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Abstract

Type 2 diabetes is a complex metabolic disorder characterized by insulin resistance and pancreatic f-cell dysfunction. Deregu-
lated glucose and lipid metabolism are the primary underlying manifestations associated with this disease and its complica-
tions. Long non-coding RNAs (IncRNAs) are a novel class of functional RNAs that regulate a variety of biological processes
by a diverse interplay of mechanisms including recruitment of epigenetic modifiers, transcriptional and post-transcriptional
regulation, control of mRNA decay, and sequestration of transcription factors. Although the underlying causes that define
the diabetic phenotype are extremely intricate, most of the studies in the last decades were mostly centered on protein-coding
genes. However, current opinion in the recent past has authenticated the contributions of diverse IncRNAs as critical regula-
tory players during the manifestation of diabetes. The current review will highlight the importance of IncRNAs in regulating
cellular processes that govern metabolic homeostasis in key metabolic tissues. A more in-depth understanding of IncRNAs
may enable their exploitation as biomarkers or for therapeutic applications during diabetes and its associated complications.
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Introduction

The central dogma of molecular biology was until the last
few years, thought to revolve around protein-coding genes
via flow of information from genes (carriers of genetic infor-
mation) to RNA which acts as a mediator and then finally to
proteins that play important functional roles, essential for all
aspects of life. Technical advances in the human genome and
evidence from various high-throughput genomic platforms
have revealed that the human genome is more complex with
only < 2% of the genome coding for protein-coding genes
and the major fraction being assigned to non-coding RNAs
(ncRNAs) [1]. The increasing complexity of the mamma-
lian genome is mainly due to the expanding world of these
ncRNAs [2]. High-throughput studies have highlighted tens
of thousands of transcripts with meagre protein-coding
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potential; most of them being ascribed to miRNAs which
are a small subclass of ncRNAs involved in transcriptional
and post-transcriptional gene silencing. Gradually, emerg-
ing evidences unearthed another prevalent and functionally
diverse class of ncRNAs known as long non-coding RNAs
(IncRNAs) that are defined as transcripts greater than 200
nucleotides in length, mostly transcribed by RNA polymer-
ase II (RNA pol II) and primarily thought to be without any
coding potential. However, a few reports show that IncR-
NAs can translate into short peptides, although this event
seems to be rare in occurrence [3, 4]. These peptides are
believed to play roles in the regulation and function of other
proteins within the cell [5, 6]. Similar to mRNAs, IncR-
NAs are 5’ capped, 3' polyadenylated, frequently spliced,
and multi-exonic [7, 8]. Although IncRNAs are studied in
diverse species, including plants [9], yeast [10], viruses [11],
prokaryotes [12], and eukaryotes [13], they are poorly con-
served among different species as compared to mRNAs [14].
They are generally more cell type-specific and are usually
less abundantly expressed [8, 14] and, therefore, were ear-
lier considered as transcriptional noise and non-functional
[15]. LncRNAs have been observed in the nucleus, cyto-
sol, or both [16], consistent with their important roles in
many biological processes including transcriptional and
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post-transcriptional gene regulation, genome packing, cel-
lular structure integrity, chromatin organization, genomic
imprinting, protein localization, cell cycle, and apoptosis [8,
17, 18]. The recent transcriptome annotation of the human
genome [14] and that of other vertebrate model organisms
including mouse [8], rat [19], and zebrafish [20] have uncov-
ered a comprehensive list of such IncRNAs.

Classification

LncRNAs are classified on the basis of their function and
genomic location relative to protein-coding genes. These
include (1) Intergenic IncRNAs (lincRNAs)—also known as
long intergenic non-coding RNAs (lincRNAs)—are tran-
scribed from genomic loci between the protein-coding genes
or intergenic regions (Fig. 1a). They exhibit many features
similar to protein-coding genes like transcriptional activation
and methylation marks [21] and are implicated in diverse
cellular processes, embryonic stem cell pluripotency, and
cell proliferation [22, 23]. (2) Intronic IncRNAs—are tran-
scribed from the introns of the protein-coding genes in either
the sense or antisense direction (Fig. 1b). These are less
stable and poorly conserved than intergenic IncRNAs [21].
(3) Sense IncRNAs—are transcribed from the exonic regions
of the sense strand of protein-coding genes. As shown in
Fig. lc, they can cover the entire protein-coding gene or
may overlap with a part of it. This is a much less explored
class as compared to the linc and antisense RNAs, although
a few studies suggest both RNA and protein-coding func-
tions of sense IncRNAs [24]. (4) Antisense IncRNAs—are

Fig.1 Location of IncRNAs
with respect to protein-coding
genes. a Intergenic IncRNAs:
transcribed from genomic
regions between two protein-
coding genes, b intronic IncR-
NAs: transcribed from intronic
regions within protein-coding
genes, ¢ sense and antisense
IncRNAs: sense IncRNAs tran-
scribed from exonic regions of
sense strands of protein-coding
genes, while antisense IncRNAs
transcribed from antisense
strands of protein-coding genes,
and d enhancer IncRNAs: tran-
scribed from enhancer regions
of protein-coding genes

(a) Intergenic IncRNA

transcribed from the antisense strand of a protein-coding
gene [14] and they tend to (a) overlap an exon of a sense
gene or (b) occur as transcripts from the intronic region of
a sense gene that does not have any exon—exon overlap or
(c) cover the entire sequence of a sense gene through its
intron (Fig. 1c). Around 32% IncRNAs are antisense to cod-
ing transcripts in the human genome [14] and approximately
87% coding transcripts have been shown to have antisense
partners in the mouse genome [25]. (5) Enhancer IncRNAs
(e-IncRNAs)—are transcribed either mono or bidirectionally
from the enhancer regions of protein-coding genes and have
H3K4mel marks on their promoter regions (Fig. 1d) [26,
27]. These are usually < 2 kb in length with sparse proof of
being spliced or polyadenylated. They function to regulate
mRNA transcription and contribute to enhancer-mediated
transcriptional activation of several coding genes.

Mechanism of action

LncRNAs are involved in a wide variety of cellular and
molecular functions. Based on their targeting mechanisms
(Fig. 2), IncRNAs can be classified as: (1) signals where they
show cell type-specific expression to integrate developmen-
tal cues, interpret cellular context, and respond to diverse
stimuli [28], (2) decoys where they bind and titrate away
protein targets [28], (3) guides where they bind and direct
localization of ribonucleoprotein complexes (transcriptional
and epigenetic regulatory factors) to specific targets [28], (4)
scaffolds where they act as platforms to bind to multiple pro-
teins to form a ribonucleoprotein complex and by doing so,
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Fig.2 Molecular interactions during IncRNA action. a As a signal:
IncRNA action reflects the combinatorial actions of transcription fac-
tors (shown in green, red, and blue) or signaling pathways which dic-
tate gene regulation in space and time. b As a decoy: IncRNAs titrate
away the transcription factors or other proteins (shown in purple)
from the genomic locus. ¢ As a guide: IncRNAs can recruit chroma-

bring the effectors together in both, time and space [28] and
(5) enhancers where they increase the association between
promoters and enhancer regions by chromosomal looping
[29]. Mechanistically, IncRNAs participate in epigenetic
reprogramming, in transcriptional or post-transcriptional
regulation (Fig. 3). LncRNAs have been shown to recruit
chromatin-modifying complexes to specific genomic loci
and thereby regulate cell cycle, apoptosis, differentiation,
cell adhesion, and DNA repair (Fig. 3). For example, the
IncRNA, HOTAIR that is over expressed in many cancers
like colorectal cancer, breast cancer, and laryngeal squa-
mous cell carcinoma [30, 31] or Xist that recruits the chro-
matin-modifying complex, PRC2 to the target site, modify
the epigenetic program of the cell. Tsix is an overlapping
antisense IncRNA to Xist, which negatively regulates Xist
expression to inactivate one X chromosome [32]. In addi-
tion, IncRNAs may interact with different proteins, RNA and
DNA to regulate gene expression at different levels (Fig. 3).
A large number of IncRNAs are known to regulate gene
expression through transcriptional interference. For exam-
ple, the, IncRNA HSR1 (heat shock RNA-1) binds with the
trimeric HSF1 (heat shock factor 1) and induces transcrip-
tion of genes (heat shock induced genes) by binding to their
promoters, thereby acting as a thermo-sensing device as
in some bacteria [33]. LncRNAs also regulate subcellular
localization or cellular trafficking of transcription factors.
For example, the IncRNA, NRON (non-coding repressor
of NFAT) controls the localization of NFAT (nuclear fac-
tor of activated T cells) and consequently regulates tran-
scription. LncRNAs are also believed to regulate splicing
and post-transcriptional events. For example, the IncRNA
Zeb2NAT (Zeb2 natural antisense transcript) overlaps with
the 5’ splice site in the intron of the Zeb2 gene and inhibits

tin-modifying complexes (shown in red) to target genes. d As a scaf-
fold: IncRNAs can bring together multiple proteins (shown in green
and orange) to form a ribonucleoprotein complex which then acts on
the chromatin. e As an enhancer: IncRNAs can cause chromosomal
looping

splicing of the intron to allow translation of the Zeb2 mRNA
[34] which consequently downregulates E-cadherin mRNA
and protein levels during epithelial-mesenchymal transition.
Some IncRNAs also act as precursors for siRNAs or inter-
act directly or indirectly with miRNAs that in turn regu-
lates gene expression. Thus, IncRNAs are now identified to
interact with DNA, proteins, mRNAs, miRNAs, siRNAs,
and other antisense RNAs, and consequently influence their
function and status.

Role of IncRNAs in complex diseases

Deregulation of IncRNAs expression has been observed
in several diseases [35-37]. Specifically, altered levels
of the IncRNA, H19 have been strongly demonstrated in
diverse types of cancer [38—40]. In gastric cancer, H19
expression is unregulated as compared to normal and
this leads to increased cell proliferation, whereas treat-
ment with H19 siRNA promotes cell apoptosis [41]. H19
interacts with ISM1 and induces metastasis in this cancer
[42]. Various studies indicate that growth arrest-specific
transcript 5 (GASS5) is a tumor suppressor IncRNA and is
downregulated in human HCC, and this correlation asso-
ciates with advanced tumor growth [43]. The IncRNA,
maternally expressed gene 3 (MEG3), is downregulated in
human colorectal cancer (CRC), and its overexpression in
cancer tissues suppresses cell proliferation and promotes
cell cycle arrest and apoptosis [44]. The IncRNA, DANCR
(antidifferentiation non-coding RNA), is elevated in colo-
rectal cancer, and this is related to shorter survival rates of
patients [45]. From genome-wide analysis of circulatory
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Fig.3 Cellular events that are
modulated by IncRNAs. LncR-
NAs regulate cellular mecha-
nisms by epigenetic modifica-
tion, transcription regulation,
small ncRNA processing, and
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IncRNASs, the mitochondrial IncRNA, LIPCAR, was iden-
tified as a novel biomarker for cardiac remodeling and
its higher expression correlates with mortality in heart
failure patients [46]. LncRNAs like NORN, AK087060,
FRM4, UBE3A-AS, and IPW are also implicated in sev-
eral neuronal disorders, with altered expression in Down
syndrome, Rett syndrome, fragile X syndrome, Angelman
syndrome, and Prader—Willi syndrome, respectively [35].
These suggest that IncRNAs are significant in various bio-
logical processes and affect diverse cellular events that
subsequently manifest as complex disease phenotypes.
The following section will discuss the roles of IncRNAs in
metabolic tissues and deregulation of which are implicated
in varied metabolic phenotypes associated with diabetes.

@ Springer

Long non-coding RNAs in metabolism
and metabolic diseases

LncRNAs are emerging as important regulatory elements
that control metabolic tissues’ development and function
[47]. Regulation of metabolism and glucose homeosta-
sis are fundamental biochemical processes, orchestrated,
and fine-tuned by reciprocal signaling between different
tissues/organs that serve regulatory functions, includ-
ing absorption of sugar from the intestine, secretion of
insulin from the pancreas, glucose production in the liver,
and uptake of glucose by fat, muscle, and other tissues.
Pancreatic islets have a critical role in regulating sys-
temic glucose metabolism through the secretion of key
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endocrine hormones, insulin and glucagon, where insulin
is the anabolic master regulator which controls periph-
eral as well as central nervous system-related aspects of
metabolism. Resistance towards insulin action is a key step
in the development of metabolic disorders. Dysregulation
of any of these processes underlies the pathogenesis of
major metabolic disorders including obesity, Type 2 Dia-
betes (T2D), dyslipidemia, and non-alcoholic fatty liver
disease (NAFLD). The discovery of IncRNAs has added
a new layer of complexity to the regulatory network that
impinges on metabolic homeostasis and disease [48].
Interestingly, several GWAS studies have reported IncR-
NAs to be mapped to diabetic susceptible loci [49-52],
all suggesting towards critical roles of IncRNAs in insulin
resistance, diabetes, and its associated complications.

LncRNAs as regulators of islet function

The pancreatic islet is an important central node to
researchers to understand the pathophysiology of diabe-
tes [53]. The possible regulation of islet development and
function by IncRNAs was first demonstrated by Ding et al.,
where the IncRNA, H19 (Fig. 4), was shown to be involved
in transgenerational transmission of gestational diabetes
mellitus which leads to impaired islet structure and func-
tion [54]. To understand the roles of IncRNAs in regu-
lating pancreatic function, several research groups have
profiled IncRNA expression in mouse and human pancre-
atic islets [55, 56]. Transcriptome analysis in pancreatic
B-cells of type 2 diabetes patients identified tissue-specific
and dynamically regulated abnormally expressed IncR-
NAs. These IncRNAs are often located near islet-specific
chromatin domains containing islet-specific coding genes

Fig.4 LncRNAs in metabo-
lism and different metabolic
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diseases. Deregulation of dif- TUG1
fe.rent IncRNAs as re.ported i.n LOC283177
different metabolic tissues, like HERG

liver, skeletal muscle, pancreas,
and adipose tissue, leads to
various metabolic diseases and
complications therein

ApoA1-AS
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or mapped to diabetes susceptible genetic loci. Knock-
down of HI-LNC25, a p cell-specific IncRNA conserved
between mouse and human resulted in decreased GLIS3,
an important islet transcription factor, thereby suggest-
ing its functional importance in pancreatic p cells [56]
(Fig. 4). A coexpression analysis has identified that the
IncRNA, LOC283177, correlates with the expression of
insulin synthesis and secretion [51] (Fig. 4). Yin et al.
demonstrated that silencing of the IncRNA, TUGI in vivo
increased apoptosis in pancreatic p cells and decreased
insulin secretion leading to elevated fasting glucose levels
(Fig. 4). Expression of TUG1 is decreased in a non-obese
diabetic (NOD) mouse and is suppressed by glucose treat-
ment in pancreatic Nit-1 cells, indicating its association
with diabetes [57]. Another IncRNA, MEG3 was reported
to be downregulated in the pancreatic tissue of Type 1 Dia-
betic (T1D) and T2D mice models and its expression was
dynamically modulated by glucose in Min6 and primary
mouse islet cells (Fig. 4). In vivo silencing of MEG3 led
to impaired glucose tolerance and decreased insulin secre-
tion, as also evident by the reduced insulin-positive cells.
There was a significant decrease in the Pdx-1 and MafA
levels indicating MEG3 as a novel p-cell regulator [58].
Deletion of a conserved IncRNA, Blinc1 (f-cell long inter-
genic non-coding RNA 1) in adult mice results in defective
islet development and disruption of glucose homeostasis
[59] (Fig. 4). Decreased levels of the IncRNA, PLUTO
(Fig. 4) in islets of T2D or impaired glucose tolerant sub-
jects affect the 3D chromatin structure and transcription of
Pdx-1, a key P cell transcription factor implicating its role
in insulin synthesis and f§ cell-specific regulatory network
[60]. In spite of these reports, the elucidation of IncRNA-
mediated molecular mechanisms in pancreatic biology still
awaits further detailed investigations.
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Role of IncRNAs in hepatic metabolism

Liver is a unique organ which plays a central role in main-
taining whole body glucose and lipid homeostasis. It is capa-
ble of both, utilizing and producing glucose. So far, very
few studies have demonstrated the importance of IncRNAs
in regulating hepatic metabolism. A study by Li et al. in
2015 identified a liver enriched IncRNA, IncLSTR (Fig. 4),
decreased levels of which are associated with enhanced
triglycerides (TG) clearance in mice. It regulates systemic
lipid homeostasis by regulating the TDP-43/FXR/apoC2-
pathway where IncLSTR forms a complex with TDP-43 to
regulate Cyp8bl expression. This is a key enzyme in the bile
acid synthesis pathway, which through FXR induces apoC2
expression and, hence, reduces plasma TG levels. Interest-
ingly, depletion of IncLSTR in mice results in decreased
blood glucose levels [61]. An antisense IncRNA transcript
of ApoAl (ApoAl-AS) (Fig. 4) negatively regulates ApoAl
expression in the liver by epigenetically regulating the APO
gene cluster [62]. Certain IncRNAs induced by hormones
and lipoproteins are believed to regulate lipid metabolism.
For example, oxidized LDL (Ox-LDL) induces the expres-
sion of the IncRNA, lincRNA-DYNLRB2-2 (Fig. 4), which
results in upregulation of GPR119 and ABCA1 levels and
increases APOA 1-mediated cholesterol efflux from the liver
[63]. An abnormally overexpressed IncRNA HULC (Fig. 4)
in hepatocellular carcinoma (HCC) activates PPARa and
ACSL1 in hepatoma cells, and increases triglyceride and
cholesterol levels in these cells. Furthermore, increased
cholesterol through a positive feedback loop upregulates
HULC expression through the retinoid receptor, RXRA
[64]. Increased hepatic IncRNA MEG3 levels in high-fat
diet (HFD) mice, ob/ob mice, and on treatment of palmitate,
oleate, or linoleate in primary hepatocytes are associated
with increased G6pc, Pepck, and FoxOl1 levels (Fig. 4). This
leads to increased hepatic gluconeogenesis and impaired
insulin-stimulated glycogen accumulation in hepatocytes
which manifests as hepatic insulin resistance. In addition,
MEG3 interference in high-fat diet and ob/ob mice signifi-
cantly attenuates impaired glucose tolerance [65]. A fast-
ing induced IncRNA, liver glucokinase repressor (IncLGR)
(Fig. 4), suppresses glucokinase activity by interacting with
hnRNPL and represses glycogen storage in the mouse liver
[66]. A novel human-specific IncRNA, IncHR1 (Fig. 4),
was recently identified as a negative regulator of SREBP-1c
expression and to regulate lipid metabolism in both cultured
hepatoma cells and in transgenic mice [67]. A recent study
from our laboratory has identified decreased H19 (Fig. 4)
levels in the db/db mice liver which regulates hepatic glu-
coneogenesis. Silencing H19 levels in human hepatoma and
primary hepatocytes increased the levels of gluconeogenic
genes and hepatic glucose output [68]. In addition, H19 is
also implicated in liver development and in progression of

@ Springer

other liver diseases like steatosis, fibrosis, cirrhosis, and
hepatocellular carcinoma [69].

Roles of IncRNAs in the skeletal muscle tissue

Gao et al. in 2014, have shown decreased H19 IncRNA
(Fig. 4) levels in the skeletal muscle of diabetic human sub-
jects and mice and its role in impairing insulin signaling and
decreasing glucose uptake. H19 directly binds to the let-7
miRNA, which results in decreased bioavailability of let-7
and consequently affects the expression of let-7 target genes,
namely the insulin receptor (Insr) and lipoprotein lipase
(IpD), thereby impairing insulin signaling. Insulin treatment
in vivo and in vitro directly suppresses H19 expression via
PI3K/AKT-dependent phosphorylation of KSRP (miRNA
processing factor), which promotes biogenesis of let-7 and
H19 destabilization. Thus, the H19/let-7 double-negative
feedback loop participates in impaired glucose metabolism
in muscle cells [70]. In addition, H19 depletion in mouse
myogenic C2C12 cell line is known to accelerate muscle
differentiation [71]. Interestingly, H19 also generates the
miRNA, miR-675 which regulates Smad expression during
myogenesis [72]. Several studies have also reported IncR-
NAs as regulators of muscle differentiation and regenera-
tion [73]. LncRNA Dum (Fig. 4) (Dppa2 Upstream Bind-
ing Muscle) silences its neighboring gene, Dppa2 gene by
recruiting DNMTs, and this regulates myogenesis [74]. Lnc-
MD1 (Fig. 4) is a muscle differentiation specific IncRNA
and acts as a microRNA sponge for miR-133 and miR-135
that are critical for myogenesis and muscle differentiation
[75]. Since muscle acquires its metabolic and regulatory
function during differentiation, deregulation of this event
may lead to metabolic abnormalities.

LncRNAs in regulating glucose metabolism
and differentiation in the adipose tissue

A few reports have demonstrated the role of IncRNAs in reg-
ulating glucose metabolism in the adipose tissue with some
IncRNAs shown to regulate adipocyte differentiation [73,
76-78] (Fig. 4). A steroid receptor RNA activator (SRA)
IncRNA (Fig. 4), highly expressed in the adipose tissue,
was earlier known to coactivate steroid receptor-dependent
reporter gene expression and promote adipogenesis [79].
Mouse knockout models of the Sral gene (SRA™/7) display
improved insulin sensitivity and are resistant to diet induced
obesity with improved glucose tolerance. Knockdown of
another IncRNA, ADINR (Fig. 4), results in reduced expres-
sion of key adipogenic regulators, namely C/EBPa, PPARY,
lipoprotein lipase, and fatty acid-binding protein 4. ADINR
binds to PA1 and recruits the histone methyl transferase
complex at the C/EBPa locus to transcriptionally regulate
C/EBPua levels and, hence, adipogenesis [80]. An antisense



Lnc-ing non-coding RNAs with metabolism and diabetes: roles of IncRNAs

1833

IncRNA, PU.1 AS transcript of PU.1 mRNA, promotes
adipogenesis by preventing the translation of PU.1 mRNA
by forming an mRNA-AS IncRNA duplex where PU.1 pro-
tein reduces PPARYy levels [81] (Fig. 4). As compared to
abdominal adipocytes, the IncRNA, HOTAIR, is differen-
tially expressed in gluteal adipocytes and plays a role in
adipocyte differentiation [76].

Taken together, these studies highlight the importance
of IncRNAs in the development and function of metabolic
tissues, and therefore, their altered levels are closely asso-
ciated with the onset and progression of insulin resistance
and diabetes.

Roles of IncRNAs in diabetic complications

Apart from being involved in major metabolic tissues dur-
ing diabetes as discussed above, IncRNAs are implicated in
complications associated with diabetes. Diabetic retinopathy
is one of the common complications in diabetic patients,
which leads to impaired or loss of vision. Altered expression
of IncRNAs, namely MALAT1 [82, 83] and MEG3 [84],
are reported to be associated with diabetic retinopathy. In
STZ-induced diabetic rats, the expression of MALAT1 is
elevated in the endothelial cells of the retina and knock-
down of MALAT1 ameliorates retinopathy in STZ-induced
rats [82]. The IncRNA, MEG3, was also found to be down-
regulated in the retina of STZ-induced diabetic mice and its
in vitro knockdown in retinal endothelial cells was found
to regulate cell proliferation, viability, and migration [84].
Hyperglycemia as in diabetes causes upregulation of ANRIL
levels in endothelial cells [85, 86], and this elevates the lev-
els of the PRC2 subunit, EZH?2 that consequently promotes
the expression of VEGF, a key promoter of angiogenesis
[85]. Another major complication associated with diabetes
is diabetic nephropathy, and this is considered a major cause
of end-stage renal disease and disability in diabetic patients
[87]. Recent studies show that IncRNAs play important roles
in the development of diabetic nephropathy and accumula-
tion of extracellular matrix (ECM) proteins. There is higher
expression of the IncRNA, PVT1, during diabetic nephropa-
thy, and this increase leads to increased fibrosis due to accu-
mulation of ECM proteins in renal cells [88]; downregula-
tion of PVT1 reduces ECM accumulation [88]. LncRNA
PVTI is also a host to miR-1207-5p and this miRNA is
shown to regulate the expression of fibronectinl (FN1),
plasminogen activator inhibitor-1 (PAIl), and transforming
growth factor beta 1 (TGFp1) [89]. In renal tube injury dur-
ing diabetes, the IncRNA, MIAT, is under-expressed, and
this negatively correlates with creatinine and BUN levels in
the serum of these subjects. It has been shown to regulate
cell viability of proximal convoluted renal tubules [90]. In
diabetic nephropathic mice, the IncRNA, MGC, is increased

in renal mesangial cells. Interestingly, this IncRNA harbours
a cluster of approximately 40 miRNAs, and is regulated by
the ER stress marker C/EBP homologous protein (CHOP)
[91]. In CHOP deficient mice, there is decreased expression
of the IncRNA, MGC, and the clustered miRNAs, and these
mice have shown an improvement in diabetic nephropathy
[91]. Diabetic nephropathy is also associated with increased
levels of lincRNA, Gm4419, and this exerts its action by
interacting with NF-xf. Knockdown of this lincRNA in
renal mesangial cells lowers cellular proliferation and inhib-
its expression of NF-kf} in hyperglycemic states [92]. The
IncRNA, TUGI, that is upregulated in diabetic nephropathy
acts as sponge for miR-377 and regulates PPAR-y expres-
sion which further modulates the expression of FN1, col-
lagen type IV alpha 1 chain (COL4A1), PAIl, and TGFp1
in renal mesangial cells [93]. Diabetic cardiomyopathy is
a critical end-stage complication associated with diabetes.
Several such cardiovascular complications and myocardial
dysfunction in diabetic patients lead to heart failure [94].
Differential expression analysis in cardiac tissue from nor-
mal and diabetic rats shows that the IncRNA, MALATI,
is upregulated during cardiomyopathy and knockdown of
this IncRNA improves left ventricular systolic function by
reducing myocardial inflammation in diabetic rats [95, 96].
Decreased expression of the IncRNA, H19, is also reported
during diabetes [68, 70], and this often results in decreased
expression of the exonic miRNA, miR-675 [97, 98]. mir-
675 directly targets the voltage-dependent anion channel
1 (VDACI1) which is involved in mitochondria-mediated
apoptosis in the cardiac tissue during diabetes. H19 overex-
pression in diabetic rats reduces oxidative stress, apoptosis,
and inflammation, and improves ventricle function [98].
LncRNAs NONRATTO021972 and uc.48+ are reported to
be associated with diabetic neuropathic pain [99, 100], and
inhibition of both have been shown to alleviate such neuro-
pathic pain by activating the P2X3 receptor. Impaired wound
closure is a notable complication associated with diabetes
and a recent report shows decreased levels of the IncRNA,
Lethe in such impaired dorsal wounds of diabetic mice. This
was demonstrated to be associated with increased ROS pro-
duction, possibly through regulation of NOX?2 expression
[101].

All these suggest towards important roles of various
IncRNAs in complications associated with diabetes and,
therefore, assume importance to be studied in detail.

Future perspectives

Metabolic abnormalities associated with diabetes are
diversely complex, and these are determined by intri-
cate networks and cross-talks between several cellu-
lar entities. LncRNAs play major regulatory roles in
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cellular metabolism and their discovery has opened up
new domains in the understanding of the mechanisms of
deregulated cellular physiology during diabetes. LncR-
NAs are now increasingly being identified in many body
fluids like whole blood, plasma, serum, urine, saliva,
gastric juice, etc., and this projects them to be exploited
as potential biomarkers in several diseases. Their high
stability in body fluids, especially when included in
exosomes or apoptotic bodies, and their patterns of
expression that mimics the progress of a disease, make
them ideal biomarker candidates [102]. Such IncRNAs
are capable of resisting the action of abundant quanti-
ties of ribonucleases in different body fluids [103] and,
therefore, offers promise to be used as an effective and
convenient biomarker. In fact, a few IncRNAs have been
considered as biomarkers for human cancers. For exam-
ple, the IncRNA, PCA3 for prostate cancer [104], H19 for
gastric cancer [105], HULC in hepatocellular carcinoma
[106], UCAL in bladder carcinoma [107], etc., are being
increasingly considered. These, together with the fact
that several IncRNAs are increasingly being implicated in
diverse aspects of cell metabolism, indicate the immense
possibility of IncRNAs being exploited as possible bio-
markers to follow the onset and progression of diabe-
tes in future. In addition, as compared to protein-coding
genes, IncRNAs are better considered as ideal candidates
for therapeutic intervention. Studies show that normal-
izing IncRNA levels are beneficial in several diseased
states. Inhibition of LncRNA Z38 suppresses cell prolif-
eration and tumorigenesis [108], and that of the IncRNA,
linc00974 in hepatocellular carcinoma promotes apopto-
sis and cell cycle arrest [109]. Therapeutically regulating
H19 levels has shown promise in pancreatic and bladder
cancer [110, 111]. Several IncRNA-based therapeutic
approaches for cancer are in different stages of clinical
trials [112], suggesting that IncRNAs can be exploited for
therapeutic application in other diseases, as well. These
approaches primarily silence IncRNAs using antisense
oligonucleotides (ASOs), locked nucleic acids, siRNAs
or use ribozymes, aptamers, small molecule inhibitors,
or synthetic IncRNA mimics. H19 overexpression using
specific constructs has also been shown to reduce the size
of tumors in human trials of several carcinomas [112,
113]. Use of nanoparticles or extracellular vehicles for
targeted delivery of such moieties to ensure specificity
is also being investigated. With the steady progressing
pace of research on IncRNAs, it appears that soon they
will be considered as major contributors of diseases and
emerge as better and effective cellular entities for thera-
peutic interventions. Since IncRNAs can interact with
DNA, mRNA, other ncRNAs, and proteins, they seem to
be more potent and viable in terms of applicability and
usefulness.

@ Springer

Conclusions

To conclude, it would be apt to state that IncRNAs are
widely implicated in diverse domains of cell metabolism
and their altered expression is associated with diabetes
and its complications. Although originally thought to be
non-functional, IncRNA genes transcribe into IncRNAs
that exert important and specific functions in regulating
cellular pathways. Due to this specificity, IncRNAs are
considered better therapeutic targets. In addition, their
expression patterns in tissues quite follow the progress of
diseases and this get reflected in diverse body fluids which,
therefore, make them suitable to be exploited as better
biomarkers. Although still in the nascent stage, these prop-
erties of IncRNAs are beginning to be exploited and there
are a few instances of them being used as biomarkers in
diverse forms of cancer. Therefore, the use of IncRNAs
both as biomarkers and therapeutic targets for diabetes
and its associated complications is highly envisaged in
future. However, this would require further investiga-
tions, both in vivo and in vitro and critical networking
among researchers, clinicians, and patients. Nevertheless,
the implications of IncRNAs in diverse facets of insulin
resistance and diabetes are indicative of their roles in the
diagnosis, prognosis, and therapy of this disease in future.
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