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Abstract

Diabetes leads to markedly accelerated rates of many associated macrovascular complications like
hypertension and atherosclerosis, and microvascular complications like nephropathy and
retinopathy. High glucose, the hallmark of diabetes, drives changes in vascular and inflammatory
cells that promote the development of these complications. Understanding the molecular processes
involved in the development of diabetes and its debilitating complications can lead to much
needed newer clinical therapies. Recently, long-noncoding RNAs (IncRNAs) have been shown to
be important in the biology of vascular cells and there is growing evidence that IncRNAs are also
involved in the cell biology relevant to diabetic vascular complications. In this review, we provide
an overview of IncRNAs that function in vascular cells, and those that have been linked to diabetic
complications.
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INTRODUCTION

Diabetes is a metabolic disorder defined by hyperglycemia that currently affects 400 million
patients worldwide [1]. Diabetes results in numerous vascular complications such as
cardiovascular diseases, retinopathy, neuropathy and nephropathy leading to the damage of
corresponding target organs [1-5]. The chronic hyperglycemic state in diabetes causes
vascular abnormalities of both microvessels and macrovessels characterized by
microangiopathy and macroangiopathy [2-5]. Irreversible glycation of proteins, increased
oxidative stress and inflammation, as well as endothelial and smooth muscle dysfunction are
considered to be the main factors for vascular damage [3-5]. These long-term complications
result in high mortality rates of diabetic patients, and approaches to treat vascular
complications have been shown to reduce this burden [1, 2].

The mammalian genome is widely transcribed by RNA pol Il and produces large number of
long and small non-coding RNAs (e.g. long non-coding RNAS (IncRNAs), microRNAs
(miRNAs), tRNA fragment RNAs (tRFs)) along with protein coding mRNAs [6, 7].
LncRNAs are defined as transcripts with more than 200 nucleotides. These transcripts can
possess structural similarity to mRNAs, but have functionally distinct features from mRNAs
such as cis-regulatory capacity and absence of an open reading frame [8]. Increasing
evidence shows that IncRNASs are not mere transcriptional noise, but can be involved in
various cellular mechanisms such as gene regulation ranging from transcription and splicing
to translation and providing structural integrity to a cell [9]. LncRNA expression patterns are
also associated with diverse physiologic processes including pluripotency of stem cells,
differentiation, and organismal development [10]. Many IncRNAs have now been shown to
be dysregulated in human diseases, and furthermore, many genome-wide association studies
(GWAS) have identified single nucleotide polymorphisms (SNPs) in IncRNA loci
implicating their role in multiple diseases, including cardiometabolic diseases [11, 12]. One
of the best examples is the ANR/L (antisense noncoding RNA in the INK4 locus) INcCRNA
locus, which is associated with coronary disease and also type 2 diabetes [13—15]. The role
of ANRIL in disease is related to its role in regulating the entire p15/CDKNZ2B-p16/
CDKNZA locus, impacting both proliferation and senescence of cells [16]. LncRNAs have
also been mapped to diabetes susceptibility loci and it is likely there are also additional
IncRNA loci that are associated with diabetic vascular complications [17, 18].

LncRNAs have many functional roles in the cell [9] (Figure 1). In the nucleus, IncRNAs can
impact gene expression in a number of ways that include epigenetic mechanisms. At the
chromatin level, IncRNAs, including A19, which regulates embryonic development and
growth, and Xist, which impacts X-inactivation in females, act through binding to the
repressive chromatin modifier, polycomb repressive complex 2 (PRC2) and regulate the
activity of the complex at target genomic locations [19-24]. This affinity for the PRC2
complex is not unique to these two IncRNAs as additional IncRNAs, which are involved in a
myriad of biological processes, such as HOTAIR, RepA, Kcnglotl, and NEATI are also
shown to interact with PRC2 complexes indicating that regulation of this complex is a
common function of a number of IncRNAs [25]. Recent sequence composition analysis of
these PRC2-binding IncRNAs shows that they possess distinct, highly conserved sequence
features [26]. Other chromatin modifying complexes can also be regulated by IncRNAs. For
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example, HOTAIR, a regulator of the HOXC locus, acts as a modular scaffold for both
PRC2 complex (which affects H3K27me3 levels) and lysine-specific demethylase-1A/REST
corepressor/RE-1 silencing transcription factor (LSD1/CoREST/REST) complex (which
affects H3K4 methylation levels). Therefore, HOTA/R impacts both lysine 27 methylation
and lysine 4 demethylation of histone H3 at target sites [27]. Clearly, these examples show
how IncRNAs can be involved intimately with chromatin to impact levels of gene expression
through modulating the transcriptional machinery. LncRNAs have also been implicated in
regulating co-transcriptional processes including alternative splicing of pre-mRNAs. The
InNcRNA MALATI, localized to nuclear speckles, controls the levels and distribution of
serine/arginine (SR) splicing factors [28]. Additionally, IncRNAs can directly impact
alternative splicing at their transcribed locus as shown for the splicing of FGFRZ2transcripts
[29]. Studies have also indicated that INcRNAs have the potential to function as host genes
for microRNAs (miRNAs) and other small RNAs [9]. For example, H19, one of the
conserved IncRNAs involved in genomic imprinting also functions as a primary miRNA
precursor for miR-675 that targets insulin-like growth factor 1 receptor (/gf1r) gene [30, 31].
Beyond impacting transcription, InNcRNAs are also known to sequester miRNAs due to the
presence of miRNA response element (MRES). This function impacts the levels of MRNAs
targeted by the miRNAs. Such IncRNAs are referred to as competing endogenous RNAs
(ceRNAS) [32]. For example, the muscle specific INCRNA, Linc-MD1 is a ceRNA that
sequesters miR-133 and miR-135 and regulates the expression of transcription factors
MAML1 and MEF2C respectively to influence muscle differentiation [33]. In addition to
impacting miRNA binding to target sites, IncRNAs themselves can directly interact with
MRNAS. The IncRNA, 1/2-sbsRNA (half STAU1-binding site RNA), binds to target mMRNA
3’UTRs which results in mRNA degradation through the Staufen 1(STAU1)-mediated
messenger RNA decay (SMD) pathway [34]. T/NCR IncRNA, which controls somatic tissue
differentiation, like 2/2-sbsRNA, can also bind to target MRNAs which are also recognized
by the SMD pathway [35]. Thus, another common theme of post-transcriptional regulation
of gene expression by InNcRNAs is through regulation of mRNA stability in the cytoplasm.
These examples (Figure 1) demonstrate that INcRNAs can have effects in both nuclear and
cytosolic compartments that could be dictated by their subcellular localization.

LncRNAs are increasingly being recognized as important players in the development of
diabetes as well as in diabetic complications. Transcriptome studies on pancreatic p cells
revealed that several INCRNAs are aberrantly expressed in Type 2 diabetes and GWAS have
associated genetic variants in INcRNA loci with Typel Diabetes (T1D) [17, 18]. With the
increased recognition of INcRNAs associated with diabetes, there is heightened interest in
the function of IncRNAs in diabetic complications. Here in this review, we focus on
IncRNAs associated with diabetes vascular complications with a major focus on vascular
smooth muscle cell, endothelial cell and monocyte/macrophage dysfunctions (For a review
on IncRNA s related to vessel wall biology, we refer the reader to [36]).

vascular cells

Vascular cells including endothelial cells, vascular smooth muscle cells, and pericytes, have
all been shown to express INCRNAS linked to vascular diseases. (For a full review please see
[37, 38]). In vascular endothelial cells, LOC100129973 IncRNA has been shown to prevent
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apoptosis, a process important in the development of cardiovascular disease. Specifically,
LOC100129973binds two miRNAs, miR-4707-5p and miR-4767, thus leading to the
upregulation of the miRNA targets: AP/5and BCL2L 12 mRNAs, both important for
inhibiting apoptosis [39]. Interestingly, the targeting of miR-4767 may not be unique to
LOC100129973, as Linc00152, in human umbilical vein vascular endothelial cells has also
been show to bind this miRNA under pro-inflammatory conditions induced by oxidized low
density lipoprotein (oxLDL) [40]. These data suggest this INCRNA is important for
preventing apoptosis of endothelial cells in cardiovascular disease setting. LncRNAs can
also impact other processes related to endothelial cell function. For example, PUNISHER
IncRNA impacts vessel maturation as well as low-density lipoprotein uptake, all important
for endothelial cell function [41]. In vascular smooth muscle cells (VSMC), a number of
IncRNAS have been implicated in normal processes as well as in disease states [42]. For
example, in human smooth muscle cells, SENCR IncRNAs has been shown to be involved in
the regulation of the important transcriptional regulator MYOCD as well as in the regulation
of genes responsible for contractile phenotype[43]. Angiotensin Il (Ang Il) has several
pathological effects in VSMCs related to hypertension and atherosclerosis. Using a
combination of transcriptomic and epigenomic sequencing (RNA-seq and ChlP-seq) in rat
VSMCs, it was observed that Ang Il drives the upregulation of a number of novel IncRNAs,
including Lnc-Ang362. This INcCRNA was found to have growth promoting effects in VSMC
[42]. In the diseased state, SM/LR IncRNA has been observed to be induced by mitogenic
stimuli in VSMCs and increased in atherosclerotic plagues from human patients, suggesting
its potential role in VSMC dysfunction in cardiovascular disease [44]. Correspondingly,
knockdown of SM/LR leads to decreased VSMC proliferation in line with its potential role
in atherosclerosis [44]. In human pericytes, HypERInc is expressed and low expression of
HypERInc leads to decreased cell viability and proliferation and ultimately pericyte
dedifferentiation [45]. Interestingly, this decrease in HypERIncis observed in patients with
heart failure and those with idiopathic pulmonary arterial hypertension, suggesting
HypERInc has a role in promoting human cardiopulmonary disease [45]. Further studies on
the mechanisms of action of these vascular IncRNAs can lead to approaches to enhance or
curb their effects and thereby modulate vascular disease progression.

diabetic vascular complications

Vascular disease is a known complication of diabetes. In recent years, there have been data
indicating that IncRNAs are involved including diabetes associated nephropathy, retinopathy,
hypertension, and atherosclerosis [46].

Under high glucose (HG) conditions mimicking the diabetic state, a number of IncRNAs are
dysregulated in vascular-related cells. In human retinal endothelial cells, ANR/L IncRNA is
upregulated by HG treatment leading to the upregulation of VEGF and major mitogen for
endothelial cells involved in microvascular complications like retinopathy [47].
Concomitantly, loss of ANRIL expression through siRNA-targeted knockdown of the
IncRNA attentuates HG induced upregulation of VEGF. The role of ANR/L in endothelial
cells is not restricted to retinal endothelial cells, as this IncRNA has also been shown to be
involved in a number of other vascular diseases including atherosclerosis and hypertension
[48]. ANRIL can also promote angiogenesis through VEGF by activing the NF-xB pathway
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in diabetes [49]. Impacting the VEGF pathway appears to be a common role of IncRNAs in
the retinas. For example, HG-stimulated retinal endothelial cells have elevated expression of
Inc-MIAT IncRNA, which act as a ceRNA for miR-150 which targets VEGF [50, 51]. Lnc-
MIAT can furthermore act to suppress miR-29b to promote apoptosis. Additional IncRNAs
are also implicated in microvascular dysfunction in retinas in diabetic mouse models. The
INcRNA MEGS3 has been shown to be inhibited by HG and oxidative stress in streptozotocin
(STZ)-induced diabetic mice [52]. These data suggest that MEG3 may have functions in
human retinas in diabetes, but further studies are needed.

As discussed above, INcCRNAs can have physiological and pathophysiological effects in
VSMCs. Additionally, under diabetic conditions, angiotensin Il (Ang 1) is often elevated,
which promotes hypertension and atherosclerosis. Notably, as indicated earlier, treatment of
rat VSMCs with Ang Il upregulates several novel IncRNAs, including Lnc-Ang362[42].
This IncRNA functions as a host transcript for two miRNAs, miR-221 and miR-222, which
cause proliferation of VSMC. Knockdown of Lnc-Ang362 reduces not only Lnc-Ang362,
but also miR-221 and miR-222 and VSMC proliferation, suggesting that Ang Il upregulation
of Lnc-Ang362 drives cell proliferation through the upregulation of the two miRNAs. More
recently it was found that key Ang Il induced IncRNAs can overlap Ang Il regulated
enhancers [53]. CRISPR-Cas9 editing of the INCRNA overlapping enhancer regions could
downregulate the expression of Ang Il regulated nearby genes in VSMC [53], demonstrating
functional crosstalk between the two epigenetic layers. Thus, the dysregulation of Lnc-
Ang362 as well as other as yet un-investigated IncRNAs can play significant roles in Ang 1l
effects in VSMC, including hypertension and atherosclerosis.

Inflammatory and immune cells also play a role in diabetic vascular complications because
enhanced inflammation with monocyte/macrophage infiltration into target organs is a
common feature of most complications. Monocytes infiltrate the vasculature, and
subsequently differentiate into macrophages which take up lipid to form foam cells and
promote hyper-inflammatory state which drives the development of atherosclerosis. Many
monocyte/macrophage INcRNAs are shown to have pro- or anti-inflammatory functions in
monocyte/macrophages that are not discussed here, but much less is known under diabetic
conditions. Transcriptomic profiling (RNA-Seq) of bone marrow macrophages derived from
obese, insulin resistant type 2 diabetic mouse model (Lepr??®), showed elevated expression
of INcRNAs, including £330013P06 relative to control non-diabetic £eor®* mice [54]. This
IncRNA was also found to be upregulated in macrophages from mice fed a high fat diet, as
well as in monocytes obtained from human type 2 diabetic subjects, the latter demonstrating
conservation in humans. Overexpression of this INCRNA in cultured macrophages enhances
the response of macrophages to inflammatory signals and also promotes foam cell
formation. These data suggest that IncRNAs are also involved in the aberrant response of
macrophages to the hyperglycemic environment and promote the inflammatory state often
associated with diabetes in the vascular system. More recently, another IncRNA named
Lethe, has been reported to have a direct impact on inflammatory pathways in the mouse
genome. Lethe binds to NF-xB, a critical transcription factor regulating inflammatory genes
[55]. Furthermore, under HG conditions, Lethe expression is decreased which coincides with
increase reactive oxygen species (ROS) [56]. Overexpression of Lethe reduces ROS
production, though the mechanism or direct impact of this /n vivo is unclear. Interestingly,
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the human genome does not appear to have an ortholog of Lethe, but it is possible another
IncRNA functions to bind NF-xB in a similar fashion. Recently, deep sequencing of human
macrophages identified many IncRNAs that are associated with cardiometabolic diseases
[57]. Among those, almost a hundred IncRNAs are differentially expressed during
macrophage activation, suggesting they have roles in regulating inflammatory functions of
macrophages. Interestingly, the authors found RP11-472N13.3, an annotated IncRNA, has
top trait association and contains single nucleotide polymorphisms (SNPs) associated with
central obesity. Knockdown of this INCRNA resulted in increase of IFN-y induced JAK2 and
STAT1 phosphorylation in THP-1 human macrophages and hence was named MacORIS
(macrophage-enriched obesity-associated INCRNA serving as a repressor of IFN-y signaling)
[57]. Microarray profiling of whole blood samples from subjects newly diagnosed with type
2 diabetes identified several dysregulated IncRNAs with potential roles in inflammation and
insulin resistance [58] Together, these studies suggest that targeting monocyte-macrophage-
specific INcRNASs could be a therapeutic option in treating obesity, atherosclerosis and other
related coronary artery diseases.

One of the most common microvascular complications of diabetes is diabetic nephropathy
which manifests as increased fibrosis in most renal cells, loss of kidney function and
ultimately renal failure. Although miRNAs have been clearly shown to play a role in diabetic
nephropathy [59], the role of IncRNAs has emerged more recently. LncRNAs in renal cells
have been shown to be involved in fibrosis, the accumulation of extracellular matrix (ECM).
In the human kidney, PV71is a IncRNA that is upregulated in renal mesangial cells treated
with HG indicating its potential involvement in diabetic nephropathy [60]. Indeed, loss of
PV/T1expression results in reduced ECM accumulation showing that its upregulation may
promote fibrosis [60]. Molecularly, PV/T1 is the host gene to miR-1207, which functions
independently to regulate a number of important ECM-related genes including transforming
growth factor-betal (7GF-B 1), plasminogen activator inhibitor-1 (PA/-1) and fibronectin
(FNI) [60]. Furthermore, the PV/T1 locus has long been implicated in end-stage renal
disease from genome-wide association studies [61]. In a more recent study, it was found that
a key IncRNA, Lnc-MGC, also promotes fibrosis as well as growth in mesangial cells
related to diabetic nephropathy pathogenesis. This IncRNA, which is regulated by
endoplasmic reticulum (ER) stress-related transcription factor, CHOP, is upregulated by HG
and TGF-B1 in glomerular mouse and human mesangial cells [62]. Lnc-MGC'is a host
transcript to a mega cluster of over 40 miRNAs (termed miR-379 cluster). Expression of
Lnc-MGC leads to an increase of this cluster of miRNAs which are derived from Lnc-MGC,
most of which are upregulated in mouse models of diabetic renal disease [62]. Interestingly,
CHOP knockout mice show a decrease in the expression of both Lnc-MGC as well as key
miRNAs within the cluster. Furthermore, knockdown of Lnc-MGC utilizing a modified
antisense oligonucleotide (GapmeR) reduces expression of the miRNAs, prevents
accumulation of ECM in the glomeruli, and ultimately decreases the renal glomerular
hypertrophy associated with early stages of diabetic nephropathy demonstrating the
translational potential of targeting renal INcRNAs [62]. Analysis of renal transcriptomes
reveal that additional INcRNAs, including £rbb4-IR, are regulated by Smad3, a transcription
factor regulating key fibrotic genes and an effector of TGF-B1 [63]. Using a non-diabetic
mouse model, it was recently found that TGF-p mediates renal fibrosis through the Smad3-
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Erbb4-IR IncRNA axis and targeting this IncRNA could be one approach to reduce renal
fibrosis [64]. A recent study shows diabetic ANR/L knockout (ANRIL KO) mice have
reduced levels of renal extracellular matrix proteins and urinary albumin relative to diabetic
wild type mice, suggesting ANRI/L also regulates key renal and vascular functions related to
diabetic nephropathy[65]. It is likely there are many more renal IncRNAs that modulate
genes and factors associated with fibrosis in the diabetic kidney. Additionally, IncRNAs are
differentially expressed under hypoxic and inflammatory states in human proximal tubule
epithelial cells [66]. The INCRNAs MIR210HG and linc-ATP13A4-8are highly induced by
hypoxia treatment and /inc-KIAA1737-2is induced by cytokine treatment. Thus INcRNAS
identified here in renal epithelial and mesangial cells are relevant to human kidney disease
and are poised for future human translational studies.

In the glomerulus, diabetes also results in podocyte effacement, apoptosis and dysfunction.
In these cells, a number of IncRNAs have been described. 7ugZ (taurine-upregulated 1)
modulates the expression of peroxisome proliferator-activated receptor y (PPARY)
coactivator a (PGC-1a). This interaction impacts the PGC-1a targets that are important for
mitochondrial biogenesis. Under diabetic conditions, 7ugZ is downregulated and leads to
dysregulation of mitochondrial bioenergetics and overexpression of 7ugZ is sufficient to
reverse the impacts on the mitochondria as well as improve diabetic nephropathy in diabetic
mice [67].

Other IncRNAs in the kidney can promote inflammation, a process also associated with the
development of nephropathy. In mesangial cells, L/incRNA-GM4419 has been shown to
directly interact with the p50 subunit of NF-xB, regulating its activity and promoting
inflammation. In mice, reduction of LincRNA-GM4419 decreases inflammation in
mesangial cells [68]. MALATI is upregulated by HG in endothelial cells and in renal tissues
from diabetic mice [69]. The upregulation of this IncRNA is accompanied by increase in
serum amyloid antigen 3 (SAA3), and increase in inflammatory genes including 7NVFa and
/L-6. These inflammatory gene changes were reduced by knockdown of MALAT1
expression [69]. These data suggest that MALATI is a key regulator of inflammation in
endothelial cells under diabetic conditions.

Other non-coding RNAs of note

Enhancers are non-coding genomic elements that enhance the target gene expression [70].
Recent studies have shown that enhancer regions possess binding sites for transcription
factors and have the ability to be transcribed, producing what are called enhancer RNAs
(eRNAs) with important functional roles [71, 72]. SNPs with disease or trait association
have been detected in these enhancers [73]. As noted earlier, in VSMCs, Ang Il promotes
dynamic alterations to enhancers, some of which overlap Ang Il regulated IncRNAs,
suggesting that such potential eERNAs can also be involved in Ang lI-driven pathologies [53].
However, more work is needed to validate the eRNA characteristics of these INCRNAs.

A relatively new group of non-coding RNAs are tRNA fragments (tRFs). These RNAs has
been implicated to play a role in the inheritance of metabolic changes from paternal diet in
mouse models. Specifically, sperm and male reproductive tract express tRFs, which are
affected by paternal diet [74, 75]. As such, offspring metabolism, mostly through gene
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expression, is affected by the dysregulation of tRFs in their father’s germ cells. Additionally,
sperm from obese men have altered transcriptome profiles and DNA methylation levels,
suggesting that obesity and diabetes in humans can also impact offspring health and risk of
disease via changes in non-coding RNAs [76]. How tRFs may be involved in diabetes and
associated complications are not currently known but may be an interesting avenue of
investigation.

PERSPECTIVE

LncRNAs have garnered much interest in recent years due to their growing numbers of
cellular functions under normal and diseased states. In the field of diabetic complications,
IncRNASs are increasingly being implicated in the physiology and pathology of vascular
disease related cells. As we begin to profile more vascular tissues from diabetic animal
models and human patients, we will without a doubt uncover many more IncRNAs involved
in the diseased state. Interestingly, many IncRNA loci have been shown to contain SNPs
found in GWAS studies of cardiometabolic traits [77]. These data along with other GWAS
studies have implicated IncRNA loci as important molecules related to disease.

As we learn more about the optimum approaches to interfere with the expression of
IncRNAS /n vivo, therapeutic approaches to target these INcCRNAs can be developed to
reduce cardiovascular disease. This may be an effective strategy as INCRNA expression has
been shown to be highly cell-type specific. In mouse models, we have utilized GapmeR
antisense oligonucleotides to specifically target an IncRNA expressed in the kidney [62] to
slow down the progression of diabetic nephropathy. Strategies such as this can be utilized
against INcRNAs in vascular cells to reduce diabetic complications, which are mainly
responsible for the mortality and morbidity of diabetes. As INcRNAs can be localized in the
nucleus or cytoplasm, the targeting approach has to be accordingly designed. Other
challenges include the relatively low expression of IncRNAs compared to coding mRNAs, as
well as poor conservation amongst species. More emphasis on the study of IncRNAs that are
expressed in human normal and diseased cells can help in exploiting them as biomarkers of
early detection, or targets for the prevention of human diabetic vascular and inflammatory
complications. Clearly, this is an exciting emerging field that is likely to see much growth in
the upcoming years.
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Figure 1. Examples of molecular functions of IncCRNAs
A) Xistrecruits PRC2 complex to the X chromosome resulting in methylation of H3K27. B)

HOTAIR binds to both PRC2 complex and LSD1/CoRest/REST complex modularly to
promote methylation of H3K27 and demethylation of H3K4. C) Methylation of H3K27 by
PRC2 recruited by asFGFRZ2 affects the splicing of FGFR2 transcripts transcribed from the
opposite strand. D) MALATI binds to SR proteins which impact its function as splicing
factors in the nucleus. E) HZ9is a host transcript for miR-675. F) Linc-MD1 binds to
miR-133 and miR-135, affecting their impact on target mMRNAS. G) 1/2-sbsRNA binds to
mRNAs promoting Staufenl-mediated mRNA decay of the duplexed RNAs.
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LncRNAs in Diabetic vascular complications
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LncRNA
ANRIL
MIAT
MALATI1
MEG3
Lnc-Ang362
E330013P06
Lethe

Pvtl
Lne-MGC
Tugl

Biological Function

Atherosclerosis, Hypertension, Diabetes, Retinopathy, Nephropathy
Retinal microvascular dysfunction

Inflammation in diabetes

Microvascular dysfunction

Ang Il induced VSMC proliferation

Macrophage inflammation in Diabetes

Regulation of macrophage ROS production

ECM accumulation & diabetic nephropathy

Renal fibrosis and early diabetic nephropathy

Mitochondrial energetics of podocytes in diabetes

Mechanism

Regulation of COKNZA/B
Sponging miR-150-5p

Upregulation of /L-6and TNFa
PI3K/AKkt signal activation
Expression of miR-221 and miR-222
Upregulation of /L-6 and Ptgs2
Modulating Nox2 gene expression
Regulation of FnIand Col4al expression
Regulation of EDEMS3 expression
Interaction with PGC-1a
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