ANRILKO animals (KO-D). WT-C, wild-type controls; WT-D, wild-type diabetics; KO-

C, ANRILKO controls. *P 0.05 vs. WT-C, #P 0.05 vs. WT-D; n 8/group.
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Figure 3.6: ANRIL regulates ECM protein expression in the cardiac tissues in diabetes.
Immunohistochemical staining of cardiac tissue sections for FN (A) and Coll4 (B)
showed significantly elevated positive stain (arrows) in the wild-type diabetic (WT-D)
mice. Such elevations were prevented in the ANRILKO diabetic mice (KO-D).
Echocardiographic assay of mice showed no significant changes in fractional shortening

(FS; C), mitral inflow pattern (E/A ratio; D), or mitral annulus velocity (E=/A= ratio; E)
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levelsbetween the groups. WT-C, wild-type controls; KO-C, ANRILKO controls. *P 0.05

vs. WT-C; #P 0.05 vs. WT-D. Bar 10um (same magnification for all micrographs; n

8/group).

2.04
1.51

1.0

p300 mRNA/B-actin

1.5

1.0

0.5

EED mRNA/B-actin

0.0

WT-C

WT-D

KO-C

KO-D

WT-C

WT-D

KO-C

EZH2 mRNA/B-actin

2.01
*
1.51
1.0- 1
0.5
0.0
WT-C  WT-D

-
o
1

_|

SUZ12 mRNA/B-actin
o
g

°
o

KO-C KO-D

WT-C

WT-D

KO-C

Figure 3.7: ANRIL’s action is mediated by epigenetic mechanisms. The elevated levels
of p300 (A) and EZH2 (B) observed in wildtype diabetic mice (WT-D) were prevented in
the diabetic ANRILKO animals (KO-D). However, increased EED (C) and SUZ12 (D)

levels in diabetes were unaffected in the KO-D animals. WT-C, wild-type controls; KO-
C, ANRILKO controls. *P 0.05 vs. WT-C, #P 0.05 vs. WT-D; n 8/group.

3.4 Discussion

In this research, we described the role of IncRNA ANRIL in regulating ECM proteins FN

and Colla4 as well as angiogenic factor VEGF in DN and DCM. This regulation at least

in part is driven by ANRIL’s interaction with PRC2 complex proteins and p300 causes

functional changes in murine kidneys and heart. Polyuria and albuminuria levels
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characteristic of DN were prevented in the ANRILKO diabetic animals. Furthermore,
increased ECM protein deposition observed in glomeruli and in the heart of wildtype

diabetic mice were also absent in ANRILKO diabetics, evident through PAS stain.

Development and progression of DN, involves hyperglycemic insults on resident kidney
cells including endothelial cells (ECs) and podocytes (25). Similarly, ECs and
cardiomyocytes are affected in DCM (58). Multifactorial causes including genetic and
environmental factors can be ascribed to all chronic diabetic complications. Genetic
susceptibility in the development of these complications can be attributed to familial
aggregation, with a three-fold increase in risk for diabetic siblings of diabetic probands in
developing chronic complications such as DN (18). The emphasis on identifying
susceptible genes associated with chronic diabetes has led to widespread research
including candidate gene screening and genome-wide association studies (GWAS) (6,
45). Along with various factors like transcription factor binding affinity, disruption of
chromatin and post-translational modifications that are critical for modulation of gene
function by genetic variants; epigenetic control and regulation of genes provides an
additional layer of mechanism involved in the pathogenesis of diseases like chronic

diabetic complications (32).

Previously we had reported that the expression of ANRIL was upregulated in diabetic
retinopathy (53). ANRILKO led to the protection from upregulation of histone acetylator,
p300 as well as EZH2 component of the PRC2 complex characteristic of diabetic
complications. Similar to the retina, here we report that ANRIL controls the alteration
observed in the kidneys and heart in diabetes. This study showed that certain epigenetic
modulators histone acetylator, p300 and EZH2 of the PRC2 complex are also regulated
by ANRIL. Histone acetylation is an important post-transcriptional modification that
recruits protein complexes for the regulation of gene expression. Recent research has
highlighted the contribution of p300 in the development and persistence of diabetes and
its complications (36). We have also shown upregulation of histone methyltransferase
EZH2 of PRC2 components in diabetic complications (47,53). In our experiments, we

observed the decrease in expression of FN, Colla4 and VEGF in the ANRILKO animals
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was accompanied by subsequent reduction in these epigenetic factors in the kidneys as
well as heart tissues. These findings indicate that ANRIL regulates these key molecules.
Our results further suggest that ANRIL’s interaction with the histone modifiers EZH2

and p300 may play a role in such process.

IncRNAs including ANRIL have been shown to have a strong association with ECM
protein-coding genes and are important regulators of fibrosis (30). Apart from binding of
transcription factors to the promoters of the protein-coding genes, transcriptional
activation or repression is linked to alteration in chromatin structure through histone
modifications and subsequent nucleosome re-modeling (56). Therefore, epigenetic
regulation of gene expression in the current context, involves a combined interaction
between IncRNAs, histone modifiers and other regulators. We and others have shown
that activation of histone acetylator, p300 is accompanied by increased expression of
vasoactive factors and ECM protein in the ECs and fibroblasts (15,28). Following
exposure to high glucose, there is enhanced binding of p300 to promoters of these genes
in ECs (15). However, unlike acetylation, histone methylation changes are often
continued down the cell lineage and thus, have received greater attention especially in
glycemic memory (21,41). In their study with cultured podocytes, Siddiqi and colleagues
found that deletion of histone methyltransferase, EZH2 with inhibitors or silencers
rendered the cells vulnerable to deleterious effects of high-glucose, leading to elevated
ROS levels and cell death (49). However, we have shown that ANRIL binds to both p300
and EZH2 and positively regulates their expression (53). Therefore, the protective effect
of ANRILKO seen in the kidneys and heart could be attributed to the downregulation of
p300 that might be directly regulating ECM protein and VEGF (15, 35). As for EZH2
downregulation, it might be leading to overexpression of other genes that might aid in the
protection imparted by ANRILKO in diabetic complications. The pathway of ANRIL’s
regulation of EZH2 needs to be explored further.

Hyperglycaemia is a well-known contributor for the damage to the ECs and subsequent
organ dysfunctions (14, 52). ANRIL expression has been reported in atheromatous

vessels, coronary smooth muscle cells and vascular ECs (10). Recently, Song and
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colleagues demonstrated that elevated ANRIL expression induced vascular cell apoptosis,
exacerbated EC inflammation and reduced artheroprotective effects, leading to EC
dysfunction in atherosclerosis. These features were reversed in the rat models treated
with ANRIL inhibitors (51). Similarly, our previous work showed a glucose-mediated
upregulation of ANRIL in HRECs and in retinal tissues, causing upregulation of key
proteins such as VEGF (53). The current study also shows similar regulation of VEGF
expression in DN and DCM.

We have demonstrated the regulatory interaction of IncRNA with histone acetylator and
the PRC2 complex protein. Interestingly IncRNAs’ effect may be mediated through
microRNAs (miRNAs). Recently, IncRNA TUGI1 has been reported to decrease ECM
protein production by regulating miR-377 in DN (19). We have shown such interaction of
ANRIL with miR200b at the cellular level (53). Further studies are needed to expose
such possibilities with respect to DN and DCM. In addition, it is possible that other
miRNAs, IncRNAs and additional epigenetic mechanisms are also part of this orchestra,

which needs to be deciphered through additional well-designed experiments.

In summary, we have demonstrated that ANRIL may interact with epigenetic modifiers at
multiple levels in regulating the expression of ECM proteins and VEGF in the
pathogenesis of DN and DCM. While we acknowledge the role of other factors including
other IncRNAs in these regulatory mechanisms, targeted therapies directed at ANRIL

may have important implications in combatting chronic diabetic complications.
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4.1 Introduction

The prevalence of diabetes mellitus worldwide has increased considerably and is
estimated to rise from 382 million in 2013 to 592 million by 2035 (1). Over time,
diabetes can lead to several life-limiting complications at both micro and macrovascular
levels (2). Diabetic retinopathy (DR) is the most common microvascular diabetic
complication that can cause vision-threatening retinal changes in one-third of the diabetic
patient population (3). Progression of DR is strongly associated with duration of diabetes,
hypertension and hyperglycemia (4). Hyperglycemia has been shown to impair
endothelial function in both animal and human studies (5-7). The endothelial cells (ECs),
lining the entire circulatory system, facilitate effective pumping of blood, secrete factors
to regulate coagulation, fibrinolysis, platelet aggregation and vascular tone, and plays a
critical role in maintaining overall homeostasis (8,9). On exposure to hyperglycemia, ECs
undergo a range of intracellular occurrences that leads to endothelial dysfunction, where
the endothelium loses it physiological properties (9). In diabetes, endothelial dysfunction
promotes excess accumulation of fibrous connective tissue and extracellular matrix
(ECM) proteins in and around the damaged tissue leading to organ dysfunction (10,11).
Abnormal accumulation of ECM is accompanied by local fibroblast proliferation and its
differentiation into myofibroblasts, the key cellular mediators of fibrosis (12). Damaged
ECs also express markers characteristic of myofibroblast differentiation such as a-smooth
muscle actin (a-SMA), smooth muscle 22 (SM22), vimentin and fibroblast specific
protein 1 (FSP1); thereby, adopting a mesenchymal phenotype (8). Concurrently, EC
markers such as vascular endothelial cadherin (VE-Cadherin) and cluster of
differentiation 31 (CD-31) are down-regulated (8). ECs undergo this phenomenon known
as endothelial-mesenchymal transition (EndMT) to gain a differentiated phenotype and
attain invasive and migratory abilities in order to affect pathological processes in
numerous ways (8). EndMT, similar to epithelial-mesenchymal transition (EMT) may be
regulated by TGF-B superfamily of proteins including TGF-B1 and TGF-B2 through
Smad-dependent and Smad-independent pathways such as MEK/ERK, PI3K and
p38MAPK signaling pathways (8, 13-15).
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Long non-coding RNAs (IncRNAs) are RNA transcripts >200 nucleotides in length
lacking protein coding potential (16). IncRNAs are known to play important roles in
physiological processes such as modulation of alternate splicing, chromatin remodeling,
cis/trans-acting regulators of gene expression and RNA metabolism (17-19). Recent
evidences show that dysregulation of target genes lead to abnormal IncRNA expression in
multiple cancer types and they play critical roles in mediating TGF-B-induced EMT
during tumor metastasis (20,21). One of the key IncRNAs in tumorigenesis is the
oncofetal IncRNA, H19. The H/9 gene is paternally imprinted and produces a 2.3kb
spliced, capped and polyadenylated IncRNA which is predominantly cytoplasmic and co-
regulated by Igf2 (Insulin-like growth factor 2); a maternally imprinted gene located on
the same locus (22). The specific role of H19 in tumorigenesis is disputable as it is
known to harbor pro-tumorigenic properties (23) and concurrently, literature describes its

tumor suppressor roles (22,24).

We have previously reported the development of EndMT in the retina and heart of
diabetic animals accompanied by activation of TGF-B-mediated SMAD signaling cascade
and increased expression of ECM proteins (25,26). This glucose-induced phenomenon is
regulated by miRNA 200b (miR200b) through modulation of a histone acetyltransferase,
p300 (25,26). HI9 has been shown to alter miR-200 pathway by increasing histone
acetylation upstream of this miRNA; contributing to the reversal of EMT (24). Exposure
to high glucose reduced HI19 expression in neonatal cardiomyocytes and in the
myocardium of streptozotocin-induced diabetic rats (27). However, the role of H19 in the

process of EndMT during DR remains unknown.

The purpose of the current study was to decipher the role of H19 in the development of
EndMT during DR. We have used human retinal microvascular endothelial cells
(HRECs) to understand if H19 regulates this phenomenon through TGF-B-mediated
Smad-dependent or Smad-independent pathways and its influence on miR200b during
this process. We further expanded this study to include STZ-induced diabetic mouse

models and vitreous samples from diabetic patients.
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4.2 Materials and Methodology

4.2.1 Cells

HRECs (Olaf Pharmaceuticals, Worcester, MA, USA) were grown in endothelial basal
media-2 (EBM-2) supplemented with 10% fetal bovine serum (25). Cell were plated at
4.3 x10° cells/mL and following 24-hour incubation with serum free EBM-2 media were
treated with various glucose levels (5 mM/L, normal glucose [NG]; 25 mM/L, high
glucose [HGY]) for 48 hours. All cells for transfection experiments were seeded at 7.5 x10°
cells/mL to achieve 90% confluency. Following transfection, they were serum starved for
24 hours and treated with various glucose levels for 48 hours. Each experiment was

performed with three or more replicates.

4.2.2 Animals

All animals were cared for according to the guiding principles in the care and use of
animals. Western University and Animal Care and Veterinary Services approved all the
experiments and they conform to the guide for care and use of laboratory animals

published by the National Institutes of Health (NIH Publication 85-23, revised in 1996).

H19* mice, generated on a C57/BL6-J background by cre-loxP-based deletion strategy
targeted to delete exonl from H19, were used for this study along with littermate controls
(28). H19** mice were a generous gift from Dr. Karl Pfeifer at NIH (Maryland, USA).
These mice were administered with streptozotocin (STZ) intraperitoneally. They were
given a total of five doses (50 mg/kg in citrate buffer, pH 5.6) on alternate days (30). Sex
and age-matched littermate controls received identical volume of citrate buffer.
Hyperglycemia was confirmed by measuring tail vein blood glucose (>20 mmol/L) using
a glucometer. All animals were frequently monitored and placed in metabolic cages (24
hours) to collect urine following 8 weeks of diabetes. Afterwards all mice were

euthanized and retinal tissues were collected.
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4.2.3 Human Vitreous samples

The clinical components of this study were approved by The Western Research Ethics
Board at the University of Western Ontario, London, Ontario, Canada. All patients
provided informed consent prior to surgical sample procurement and all samples were
handled according to the Declaration of Helsinki. Vitreous humor (VH) was collected
from patients undergoing a 25-gauge pars plana vitrectomy performed by an experienced
vitreoretinal surgeon. The samples were categorized into diabetic groups comprised of
patients diagnosed with proliferative DR (PDR; n=8; 5 males and 3 females; mean age +
SD= 76 + 3.77 years) and non-diabetic groups (n=5; 3 males and 2 females; mean age +
SD= 61.6 £ 8.35 years) with no previous history of diabetes mellitus and diagnosed with
idiopathic macular hole or a separate non-diabetic ocular condition. All VH specimens
were centrifuged at 12,000g for 10 minutes at 4°C and pellet collected for RNA
extraction as described below (29). Vitreal hemorrhage indications in the VH samples

were excluded from the study to avoid contaminating RNA from blood cells.

4.2.4 RNA analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, Canada) as described
previously (26). cDNA for PCR was produced with high-capacity cDNA reverse-
transcription kit (Applied Biosystems, Burlington, ON, Canada). Detection of mRNA
expression was performed through real time RT-PCR using LightCycler (Roche

Diagnostics). Housekeeping gene B-actin was used to normalize the data.

4.2.5 miRNA Analysis

miRNA extraction from HRECs were performed using mirVana miRNA isolation kit
(Ambion, Austin, TX, USA). cDNA was synthesized using TagMan microRNA Assay
Reverse Transcription Primer and MultiScribe reverse transcriptase (Life Technologies,
Canada) following manufacture’s protocol (26). TagMan microRNA Assay was also used
to perform real time RT-PCR in a LightCycler (Roche Diagnostics). All data were

normalized to U6 small nuclear RNA.
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4.2.6 Fluorescence In Situ Hybridization

In order to perform fluorescence in situ hybridization (FISH), the cells were seeded at
75% confluency on glass coverslips in 12-well plates and treated with various glucose
levels (5 mM/L, normal glucose [NG]; 25 mM/L, high glucose [HG]) for 48 hours as
described previously (30). FISH was performed according to the manufacturer’s protocol
(biosearchtech.com/ stellaris protocols). The human H19 probes were oligonucleotides
tagged with CAL Fluor® Red 610 Dye, mixed and pooled to a final concentration of
Snmol (Biosearch Technologies, Petaluma, CA, USA). The HRECs hybridized with
probes were counterstained with Hoechst and mounted with Vectashield mounting
medium (Vector Labs, Burligame, CA, USA). Images from the stained cells were
captured with a fluorescent microscope (Olympus BX51; Olympus, Richmond Hill, ON,
Canada) and analyzed with ImagelJ software (National Institute of Health, Bethesda, MD,
USA).

4.2.7 Immunofluorescence

The HRECs were seeded on a cover slip in 12-well plates at approximately 75%
confluency. Following various treatments the cells were rinsed with PBS and fixed with
methanol:acetone (4:1, vol:vol) and permeated with 0.5% Triton X-100 in PBS (25).
After incubation with 5% normal serum, the cells were incubated with one of the primary
antibodies: mouse anti-CD31 (Abcam, Toronto, Canada), rabbit anti-VE Cad (Santa
Cruz, CA, USA), rabbit anti-FSP1 (Abcam, Toronto, Canada), rabbit anti-SM22 (Santa
Cruz, CA, USA), goat anti-vimentin (Santa Cruz, CA, USA) and rabbit anti-TGF-3
(Abcam, Toronto, Canada) at 1:100 dilutions. The corresponding secondary antibodies
conjugated with Alexa Fluor 488 (goat anti-mouse IgG, goat anti-rabbit IgG or donkey
anti-goat IgG [Invitrogen, Canada]) were used at 1:200 dilutions. A fluorescent
microscope (Olympus BX51; Olympus, Richmond Hill, ON, Canada) was used to detect
and capture the stains and images were analyzed with ImageJ software. Hoechst 33342 (1

mg/mL; Invitrogen) was used as the nuclear stain.
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4.2.8 Luminex Assay

The components of TGF-B signaling were measured using Milliplex MAP TGF-f
signaling pathway magnetic bead 6-plex-Cell Signaling Multiplex assay (Millipore, MA,
USA). The kit comprises of pAkt (Ser473), pERK 1/2 (Thr185/Tyr187), pSmad 2
(Ser465/Serd467), pSmad 3 (Serd23/Ser425), Smad 4 (Total), TGFBRII (Total) analytes.
The cells following treatment, were collected in ice cold 1X MILLIPLEX® MAP Lysis
Buffer with freshly added protease. Particulate matter from samples were removed by
filtration and total protein from the extracted lysate was measured by bicinchoninic acid
(BCA) method. The samples (<500 mg/ml) were assessed using Luminex technology
with Milliplex MAP TGF-f signaling kit containing multiplex magnetic bead-based

antibody detection kit according to manufacturer’s protocol (30).

4.2.9 Statistical analysis

The statistical significance was determined by Student’s #-test or one-way ANOVA
followed by post-hoc test when appropriate. All data were expressed as mean = SEM and
a p value of 0.05 or less was considered to be significant. All results are expressed as
average of n=5-8/per group. GraphPad Prism 5 (GraphPad, CA, USA) software was

used for statistical analysis.

4.3 Results

4.3.1 H19 expression is regulated in ECs by exposure to glucose

Our first aim was to study the expression changes of IncRNA H19 in HRECs when
subjected to glucose insults. We had previously performed a microarray analysis on
HRECs exposed to 25 mM D-glucose (HG) for 48 hours to study expression levels of
IncRNAs (30). The results of the array analysis showed one of the highest levels of
downregulation of H19 in HG compared to 5 mM D-glucose (NG) controls (data not
shown). Furthermore, duration dependent analyses of H19 expression showed one of its
lowest levels after 48 hours of HG exposure. We wvalidated glucose-mediated

downregulation of H19 expression in these retinal endothelial cells through measurement
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of H19 RNA expression post-HG treatment (Fig 4.1A). H19 expression was also
visualized in these cells by performing RNA FISH, which helped us to delineate its sub-
cellular distribution. The experiment was performed with oligonucleotide probes for
human H19 that were highly specific, and the technique has been previously performed
by us (30). FISH analyses showed a significant reduction in H19 expression in the HG
treated cells (Fig 4.1B and C). In the control groups (NG), H19 was distributed both in
the nucleus and predominantly 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 is clinically relevant, we performed similar analyses from
the RNA extracted from vitrectomy samples. We found that H19 RNA expression levels
were significantly lower in the diabetic vitreous samples compared to its controls (Fig

4.1D).
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Figure 4.1: H19 expression in glucose-treated human retinal endothelial cells (HRECs).
(4) H19 RNA expression (Mean+SE) measured using real-time RT-PCR was reduced on
exposure to 25mM glucose (HG, 48 hours). Fluorescence in situ hybridization (FISH)
using human H19 probes showed a decrease in H19 expression (B) in HRECs exposed to
HG with largely cytoplasmic localization in comparison to SmM glucose (NG) controls.
FISH data quantification (C) performed using Image] confirmed glucose-induced H19

down-regulation (MFI- mean fluorescence intensity). RNA analysis of vitreous humor in
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diabetic patients (Diabetic) indicated decrease in H19 levels (D) compared to non-
diabetics. (RNA data expressed as ratio to PB-actin, normalized to control, * p< 0.05
versus NG or non-diabetics, n=5 or more/group, individual values are represented as dots

or squares).

4.3.2 H19 reverses glucose-mediated EndMT in HRECs and in the
retinas of diabetic animals

The transition from endothelial to mesenchymal phenotype is characterized by decrease
in the expression of endothelial markers and gain of a more mesenchymal phenotype. We
have employed multiple markers to validate this transition. For the endothelial markers,
we used cluster of differentiation 31 (CD 31) and VE cadherin (VE-cad); while the
mesenchymal markers used were fibroblast-specific protein 1 (FSP1), smooth muscle-
specific 22 (SM22), a-smooth muscle actin (a-SMA), and vimentin. All of these
molecules represent well-characterized markers of EndMT and have been used in
multiple studies including in our previous work (25,26,31,32). HG treatment showed
significant downregulation of endothelial markers; CD 31 and VE-cad (Fig 4.2A and B)
accompanied by upregulation of mesenchymal markers; FSP1, SM22 and a-SMA (Fig
4.2C-E). As the expression of H19 is reduced in HRECs on exposure to HG, we
overexpressed H19 in HRECs to establish a cause-effect relationship. We used a pcDNA
3.1(+) harboring a full-length cDNA sequence of human H19. We transfected the HRECs
with an empty vector (control) or h19-pcDNA 3.1, followed by treatment of cells with
varying glucose concentrations and quantification of mRNA levels by real-time RT-PCR.
Overexpressing H19 reversed the EndMT phenomenon in spite of the presence of HG
environments (Fig 4.2A-E), indicating that glucose-induced EndMT changes are
mediated through H19 in HRECs. As miR200b is a well-known negative regulator of
EndMT (25,26), we conducted a similar experiment with miR200b mimic transfection
followed by HG incubation, confirming its prevention of HG-induced EndMT (Fig 4.2A-
E).

To identify a relationship of H19 with miR200Db in this context, we performed additional

experiments (Fig 4.2A-E). H19 overexpression increased basal and glucose-induced
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miR200b downregulation (Fig 4.2F). In order to delineate a direct relationship, we
performed a rescue experiment. We suppressed miR200b expression using miR200b
antagomirs in NG environment and then overexpressed H19. Such intervention prevented

glucose-induced EndMT suggesting that H19 may also work independent of miR200b
(Fig 4.2A-E).
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Figure 4.2: Effect of H19 overexpression on EndMT markers at mRNA level (Mean+SE).
Twentyfive mM glucose (HG) treatment reduced mRNA expression of endothelial
markers [CD 31 (4) and VE cadherin (VE-cad) (B)] and increased expression of
mesenchymal markers [FSP1 (C) and SM22 (D) and a-SMA (E)] compared to SmM
glucose (NG). Overexpression of H19 (H19 NG and H19 HG) reversed such alterations
of EndMT markers (4-E). Similarly, miR200b overexpression [using miR200b mimics
(200b HG)] corrected HG-induced alteration of EndMT markers. H19 overexpression
increased basal and glucose-induced miR200b downregulation (F) and rescued cells from
EndMT in spite of blockade of miR200b using antagomirs (H19 200b(ant) NG) (4-E).
(mRNA data expressed as ratio to B-actin, normalized to control. ** p< 0.05 versus
empty vector treated with NG (NG) and empty vector treated with HG (HG) respectively,

n=6 or more/group).
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We extended our study to confirm the changes at protein level. HRECs transfected with
empty vectors and H19 were treated with varying glucose concentrations (NG and HG).
Following the treatments, fixed cells were incubated with fluorescence-tagged antibodies
for endothelial markers, CD 31 and VE-cad, and mesenchymal markers, FSP1, SM22 and
vimentin. In all instances, HG-induced reductions of endothelial markers were corrected
with H19 overexpression (Fig 4.3A-D). Furthermore, similar correction of HG-induced
increase of mesenchymal markers were seen following H19 overexpression (Fig 4.4A-D
and Supplementary Figure) in keeping with the mRNA levels. siRNA mediated silencing
in NG produced a glucose-like effect on EndMT markers. Interestingly, lowering of H19
expression in HG environment did not have any further effects on these markers, which
may suggest that such alterations have already reached lowest biological levels following
HG incubation (Fig 4.5A-E). In the animal experiments, STZ-induced wild-type and
H19"* were monitored for 2 months. Elevated blood glucose, polyuria and reduced body
weight were evident in the diabetic animals, indicative of poorly controlled diabetes
(Supplementary Table). Analyses of retinal tissues from these animals showed diabetes-
induced, reduced H19 in association with characteristic retinal changes of EndMT,
namely, reduced endothelial and increased mesenchymal markers. All such changes were

further exaggerated in the H19/KO mice (Fig 4.5F-J).
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Figure 4.3: Effect of H19 upregulation on protein expression of endothelial markers.
Immunofluorescence stains of human retinal endothelial cells (HRECs), showed reduced
expression of endothelial markers CD 31 (4) and VE cadherin (VE-cad) (B) in 25mM
glucose (HG) versus 5SmM glucose (NG). These alterations were prevented in H19
overexpressed HRECs (H19 NG and H19 HG). Quantification date using Imagel
confirmed these findings (C and D) (MFI- mean fluorescence intensity. ** p< 0.05 versus
empty vector treated with NG (NG) and empty vector treated with HG (HG) respectively,

n=6 or more/group).
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Figure 4.4: Effect of H19 on mesenchymal markers at protein level. Immunofluorescence
stains of human retinal endothelial cells (HRECs) showed increased expression of
mesenchymal markers FSP1 (4) and SM22 (B) in 25mM glucose (HG) treated cells
versus SmM glucose (NG). H19 overexpression downregulated these markers in HRECs
(H19 NG and H19 HG). Quantification data using ImageJ confirmed these findings (C
and D). (MFI- mean fluorescence intensity. ** p< 0.05 versus empty vector treated with

NG (NG) and empty vector treated with HG (HG) respectively, n=6 or more/group).
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Supplementary Figure: Effect of H19 on mesenchymal marker vimentin protein.
Immunofluorescence stains showed increased expression of vimentin (4) with 25mM
glucose (HG) treatment versus SmM glucose (NG) in human retinal endothelial cells
(HRECs). H19 overexpression downregulated vimentin in HRECs (H19 NG and H19
HG). Quantification data using ImagelJ confirmed these findings (B). (MFI- mean
fluorescence intensity. ** p< 0.05 versus empty vector treated with NG (NG) and empty

vector treated with HG (HG) respectively, n=6 or more/group).

Table 4.1: Body weight, blood glucose levels and urine volume of all treatment groups.

Mouse genotype n Body weight Body glucose Urine volume
() (mmol/L) (ml/24hour)
WT-C 6 26 +£0.816 10 £0.292 <1
WT-D 6 22 £1.92* 34 £0.447* 38 £2.887*
H19 KO-C 8 30 £1.73*# 10 £0.8737 S
H19 KO-D 7 21 £1.7* 31 £1.966* 44+2.74*

*# p<0.05 versus WT-C or WT-D respectively

Supplementary Table: Body weight, blood glucose levels and urine volume in various
groups of mice following 2-month diabetes. (WT-C: wildtype controls, WT-D: wildtype
diabetics, HI9KO-C: H19***' controls, and HI9KO-D: H19*** diabetic animals. ** p<
0.05 versus WT-C or WT-D respectively, n=6 or more/group).
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Figure 4.5: H19 siRNA transfection lead to a glucose-like EndMT phenotype. H19
siRNA transfection of human retinal endothelial cells reduced endothelial markers CD 31
(4) and VE cadherin (VE-cad) (B) and upregulated mesenchymal markers FSP1 (C) and
SM22 (D) and a-SMA (E) in 5SmM glucose (NG). No further enhancement of EndMT
was seen when similar transfection was carried out in 25mM glucose (HG). Similarly,

H19*** animals (H19KO-C) demonstrated a diabetes-like EndMT phenotype in the retina
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(F-J). No further exaggeration of EndMT was seen when diabetes was induced in the KO
animals. [mMRNA data (Mean+SE) expressed as ratio to B-actin, normalized to control.
*p< 0.05 versus scrambled NG (sctNG) or wild-type control (WT-C), WT-D=wildtype
diabetic, H19KO-D= H19*** diabetic, n=6 or more/group].

4.3.3 H19 regulates transforming growth factor 3 to suppress EndMT

As TGF-B is an important regulator of EndMT, we examined the role of H19 in
regulating TGF-B1 levels following glucose treatment (25). H19 overexpression had an
inhibitory effect on TGF-B1 and prevented glucose-mediated upregulation of TGF-B1 at
both mRNA (Fig 4.6A) and protein levels (Fig 4.6B and C). The effect of H19 was not
influenced by the varying levels of glucose. miR200b regulates EndMT through TGF-B1
(25). We confirmed this with miR200b mimic transfection followed by HG incubation
(Fig 4.6A). We also wanted to understand if the regulation of TGF-f1 by H19 is
dependent on miR200b levels. We did so through a rescue experiment, by suppressing
miR200b expression using miR200b antagomirs in NG environment and then
overexpressed H19. The TGF-B1 levels continued to be downregulated in these samples,

further indicating possible H19 action independent of miR200b (Fig 4.6A).

125



NG HG H19 NG H19 HG
s
3 -
E N
> ™
S 2
2
k7
L
o
[
o
I
) o
5 o
(]
E =
E
<
s
=

NG HG  H19NG H19HG

Figure 4.6: H19 prevents glucose-mediated upregulation of TGF-f1. Twenty five mM
glucose (HG) treatment increased mRNA expression (Mean+SE) of TGF-1 compared to
SmM glucose (NG) (4). H19 overexpression reduced TGF-B1 both in NG and HG
environments (H19 NG and H19 HG). Similar reduction was seen following miR200b
mimic transfection (miR200b HG). miR200b antagomirs [H19 200b(ant) NG] failed to
rescue H19 overexpression-induced TGF-B1 downregulation. Exposure to HG elevated
TGF-B1 protein expression in HRECs (B). H19 overexpression downregulated the
increase in TGF-B1 protein, on exposure to varying glucose levels (H19 NG and H19
HG). Quantification data using ImageJ confirmed these findings (C). (MFI- mean
fluorescence intensity. ** p< 0.05 versus empty vector treated with NG (NG) and empty

vector treated with HG (HG) respectively, n=6 or more/group).

4.3.4 H19 regulates TGF-B1mediated EndMT through Smad-
independent MAP-ERK 1/2 pathway

We further attempted to identify the signaling pathway affected as a result of H19’s
regulation of EndMT. As we had several potential candidates for TGF-f signaling
encompassing both Smad-dependent and Smad-independent pathways we decided to
utilize Luminex technology. This is a cutting-edge technology that utilizes multiplex
assays that will facilitate simultaneous relative quantification of several phosphorylated

and total TGF-P signaling proteins from cell lysates. HG caused increased production or
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phosphorylation of TGFBRII (total), pSmad 2, pSmad 3 and Smad 4 (total), pAkt and
pERK1/2 proteins (Fig 4.7A-F). The HRECs were also transfected with h19-pcDNA 3.1
vector and treated with NG (H19 NG) and HG (H19 HG). TGFBRII (total) was
significantly reduced following H19 overexpression (Fig 4.7A). Basal levels of SMAD
proteins (pSmad 2, pSmad 3, Smad 4) and pAkt were increased following H19
overexpression (Fig 4.7B-E). However, levels of these molecules in the HG environment
appeared to be unaltered following H19 overexpression. Interestingly, pERK1/2 levels
were significantly downregulated in samples overexpressing H19 irrespective of the
influence of glucose in these groups (Fig 4.7F). This led us to conclude that H19
suppresses glucose-mediated EndMT through regulation of MAP-ERK 1/2 pathway of

TGF-p signaling using a Smad-independent route.
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Figure 4.7: H19 regulates EndMT through Smad-independent MAP-ERK 1/2 pathway.
Luminex assay panel for TGF-B signaling was used to quantify several proteins;
TGFBRII (total), pSmad 2, pSmad 3, Smad 4 (total), pAkt and pERK 1/2. These proteins
were upregulated in human retinal endothelial cells when exposed to 25mM glucose
(HG) treatment compared to 5SmM glucose (NG) (4-F). H19 overexpression
downregulated the increase in TGFBRII (total), both in NG and HG (H19 NG and H19
HG) (4). Increased H19 levels did not reduce pSmad 2 (B), pSmad 3 (C), Smad 4 (total)
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(D) and pAkt (E) protein levels. pERK 1/2 protein levels were significantly
downregulated (£) as a result of H19 overexpression in HRECs treated with NG and HG.
(** p< 0.05 versus empty vector treated with NG (NG) and empty vector treated with HG
(HG) respectively, n=6 or more/group).

4.4 Discussion

Our current study deciphers the role of IncRNA HI19 in regulating diabetes-induced
EndMT changes in HRECs. We report that H19 overexpression can prevent glucose-
induced transition of endothelial cells from endothelial to mesenchymal phenotype
through its regulation of TGF-B1 and subsequent TGF- signaling though blockade of
MAP-ERK 1/2 pathway. To demonstrate these changes, we conducted experiments using
H19 over-expression vector and H19 silencing siRNA in HRECs in NG and HG
environments. We also found that such regulatory action of H19 occurs independent of
miR200b, a miRNA that we have previously shown to play a regulatory role in diabetes-
induced EndMT (25,26). Our animal experiments further confirmed the role of H19 in
retinal EndMT. Our findings from the human vitreous specimens showed a

hyperglycemia-induced downregulation of H19 in PDR compared to non-diabetics.

IncRNAs are known to play important roles in controlling cancer metastasis through
regulation of epithelial-mesenchymal transition (EMT) by targeting multiple signaling
pathways including TGF-f signaling (33). However, their roles in EndMT, are relatively
less studied. The IncRNA MALAT]I, a well-known regulator of DR can modulate TGF-
Bl-induced EndMT in isolated endothelial progenitor cells (EPCs) by negatively
regulating miR145 (34). A recent study revealed that hypoxia-induced EndMT in human
umbilical vein endothelial cells was promoted by the IncRNA GATAG6-AS, through
changes in histone methylation (35). Nevertheless, the role of IncRNAs in regulating
hyperglycemia-induced EndMT remain unclear. We have reported for the first time, a
regulatory role of IncRNA H19 in glucose-mediated EndMT through its inhibition of
TGF-B1 and its subsequent signaling pathway. H19 has been well-studied in tumor

biology, but its role in diabetic complications is not certain. Our data is similar to a
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previous study reporting downregulation of H19 in cardiac tissues of diabetic rats (27).
Our FISH analyses revealed that although in normal cells H19 distributed across the cell
cytoplasm and nucleus, HG treatment reduced its expression to few scattered spots
predominantly in the cytoplasm (24). The exact reasons for such sub-cellular changes
observed need further exploration. Moreover, during EMT in certain cancers, TGF- is
an important inducer of H19 through activation of PI3K/Akt signaling pathway (36).
However, in our study, during EndMT in HRECs, we found a suppressive effect of H19
on TGF-B1 and TGF-BIIR. Overexpression of H19 significantly reduced TGF-B1 levels
resulting in prevention of EndMT in spite of the presence of glucose. Such findings

suggest alternative epigenetic regulatory mechanisms of H19 that require further studies.

Hyperglycemia is the central event leading to micro- and macrovascular pathologies in
diabetes (37,38). ECs lining the blood vessels are exposed to circulating blood glucose
and is the primary cell type to be affected by hyperglycemia insults (38,39). Endothelial
cell dysfunction ensues as ECs lose their quiescence, elude their normal function and
acquire new phenotypes (39). Increasing evidence suggests that ECs can then acquire a
mesenchymal phenotype and start expressing markers characteristic of myofibroblasts,
contributing to the advancement of sclerotic diseases (40,41). In patients with PDR,
fibrotic and inflammatory alterations in the epiretinal membranes are characterized by o-
SMA-expressing myofibroblasts and inflammatory cells in the stromal compartment (42).
We and others have reported the development of hyperglycemia-induced EndMT during
various diabetic complications (25,26,43). In the present study, this phenomenon was
reproduced in HRECs as we observed decreases in expressions of endothelial markers,
CD31 and VE-cadherin, accompanied by elevation in the expression of several
mesenchymal markers, FSP1, SM22, a-SMA and vimentin, depicting a phenotype
characteristic of EndMT. Furthermore, our animal data demonstrated similar changes in
the retina of chronically diabetic animals, which are further pronounced following H19

knockdown. In addition, vitreous from PDR subjects showed H19 downregulation.

EndMT was originally identified as an embryonic mechanism for cardiac valve

development from ECs of atrioventricular canal (44). It is also involved in angiogenic
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sprouting of postnatal retina, causing mesenchymal cells to be formed at the tips of
vascular sprouts mediated by VEGF-A (45). Recently, EndMT has emerged as an
important contributor in various pathologies, such as organ fibrosis involving heart,
kidney and retina (14,25,26). EndMT is also suggested to influence development of
fibroblasts and myofibroblasts that are responsible for the progression of fibrosis and
advancement of PDR (41). As the involvement of EndMT in several of these pathologies
increases, a number of EndMT-inducing stimuli have been identified, including growth
factors, cell-cell interactions, shear stress, environmental factors like hypoxia and
hyperglycemia and recently epigenetics (46,47). There have been several reports on
epigenetic modifications contributing to EndMT, which is a stable cell-phenotype
alteration (47). These include aberrant promoter methylation (47), histone deacetylase
(HDAC3) mediated repression (49) and several miRNAs as key regulators of EndMT by
targeting the signaling pathways (49). Our previous work has also reported miR200b as a
negative regulator of diabetes-induced EndMT in retinal and cardiac cells and tissues
(25,26). Data from this study however suggests that H19 may influence EndMT

independent of miR200b. Such pathway needs further characterization.

TGF-B is described as the major regulator of EndMT and harbors pro-fibrotic properties
by inducing and propagating resident fibroblasts (50). As TGF-B1 can mediate both
Smad-dependent and Smad-independent pathways, we investigated whether these
pathways are regulated by H19. Our previous work on epigenetic regulation of EndMT in
DR describes a Smad-dependent regulation of TGF-1 mediated by miR200b and histone
acetyltransferase, p300 (25). We employed Luminex assay that quantified phosphorylated
proteins of Smad-dependent (pSmad 2 and pSmad 3) and Smad-independent (pAkt and
pERK 1/2) pathways. The analysis showed no effects on Smad proteins and pAkt levels
following overexpression of H19. Conversely, H19 regulated the expression of
phosphorylated ERK 1/2 proteins, suggesting that H19 mediated suppression of EndMT
occurs through Smad-independent pathway. However, we recognize the need for
extended study into the specific pathway affecting the mechanisms involved in such

epigenetic regulation.
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In conclusion, our current data describes a novel role of IncRNA H19 in regulating
EndMT induced by elevated glucose levels. HI19 facilitates this regulation by
suppressing TGF-B1 and its signaling pathways by repressing MAP-ERK 1/2 signaling
pathway. We recognize that additional mechanisms may be in place regulating such
pathways, which warrants further exploration. Nevertheless, our findings open up
possibilities of RNA-based therapies targeting a fundamental glucose-mediated cellular

phenotypic alteration.
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Chapter 5

5 Discussion and future directions

5.1 Discussion

In the research, we examined two specific IncRNAs, ANRIL and H19 and investigated
their influential role in regulating key factors altered during DC. Following initial
identification of ANRIL and H19 alterations by an array, we demonstrated through a
series of experiments that ANRIL is upregulated on exposure to high glucose levels.
ANRIL regulates glucose-mediated VEGF expression in HRECs and STZ-induced
mouse models. This study of ANRIL in DR was also extended to other diabetic
complications, namely DN and DCM. Here we observed that along with VEGF, ANRIL
also influenced the expression of ECM proteins FN and Collo4. This regulation is at
least in part, driven by ANRIL’s interaction with PRC2 complex proteins and histone
acetylator, p300. These findings were revealed using ANRIL silencing with siRNA in
HRECs exposed to NG and HG environments. Our results were validated in vivo, using

ANRIL knockout animals induced with STZ.

Similarly, we deciphered the role of H19 in regulating important cellular phenotypic
changes in DR. Exposure to high glucose environment downregulated the expression of
H19 in HRECs and retinal samples from diabetic animals. Furthermore, evaluation of
human vitreous established that similar changes occur in human DR. H19 overexpression
was able to prevent glucose-induced transition of ECs from endothelial to mesenchymal
phenotype (EndMT). This phenomenon, well known to be under the regulation of TGF-
B1 was regulated by H19’s action on TGF-B1 and subsequent TGF-f signaling though
blockade of MAP-ERK 1/2 pathway. We demonstrated these alterations through
experiments conducted using H19 over-expression vector and H19 silencing siRNA in
HRECs during NG and HG treatments. Additionally, we observed this action of H19 can
occur independent of miR200b, an important regulator of glucose-induced EndMT (1).
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Our animal experiments further established the role of H19 in retinal EndMT during

diabetes.

It has been well established that ECs are primary targets of glucose-induced tissue
damage (2). In ECs, multiple glucose-induced biochemical alterations coverage onto the
cell nucleus and changes gene transcription ultimately producing increased amounts of
cellular macromolecules. It is important to have a better understanding of such cellular

synthetic processes.

Multiple studies have previously been carried out examining specific genetic
abnormalities as causative factors for the development of chronic diabetic complications.
However, such studies have never been able to provide definitive answers (3). On the
other hand, metabolic memory phenomena and legacy effects of diabetes are well
established (4,5). Hence investigations in epigenetics are essential. Epigenetic
mechanisms have several components including DNA and histone methylation, histone
acetylation ubiquitination as well as non-coding RNA (ncRNA) alterations. ncRNAs
include short ncRNAs such as miRNAs and other types such as long ncRNAs (IncRNAs)
that can regulate chromosomal function and gene expression (6). Among these, the role
of IncRNAs are understudied. They have an extensive role in gene regulation and work in
various ways to regulate expression of targets. Their mechanism of action includes post-
transcriptional gene regulation by controlling functions like protein synthesis, RNA
maturation and transport. They have also been implicated in transcriptional interference,
induce chromatin remodeling, generate endo-siRNAs, modulate protein activity, alter
protein localization, function as structural components or act as sponges for miRNAs (7).
Based on our research of the two IncRNAs, it appears that ANRIL acts through PRC2
complex and p300 in regulating VEGF and ECM proteins, while H19 regulates TGF-1
signaling to prevent EndMT transition. Both these regulators function as modulators of

protein activity.

High-throughput deep sequencing approaches have recently enabled transcriptomic

sequencing with greater accuracy (8). This has helped us to identify various different
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types of ncRNAs and quantify their expression in different tissues. Moreover, ncRNAs
have been demonstrated to be key players in gene regulation. An increasing body of
evidence points to the notion that ncRNAs interact with each other and further are co-

regulated during various pathological conditions (8-10).

Several pathways can regulate the targets under investigation. We have previously shown
that VEGF is regulated by miR200b, histone acetylator p300 and PRC2 complex (11,12).
Our current research has demonstrated another layer of regulation of VEGF in this
pathway. We have shown that ANRIL through interaction with miR200b, p300 and
PRC2 complex mediate VEGF production. These data for the first time demonstrated
such role of ANRIL in the context of diabetic complications. However, in other systems
ANRIL has been shown to specifically bind to PRC proteins and regulate histone
modification (13). Similar regulations of ECM proteins FN and Collo4 through ANRIL
were demonstrated in this research in kidney and heart tissues in diabetes. It is of further
interest to note that some of these actions of ANRIL were also mediated by p300. We
have previously demonstrated that p300 regulates a large number of transcripts which are
induced by glucose (14). Hence p300’s regulation by ANRIL may at least in part provide
explanation for regulation of multiple seemingly diverse transcripts that are altered by

glucose.

Similarly, for the first time we demonstrated the role of H19 in DR. HI19 has been
previously shown to be downregulated in neonatal cardiomyocytes exposed to high
glucose and myocardium of STZ-induced diabetic (15). In tumor models like
hepatocellular carcinoma, H19 has been shown to alter miR-200 pathway by increasing
histone acetylation upstream of this miRNA; contributing to the reversal of epithelial-
mesenchymal transition (16). Similar to ANRIL our finding with respect to H19 further

identified another piece of this puzzle.
As mentioned earlier, in our work we have observed ANRIL’s interaction with miR200b.
However, ANRIL can also be a regulator of H19. This was evident in our in vivo and in

vitro experiments where nullifying ANRIL expression led to recovery from glucose and
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diabetes-induced reduction of H19 levels. Furthermore, H19 knockdown in low glucose
environment lead to a glucose-like effect as evidenced by a tendency towards increased
ANRIL expression. Retinal tissues of HI9KO animals further showed slight reduction of
ANRIL levels. Interestingly, in additional cell culture experiments, H19 overexpression
led to an inclination towards reduced ANRIL expression (Figure in Appendix I). Hence a
regulatory relationship exists between these two IncRNAs. Additional investigations are

needed to further decipher the exact mode of interaction and subsequent effects.
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Figure 5.1: Diagrammatical representation of the key findings of this study

A recent evaluation of literature by Schwartz and colleagues suggests that a key element
of all vascular diseases could be unresolved vascular remodeling (17). It raises the
prospect of restoration of normal modeling as an approach to treat multiple pathological
states. In diabetes, vascular remodeling is hypertrophic and inward as manifested by
increase in the outer lumen diameter with accompanying decreased inner lumen diameter.
Such remodeling in diabetes is driven by endothelial dysfunction and complex signaling
pathways, leading to structural alterations of the arteries and tissue hypoperfusion and
hypoxia (18-21). These events are attributed to the adverse effects of exposure to high

glucose and oxidative stress on the vascular system. The remodeling vasculature in
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contrast to stable blood vessels are associated with VEGF secretion by cells of ischemic
tissues to instigate angiogenesis accompanied by metalloprotease secretion, ECM
degradation accompanied by assemblage of temporary matrices and changes to key EC
signaling and gene expression pathways (17,22). These events are attributed to the
adverse effects of exposure to high glucose and oxidative stress on the vascular system.
Oxidative stress due to increased production of ROS disrupts numerous mitochondrial
and other intracellular pathways, which are associated with increase oxidants produced
and reduction in antioxidant defenses (23). The disrupted normal function of the
mitochondria results in blockade of insulin signaling and activation of NF-kB, resulting
in increased vascular inflammation (24,25). During these inflammatory conditions,
mediators like IL-1B, TNF-a and NF-kB contribute to endothelial dysfunction by
activating ECs and converting them to mesenchymal-like cells through EndMT (26).
EndMT has emerged as a participant in process of tissue fibrosis in various diseases
including DC and mostly induced by TGF signaling pathway. The transformed ECs
increase levels of altered ECM and have higher vascular permeability thereby compelling
further inflammation (17). These incidents create a positive feedback loop- EndMT
triggers inflammation and vice versa (17). These developments mediated by TGF-8
further promote fibrosis, which is generally irreversible. Such feedback loops hinder
restoration of a normal vasculature and forces endothelium to maintain its remodeled
state, leading to disease progression (17). Thus, it is important to break the feedback loop
to restore a normal model state as an effective approach to treat multiple vascular
diseases. Hence an understanding of regulation of the production of cell damaging
molecules at every level is essential. The data generated in this research further validates
this hypothesis and contributes to better understanding of this process. We have described
ANRIL’s regulation of VEGF and ECM proteins as well as H19 playing a role in EndMT
as examples of multiple targets regulated by IncRNAs under pathological high glucose
conditions. However, additional large-scale and long-term studies are needed to further

expand current findings.
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5.2 Conclusion

Today more diabetics face morbidity and mortality due to chronic complications. Hence
there is a need for specific therapeutic approaches for diabetic complications. This can
only be achieved by better understanding of the pathogenic mechanisms. In this study, we
have shown novel roles of IncRNAs, ANRIL and H19 in regulating key molecules
(VEGF, ECM proteins FN and Colla4) and cellular phenotypes (endothelial to
mesenchymal transition) altered during diabetic complications. This understanding can
contribute to further development of RNA-based or other epigenetic mechanisms-based

therapies for chronic diabetic complications.

5.3 Limitations of the study

Although the study has achieved its aims, we understand that there are no studies without
limitations. This study has predominately focused on short-term T1D diabetes and we
have formulated our work with ECs and animal models around short-term diabetes (48
hours and 2 months, respectively). We are yet to decipher the roles of these IncRNAs
under conditions of long-term T1D. Furthermore, we haven’t looked at the role of these
IncRNAs in T2D, although genomic-wide study of ANRIL has identified it to be a
hotspot for T2D (15). We were unable to extent our study past T1D due to time
limitations of this thesis and feel that it is one of the first topics to be addressed in future

studies.

Furthermore, some specific mechanisms need additional investigations. In our study, we
have shown that ANRIL binds to both EZH2 (PRC2 complex) as well as p300 and
positively regulates these proteins. However, p300 is histone acetylator and is known to
activate gene expression, whereas EZH2 is a histone methyltransferase predominantly
know to act as a negative regulator of gene expression. Therefore, ANRIL’s regulation
on EZH2 may additionally involve other factors and pathways, eventual leading to
activation of gene expression. Hence the pathway of ANRIL’s regulation of EZH2 needs

to be further exploration.
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We have employed an H19 knockout (KO) mouse model for elucidation of H19’s role in
DR. We acknowledge that use of a knockout model for an IncRNA that is downregulated
under high glucose conditions is not the best approach. However, STZ- induced H19KO
mouse models were helpful in understanding the effect of further reduction of H19 under
high glucose. H19 overexpressing mouse models are rare and usually involve ectopic
expression of H19 in nude mice, mostly suitable to study tumorigenic potentials of cells
like in heptocellular carcinoma (27, 28). However, the transgenic mice that overexpress
H19 shows several phenotypic changes eg. smaller birth weight and embryonic growth
retardation at E16.5. This was due to H19’s regulation of a network of imprinted genes
(IGN) including Igf2 (Insulin growth factor 2). Igf2 is known to share with HI19,
important regulatory elements important for imprinting (29). Hence development of H19
overexpressing mouse models continues to be a challenge and at the current stage such

animals were deemed unsuitable for our study.

Another limitation would be possible off-targets effects of IncRNA knockouts in the
mouse models. Although, we were unable to observe any such effects in the various
tissue sections of the animals, but the possibility of small off target effects that were not

obvious can’t be completely excluded.

5.4 Future direction

Based on the limitations mentioned above we plan to extent our study to additional longer
time points and in other types of diabetes. The mechanism of action of the IncRNAs
described here are part of the big picture, many segments of which needs to be
deciphered through careful and well-designed experimental studies. We also
acknowledge that there could be other factors, such as other IncRNAs playing roles in
these regulatory mechanisms that need further elucidation. They will eventually play

specific roles in together combatting chronic diabetic complications.
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Figere: [2teracticns of IncRN Ax, ANRIL and H19. RN A cxpresssozs anzlysiv in (A} ECx transfected with
ANRIL «iRNA (ANRIL) and the (B) kidney timsuex of ANRILKO mice (ANRILKO) showed
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