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Diabetic kidney disease (DKD) is one of the major microvascular complications of diabetes
mellitus, with relatively high morbidity and mortality globally but still in short therapeutic
options. Over the decades, a large body of data has demonstrated that oxidative stress,
inflammatory responses, and hemodynamic disorders might exert critical influence in the
initiation and development of DKD, whereas the delicate pathogenesis of DKD remains
profoundly elusive. Recently, long non-coding RNAs (lncRNAs), extensively studied in the
field of cancer, are attracting increasing attentions on the development of diabetes mellitus
and its complications including DKD, diabetic retinopathy, and diabetic cardiomyopathy. In
this review, we chiefly focused on abnormal expression and function of lncRNAs in major
resident cells (mesangial cell, endothelial cell, podocyte, and tubular epithelial cell) in the
kidney, summarized the critical roles of lncRNAs in the pathogenesis of DKD, and
elaborated their potential therapeutic significance, in order to advance our knowledge
in this field, which might help in future research and clinical treatment for the disease.
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INTRODUCTION

Diabetic kidney disease (DKD) is one of the major microvascular complications of diabetes mellitus,
usually developed in patients who fail to control blood glucose at a stable and standard level over a
long period of time. Epidemics showed that among hospitalized patients in China, the proportion of
chronic kidney disease brought on by DKD has reached 0.71%, which has become a dominant reason
over glomerulonephritis since 2011, when the percentage of the latter only accounted for 0.66%
(Zhang et al., 2016). Globally, around 20% of 400 million diabetic patients were suffering from DKD
(McGrath and Edi, 2019); consequently, there is an urgent necessity to develop a new diagnosis and
therapeutic strategy to postpone the progression of diabetes mellitus and its complications.

DKD was traditionally regarded as a simple renaming of diabetic nephropathy (DN) (Anders
et al., 2018), which, however, was not accurate enough for those who were clinically diagnosed with
DKD but with pathological changes primarily characterized by other glomerular diseases including
membranoproliferative glomerulonephritis and renal amyloidosis (Qi et al., 2017). In addition,
whether proteinuria should be considered as a specific clinical indicator of renal complications in
diabetic patients remained puzzling (Chen et al., 2017; Selby and Taal, 2020). This inconsistency
existed in clinical manifestations, and pathological changes have seriously affected our
understanding on DN. DKD seems to be a more comprehensive clinical description, including
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DN confirmed by renal biopsy and clinical diagnosis according to
diabetes duration and relevant clinical indicators such as urine
protein without pathological examination. Generally speaking,
DKD links to oxidative stress, inflammatory responses,
hemodynamic disorders etc. secondary to hyperglycemia (Selby
and Taal, 2020), with renal tissue changes including mesangial
expansion, glomerular basement membrane (GBM) thickening,
nodular and global glomerulosclerosis, and lesions of
tubulointerstitial and renal vessels (Tervaert et al., 2010). Until
now, researchers have done extensive exploration on the
pathogenesis of DKD, the etiology of which, however, remains
largely indeterminate.

Long non-coding RNAs (lncRNAs), defined as transcripts
longer than 200 nucleotides and with no capacity to encode
proteins (Quinn and Chang, 2016), exist in eukaryotes and are
transcribed by RNA polymerase II. LncRNAs, which were once
seen as transcriptional noise (Wang et al., 2004; Struhl, 2007),
have been demonstrated to be participating in many human
diseases, such as tumor (Bhan et al., 2017; Flippot et al., 2019),
cardiovascular diseases (Uchida and Dimmeler, 2015; Poller et al.,
2018), neurodegenerative diseases (Riva et al., 2016; Wu and Kuo,
2020), and metabolic-related diseases (Sun and Lin, 2019).
Typically, lncRNAs exerted the function of competitive
endogenous RNA (ceRNA) by competitively binding miRNAs
and regulating gene expression and various physiological
processes (Beermann et al., 2016) at the transcriptional and
posttranscriptional levels (Sun et al., 2018b). Amounts of
research indicated that lncRNAs might also be involved in cell
proliferation, differentiation, and apoptosis other than their roles
in transcriptional regulation, meanwhile, manifested potential
therapeutic values for DKD (Kato, 2018). In this review, we
focused on abnormal expression and functions of lncRNAs in
major resident cells of the kidney, summarized the critical role of
lncRNAs in the pathogenesis of DKD, and elaborated their
potential therapeutic significance.

LONG NON-CODING RNA AND
GLOMERULAR MESANGIAL CELL INJURY

Physiologically, glomerular mesangial cells (MCs) participate in
the synthesis and degradation of extracellular matrix components
and regulate the permeability of the glomerular filtration
membrane (Abboud, 2012), while MCs similarly act as the
principal targets in some immune-related glomerular diseases
such as lupus nephritis and IgA nephropathy (Du et al., 2005;
Suzuki et al., 2011) or metabolic diseases (Tung et al., 2018)
including DKD. It is worth noting that the pivotal role of
lncRNAs has been gradually highlighted in recent years in
diabetic mesangial cell injury (Sui et al., 2012).

Long Non-Coding RNA and Inflammation in
Glomerular Mesangial Cell
Different from previous views that DKD was a metabolic-related
disease irrelevant to inflammation, inflammatory mediators, and
signaling pathways in the pathogenesis of DKD has recently

gained wider acceptance for researchers (Galkina and Ley,
2006; Wada and Makino, 2013; Jung and Moon, 2021).
CircLRP6 participated in HG-induced MC injury by
upregulating the expression of Toll-like receptor 4 (TLR4),
extensively involved in lipopolysaccharide-induced
inflammatory cell injury (Chen et al., 2019a; Ciesielska et al.,
2021). Notably, TLR4 was indicated to be a downstream target
gene of early growth response-1 (EGR-1) (Ha et al., 2014; Wu
et al., 2019), ectopic expression of which mediated the
inflammatory process in various cell types including MCs (Li
et al., 2017b; Shi et al., 2021). Experiments indicated valsartan
could reduce TLR4 levels and decrease the secretion of TNF-α, IL-
6 and IL-1β in STZ-induced diabetic mice via inhibiting EGR-1
expression (Ha et al., 2014).

Recent findings reported that lncRNAs exerted an indispensable
effect in the inflammation of MCs under high glucose (HG)
conditions. Reportedly, lncRNA maternally expressed gene 3
(MEG3), mainly expressed in the cytoplasm of MCs, could
activate the EGR-1/TLR4 pathway by acting as an endogenous
sponge of miR-181a, and further resulted in upregulated levels of
inflammatory cytokines in the renal cortex of DN rat models,
including CRP, IL-1β, IL-6, and MCP-1, which was also observed
in HG-induced MCs (Zha et al., 2019). In addition, lncRNA
ribonuclease P RNA component H1 (RPPH1) was involved in
the inflammation of MCs by directly binding galectin-3 (gal-3),
and subsequently activating the mitogen-activated protein kinase/
extracellular signal-regulated kinase (MEK/ERK) pathway to
promote the expression of MCP-1 and TNF-α, which, similarly,
was detected in the renal cortex of DN mice and the cytoplasm of
HG-induced MCs (Zhang et al., 2019b). Interestingly, it has been
demonstrated that activation of the MEK/ERK signaling pathway
could regulate the expression of EGR-1 (Mishra et al., 2006).
However, whether activation of the MEK/ERK signaling pathway
participated in the regulation of the EGR-1/TLR4 pathway in
inflammatory response of HG-induced MCs needed further
investigations.

Tissue inhibitors of metalloproteinases 3 (TIMP3) is a matrix
metalloproteinase (MMP) inhibitor, differentially expressed in
diabetic glomeruli (Woroniecka et al., 2011). In diabetic mice
with TIMP3 deficiency, urinary albumin excretion was
significantly increased, accompanied by elevation of MCP-1
and an increase of pro-fibrotic markers including pro-collagen
type I-α1 and TGF-β (Basu et al., 2012). Other literatures reported
that abnormal expression of TIMP3 was associated with renal
inflammatory responses and fibrosis by activating various
signaling pathways, including the Jun N-terminal Kinase
(JNK) signaling pathway (Kassiri et al., 2009). In db/db
diabetic mice, deterioration of urinary protein excretion was
observed when phosphorylation levels of JNK were
upregulated (Ijaz et al., 2009). Very recently, Zhu et al. (2021)
showed that lncRNA cancer susceptibility candidate 2 (CASC2)
was markedly decreased in HG-cultured MCs and was involved
in the regulation of TIMP3 expression by sponging miR-135a-5p
in order to inactivate JNK signaling transduction, which
subsequently weakened the secretion of HG-induced MCP-1,
TNF-α, and IL-6 and reduced the expression of TGF-β1,
fibronectin (FN), and collagen-IV (col-IV).
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Previous study has shown that ginsenoside Rg1 participated in
LPS-induced cardiomyocyte inflammation by regulating the NF-
κB pathway, which activated NOD-like receptor 3 (NLRP3) and
stimulated macrophages to elevate the levels of IL-1β, IL-18, and
TNF-α (Luo et al., 2020). Similarly, it was found that lncRNA
Gm4419, highly expressed in the cytoplasm of MCs in HG and
kidney tissue of DN mice, could directly interact with P50 (the
subunit of NF-κB) to activate the NF-κB pathway, and further
increased the expression of NLRP3 inflammasome, along with
increased expression of pro-inflammatory cytokines including
MCP-1, IL-1β, and TNF-α and renal fibrosis-related proteins
including FN and col-IV (Yi et al., 2017). It seemed that a variety
of lncRNAs were involved in inflammatory responses of MCs
through their interplay with various inflammation-related
signaling pathways, either by sponging multiple miRNAs or
interacting with specific cytoplasmic proteins as critical signal
mediators.

Long Non-Coding RNA and Proliferation in
Glomerular Mesangial Cell
Excessive proliferation of MCs was a significant pathological
feature of various glomerular diseases, including lupus
nephritis, IgA nephropathy, and DKD (Suzuki et al., 2011; Lei
et al., 2019; Gao et al., 2020), with an increased synthesis of
extracellular matrix protein such as col-IV, collagen-V (col-V),
laminin (LN), and FN (Mason and Wahab, 2003), eventually
promoting glomerular fibrosis of DKD (Chen et al., 2003). Until
recently, Huang et al. (2019) found that lncRNA nuclear enriched
abundant transcript 1 (NEAT1) was significantly upregulated in
STZ-induced diabetic rats, with an elevation of clinical indexes
such as urine protein, blood urea nitrogen (BUN), and creatinine,
which was associated with activation of the AKT/mTOR signaling
pathway, whereas knockdown of NEAT1 was able to inhibit
proliferation of MCs and decrease the levels of extracellular
matrix proteins including TGF-β1, FN, and col-IV.
Significantly, mTOR was an important molecule that regulated
autophagy function of podocytes (Boya et al., 2013), while, it is
unclear whether NEAT1 led to cell proliferation by affecting the
autophagy of MCs.

Wilms’ tumor protein 1 (WT1) was a zinc-finger like
transcription factor and previously indicated to participate
in the occurrence of renal tumors (Rivera and Haber, 2005),
generally expressed in mature podocytes. Beyond that, studies
have shown that WT1 was upregulated in urine of diabetic
patients with heavy proteinuria and the levels of which were
negatively correlated with renal function (Kalani et al., 2013).
Fascinatingly, Zhong et al. (2020) reported that, lncRNA
plasmacytoma variant translocation 1 (PVT1) was highly
expressed in serum of DN patients and HG-induced human
MCs, overexpression of which could upregulate WT1
expression by acting as a molecular sponge of miR-23b-3p
and subsequently activated NF-κB signal transduction,
ultimately promoted proliferation in HG-induced human
MCs. Targeting PVT1 was able to inhibit MC proliferation
and extracellular matrix protein deposition (Zhang et al.,
2017), which seemed to be an interesting and novel

perspective for delaying the progression of diabetic mellitus
and the occurrence of renal complications.

Another lncRNA Dlx6os1 was found to be highly expressed
in the kidney of DN mice and in the nuclei of HG-treated SV40
MES13 cells (Chen et al., 2022). Under HG conditions, high
levels of Dlx6os1 accelerated the proliferation of HG-induced
SV40 MES13 cells by recruiting the enhancer of zeste homolog
2 (EZH2), a key subunit of polycomb repressive complex 2
(PRC2), to SRY-related high-mobility group box 6 (SOX6)
promoter to inhibit the expression of SOX6, accompanied by
the elevation of TNF-α, IL-1β, and IL-6 and fibrosis-related
proteins including col-IV, FN, and TGF-β1, while knockdown
of Dlx6os1 expression showed a reversal effect, manifested as
reduction of these inflammatory cytokines and fibrosis-related
proteins (Chen et al., 2022). PRC2 is a methyltransferase
catalyzing associated with chromatin regulation, with one of
the core catalytic subunit EZH2 (56, 57). EZH2 could regulate
the transcriptional activity of targeted genes by trimethylation
of Lys-27 in histone 3 (H3K27me3) (Laugesen et al., 2019;
Duan et al., 2020). SOX6 belongs to the SOX family, which is a
transcription factor of the DNA-binding domain and
participate in the regulation of target genes by binding with
them in the promoter region (Kiselak et al., 2010). SOX6 has
been reported to inhibit pancreatic β cell proliferation to
negatively regulate insulin secretion (Iguchi et al., 2007) and
participate in proliferation of renal tumor cells (Chen et al.,
2020).

Vigilantly, abnormal increase of high-mobility group protein 2
(HMGA2) was detected in peripheral blood of DN patients
(Alkayyali et al., 2013). HMGA2 was generally expressed in
human embryonic stem cells and gradually decreased with the
completion of development, while re-expressed in malignant
proliferation of tumor cells, functioning as a pivotal regulatory
factor (Mansoori et al., 2021). In vitro studies showed that
upregulation of HMGA2 was triggered by lncRNA cyclin-
dependent kinase inhibitor 2B antisense RNA 1 (CDKN2B-
AS1) via sponging miR-424-5p after HG stimulation and
resulted in proliferation of MCs and accumulation of the
extracellular matrix (ECM) (Li et al., 2020b). Compared with
the HG group, knockdown of CDKN2B-AS1 inhibited the
expression of HMGA2 and significantly alleviated HG-induced
proliferation of MCs and excessive secretion of extracellular
matrix protein (Li et al., 2020b).

Long Non-Coding RNA and Autophagy in
Glomerular Mesangial Cell
Autophagy refers to the lysosomal protein degradation process
associated with a series of proteins, such as ATGs, Beclin-1,
and light chain 3 (LC3) and regulated by many signaling
pathway proteins including mTOR, AMP activated protein
kinase (AMPK), and silent information regulator T1 (SIRT1)
(Lee et al., 2008; Boya et al., 2013; Lenoir et al., 2015).
Specifically, the ROS-mediated ERK signaling pathway
promoted the expression of Beclin-1 and LC3-II and
triggered mitochondrial autophagy in MCs (Xu et al., 2016),
which was indicated to be playing a partially protective role
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under HG conditions. It is worth noting that the differential
expression of lncRNA has been identified in the occurrence of
autophagy in MCs stimulated by HG treatment. The
overexpression of lncRNA SOX2-overlapping transcript
(SOX2OT) could significantly inhibit phosphorylation of
AKT and mTOR in HG-induced MCs, causing autophagy of
these MCs and alleviated renal pathological damage in STZ-
induced diabetic mice (Chen et al., 2021). Of interest, the
literature reported that SOX2OT also participated in podocyte
autophagy by acting as a sponge of miR-9 (Zhang et al., 2019c).
Nevertheless, it was still indefinite that whether the
involvement of SOX2OT in MC autophagy was also in a
miR-9/SIRT1-dependent manner and if there was a cross
talk signaling between MC and podocyte autophagy.

LONG NON-CODING RNA AND
GLOMERULAR ENDOTHELIAL CELL
INJURY
Glomerular endothelial cells (ECs) are important components
of glomerular filtration barrier (GFB), the fenestra on the
surface of which could effectively prevent some tangible
components in the blood from directly contacting with
GBM (Fu et al., 2015). What is worthy of attention is that
ECs are the dominant cells easily impaired by HG stimulation,
and damage of which may further mediate the occurrence and
development of diabetic vascular complications including
cardiomyopathy and renal injury (Vulesevic et al., 2016;
Lassén and Daehn, 2020). Multiple evidence have shown
lncRNAs were differentially expressed in cardiovascular and
renal endothelial cells (Puthanveetil et al., 2015; Huang et al.,
2021), showing a close relationship between dysfunction of
lncRNAs and diabetic endothelial injury or DKD.

Long Non-Coding RNA and Inflammation in
Glomerular Endothelial Cell
Research has found that long-term and mild inflammatory
responses were associated with the dysfunction of ECs in db/
db mice (Zhao et al., 2020). Serum amyloid A (SAA), a pro-
inflammatory protein, was elevated in diabetic mice and in
serum of diabetic patients (Anderberg et al., 2015; Wilson
et al., 2018), the deposition of which in atheroma has been
reported to cause endothelial dysfunction (Witting et al.,
2011). LncRNA metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), first described as a key prediction
index in metastasis of lung cancer (Ji et al., 2003), was found to
be critical in various diabetic complications including
cerebrovascular disease and DKD (Abdulle et al., 2019).
Recently, it was found that MALAT1 was overexpressed in
human umbilical vein endothelial cells and STZ-induced
diabetic mice, which could activate SAA3 to mediate EC
injury by promoting the release of inflammatory cytokines
such as IL-6 and TNF-α. The blockade of MALAT1 expression,
on the contrary, inhibited aberrant secretion of these
inflammatory molecules (Puthanveetil et al., 2015).

Long Non-Coding RNA and Apoptosis in
Glomerular Endothelial Cell
Apoptosis refers to pro-inflammatory and programmed cell
death regulated by genes such as the caspase family in order
to maintain the homeostasis of the internal environment (Elmore,
2007), which is determined by the equilibrium between
antiapoptotic proteins such as Bcl-2 and pro-apoptotic protein
such as Bax (Salam et al., 2018). Multiple studies have indicated
that HG could induce apoptosis in ECs by upregulating pro-
apoptotic protein and inhibited antiapoptotic protein levels (Su
et al., 2018), an important step triggering endothelial injury that
would initiate the development of diabetes mellitus and DKD
(Dou and Jourde-Chiche, 2019). Reportedly, lncRNA KCNQ1-
overlapping transcript 1 (KCNQ1OT1) was involved in the
development of diabetic retinopathy (DR) by promoting
proliferation and angiogenesis of hRECs through sponging
miR-1470; and knockdown of KCNQ1OT1 induced apoptosis
and inhibited cell proliferation in HG (Shao et al., 2019).
Likewise, Jie et al. (2020) found that lncRNA KCNQ1OT1 was
highly expressed in serum of DN patients, suggesting a critical
involvement of lncRNA KCNQ1OT1 dysregulation in the
pathogenesis of DKD, and in HG-cultured glomerular ECs, it
was showed that lncRNA KCNQ1OT1 was overexpressed, with
concomitant upregulation of sorbin and SH3 domain-containing
protein 2 (SORBS2) by targeting miR-18b-5p, knockdown of
KCNQ1OT1 increased the level of apoptosis rate detected by flow
cytometry assay (Jie et al., 2020), suggesting a contradict instead
of a unilaterally protective role by targeting KCNQ1OT1 in HG-
induced endothelial cell injury. Further evidence were needed to
verify its role in diabetic complications such as DKD. Also, the
specific apoptotic proteins involved were not determined in
the study.

Long Non-Coding RNA and Endothelial
Mesenchymal Transformation
Endothelial mesenchymal transformation (EndMT), a complex
transversion of cell differentiation, which is an important source
of fibroblasts, with the missing endothelial markers such as CD31
and the expression of mesenchymal proteins including α-SMA
and FSP-1 (Srivastava et al., 2019). Studies have demonstrated
that TGF-β/SMAD mediated EndMT could contribute to early
renal fibrosis in diabetic mice (Li et al., 2009; Srivastava et al.,
2021), and glomerulus EndMT could also induce epithelial
mesenchymal transformation (EMT) of renal tubular epithelial
cells (TECs) (Srivastava et al., 2021), which might work together
to accelerate the process of renal fibrosis in DKD (Li et al., 2020a).
Very recently, Shi et al. (2020) found that lncRNA H19 levels
were increased in a time-dependent manner in human dermal
microvascular endothelial cells with TGF-β2 treatment and renal
tissue of STZ-induced CD1 mice, and that gene knockdown of
H19 in diabetic mice partially restored renal function along with
mitigated renal fibrosis, and increased expression of CD31 but
decreased expression of FSP-1 in renal tissues of these gene-
modified diabetic mice through inhibiting TGF-β/SMAD3
signaling transduction (Shi et al., 2020).
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LONG NON-CODING RNA AND PODOCYTE
INJURY

Podocytes are composed of cell bodies and foot processes (FPs)
which cover the surface of GBM and connect with GBM through
adhesion molecules such as α3β1 integrins and proteoglycan
molecules such as heparan sulfate proteoglycans (Abrahamson,
2012). The FPs between adjacent podocytes cross each other to
form a hiatal membrane called slit diaphragm (SD), which act as a
critical barrier to prevent protein leakage with key component
proteins including nephrin and podocin (Garg, 2018).
Additionally, cytoskeleton proteins, including actin,
synaptopodin, and other structural proteins, are of great
significance to maintain the normal structure and function of
podocytes (Garg, 2018). Reduction of podocyte density and
abnormality of podocyte structure or function for any reason
have been recognized to be of great significance to the occurrence
and development of proteinuria. The following is a main
introduction to the effects of lncRNAs on diabetic and HG-
related podocyte injury.

Long Non-Coding RNA and Inflammation in
Podocyte
Research has found that TLRs existed as a conserved family of
pattern recognition receptors in the innate immune system by
increasing pro-inflammatory cytokines and chemokines such as
IL-6, IL-1β, and MCP-1, and subsequently initiated intracellular
inflammatory in response to myocardial ischemia (Shimamoto
et al., 2006). Additionally, in STZ-induced diabetic rats and HG-
cultured podocytes, berberine could decrease the secretion of IL-
1β, IL-6, and MCP-1, with an alleviated inflammation effect by
inhibiting TLR4 expression (Zhu et al., 2018). As mentioned
earlier, TLR4 mediated the inflammatory response of MCs
regulated by lncRNA under HG condition. Likewise, there was
growing evidence showing a key role of TLR4 dysfunction in
diabetic podocyte injury. Recently, lncRNA myocardial
infarction-associated transcript (MIAT) has been shown to be
closely related to diabetic complications (Sun et al., 2018a). For
DKD, MIAT targeted and regulated TLR4 expression by acting as
a ceRNA of miR-130a-3p, thereby promoting the release of TNF-
α, IL-6, and IL-1β and subsequently initiated inflammatory
reaction in immortalized podocytes (Zhang et al., 2020b).
Conversely, the knockdown of MIAT could apparently
decrease the expression of these pro-inflammatory mediators
and exerted anti-inflammation effects (Zhang et al., 2020b),
which provided potential therapeutic strategies for DKD.

TIMP3 deficiency-medicated MC injury in DKD has been
described earlier. In HG-induced podocytes, it was found that the
expression of TIMP3 was also decreased when lncRNA
4930556m19rik and lncRNA HOXA cluster antisense RNA2
(HOXA-AS2) were downregulated (Fan and Zhang, 2020; Li
and Yu, 2020). Subcellular fraction assay showed
4930556m19rik was mainly located in cytoplasm of podocytes,
overexpression of which was able to elevate the levels of TIMP3
and reduce the secretion of IL-1β, TNF-α, and IL-6 by targeting
miR-27a-3p (Fan and Zhang, 2020), while HOXA-AS2 with

undefined subcellular localization, mainly by sponging miR-
302-3p (Li and Yu, 2020).

Long Non-Coding RNA and Mitochondrial
Dysfunction in Podocyte
Mitochondria are the main site for energy metabolism (Spinelli
and Haigis, 2018), constantly changing their shape and size
through fusion and fission in order to adapt to the
intracellular environment, a process called mitochondrial
dynamics. Aberrant mitochondrial fission is a key step to
increase ROS production and would lead to podocyte injury
(Gujarati et al., 2020), which has been demonstrated to be largely
regulated by dynein-associated protein 1 (DRP1), a GTPase that
play a crucial role in mitochondrial fission (Chang and
Blackstone, 2010). Instead, inhibition of DRP1 significantly
decreased the level of mitochondrial ROS, rectified podocyte
PFs effacement, and reduced proteinuria in diabetic mice
(Ayanga et al., 2016). Recently, the role of lncRNA in HG-
induced excessive mitochondrial fission in podocytes has
attracted attention. Deng et al. (2020) reported that lncRNA
MEG3 was overexpressed in HG-stimulated podocyte cytoplasm,
with increased DRP1 expression, upregulated phosphorylation
levels, and promoted DRP1 translocation from cytoplasm to
mitochondria, causing excessive mitochondrial fission and
resulting in podocyte injury, which provided an experimental
basis for finding the etiology of DKD progression.

Long Non-Coding RNA and Autophagy in
Podocyte
It had been reported that autophagy activation was negatively
correlated with podocyte injury in a mouse model of lupus
nephritis (Zhou et al., 2019). Diabetic mice with deficient
podocyte autophagy showed decreased podocyte density,
thickening of GBM, and disappearance of FPs (Lenoir et al.,
2015), suggesting the significance of appropriate maintenance of
autophagy activation of podocytes. In recent years, lncRNA has
been shown to be a negligible player in dysregulation of podocyte
autophagy. LncRNA SOX2OT, acting as a sponge of miR-9, could
promote the expression of SIRT1 and resulted in an increased
expression of autophagy-related proteins such as Beclin-1, LC3-
II, and Atg7, and induced elevated levels of autophagy, which
mitigated podocyte injury under HG conditions (Zhang et al.,
2019c). SIRT1 was a nicotinamide adenine dinucleotide-
dependent deacetylase and recognized to be renal protective by
regulating metabolic homeostasis, autophagy, inhibiting
inflammation etc. (Wang et al., 2019c). SIRT1 knockdown plus
HG treatment significantly inhibited the expression of podocyte
markers including ZO-1, P-cadherin, and nephrin (Dong et al.,
2021b). Moreover, it was shown that lncRNA sperm-associated
antigen 5 antisense RNA1 (SPAG5-AS1), primarily expressed in
the cytoplasm of HG-induced podocytes, was able to increase the
expression of SPAG5 by interacting with ubiquitin specific
peptidase 14 (USP-14) and subsequently activated AKT/
mTOR signal transduction, with the result that inhibition of
podocyte autophagy induced by HG, silencing of SPAG5-AS1
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inhibited the expression of caspase-3, caspase-9, and Bax, and
reversed the low expression of bcl-2 (Xu et al., 2020).

Additionally, Feng et al. (2018) found lncRNA upregulated
expression of GM5524 but downregulated expression of
GM15645 in kidney tissues in a mouse model of DN, which
were also observed in HG-stimulated mouse podocytes, along
with increased expression levels of autophagy-related protein
such as Atg5, Atg7, LC3-II, and LC3-II/LC3-I, and increased
autophagosomes, while the results were reversed by GM5524
downregulation or GM15645 upregulation. It would be of interest
to further determine the mechanisms through which these
lncRNAs affected podocyte autophagy signaling pathway,
through directly modulating autophagy at transcriptional or
posttranscriptional levels, or via some other pathway cross talk.

Long Non-Coding RNA and Apoptosis in
Podocyte
Apoptosis is one of the main causes to accelerate podocyte density
reduction (Shankland, 2006). Once residual podocytes were
unable to completely cover GBM, the integrity of GFB would
be destructed and the development of proteinuria might speed up
and accelerate glomerulosclerosis (Li et al., 2007). Of particular
interest was that lncRNA PVT1, which was previously
overexpressed in HG-induced MCs and led to
hyperproliferation in a miR-23b-3p/NF-κB manner (Zhong
et al., 2020), was also highly expressed in podocyte nuclei
under HG conditions, and its abnormal expression was related
to reduced methylation levels of the CpG island of forkhead box
A1 (FoxA1) and thereby inhibited FoxA1 expression (Liu et al.,
2019), the latter of which was a DNA binding protein of the
forkhead family and involved in metabolic regulation (He et al.,
2017). Notably, silencing of PVT1 or overexpression of FOXA1
inhibited Bax and caspase-3 expressions and promoted Bcl-2
expression, and further prohibited the apoptosis and injury of
podocytes in DN mice along with improvement of clinical
indexes including creatinine and BUN (Liu et al., 2019).

In addition, high levels of lncRNA small nucleolar RNA host
gene 16 (SNHG16) was found in serum of patients with DN and
in podocytes treated with HG (He and Zeng, 2020). The
overexpression of SNHG16 broke the balance of antiapoptotic
protein (Bcl-2) and pro-apoptotic proteins (Bax and caspase-3)
by targeting miR-106a, and finally resulted in apoptosis in
podocytes (Li et al., 2020b).

Further studies showed that lncRNA CDKN2B-AS1 might
also play an indispensable role in HG-induced podocyte
apoptosis, in addition to its participation in MC inflammation
(Li et al., 2020b). It was found that the overexpression of lncRNA
CDKN2B-AS1 decreased protein levels of Bcl-2 but increased
levels of Bax, together with the upregulated expression of TGF-β1,
FN, and col-I. In contrast, silencing of CDKN2B-AS1 triggered
reversed expression of these two apoptosis-related proteins and
prohibited expression of the fibrotic proteins (Xiao et al., 2021).
The researchers implicated that CDKN2B-AS1 could putatively
act as a sponge of miR-98-5p and increase the levels of its target
protein notch homolog 2 (NOTCH2), which was an important
regulator of renal fibrosis (Huang et al., 2018; Xiao et al., 2021).

LONG NON-CODING RNA AND TUBULAR
EPITHELIAL CELL INJURY

Tubular epithelial cells (TECs), the main cells of renal tubular
interstitium, hold powerful metabolic activity and potential
ability of proliferation and secretion (Liu et al., 2018). Tubular
atrophy and inflammatory cell infiltration could be observed in
the early stage of DKD (Tervaert et al., 2010). Consequently,
identifying a more sensitive index and timely intervention for
TEC injure possess considerable significance to delay the progress
of DKD.

Long Non-Coding RNA and Inflammation in
Tubular Epithelial Cell
Prior studies found that pro-inflammatory cytokines such as IL-1
and TNF-α involved in glomerular injury could simultaneously
stimulate proximal renal tubular cells to synthesize TGF-β1
(Phillips et al., 1996), which induced interstitial fibrosis and
led to DKD progression. Recently, Feng et al. (2019) found
that brown fat lncRNA1 (Blnc1) was highly expressed in the
serum of DN patients. In HK-2 cells cultured in HG, inhibition of
Blnc1 expression could remarkably decrease the expression of
TNF-α, IL-6, and IL-1β and fibrosis-related proteins (PTEN, FN,
col-I, and col-IV) through upregulating the nuclear factor
erythroid 2-related factor 2 (NRF2)/heme oxygenase-1 (HO-1)
signaling pathway. The NRF2/HO-1 signaling pathway has been
demonstrated in antioxidant reaction in osteoarthritis via
inhibiting NLRP3 inflammasome (Chen et al., 2019c).

Dramatically, lncRNA 9884 was a novel SMAD3-dependent
non-coding RNA, highly expressed in the nuclei of TECs and
MCs of db/dbmice, which could directly modulate the expression
of MCP-1 at transcriptional level and promoted the infiltration of
leukocytes (Zhang et al., 2019d), the latter of which has also been
observed in diabetic models and clinical samples of DKD
(Galkina and Ley, 2006; Yang and Mou, 2017). Silencing of
lncRNA 9884 significantly decreased the expression of MCP-1,
TNF-α, and IL-1β, with reduced glomerular matrix deposition,
improvement of glomerulosclerosis, and alleviated
microalbuminuria excretion (Zhang et al., 2019d), indicating a
pivotal role of lncRNA in dysfunction of tubular cells in the
context of diabetes.

Long Non-Coding RNA and Pyroptosis in
Tubular Epithelial Cell
Pyroptosis means as a pro-inflammatory programmed cell death,
characteristic by activation of the caspase family and mediated by
gasdermin D (GSDMD), generally without membrane
destruction and accompanied by the participation of
neutrophils to clear intracellular necrosis material, which is
different from apoptosis manifested as the form of rupture of
the cell membrane and the participation of macrophages (Kovacs
and Miao, 2017; Shi et al., 2017). New discovery reported NLRP3
inflammasome was an important initiator of pyroptosis by
promoting the activation of caspase-1 and accelerating the
cleavage of GSDMD (Platnich and Muruve, 2019). Recently,
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an in vitro experiment conducted by Xie et al. (2019) showed that
the overexpression of lncRNA growth arrest-specific transcript 5
(GAS5) reduced the secretion of pro-inflammatory cytokines
(TNF-α, IL-6, and MCP-1) and inhibited the expression of
NLRP3, caspase-1, and GSDMD-N by downregulating miR-
452-5p levels, with alleviated oxidative stress responses and
pyroptosis in HG-induced TECs. Similar results were
illustrated in HG-induced HK-2 cells where KCNQ1OT1
expression was increased (Zhu et al., 2020). It was found that
inhibition of KCNQ1OT1 decreased the production of pro-
inflammatory cytokines (TNF-α, IL-6, and MCP-1) and inhibited
the expression of NLRP3, caspase-1, and GSDMD-N triggered by
HG stimulation via upregulating the expression levels ofmiR-506-3p
(Zhu et al., 2020). Unfortunately, to date, the involvement of
lncRNAs in the regulation of pyroptosis in TECs mainly
implemented at cell levels under HG conditions, and further
diabetic animal models or clinical experiments are in need.

Long Non-Coding RNA and Epithelial
Mesenchymal Transformation in Tubular
Epithelial Cell
Epithelial mesenchymal transformation (EMT) usually refers to a
biological process of epithelial cells transforming into cells with
mesenchymal phenotype under stimulating factors and promotes
the progression of fibrosis, characterized by downregulation of
epithelial cadherin (E-cadherin) and upregulation of vimentin
and neural cadherin (N-cadherin), and driven by numerous
transcription factors including SNAILl, TWIST, and zinc-finger
E-box binding (ZEB) (Lamouille et al., 2014). EndMT occurring
in glomeruli is one of the important mechanisms of diabetic renal
fibrosis and closely related to phenotypic transformation of TECs as
mentioned earlier, jointly promoted the progress of DKD.
Interestingly, lncRNA MALAT1 was shown to boost the process
of EMT of lens epithelial cells in addition to its participation in
endothelial inflammatory responses (Puthanveetil et al., 2015; Ye
et al., 2020). It was demonstrated that activation of the Wnt/β-
catenin signaling pathway significantly decreased the expression of
epithelial marker E-cadherin but increased the expression of
interstitial marker α-SMA, accompanied by the overexpression of
lncRNAMALAT1 in HG-induced HK-2 cells (Zhang et al., 2019a).
Another interesting case involved in EMT of TECs was that lncRNA
OIP5-AS1 could directly target miR-30c-5p and regulate the
expression of E-cadherin and N-cadherin to participate in EMT
and renal fibrosis in DNmice and HG-cultured HK-2 cells (Fu et al.,
2020).

In contrast, the levels of lncRNA ZEB homeobox 1 antisense 1
(ZEB1-AS1) were markedly lower in kidney tissues of DN
patients in comparison with healthy controls. Decreased
expression of ZEB1-AS1 was also observed in HK-2 cells
treated with HG compared with normal glucose stimulation,
with simultaneous elevation of mesenchymal markers α-SMA
and vimentin and diminished expression of epithelial marker
E-cadherin (Meng et al., 2020). The overexpression of ZEB1-AS1
significantly upregulated BMP7 levels, partially restored the
expression of E-cadherin, and decreased α-SMA and vimentin
expression resulted from HG stimulation via its interaction with

miR-216a-5p, which further inhibited EMT of HK-2 cells and
renal fibrosis (Meng et al., 2020).

Long Non-Coding RNA and Apoptosis in
Tubular Epithelial Cell
Concurrent with other renal resident cells, apoptosis mediated by
lncRNAs also occurred in TECs. In a rat model of DN, it was
observed that lncRNA urothelial carcinoma associated 1 (UCA1)
was downregulated in the renal cortex (132). In vitro, the
researches indicated the levels of UCA1 promoted in HG-
stimulated HK-2 cells (132). The overexpression of UCA1
could inhibit the synthesis of caspase-1, IL-1β, and NLRP3 via
directly targeting miR-206 and exerted the renal protective effect
(Yu et al., 2022). Another experiment was carried out by Wang
et al. (2019b) that the expression of lncRNA 00462 increased in
renal tissue of DN patients and HG-induced HK-2 cells. Exposure
to HG stimulation could significantly cause cell apoptosis
manifested as elevation of Bax and reduction of Bcl-2 by
inhibiting the AKT signal pathway, while the opposite effect
was obtained when 00462 was knocked down.

Long Non-Coding RNA and Autophagy in
Tubular Epithelial Cell
Thioredoxin-interacting protein (TXNIP), a marker for excess
unfolded protein response in the endoplasmic reticulum (ER),
could activate inflammatory cytokines and induce inflammatory
cascade signals activation (Tsubaki et al., 2020; Yang et al., 2020).
Under HG conditions, TXNIP expression levels were elevated in
HG-culturedHK-2 cells, decrease of which reversed the inhibition of
mitochondrial autophagy via reducing the phosphorylation levels of
mTOR (Huang et al., 2016). Latest research showed that lncRNA
NEAT1 could upregulate TXNIP expression via acting as a sponge of
miR-93-5p and subsequently triggered LPS-cultured HK-2 cell
injury, manifested as increased levels of Bax, TNF-α, IL-1β, and
IL-6 but decreased levels of Bcl-2 (Yang et al., 2021b). Notably, it has
been shown that lncRNA NEAT1 was elevated in MCs after HG
stimulation (Huang et al., 2019). It would be interesting to identify
whether lncRNA NEAT1 was involved in TXNIP dysfunction-
related regulation of mitochondrial autophagy in glomerular
tubular cells in vitro and in vivo.

SUBCELLULAR LOCALIZATION AND
FUNCTION OF LONG NON-CODING RNA IN
DIABETIC KIDNEY DISEASE
LncRNAs are selectively located in specific subcellular structures
in relation to multifarious biological behaviors. Majority of
lncRNAs are usually distributed in the nucleus and function as
regulators in chromatin organization by recruiting specific
regulatory proteins to the chromatin and RNA translating. An
interesting case was that lncRNA TCF7 regulated its expression
by recruiting the SWI/SNF complex to the promoter of TCF7 to
realize the continuous self-renewal of liver tumor cells (Wang
et al., 2015). Similar mechanisms were also exemplified in DKD.
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It was implicated that nuclear lncRNA Dlx6os1 elevated SOX6
expression by recruiting EZH2 to SOX6 promoter in HG-treated
SV40MES13 cells (Chen et al., 2022). LncRNA PVT1 was located
in the nuclei of HG-treated podocytes and was implicated to
promote the recruitment of H3K27me3 at the FoxA1 promoter
region by interacting with EZH2, and thereby inhibiting the
expression of FoxA1 (Liu et al., 2019). EZH2 was one of the
four core components of PRC2, which was a methyltransferase
and recruited to specific genomic locations where it trimethylated
H3K27 to repress the transcription of specific genes
(Schuettengruber et al., 2007; Ku et al., 2008; Khalil et al.,
2009; Laugesen et al., 2019; Duan et al., 2020). These studies
suggested that epigenetic mechanisms that regulate histone
methylation with dysregulation of lncRNAs might be critically
involved in the development of DKD. Additionally, lncRNA 9884
could directly regulate the expression of MCP-1 at the
transcriptional levels to participate in inflammatory injury of
TECs in DKD (Zhang et al., 2019d), indicating its function as a
potential transcriptional regulator. Interestingly, we previously
showed that in podocytes exposed to HG stimulation, lncRNA
MALAT1 was involved in podocyte injury through activating β-
catenin nuclear translocation with SRSF1 as an important
mediator, the former of which in turn regulated MALAT1
transcription via binding to its promoter region (Hu et al.,
2017). Such nuclear location of lncRNA showed critical roles
in cell malfunction under pathological conditions via its interplay
with nuclear regulatory factors that could move freely between
cytoplasm and nucleus. Nevertheless, data were still limited
relating to nuclear localization of these lncRNAs and their
unique functions in intrinsic renal cells and pathogenesis of DKD.

In addition to its nuclear distribution, some other lncRNAs are
transported to the cytoplasm and got involved in the expression of
target genes by interacting with certain RNAmolecules or proteins.
Cytoplasmic lncRNAs acting as a bait for miRNA and
subsequently regulated the expression of target genes seemed to
be another critical and efficient way to exercise their functions
(Poliseno et al., 2010), and usually was known as the “sponge
effect.” For example, MEG3-targeted miR-181a (Zha et al., 2019),
CASC2-targeted miR-135a-5p (Zhu et al., 2021), HCP5-targeted
miR-93p-5p (Wang et al., 2021b), 1700020I14Rik-targeted miR-
34a-5p (Li et al., 2018), RMRP-targeted miR-1a-3p (Yang et al.,
2021a), H2K2-targeted miR-44a/b (Chen et al., 2019b), MIAT-
targeted miR-130a-3p (Zhang et al., 2020b), ZEB1-AS1-targeted
miR-216-5p (Meng et al., 2020), and NR_038323-targeted miR-
324-3p (Ge et al., 2019) were implicated in HG-triggered injury of
resident cells including MCs, tubular cells, and podocytes, and in
the pathogenesis of DKD. Cytoplasmic lncRNAs could also initiate
activation of some downstream signaling pathways by directly
binding to intermediate proteins. It has been indicated that
cytoplasmic lncRNA MUF promoted liver tumorigenesis by
interacting with annexin A2 protein and miR-34a (Yan et al.,
2017). LncRNA RPPH1 directly bound with gal-3 to activate the
ERK/MEK signaling pathway, which was sufficient to trigger
inflammatory responses of MCs under HG conditions (Zhang
et al., 2019b). Moreover, lncRNA SPAG5-AS1 mediated HG-
induced podocyte autophagy by interacting with USP-14 (Xu
et al., 2020).

Of note, the subcellular localization of lncRNAs was not
permanent but highly volatile, showing tremendous
potentiality in relation to specific functions under specific
circumstances. It was found that mitochondrial gene
expression could be regulated by lncRNAs that clustered in
mitochondria. LncRNA RMRP, located in nucleus, could be
exported to cytoplasm via CRM1 when binding to Hu antigen
R (HuR), and selectively located in the mitochondrial matrix to
bind to GRSF1, a mitochondrial protein with relation to oxidative
phosphorylation and mitochondrial DNA replication (Noh et al.,
2016). Previous study also reported lncRNA RMRP, located in
cytoplasm, could participate in the proliferation of HG-cultured
MCs by sponging miR-1a-3p (Yang et al., 2021a), whether
mitochondrial dysfunction mediated by RMRP was involved in
MCs injury, however, needed further exploration. Interestingly,
lncRNAs could be actively sorted into exosomes (Gezer et al.,
2014) and involved in intercellular transfer (Dong et al., 2016).
Some studies have identified a distribution of the cell–cell contact
region of lncRNAs, such as lncRNA LASSIE, which was shown to
enrich and stabilize endothelial adhesion by interacting with the
cell–cell adhesion component PECAM-1 in the cell–cell contact
areas (Stanicek et al., 2020). To date, scarce studies have
demonstrated further information of the dynamic distribution
of lncRNA LASSIE in diabetic endothelial injury or in the
development of DKD. Previous studies reported some
lncRNAs, located in ribosome, were able to encode small
peptides (Huang et al., 2017), and polysomal lncRNAs seemed
to have significantly longer 5′ UTR regions, similar to protein-
coding transcripts, which might be beneficial to its ribosomal
recognition and thus proper subcellular location (Carlevaro-Fita
et al., 2016; Huang et al., 2017), and lncRNAs were also detected
in the endoplasmic reticulum (ER) (Fazal et al., 2019).
Nevertheless, studies on these unique locations of cytoplasmic
lncRNAs in the pathogenesis of DKD were rare, leaving their
exact biological or pathological functions and molecular
mechanisms still mysterious and elusive.

Although the subcellular localization of lncRNAs has recently
emerged to be significant in lncRNA biology and pathobiology,
related studies in the field of DKD are still limited and failed to
arouse enough attention from researches. A majority of the
literature on DKD emphasized aberrant alterations of the
expression of certain lncRNAs on levels of certain cells,
tissues, or organs, with only rough subcellular descriptions
confined to cytoplasm or nucleus. Further investigations of
this field would be non-negligible and of great interest and
significance to uncover the pathogenesis of DKD, which might
be driven by the rapid progress in experimental technology and
the biology of lncRNAs per se.

LONG NON-CODING RNA AS
THERAPEUTIC TARGET FOR DIABETIC
KIDNEY DISEASE
With an in-depth exploration of lncRNAs, it has been found that
targeting some lncRNAs might be of potential therapeutic values for
cancer (Wang et al., 2019a). Recently, the clinical significance of
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lncRNAs for DKD has just begun to get attention. Evidence showed
that lncRNA taurine-upregulated gene 1 (TUG1) could regulate the
expression of peroxisome proliferator-activated receptor-γ
coactivator-1 alpha (PGC-1α) in kidney biopsy tissue of DN
patients and HG-cultured podocytes (Shen et al., 2019). PGC-1α
is a well-studied cardinal factor regulating biological functions of
mitochondria (Puigserver et al., 1998), dysregulation of which has
been illustrated to be correlated with abnormal biological function of
mitochondria such as increased production of ROS, irregular
mitochondrial dynamics, and autophagy disorder (Fontecha-
Barriuso et al., 2020). Evidence showed that downregulation of
TUG1 contributed to the development of DN by activating ER
stress and podocyte apoptosis (Shen et al., 2019). TUG1
overexpression, on the contrary, reduced the expression of
extracellular matrix protein such as FN and col-IV, inhibited cell
proliferation in STZ-induced diabetic rats andHG-culturedMCs via
inhibiting the PI3K/AKT pathway (Zang et al., 2019). The
aforementioned studies suggested that the overexpression of
TUG1 might be beneficial to hinder the progress of DKD and
might provide potential therapeutic direction for future research.

Further study showed that a novel lncRNA NR_038323 was
dysregulated in HG-cultured HK-2 cells, with concomitant
increase in col-I, col-IV, and FN levels, knockdown of which
further increased col-I, col-IV, and FN levels whereas the
overexpression of which showed a reversal effect (Ge et al.,
2019). In renal tissue of DN patients, similar findings were
shown that lncRNA NR_038323 was elevated with increased
staining of fibrosis markers col-I, col-IV, and FN by
immunohistochemistry (Ge et al., 2019). In STZ-induced DN
rats, lncRNA NR_038323 seemed to be playing a potential
antifibrosis role by targeting the miR-324-3p/DUSP1 axis, as
higher levels of lncRNA NR_ 038323 was correlated with
attenuated proteinuria to a certain degree and interstitial
fibrosis, suggesting a therapeutic potentiality for DKD (Ge
et al., 2019). Nevertheless, data on the application of lncRNAs
in the treatment of DKD are still in shortage, and further
investigations of lncRNAs in the pathogenesis of DKD are in
urgent need.

CONCLUSION

As one of the most important microvascular complications of
diabetes, DKD holds relatively high morbidity and mortality but
limited therapeutic options (Forsblom et al., 2011; Thomas et al.,
2015; Alicic et al., 2017). Here, we described some abnormally
expressed lncRNAs associated with the pathogenesis of DKD
(Supplementary Table S1), which participated in a series of
physiological and pathophysiological processes of renal inherent

cells. As the role of lncRNAs in DKD becomes clearer, potentially
novel diagnostic markers, therapeutic targets, and interventions
might be possible. Of interest, most of the human genome
encodes RNA that does not code for protein (Yelin et al.,
2003; van Bakel et al., 2010), which means there might be a
considerable number of undefined lncRNAs involved in DKD.
Also, it is still not very clear of the interactions among different
lncRNAs and their roles in the cell cross talk between resident
kidney cells, as cell-to-cell communication has been indicated as
an important mechanism in the pathogenesis of DKD (Li et al.,
2021b). The dynamics of the subcellular localization of lncRNAs
might also exert critical and differential functions under
physiological and pathophysiological conditions such as DKD,
the data on which are still lacking. Further exploration of this field
has the potential to advance our knowledge of the pathogenesis of
DKD, as well as diabetes per se, and might contribute to early
screening and prevention of the disease.

AUTHOR CONTRIBUTIONS

ZL, MH, and QM conceptualized the review and decided on the
content. MH and QM drafted the version of all sections. ZL
supervised the writing. BL, QW, TZ, and TH contributed to the
revision of the manuscript. All authors approved the final version
of the manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant No. 81873615, 82070744, and
81770723), Natural Science Foundation of Shandong Province
(Grant No. ZR2020QH062), Academic Promotion Program of
Shandong First Medical University (Grant No. 2019QL022), and
Taishan Scholars Program of Shandong Province (Grant No.
ts201712090 and tsqn201812138).

ACKNOWLEDGMENTS

We thank all authors for their contributions.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.845371/
full#supplementary-material

REFERENCES

Abboud, H. E. (2012). Mesangial Cell Biology. Exp. Cel Res. 318, 979–985. doi:10.
1016/j.yexcr.2012.02.025

Abdulle, L. E., Hao, J.-l., Pant, O. P., Liu, X.-f., Zhou, D.-d., Gao, Y., et al. (2019).
MALAT1 as a Diagnostic and Therapeutic Target in Diabetes-Related

Complications: A Promising Long-Noncoding RNA. Int. J. Med. Sci. 16,
548–555. doi:10.7150/ijms.30097

Abrahamson, D. R. (2012). Role of the Podocyte (And Glomerular Endothelium)
in Building the GBM. Semin. Nephrol. 32, 342–349. doi:10.1016/j.semnephrol.
2012.06.005

Alicic, R. Z., Rooney, M. T., and Tuttle, K. R. (2017). Diabetic Kidney Disease.
Cjasn 12, 2032–2045. doi:10.2215/cjn.11491116

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8453719

Hu et al. LncRNA in DKD

https://www.frontiersin.org/articles/10.3389/fcell.2022.845371/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.845371/full#supplementary-material
https://doi.org/10.1016/j.yexcr.2012.02.025
https://doi.org/10.1016/j.yexcr.2012.02.025
https://doi.org/10.7150/ijms.30097
https://doi.org/10.1016/j.semnephrol.2012.06.005
https://doi.org/10.1016/j.semnephrol.2012.06.005
https://doi.org/10.2215/cjn.11491116
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Alkayyali, S., Lajer, M., Deshmukh, H., Ahlqvist, E., Colhoun, H., Isomaa, B., et al.
(2013). Common Variant in the HMGA2 Gene Increases Susceptibility to
Nephropathy in Patients with Type 2 Diabetes. Diabetologia 56, 323–329.
doi:10.1007/s00125-012-2760-5

Anderberg, R. J., Meek, R. L., Hudkins, K. L., Cooney, S. K., Alpers, C. E., Leboeuf,
R. C., et al. (2015). Serum Amyloid A and Inflammation in Diabetic Kidney
Disease and Podocytes. Lab. Invest. 95, 250–262. doi:10.1038/labinvest.
2014.163

Anders, H.-J., Huber, T. B., Isermann, B., and Schiffer, M. (2018). CKD in Diabetes:
Diabetic Kidney Disease versus Nondiabetic Kidney Disease. Nat. Rev. Nephrol.
14, 361–377. doi:10.1038/s41581-018-0001-y

Ayanga, B. A., Badal, S. S., Wang, Y., Galvan, D. L., Chang, B. H., Schumacker, P. T.,
et al. (2016). Dynamin-Related Protein 1 Deficiency Improves Mitochondrial
Fitness and Protects against Progression of Diabetic Nephropathy. Jasn 27,
2733–2747. doi:10.1681/asn.2015101096

Basu, R., Lee, J., Wang, Z., Patel, V. B., Fan, D., Das, S. K., et al. (2012). Loss of
TIMP3 Selectively Exacerbates Diabetic Nephropathy. Am. J. Physiol. Ren.
Physiol 303, F1341–F1352. doi:10.1152/ajprenal.00349.2012

Beermann, J., Piccoli, M.-T., Viereck, J., and Thum, T. (2016). Non-coding RNAs
in Development and Disease: Background, Mechanisms, and Therapeutic
Approaches. Physiol. Rev. 96, 1297–1325. doi:10.1152/physrev.00041.2015

Bhan, A., Soleimani, M., and Mandal, S. S. (2017). Long Noncoding RNA and
Cancer: A New Paradigm. Cancer Res. 77, 3965–3981. doi:10.1158/0008-5472.
CAN-16-2634

Boya, P., Reggiori, F., and Codogno, P. (2013). Emerging Regulation and Functions
of Autophagy. Nat. Cel Biol 15, 713–720. doi:10.1038/ncb2788

Cai, R., and Jiang, J. (2020). LncRNA ANRIL Silencing Alleviates High Glucose-
Induced Inflammation, Oxidative Stress, and Apoptosis via Upregulation of
MME in Podocytes. Inflammation 43, 2147–2155. doi:10.1007/s10753-020-
01282-1

Carlevaro-Fita, J., Rahim, A., Guigó, R., Vardy, L. A., and Johnson, R. (2016).
Cytoplasmic Long Noncoding RNAs Are Frequently Bound to and Degraded at
Ribosomes in Human Cells. Rna 22, 867–882. doi:10.1261/rna.053561.115

Chang, C. R., and Blackstone, C. (2010). Dynamic Regulation of Mitochondrial
Fission through Modification of the Dynamin-Related Protein Drp1. Ann. N. Y
Acad. Sci. 1201, 34–39. doi:10.1111/j.1749-6632.2010.05629.x

Chen, B., Li, Y., Liu, Y., and Xu, Z. (2019a). circLRP6 Regulates High Glucose-
induced Proliferation, Oxidative Stress, ECM Accumulation, and Inflammation
in Mesangial Cells. J. Cel Physiol 234, 21249–21259. doi:10.1002/jcp.28730

Chen, C., Wang, C., Hu, C., Han, Y., Zhao, L., Zhu, X., et al. (2017).
Normoalbuminuric Diabetic Kidney Disease. Front. Med. 11, 310–318.
doi:10.1007/s11684-017-0542-7

Chen, K., Yu, B., and Liao, J. (2021). LncRNA SOX2OT Alleviates Mesangial Cell
Proliferation and Fibrosis in Diabetic Nephropathy via Akt/mTOR-Mediated
Autophagy. Mol. Med. 27, 021–00310. doi:10.1186/s10020-021-00310-6

Chen, L., Xie, Y., Ma, X., Zhang, Y., Li, X., Zhang, F., et al. (2020). SOX6 Represses
Tumor Growth of clear Cell Renal Cell Carcinoma by HMG Domain-
dependent Regulation of Wnt/β-catenin Signaling. Mol. Carcinogenesis 59,
1159–1173. doi:10.1002/mc.23246

Chen, S., Jim, B., and Ziyadeh, F. N. (2003). Diabetic Nephropathy and
Transforming Growth Factor-β: Transforming Our View of
Glomerulosclerosis and Fibrosis Build-Up. Semin. Nephrol. 23, 532–543.
doi:10.1053/s0270-9295(03)00132-3

Chen, W., Peng, R., Sun, Y., Liu, H., Zhang, L., Peng, H., et al. (2019b). The
Topological Key lncRNA H2k2 from the ceRNA Network Promotes Mesangial
Cell Proliferation in Diabetic Nephropathyviathe miR-449a/b/Trim11/Mek
Signaling Pathway. FASEB j. 33, 11492–11506. doi:10.1096/fj.201900522r

Chen, Y.-X., Zhu, S.-Y., Huang, C., Xu, C.-Y., Fang, X.-D., and Tu, W.-P. (2022).
LncRNA Dlx6os1 Accelerates Diabetic Nephropathy Progression by
Epigenetically Repressing SOX6 via Recruiting EZH2. Kidney Blood Press.
Res. 17, 1–8. doi:10.1159/000520490

Chen, Z., Zhong, H., Wei, J., Lin, S., Zong, Z., Gong, F., et al. (2019c). Inhibition of
Nrf2/HO-1 Signaling Leads to Increased Activation of the NLRP3
Inflammasome in Osteoarthritis. Arthritis Res. Ther. 21, 300–2085. doi:10.
1186/s13075-019-2085-6

Ciesielska, A., Matyjek, M., and Kwiatkowska, K. (2021). TLR4 and CD14
Trafficking and its Influence on LPS-Induced Pro-inflammatory Signaling.
Cell. Mol. Life Sci. 78, 1233–1261. doi:10.1007/s00018-020-03656-y

Deng, Q., Wen, R., Liu, S., Chen, X., Song, S., Li, X., et al. (2020). Increased Long
Noncoding RNA Maternally Expressed Gene 3 Contributes to Podocyte Injury
Induced by High Glucose through Regulation of Mitochondrial Fission. Cell
Death Dis 11, 814–03022. doi:10.1038/s41419-020-03022-7

Dong, L., Lin, W., Qi, P., Xu, M.-d., Wu, X., Ni, S., et al. (2016). Circulating Long
RNAs in Serum Extracellular Vesicles: Their Characterization and Potential
Application as Biomarkers for Diagnosis of Colorectal Cancer. Cancer
Epidemiol. Biomarkers Prev. 25, 1158–1166. doi:10.1158/1055-9965.epi-16-
0006

Dong, Q., Wang, Q., Yan, X., Wang, X., Li, Z., and Zhang, L. (2021a). Long
Noncoding RNA MIAT Inhibits the Progression of Diabetic Nephropathy and
the Activation of NF-Κb Pathway in High Glucose-Treated Renal Tubular
Epithelial Cells by the miR-182-5p/GPRC5A axis. Open Med. 16, 1336–1349.
doi:10.1515/med-2021-0328

Dong, W., Zhang, H., Zhao, C., Luo, Y., and Chen, Y. (2021b). Silencing of miR-
150-5p Ameliorates Diabetic Nephropathy by Targeting SIRT1/p53/AMPK
Pathway. Front. Physiol. 12, 624989. doi:10.3389/fphys.2021.624989

Dou, L., and Jourde-Chiche, N. (2019). Endothelial Toxicity of High Glucose and
its By-Products in Diabetic Kidney Disease. Toxins (Basel) 11, 578. doi:10.3390/
toxins11100578

Du, H., Chen, M., Zhang, Y., and Zhao, M.-H. (2005). Characterization of Anti-
mesangial Cell Antibodies and Their Target Antigens in Patients with Lupus
Nephritis. J. Clin. Immunol. 25, 281–287. doi:10.1007/s10875-005-4082-6

Duan, R., Du, W., and Guo, W. (2020). EZH2: a Novel Target for Cancer
Treatment. J. Hematol. Oncol. 13, 104–00937. doi:10.1186/s13045-020-
00937-8

El-Lateef, A. E. A., El-Shemi, A. G. A., Alhammady, M. S., Yuan, R., and Zhang, Y.
(2022). LncRNA NEAT2 Modulates Pyroptosis of Renal Tubular Cells Induced
by High Glucose in Diabetic Nephropathy (DN) by via miR-206 Regulation.
Biochem. Genet. 27, 021–10164. doi:10.1007/s10528-021-10164-6

Elmore, S. (2007). Apoptosis: a Review of Programmed Cell Death. Toxicol. Pathol.
35, 495–516. doi:10.1080/01926230701320337

Fan, H., and Zhang, W. (2020). Overexpression of Linc 4930556M19Rik
Suppresses High Glucose-Triggered Podocyte Apoptosis, Fibrosis and
Inflammation via the miR-27a-3p/Metalloproteinase 3 (TIMP3) Axis in
Diabetic Nephropathy.Med. Sci. Monit. 26, 925361. doi:10.12659/msm.925361

Fan, W., Wen, X., Zheng, J., Wang, K., Qiu, H., Zhang, J., et al. (2020). LINC00162
Participates in the Pathogenesis of Diabetic Nephropathy via Modulating the
miR-383/HDAC9 Signalling Pathway. Artif. Cell Nanomedicine, Biotechnol. 48,
1047–1054. doi:10.1080/21691401.2020.1773487

Fazal, F. M., Han, S., Parker, K. R., Kaewsapsak, P., Xu, J., Boettiger, A. N., et al.
(2019). Atlas of Subcellular RNA Localization Revealed by APEX-Seq. Cell 178,
473–490. doi:10.1016/j.cell.2019.05.027

Fei, B., Zhou, H., He, Z., and Wang, S. (2022). KCNQ1OT1 Inhibition Alleviates
High Glucose-Induced Podocyte Injury by Adsorbing miR-23b-3p and
Regulating Sema3A. Clin. Exp. Nephrol. 8, 021–02173. doi:10.1007/s10157-
021-02173-x

Feng, X., Zhao, J., Ding, J., Shen, X., Zhou, J., and Xu, Z. (2019). LncRNA Blnc1
Expression and its Effect on Renal Fibrosis in Diabetic Nephropathy. Am.
J. Transl Res. 11, 5664–5672.

Feng, Y., Chen, S., Xu, J., Zhu, Q., Ye, X., Ding, D., et al. (2018). Dysregulation of
lncRNAs GM5524 and GM15645 Involved in High-glucose-induced P-odocyte
A-poptosis and A-utophagy in D-iabetic N-ephropathy. Mol. Med. Rep. 18,
3657–3664. doi:10.3892/mmr.2018.9412

Flippot, R., Beinse, G., Boilève, A., Vibert, J., and Malouf, G. G. (2019). Long Non-
coding RNAs in Genitourinary Malignancies: a Whole New World. Nat. Rev.
Urol. 16, 484–504. doi:10.1038/s41585-019-0195-1

Fontecha-Barriuso, M., Martin-Sanchez, D., Martinez-Moreno, J. M., Monsalve,
M., Ramos, A. M., Sanchez-Niño, M. D., et al. (2020). The Role of PGC-1α and
Mitochondrial Biogenesis in Kidney Diseases. Biomolecules 10, 347. doi:10.
3390/biom10020347

Forsblom, C., Harjutsalo, V., Thorn, L. M., Wadén, J., Tolonen, N., Saraheimo, M.,
et al. (2011). Competing-risk Analysis of ESRD and Death Among Patients with
Type 1 Diabetes and Macroalbuminuria. Jasn 22, 537–544. doi:10.1681/asn.
2010020194

Fu, J., Lee, K., Chuang, P. Y., Liu, Z., and He, J. C. (2015). Glomerular Endothelial
Cell Injury and Cross Talk in Diabetic Kidney Disease. Am. J. Physiol. Ren.
Physiol 308, F287–F297. doi:10.1152/ajprenal.00533.2014

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 84537110

Hu et al. LncRNA in DKD

https://doi.org/10.1007/s00125-012-2760-5
https://doi.org/10.1038/labinvest.2014.163
https://doi.org/10.1038/labinvest.2014.163
https://doi.org/10.1038/s41581-018-0001-y
https://doi.org/10.1681/asn.2015101096
https://doi.org/10.1152/ajprenal.00349.2012
https://doi.org/10.1152/physrev.00041.2015
https://doi.org/10.1158/0008-5472.CAN-16-2634
https://doi.org/10.1158/0008-5472.CAN-16-2634
https://doi.org/10.1038/ncb2788
https://doi.org/10.1007/s10753-020-01282-1
https://doi.org/10.1007/s10753-020-01282-1
https://doi.org/10.1261/rna.053561.115
https://doi.org/10.1111/j.1749-6632.2010.05629.x
https://doi.org/10.1002/jcp.28730
https://doi.org/10.1007/s11684-017-0542-7
https://doi.org/10.1186/s10020-021-00310-6
https://doi.org/10.1002/mc.23246
https://doi.org/10.1053/s0270-9295(03)00132-3
https://doi.org/10.1096/fj.201900522r
https://doi.org/10.1159/000520490
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.1038/s41419-020-03022-7
https://doi.org/10.1158/1055-9965.epi-16-0006
https://doi.org/10.1158/1055-9965.epi-16-0006
https://doi.org/10.1515/med-2021-0328
https://doi.org/10.3389/fphys.2021.624989
https://doi.org/10.3390/toxins11100578
https://doi.org/10.3390/toxins11100578
https://doi.org/10.1007/s10875-005-4082-6
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1007/s10528-021-10164-6
https://doi.org/10.1080/01926230701320337
https://doi.org/10.12659/msm.925361
https://doi.org/10.1080/21691401.2020.1773487
https://doi.org/10.1016/j.cell.2019.05.027
https://doi.org/10.1007/s10157-021-02173-x
https://doi.org/10.1007/s10157-021-02173-x
https://doi.org/10.3892/mmr.2018.9412
https://doi.org/10.1038/s41585-019-0195-1
https://doi.org/10.3390/biom10020347
https://doi.org/10.3390/biom10020347
https://doi.org/10.1681/asn.2010020194
https://doi.org/10.1681/asn.2010020194
https://doi.org/10.1152/ajprenal.00533.2014
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Fu, J. X., Sun, G. Q., Wang, H. L., and Jiang, H. X. (2020). LncRNA OIP5-AS1
Induces Epithelial-To-Mesenchymal Transition and Renal Fibrosis in Diabetic
Nephropathy via Binding to miR-30c-5p. J. Biol. Regul. Homeost Agents 34,
961–968. doi:10.23812/20-199-A-68

Galkina, E., and Ley, K. (2006). Leukocyte Recruitment and Vascular Injury in
Diabetic Nephropathy. Jasn 17, 368–377. doi:10.1681/asn.2005080859

Gao, J., Wang, W., Wang, F., and Guo, C. (2018). LncRNA-NR_033515 Promotes
Proliferation, Fibrogenesis and Epithelial-To-Mesenchymal Transition by
Targeting miR-743b-5p in Diabetic Nephropathy. Biomed. Pharmacother.
106, 543–552. doi:10.1016/j.biopha.2018.06.104

Gao, Y., Yang, H., Wang, Y., Tian, J., Li, R., and Zhou, X. (2020). Evaluation of the
Inhibitory Effect of Tacrolimus Combined with Mycophenolate Mofetil on
Mesangial Cell Proliferation Based on the Cell Cycle. Int. J. Mol. Med. 46,
1582–1592. doi:10.3892/ijmm.2020.4696

Garg, P. (2018). A Review of Podocyte Biology. Am. J. Nephrol. 47, 3–13. doi:10.
1159/000481633

Ge, Y., Wang, J., Wu, D., Zhou, Y., Qiu, S., Chen, J., et al. (2019). lncRNA
NR_038323 Suppresses Renal Fibrosis in Diabetic Nephropathy by Targeting
the miR-324-3p/DUSP1 Axis. Mol. Ther. - Nucleic Acids 17, 741–753. doi:10.
1016/j.omtn.2019.07.007

Geng, Z., Wang, X., Hao, S., Dong, B., Huang, Y., Wang, Y., et al. (2021). LncRNA
NNT-AS1 Regulates Proliferation, ECM Accumulation and Inflammation of
HumanMesangial Cells Induced by High Glucose through miR-214-5p/smad4.
BMC Nephrol. 22, 021–02580. doi:10.1186/s12882-021-02580-y

Gezer, U., Özgür, E., Cetinkaya, M., Isin, M., and Dalay, N. (2014). Long Non-
coding RNAs with Low Expression Levels in Cells Are Enriched in Secreted
Exosomes. Cell Biol Int 38, 1076–1079. doi:10.1002/cbin.10301

Gujarati, N. A., Vasquez, J. M., Bogenhagen, D. F., andMallipattu, S. K. (2020). The
Complicated Role of Mitochondria in the Podocyte. Am. J. Physiology-Renal
Physiol. 319, F955–F965. doi:10.1152/ajprenal.00393.2020

Ha, Y. M., Park, E. J., Kang, Y. J., Park, S. W., Kim, H. J., and Chang, K. C. (2014).
Valsartan Independent of AT 1 Receptor Inhibits Tissue Factor, TLR -2 and -4
Expression by Regulation of Egr-1 through Activation of AMPK in Diabetic
Conditions. J. Cell. Mol. Med. 18, 2031–2043. doi:10.1111/jcmm.12354

He, S., Zhang, J., Zhang, W., Chen, F., and Luo, R. (2017). FOXA1 Inhibits
Hepatocellular Carcinoma Progression by Suppressing PIK3R1 Expression in
Male Patients. J. Exp. Clin. Cancer Res. 36, 175–0646. doi:10.1186/s13046-017-
0646-6

He, X., and Zeng, X. (2020). LncRNA SNHG16 Aggravates High Glucose-Induced
Podocytes Injury in Diabetic Nephropathy through Targeting miR-106a and
Thereby Up-Regulating KLF9. Dmso 13, 3551–3560. doi:10.2147/dmso.
s271290

Hu, M., Wang, R., Li, X., Fan, M., Lin, J., Zhen, J., et al. (2017). LncRNA MALAT1
Is Dysregulated in Diabetic Nephropathy and Involved in High Glucose-
Induced Podocyte Injuryviaits Interplay with β-catenin. J. Cell. Mol. Med.
21, 2732–2747. doi:10.1111/jcmm.13189

Huang, C., Zhang, Y., Kelly, D. J., Tan, C. Y., Gill, A., Cheng, D., et al. (2016).
Thioredoxin Interacting Protein (TXNIP) Regulates Tubular Autophagy and
Mitophagy in Diabetic Nephropathy through the mTOR Signaling Pathway.
Sci. Rep. 6, 29196. doi:10.1038/srep29196

Huang, J.-Z., Chen, M., Chen, D., Gao, X.-C., Zhu, S., Huang, H., et al. (2017). A
Peptide Encoded by a Putative lncRNA HOXB-AS3 Suppresses Colon Cancer
Growth. Mol. Cel 68, 171–184. doi:10.1016/j.molcel.2017.09.015

Huang, S., Park, J., Qiu, C., Chung, K. W., Li, S. Y., Sirin, Y., et al. (2018). Jagged1/
Notch2 Controls Kidney Fibrosis via Tfam-Mediated Metabolic
Reprogramming. Plos Biol. 16, e2005233. doi:10.1371/journal.pbio.2005233

Huang, S., Xu, Y., Ge, X., Xu, B., Peng, W., Jiang, X., et al. (2019). Long Noncoding
RNA NEAT1 Accelerates the Proliferation and Fibrosis in Diabetic
Nephropathy through Activating Akt/mTOR Signaling Pathway. J. Cell
Physiol. 234, 11200–11207. doi:10.1002/jcp.27770

Huang, Y. C., Tsai, T. C., Chang, C. H., Chang, K. T., Ko, P. H., and Lai, L. C.
(2021). Indoxyl Sulfate Elevated Lnc-SLC15A1-1 Upregulating CXCL10/
CXCL8 Expression in High-Glucose Endothelial Cells by Sponging
MicroRNAs. Toxins (Basel) 13, 873. doi:10.3390/toxins13120873

Iguchi, H., Urashima, Y., Inagaki, Y., Ikeda, Y., Okamura, M., Tanaka, T., et al.
(2007). SOX6 Suppresses Cyclin D1 Promoter Activity by Interacting with β-
Catenin and Histone Deacetylase 1, and its Down-Regulation Induces

Pancreatic β-Cell Proliferation. J. Biol. Chem. 282, 19052–19061. doi:10.
1074/jbc.m700460200

Ijaz, A., Tejada, T., Catanuto, P., Xia, X., Elliot, S. J., Lenz, O., et al. (2009).
Inhibition of C-Jun N-Terminal Kinase Improves Insulin Sensitivity but
Worsens Albuminuria in Experimental Diabetes. Kidney Int. 75, 381–388.
doi:10.1038/ki.2008.559

Ji, P., Diederichs, S., Wang, W., Böing, S., Metzger, R., Schneider, P. M., et al.
(2003). MALAT-1, a Novel Noncoding RNA, and Thymosin β4 Predict
Metastasis and Survival in Early-Stage Non-small Cell Lung Cancer.
Oncogene 22, 8031–8041. doi:10.1038/sj.onc.1206928

Jie, R., Zhu, P., Zhong, J., Zhang, Y., and Wu, H. (2020). LncRNA KCNQ1OT1
Affects Cell Proliferation, Apoptosis and Fibrosis through Regulating miR-18b-
5p/SORBS2 axis and NF-ĸb Pathway in Diabetic Nephropathy. Diabetol.
Metab. Syndr. 12, 77–00585. doi:10.1186/s13098-020-00585-5

Jin, J., Gong, J., Zhao, L., Li, Y., and He, Q. (2021). LncRNA Hoxb3os Protects
Podocytes from High Glucose-Induced Cell Injury through Autophagy
Dependent on the Akt-mTOR Signaling Pathway. Acta Biochim. Pol. 68,
619–625. doi:10.18388/abp.2020_5483

Jung, S. W., and Moon, J.-Y. (2021). The Role of Inflammation in Diabetic Kidney
Disease. Korean J. Intern. Med. 36, 753–766. doi:10.3904/kjim.2021.174

Kalani, A., Mohan, A., Godbole, M. M., Bhatia, E., Gupta, A., Sharma, R. K., et al.
(2013). Wilm’s Tumor-1 Protein Levels in Urinary Exosomes from Diabetic
Patients with or without Proteinuria. PLoS One 8, e60177. doi:10.1371/journal.
pone.0060177

Kassiri, Z., Oudit, G. Y., Kandalam, V., Awad, A., Wang, X., Ziou, X., et al. (2009).
Loss of TIMP3 Enhances Interstitial Nephritis and Fibrosis. Jasn 20, 1223–1235.
doi:10.1681/asn.2008050492

Kato, M. (2018). Noncoding RNAs as Therapeutic Targets in Early Stage Diabetic
Kidney Disease. Kidney Res. Clin. Pract. 37, 197–209. doi:10.23876/j.krcp.2018.
37.3.197

Khalil, A. M., Guttman, M., Huarte, M., Garber, M., Raj, A., RiveaMorales, D., et al.
(2009). Many Human Large Intergenic Noncoding RNAs Associate with
Chromatin-Modifying Complexes and Affect Gene Expression. Proc. Natl.
Acad. Sci. U.S.A. 106, 11667–11672. doi:10.1073/pnas.0904715106

Kiselak, E. A., Shen, X., Song, J., Gude, D. R., Wang, J., Brody, S. L., et al. (2010).
Transcriptional Regulation of an Axonemal central Apparatus Gene, Sperm-
Associated Antigen 6, by a SRY-Related High Mobility Group Transcription
Factor, S-SOX5. J. Biol. Chem. 285, 30496–30505. doi:10.1074/jbc.m110.121590

Kovacs, S. B., and Miao, E. A. (2017). Gasdermins: Effectors of Pyroptosis. Trends
Cel Biol. 27, 673–684. doi:10.1016/j.tcb.2017.05.005

Ku, M., Koche, R. P., Rheinbay, E., Mendenhall, E. M., Endoh, M., Mikkelsen, T. S.,
et al. (2008). Genomewide Analysis of PRC1 and PRC2 Occupancy Identifies
Two Classes of Bivalent Domains. Plos Genet. 4, e1000242. doi:10.1371/journal.
pgen.1000242

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular Mechanisms of Epithelial-
Mesenchymal Transition. Nat. Rev. Mol. Cel Biol 15, 178–196. doi:10.1038/
nrm3758

Lassén, E., and Daehn, I. S. (2020). Molecular Mechanisms in Early Diabetic
Kidney Disease: Glomerular Endothelial Cell Dysfunction. Int. J. Mol. Sci. 21,
9456. doi:10.3390/ijms21249456

Laugesen, A., Højfeldt, J. W., and Helin, K. (2019). Molecular Mechanisms
Directing PRC2 Recruitment and H3K27 Methylation. Mol. Cel 74, 8–18.
doi:10.1016/j.molcel.2019.03.011

Lee, I. H., Cao, L., Mostoslavsky, R., Lombard, D. B., Liu, J., Bruns, N. E., et al.
(2008). A Role for the NAD-dependent Deacetylase Sirt1 in the Regulation of
Autophagy. Proc. Natl. Acad. Sci. U.S.A. 105, 3374–3379. doi:10.1073/pnas.
0712145105

Lei, D., Chengcheng, L., Xuan, Q., Yibing, C., Lei, W., Hao, Y., et al. (2019).
Quercetin Inhibited Mesangial Cell Proliferation of Early Diabetic
Nephropathy through the Hippo Pathway. Pharmacol. Res. 146, 104320.
doi:10.1016/j.phrs.2019.104320

Lenoir, O., Jasiek, M., Hénique, C., Guyonnet, L., Hartleben, B., Bork, T., et al.
(2015). Endothelial Cell and Podocyte Autophagy Synergistically Protect from
Diabetes-Induced Glomerulosclerosis. Autophagy 11, 1130–1145. doi:10.1080/
15548627.2015.1049799

Li, A., Peng, R., Sun, Y., Liu, H., Peng, H., and Zhang, Z. (2018). LincRNA
1700020I14Rik Alleviates Cell Proliferation and Fibrosis in Diabetic

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 84537111

Hu et al. LncRNA in DKD

https://doi.org/10.23812/20-199-A-68
https://doi.org/10.1681/asn.2005080859
https://doi.org/10.1016/j.biopha.2018.06.104
https://doi.org/10.3892/ijmm.2020.4696
https://doi.org/10.1159/000481633
https://doi.org/10.1159/000481633
https://doi.org/10.1016/j.omtn.2019.07.007
https://doi.org/10.1016/j.omtn.2019.07.007
https://doi.org/10.1186/s12882-021-02580-y
https://doi.org/10.1002/cbin.10301
https://doi.org/10.1152/ajprenal.00393.2020
https://doi.org/10.1111/jcmm.12354
https://doi.org/10.1186/s13046-017-0646-6
https://doi.org/10.1186/s13046-017-0646-6
https://doi.org/10.2147/dmso.s271290
https://doi.org/10.2147/dmso.s271290
https://doi.org/10.1111/jcmm.13189
https://doi.org/10.1038/srep29196
https://doi.org/10.1016/j.molcel.2017.09.015
https://doi.org/10.1371/journal.pbio.2005233
https://doi.org/10.1002/jcp.27770
https://doi.org/10.3390/toxins13120873
https://doi.org/10.1074/jbc.m700460200
https://doi.org/10.1074/jbc.m700460200
https://doi.org/10.1038/ki.2008.559
https://doi.org/10.1038/sj.onc.1206928
https://doi.org/10.1186/s13098-020-00585-5
https://doi.org/10.18388/abp.2020_5483
https://doi.org/10.3904/kjim.2021.174
https://doi.org/10.1371/journal.pone.0060177
https://doi.org/10.1371/journal.pone.0060177
https://doi.org/10.1681/asn.2008050492
https://doi.org/10.23876/j.krcp.2018.37.3.197
https://doi.org/10.23876/j.krcp.2018.37.3.197
https://doi.org/10.1073/pnas.0904715106
https://doi.org/10.1074/jbc.m110.121590
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1371/journal.pgen.1000242
https://doi.org/10.1371/journal.pgen.1000242
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://doi.org/10.3390/ijms21249456
https://doi.org/10.1016/j.molcel.2019.03.011
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1016/j.phrs.2019.104320
https://doi.org/10.1080/15548627.2015.1049799
https://doi.org/10.1080/15548627.2015.1049799
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Nephropathy via miR-34a-5p/Sirt1/HIF-1α Signaling. Cel Death Dis 9,
461–0527. doi:10.1038/s41419-018-0527-8

Li, J. J., Kwak, S. J., Jung, D. S., Kim, J. J., Yoo, T. H., Ryu, D. R., et al. (2007).
Podocyte Biology in Diabetic Nephropathy. Kidney Int. Suppl. 106, S36–S42.
doi:10.1038/sj.ki.5002384

Li, J., Li, M., and Bai, L. (2021a). KCNQ1OT1/miR-18b/HMGA2 axis Regulates
High Glucose-Induced Proliferation, Oxidative Stress, and Extracellular Matrix
Accumulation in Mesangial Cells.Mol. Cel Biochem 476, 321–331. doi:10.1007/
s11010-020-03909-1

Li, J., Liu, H., Srivastava, S. P., Hu, Q., Gao, R., Li, S., et al. (2020a). Endothelial
FGFR1 (Fibroblast Growth Factor Receptor 1) Deficiency Contributes
Differential Fibrogenic Effects in Kidney and Heart of Diabetic Mice.
Hypertension 76, 1935–1944. doi:10.1161/hypertensionaha.120.15587

Li, J., Qu, X., and Bertram, J. F. (2009). Endothelial-myofibroblast Transition
Contributes to the Early Development of Diabetic Renal Interstitial Fibrosis in
Streptozotocin-Induced Diabetic Mice. Am. J. Pathol. 175, 1380–1388. doi:10.
2353/ajpath.2009.090096

Li, T., Shen, K., Li, J., Leung, S. W. S., Zhu, T., and Shi, Y. (2021b). Glomerular
Endothelial Cells Are the Coordinator in the Development of Diabetic
Nephropathy. Front. Med. 8, 655639. doi:10.3389/fmed.2021.655639

Li, X., and Yu, H. M. (2020). Overexpression of HOXA-AS2 Inhibits Inflammation
and Apoptosis in Podocytes via Sponging miRNA-302b-3p to Upregulate
TIMP3. Eur. Rev. Med. Pharmacol. Sci. 24, 4963–4970. doi:10.26355/
eurrev_202005_21187

Li, X., Zeng, L., Cao, C., Lu, C., Lian, W., Han, J., et al. (2017a). Long Noncoding
RNA MALAT1 Regulates Renal Tubular Epithelial Pyroptosis by Modulated
miR-23c Targeting of ELAVL1 in Diabetic Nephropathy. Exp. Cel Res. 350,
327–335. doi:10.1016/j.yexcr.2016.12.006

Li, Y., Zheng, L. L., Huang, D. G., Cao, H., Gao, Y. H., and Fan, Z. C. (2020b).
LNCRNA CDKN2B-AS1 Regulates Mesangial Cell Proliferation and
Extracellular Matrix Accumulation via miR-424-5p/HMGA2 axis. Biomed.
Pharmacother. 121, 109622. doi:10.1016/j.biopha.2019.109622

Li, Y., Hu, F., Xue, M., Jia, Y.-J., Zheng, Z.-J., Wang, L., et al. (2017b). Klotho Down-
Regulates Egr-1 by Inhibiting TGF-β1/Smad3 Signaling in High Glucose
Treated Human Mesangial Cells. Biochem. Biophysical Res. Commun. 487,
216–222. doi:10.1016/j.bbrc.2017.04.036

Liu, B.-C., Tang, T.-T., Lv, L.-L., and Lan, H.-Y. (2018). Renal Tubule Injury: a
Driving Force toward Chronic Kidney Disease. Kidney Int. 93, 568–579. doi:10.
1016/j.kint.2017.09.033

Liu, C., Zhuo, H., Ye, M. Y., Huang, G. X., Fan, M., and Huang, X. Z. (2020).
LncRNA MALAT1 Promoted High Glucose-induced Pyroptosis of Renal
Tubular Epithelial Cell by Sponging miR -30c Targeting for NLRP3.
Kaohsiung J. Med. Sci. 36, 682–691. doi:10.1002/kjm2.12226

Liu, D.-W., Zhang, J.-H., Liu, F.-X., Wang, X.-T., Pan, S.-K., Jiang, D.-K., et al.
(2019). Silencing of Long Noncoding RNA PVT1 Inhibits Podocyte Damage
and Apoptosis in Diabetic Nephropathy by Upregulating FOXA1. Exp. Mol.
Med. 51, 1–15. doi:10.1038/s12276-019-0259-6

Luo, M., Yan, D., Sun, Q., Tao, J., Xu, L., Sun, H., et al. (2020). Ginsenoside Rg1
Attenuates Cardiomyocyte Apoptosis and Inflammation via the TLR4/NF-kB/
NLRP3 Pathway. J. Cel Biochem 121, 2994–3004. doi:10.1002/jcb.29556

Mansoori, B., Mohammadi, A., Ditzel, H. J., Duijf, P. H. G., Khaze, V., Gjerstorff,
M. F., et al. (2021). HMGA2 as a Critical Regulator in Cancer Development.
Genes 12, 269. doi:10.3390/genes12020269

Mason, R. M., and Wahab, N. A. (2003). Extracellular Matrix Metabolism in
Diabetic Nephropathy. Jasn 14, 1358–1373. doi:10.1097/01.asn.0000065640.
77499.d7

Mcgrath, K., and Edi, R. (2019). Diabetic Kidney Disease: Diagnosis, Treatment,
and Prevention. Am. Fam. Physician 99, 751–759.

Meng, Q., Zhai, X., Yuan, Y., Ji, Q., and Zhang, P. (2020). lncRNA ZEB1-AS1
Inhibits High Glucose-Induced EMT and Fibrogenesis by Regulating the miR-
216a-5p/BMP7 axis in Diabetic Nephropathy. Braz. J. Med. Biol. Res. 53, e9288.
doi:10.1590/1414-431X20209288

Mishra, S., Fujita, T., Lama, V. N., Nam, D., Liao, H., Okada, M., et al. (2006).
Carbon Monoxide Rescues Ischemic Lungs by Interrupting MAPK-Driven
Expression of Early Growth Response 1 Gene and its Downstream Target
Genes. Proc. Natl. Acad. Sci. U.S.A. 103, 5191–5196. doi:10.1073/pnas.
0600241103

Noh, J. H., Kim, K. M., Abdelmohsen, K., Yoon, J.-H., Panda, A. C., Munk, R., et al.
(2016). HuR and GRSF1 Modulate the Nuclear export and Mitochondrial
Localization of the lncRNA RMRP. Genes Dev. 30, 1224–1239. doi:10.1101/gad.
276022.115

Phillips, A. O., Topley, N., Steadman, R., Morrisey, K., and Williams, J. D. (1996).
Induction of TGF-β1 Synthesis in D-Glucose Primed Human Proximal Tubular
Cells by IL-1β and TNFα. Kidney Int. 50, 1546–1554. doi:10.1038/ki.1996.470

Platnich, J. M., and Muruve, D. A. (2019). NOD-like Receptors and
Inflammasomes: A Review of Their Canonical and Non-canonical Signaling
Pathways. Arch. Biochem. Biophys. 670, 4–14. doi:10.1016/j.abb.2019.02.008

Poliseno, L., Salmena, L., Zhang, J., Carver, B., Haveman, W. J., and Pandolfi, P. P.
(2010). A Coding-independent Function of Gene and Pseudogene mRNAs
Regulates Tumour Biology. Nature 465, 1033–1038. doi:10.1038/nature09144

Poller, W., Dimmeler, S., Heymans, S., Zeller, T., Haas, J., Karakas, M., et al. (2018).
Non-coding RNAs in Cardiovascular Diseases: Diagnostic and Therapeutic
Perspectives. Eur. Heart J. 39, 2704–2716. doi:10.1093/eurheartj/ehx165

Puigserver, P., Wu, Z., Park, C. W., Graves, R., Wright, M., and Spiegelman, B. M.
(1998). A Cold-Inducible Coactivator of Nuclear Receptors Linked to Adaptive
Thermogenesis. Cell 92, 829–839. doi:10.1016/s0092-8674(00)81410-5

Puthanveetil, P., Chen, S., Feng, B., Gautam, A., and Chakrabarti, S. (2015). Long
Non-coding RNAMALAT 1 Regulates Hyperglycaemia Induced Inflammatory
Process in the Endothelial Cells. J. Cell. Mol. Med. 19, 1418–1425. doi:10.1111/
jcmm.12576

Qi, C., Mao, X., Zhang, Z., and Wu, H. (2017). Classification and Differential
Diagnosis of Diabetic Nephropathy. J. Diabetes Res. 2017, 8637138. doi:10.
1155/2017/8637138

Quinn, J. J., and Chang, H. Y. (2016). Unique Features of Long Non-coding RNA
Biogenesis and Function. Nat. Rev. Genet. 17, 47–62. doi:10.1038/nrg.2015.10

Riva, P., Ratti, A., and Venturin, M. (2016). The Long Non-coding RNAs in
Neurodegenerative Diseases: Novel Mechanisms of Pathogenesis. Car 13,
1219–1231. doi:10.2174/1567205013666160622112234

Rivera, M. N., and Haber, D. A. (2005). Wilms’ Tumour: Connecting
Tumorigenesis and Organ Development in the Kidney. Nat. Rev. Cancer 5,
699–712. doi:10.1038/nrc1696

Salam, A. A. A., Nayek, U., and Sunil, D. (2018). Homology Modeling and Docking
Studies of Bcl-2 and Bcl-xL with Small Molecule Inhibitors: Identification and
Functional Studies. Curr. Top. Med. Chem. 18, 2633–2663. doi:10.2174/
1568026619666190119144819

Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., and Cavalli, G.
(2007). Genome Regulation by Polycomb and Trithorax Proteins. Cell 128,
735–745. doi:10.1016/j.cell.2007.02.009

Selby, N. M., and Taal, M. W. (2020). An Updated Overview of Diabetic
Nephropathy: Diagnosis, Prognosis, Treatment Goals and Latest Guidelines.
Diabetes Obes. Metab. 22, 3–15. doi:10.1111/dom.14007

Shankland, S. J. (2006). The Podocyte’s Response to Injury: Role in Proteinuria and
Glomerulosclerosis. Kidney Int. 69, 2131–2147. doi:10.1038/sj.ki.5000410

Shao, J., Pan, X., Yin, X., Fan, G., Tan, C., Yao, Y., et al. (2019). KCNQ1OT1 Affects
the Progression of Diabetic Retinopathy by Regulating miR-1470 and
Epidermal Growth Factor Receptor. J. Cel Physiol 234, 17269–17279. doi:10.
1002/jcp.28344

Shen, H., Ming, Y., Xu, C., Xu, Y., Zhao, S., and Zhang, Q. (2019). Deregulation of
Long Noncoding RNA (TUG1) Contributes to Excessive Podocytes Apoptosis
by Activating Endoplasmic Reticulum Stress in the Development of Diabetic
Nephropathy. J. Cel Physiol 22, 28153. doi:10.1002/jcp.28153

Shi, D., Zhou, X., and Wang, H. (2021). S14G-humanin (HNG) Protects Retinal
Endothelial Cells from UV-B-Induced NLRP3 Inflammation Activation
through Inhibiting Egr-1. Inflamm. Res. 70, 1141–1150. doi:10.1007/s00011-
021-01489-4

Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated
Programmed Necrotic Cell Death. Trends Biochem. Sci. 42, 245–254. doi:10.
1016/j.tibs.2016.10.004

Shi, S., Song, L., Yu, H., Feng, S., He, J., Liu, Y., et al. (2020). Knockdown of
LncRNA-H19 Ameliorates Kidney Fibrosis in Diabetic Mice by Suppressing
miR-29a-Mediated EndMT. Front. Pharmacol. 11, 586895. doi:10.3389/fphar.
2020.586895

Shimamoto, A., Chong, A. J., Yada, M., Shomura, S., Takayama, H., Fleisig, A. J.,
et al. (2006). Inhibition of Toll-like Receptor 4 with Eritoran Attenuates

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 84537112

Hu et al. LncRNA in DKD

https://doi.org/10.1038/s41419-018-0527-8
https://doi.org/10.1038/sj.ki.5002384
https://doi.org/10.1007/s11010-020-03909-1
https://doi.org/10.1007/s11010-020-03909-1
https://doi.org/10.1161/hypertensionaha.120.15587
https://doi.org/10.2353/ajpath.2009.090096
https://doi.org/10.2353/ajpath.2009.090096
https://doi.org/10.3389/fmed.2021.655639
https://doi.org/10.26355/eurrev_202005_21187
https://doi.org/10.26355/eurrev_202005_21187
https://doi.org/10.1016/j.yexcr.2016.12.006
https://doi.org/10.1016/j.biopha.2019.109622
https://doi.org/10.1016/j.bbrc.2017.04.036
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1016/j.kint.2017.09.033
https://doi.org/10.1002/kjm2.12226
https://doi.org/10.1038/s12276-019-0259-6
https://doi.org/10.1002/jcb.29556
https://doi.org/10.3390/genes12020269
https://doi.org/10.1097/01.asn.0000065640.77499.d7
https://doi.org/10.1097/01.asn.0000065640.77499.d7
https://doi.org/10.1590/1414-431X20209288
https://doi.org/10.1073/pnas.0600241103
https://doi.org/10.1073/pnas.0600241103
https://doi.org/10.1101/gad.276022.115
https://doi.org/10.1101/gad.276022.115
https://doi.org/10.1038/ki.1996.470
https://doi.org/10.1016/j.abb.2019.02.008
https://doi.org/10.1038/nature09144
https://doi.org/10.1093/eurheartj/ehx165
https://doi.org/10.1016/s0092-8674(00)81410-5
https://doi.org/10.1111/jcmm.12576
https://doi.org/10.1111/jcmm.12576
https://doi.org/10.1155/2017/8637138
https://doi.org/10.1155/2017/8637138
https://doi.org/10.1038/nrg.2015.10
https://doi.org/10.2174/1567205013666160622112234
https://doi.org/10.1038/nrc1696
https://doi.org/10.2174/1568026619666190119144819
https://doi.org/10.2174/1568026619666190119144819
https://doi.org/10.1016/j.cell.2007.02.009
https://doi.org/10.1111/dom.14007
https://doi.org/10.1038/sj.ki.5000410
https://doi.org/10.1002/jcp.28344
https://doi.org/10.1002/jcp.28344
https://doi.org/10.1002/jcp.28153
https://doi.org/10.1007/s00011-021-01489-4
https://doi.org/10.1007/s00011-021-01489-4
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.3389/fphar.2020.586895
https://doi.org/10.3389/fphar.2020.586895
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Myocardial Ischemia-Reperfusion Injury. Circulation 114, I270–I274. doi:10.
1161/CIRCULATIONAHA.105.000901

Spinelli, J. B., and Haigis, M. C. (2018). The Multifaceted Contributions of
Mitochondria to Cellular Metabolism. Nat. Cel Biol 20, 745–754. doi:10.
1038/s41556-018-0124-1

Srivastava, S. P., Hedayat, A. F., Kanasaki, K., and Goodwin, J. E. (2019).
microRNA Crosstalk Influences Epithelial-To-Mesenchymal, Endothelial-
To-Mesenchymal, and Macrophage-To-Mesenchymal Transitions in the
Kidney. Front. Pharmacol. 10, 904. doi:10.3389/fphar.2019.00904

Srivastava, S. P., Li, J., Takagaki, Y., Kitada, M., Goodwin, J. E., Kanasaki, K., et al.
(2021). Endothelial SIRT3 Regulates Myofibroblast Metabolic Shifts in Diabetic
Kidneys. iScience 24, 21. doi:10.1016/j.isci.2021.102390

Stanicek, L., Lozano-Vidal, N., Bink, D. I., Hooglugt, A., Yao, W., Wittig, I., et al.
(2020). Long Non-coding RNA LASSIE Regulates Shear Stress Sensing and
Endothelial Barrier Function. Commun. Biol. 3, 265–0987. doi:10.1038/s42003-
020-0987-0

Struhl, K. (2007). Transcriptional Noise and the Fidelity of Initiation by RNA
Polymerase II. Nat. Struct. Mol. Biol. 14, 103–105. doi:10.1038/nsmb0207-103

Su, J., An, X. R., Li, Q., Li, X. X., Cong, X. D., and Xu, M. (2018). Improvement of
Vascular Dysfunction by Argirein through Inhibiting Endothelial Cell
Apoptosis Associated with ET-1/Nox4 Signal Pathway in Diabetic Rats. Sci.
Rep. 8, 12620–30386. doi:10.1038/s41598-018-30386-w

Sui, W., Li, H., Ou, M., Tang, D., and Dai, Y. (2012). Altered Long Non-coding
RNA Expression Profile in Patients with IgA-Negative Mesangial Proliferative
Glomerulonephritis. Int. J. Mol. Med. 30, 173–178. doi:10.3892/ijmm.2012.975

Sun, C., Huang, L., Li, Z., Leng, K., Xu, Y., Jiang, X., et al. (2018a). Long Non-coding
RNA MIAT in Development and Disease: a New Player in an Old Game.
J. Biomed. Sci. 25, 23–0427. doi:10.1186/s12929-018-0427-3

Sun, L., and Lin, J. D. (2019). Function and Mechanism of Long Noncoding RNAs
in Adipocyte Biology. Diabetes 68, 887–896. doi:10.2337/dbi18-0009

Sun, Q., Hao, Q., and Prasanth, K. V. (2018b). Nuclear Long Noncoding RNAs:
Key Regulators of Gene Expression. Trends Genet. 34, 142–157. doi:10.1016/j.
tig.2017.11.005

Suzuki, H., Kiryluk, K., Novak, J., Moldoveanu, Z., Herr, A. B., Renfrow, M. B., et al.
(2011). The Pathophysiology of IgA Nephropathy. Jasn 22, 1795–1803. doi:10.
1681/asn.2011050464

Tervaert, T. W. C., Mooyaart, A. L., Amann, K., Cohen, A. H., Cook, H. T.,
Drachenberg, C. B., et al. (2010). Pathologic Classification of Diabetic
Nephropathy. Jasn 21, 556–563. doi:10.1681/asn.2010010010

Thomas, M. C., Brownlee, M., Susztak, K., Sharma, K., Jandeleit-Dahm, K. A.,
Zoungas, S., et al. (2015). Diabetic Kidney Disease. Nat. Rev. Dis. Primers 1,
15018. doi:10.1038/nrdp.2015.18

Tsubaki, H., Tooyama, I., and Walker, D. G. (2020). Thioredoxin-Interacting
Protein (TXNIP) with Focus on Brain and Neurodegenerative Diseases. Int.
J. Mol. Sci. 21, 9357. doi:10.3390/ijms21249357

Tung, C.-W., Hsu, Y.-C., Shih, Y.-H., Chang, P.-J., and Lin, C.-L. (2018).
Glomerular Mesangial Cell and Podocyte Injuries in Diabetic Nephropathy.
Nephrology 23, 32–37. doi:10.1111/nep.13451

Uchida, S., and Dimmeler, S. (2015). Long Noncoding RNAs in Cardiovascular
Diseases. Circ. Res. 116, 737–750. doi:10.1161/CIRCRESAHA.116.302521

Van Bakel, H., Nislow, C., Blencowe, B. J., and Hughes, T. R. (2010). Most "dark
Matter" Transcripts Are Associated with Known Genes. Plos Biol. 8, e1000371.
doi:10.1371/journal.pbio.1000371

Vulesevic, B., Mcneill, B., Giacco, F., Maeda, K., Blackburn, N. J. R., Brownlee, M.,
et al. (2016). Methylglyoxal-Induced Endothelial Cell Loss and Inflammation
Contribute to the Development of Diabetic Cardiomyopathy. Diabetes 65,
1699–1713. doi:10.2337/db15-0568

Wada, J., and Makino, H. (2013). Inflammation and the Pathogenesis of Diabetic
Nephropathy. Clin. Sci. 124, 139–152. doi:10.1042/cs20120198

Wang, G., Wu, B., Zhang, B., Wang, K., and Wang, H. (2020). LncRNA CTBP1-
AS2 Alleviates High Glucose-Induced Oxidative Stress, ECM Accumulation,
and Inflammation in Diabetic Nephropathy via miR-155-5p/FOXO1 axis.
Biochem. Biophysical Res. Commun. 532, 308–314. doi:10.1016/j.bbrc.2020.
08.073

Wang, J., Zhang, J., Zheng, H., Li, J., Liu, D., Li, H., et al. (2004). Mouse
Transcriptome: Neutral Evolution of ’non-Coding’ Complementary DNAs.
Nature 431, 757. doi:10.1038/nature03016

Wang, J., and Zhao, S. M. (2021). LncRNA-antisense Non-coding RNA in the
INK4 Locus Promotes Pyroptosis via miR-497/thioredoxin-Interacting Protein
axis in Diabetic Nephropathy. Life Sci. 264, 6. doi:10.1016/j.lfs.2020.118728

Wang, L., Cho, K. B., Li, Y., Tao, G., Xie, Z., and Guo, B. (2019a). Long Noncoding
RNA (lncRNA)-Mediated Competing Endogenous RNA Networks Provide
Novel Potential Biomarkers and Therapeutic Targets for Colorectal Cancer. Int.
J. Mol. Sci. 20, 5758. doi:10.3390/ijms20225758

Wang, L., Yuan, X., Lian, L., Guo, H., Zhang, H., and Zhang, M. (2021a).
Knockdown of lncRNA NORAD Inhibits the Proliferation, Inflammation
and Fibrosis of Human Mesangial Cells under High-Glucose Conditions by
Regulating the miR-485/NRF1 axis. Exp. Ther. Med. 22, 14. doi:10.3892/etm.
2021.10306

Wang, R., Yan, Y., and Li, C. (2019b). LINC00462 Is Involved in High Glucose-
Induced Apoptosis of Renal Tubular Epithelial Cells via AKT Pathway. Cel Biol
Int 6, 11231. doi:10.1002/cbin.11231

Wang, W., Sun, W., Cheng, Y., Xu, Z., and Cai, L. (2019c). Role of Sirtuin-1 in
Diabetic Nephropathy. J. Mol. Med. 97, 291–309. doi:10.1007/s00109-019-01743-7

Wang, X., Liu, Y., Rong, J., and Wang, K. (2021b). LncRNA HCP5 Knockdown
Inhibits High Glucose-Induced Excessive Proliferation, Fibrosis and
Inflammation of Human Glomerular Mesangial Cells by Regulating the
miR-93-5p/HMGA2 axis. BMC Endocr. Disord. 21, 021–00781. doi:10.1186/
s12902-021-00781-y

Wang, Y., He, L., Du, Y., Zhu, P., Huang, G., Luo, J., et al. (2015). The Long
Noncoding RNA lncTCF7 Promotes Self-Renewal of Human Liver Cancer
Stem Cells through Activation of Wnt Signaling. Cell Stem Cell 16, 413–425.
doi:10.1016/j.stem.2015.03.003

Wilson, P. G., Thompson, J. C., Shridas, P., Mcnamara, P. J., De Beer, M. C., De
Beer, F. C., et al. (2018). Serum Amyloid A Is an Exchangeable Apolipoprotein.
Atvb 38, 1890–1900. doi:10.1161/atvbaha.118.310979

Witting, P. K., Song, C., Hsu, K., Hua, S., Parry, S. N., Aran, R., et al. (2011). The
Acute-phase Protein SerumAmyloid A Induces Endothelial Dysfunction that Is
Inhibited by High-Density Lipoprotein. Free Radic. Biol. Med. 51, 1390–1398.
doi:10.1016/j.freeradbiomed.2011.06.031

Woroniecka, K. I., Park, A. S. D., Mohtat, D., Thomas, D. B., Pullman, J. M., and
Susztak, K. (2011). Transcriptome Analysis of Human Diabetic Kidney Disease.
Diabetes 60, 2354–2369. doi:10.2337/db10-1181

Wu, C., Ma, X., Zhou, Y., Liu, Y., Shao, Y., and Wang, Q. (2019). Klotho
Restraining Egr1/TLR4/mTOR Axis to Reducing the Expression of Fibrosis
and Inflammatory Cytokines in High Glucose Cultured Rat Mesangial Cells.
Exp. Clin. Endocrinol. Diabetes 127, 630–640. doi:10.1055/s-0044-101601

Wu, Y.-Y., and Kuo, H.-C. (2020). Functional Roles and Networks of Non-coding
RNAs in the Pathogenesis of Neurodegenerative Diseases. J. Biomed. Sci. 27, 49.
doi:10.1186/s12929-020-00636-z

Xiao, M., Bai, S., Chen, J., Li, Y., Zhang, S., and Hu, Z. (2021). CDKN2B-AS1
Participates in High Glucose-Induced Apoptosis and Fibrosis via NOTCH2
through Functioning as a miR-98-5p Decoy in Human Podocytes and Renal
Tubular Cells. Diabetol. Metab. Syndr. 13, 021–00725. doi:10.1186/s13098-021-
00725-5

Xie, C., Wu, W., Tang, A., Luo, N., and Tan, Y. (2019). lncRNA GAS5/miR-452-5p
Reduces Oxidative Stress and Pyroptosis of High-Glucose-Stimulated Renal
Tubular Cells. Dmso 12, 2609–2617. doi:10.2147/dmso.s228654

Xu, J., Deng, Y., Wang, Y., Sun, X., Chen, S., and Fu, G. (2020). SPAG5-AS1
Inhibited Autophagy and Aggravated Apoptosis of Podocytes via SPAG5/AKT/
mTOR Pathway. Cell Prolif 53, e12738. doi:10.1111/cpr.12738

Xu, L., Fan, Q., Wang, X., Zhao, X., and Wang, L. (2016). Inhibition of Autophagy
Increased AGE/ROS-mediated Apoptosis in Mesangial Cells. Cel Death Dis 7,
e2445. doi:10.1038/cddis.2016.322

Yan, X., Zhang, D., Wu, W., Wu, S., Qian, J., Hao, Y., et al. (2017). Mesenchymal
Stem Cells Promote Hepatocarcinogenesis via lncRNA-MUF Interaction with
ANXA2 and miR-34a. Cancer Res. 77, 6704–6716. doi:10.1158/0008-5472.can-
17-1915

Yang, H., Wang, J., Zhang, Z., Peng, R., Lv, D., Liu, H., et al. (2021a). Sp1-Induced
lncRNA Rmrp Promotes Mesangial Cell Proliferation and Fibrosis in Diabetic
Nephropathy by Modulating the miR-1a-3p/JunD Pathway. Front. Endocrinol.
12, 690784. doi:10.3389/fendo.2021.690784

Yang, J., Wu, L., Liu, S., Hu, X., Wang, Q., and Fang, L. (2021b). Long Non-coding
RNA NEAT1 Promotes Lipopolysaccharide-Induced Injury in Human Tubule

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 84537113

Hu et al. LncRNA in DKD

https://doi.org/10.1161/CIRCULATIONAHA.105.000901
https://doi.org/10.1161/CIRCULATIONAHA.105.000901
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.1038/s41556-018-0124-1
https://doi.org/10.3389/fphar.2019.00904
https://doi.org/10.1016/j.isci.2021.102390
https://doi.org/10.1038/s42003-020-0987-0
https://doi.org/10.1038/s42003-020-0987-0
https://doi.org/10.1038/nsmb0207-103
https://doi.org/10.1038/s41598-018-30386-w
https://doi.org/10.3892/ijmm.2012.975
https://doi.org/10.1186/s12929-018-0427-3
https://doi.org/10.2337/dbi18-0009
https://doi.org/10.1016/j.tig.2017.11.005
https://doi.org/10.1016/j.tig.2017.11.005
https://doi.org/10.1681/asn.2011050464
https://doi.org/10.1681/asn.2011050464
https://doi.org/10.1681/asn.2010010010
https://doi.org/10.1038/nrdp.2015.18
https://doi.org/10.3390/ijms21249357
https://doi.org/10.1111/nep.13451
https://doi.org/10.1161/CIRCRESAHA.116.302521
https://doi.org/10.1371/journal.pbio.1000371
https://doi.org/10.2337/db15-0568
https://doi.org/10.1042/cs20120198
https://doi.org/10.1016/j.bbrc.2020.08.073
https://doi.org/10.1016/j.bbrc.2020.08.073
https://doi.org/10.1038/nature03016
https://doi.org/10.1016/j.lfs.2020.118728
https://doi.org/10.3390/ijms20225758
https://doi.org/10.3892/etm.2021.10306
https://doi.org/10.3892/etm.2021.10306
https://doi.org/10.1002/cbin.11231
https://doi.org/10.1007/s00109-019-01743-7
https://doi.org/10.1186/s12902-021-00781-y
https://doi.org/10.1186/s12902-021-00781-y
https://doi.org/10.1016/j.stem.2015.03.003
https://doi.org/10.1161/atvbaha.118.310979
https://doi.org/10.1016/j.freeradbiomed.2011.06.031
https://doi.org/10.2337/db10-1181
https://doi.org/10.1055/s-0044-101601
https://doi.org/10.1186/s12929-020-00636-z
https://doi.org/10.1186/s13098-021-00725-5
https://doi.org/10.1186/s13098-021-00725-5
https://doi.org/10.2147/dmso.s228654
https://doi.org/10.1111/cpr.12738
https://doi.org/10.1038/cddis.2016.322
https://doi.org/10.1158/0008-5472.can-17-1915
https://doi.org/10.1158/0008-5472.can-17-1915
https://doi.org/10.3389/fendo.2021.690784
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Epithelial Cells by Regulating miR-93-5p/TXNIP axis. Med. Microbiol.
Immunol. 210, 121–132. doi:10.1007/s00430-021-00705-6

Yang, X., and Mou, S. (2017). Role of Immune Cells in Diabetic Kidney Disease.
Curr. Gene Ther. 17, 424–433. doi:10.2174/1566523218666180214100351

Yang, Y., Li, J., Han, T.-L., Zhou, X., Qi, H., Baker, P. N., et al. (2020). Endoplasmic
Reticulum Stress May Activate NLRP3 Inflammasomes via TXNIP in
Preeclampsia. Cell Tissue Res 379, 589–599. doi:10.1007/s00441-019-03104-9

Ye, W., Ma, J., Wang, F., Wu, T., He, M., Li, J., et al. (2020). LncRNA MALAT1
Regulates miR-144-3p to Facilitate Epithelial-Mesenchymal Transition of Lens
Epithelial Cells via the ROS/NRF2/Notch1/Snail Pathway. Oxid Med. Cel
Longev 2020, 8184314. doi:10.1155/2020/8184314

Yelin, R., Dahary, D., Sorek, R., Levanon, E. Y., Goldstein, O., Shoshan, A., et al.
(2003). Widespread Occurrence of Antisense Transcription in the Human
Genome. Nat. Biotechnol. 21, 379–386. doi:10.1038/nbt808

Yi, H., Peng, R., Zhang, L. Y., Sun, Y., Peng, H. M., Liu, H. D., et al. (2017).
LincRNA-Gm4419 Knockdown Ameliorates NF-κB/NLRP3 Inflammasome-
Mediated Inflammation in Diabetic Nephropathy. Cel Death Dis 8, e2583.
doi:10.1038/cddis.2016.451

Yu, R., Zhang, Y., Lu, Z., Li, J., Shi, P., and Li, J. (2022). Long-chain Non-coding
RNA UCA1 Inhibits Renal Tubular Epithelial Cell Apoptosis by Targeting
microRNA-206 in Diabetic Nephropathy. Arch. Physiol. Biochem. 128,
231–239. doi:10.1080/13813455.2019.1673431

Zang, X. J., Li, L., Du, X., Yang, B., and Mei, C. L. (2019). LncRNA TUG1 Inhibits
the Proliferation and Fibrosis of Mesangial Cells in Diabetic Nephropathy via
Inhibiting the PI3K/AKT Pathway. Eur. Rev. Med. Pharmacol. Sci. 23,
7519–7525. doi:10.26355/eurrev_201909_18867

Zha, F., Qu, X., Tang, B., Li, J., Wang, Y., Zheng, P., et al. (2019). Long Non-coding
RNA MEG3 Promotes Fibrosis and Inflammatory Response in Diabetic
Nephropathy via miR-181a/Egr-1/TLR4 axis. Aging 11, 3716–3730. doi:10.
18632/aging.102011

Zhang, J., Jiang, T., Liang, X., Shu, S., Xiang, X., Zhang, W., et al. (2019a). lncRNA
MALAT1 Mediated High Glucose-Induced HK-2 Cell Epithelial-To-
Mesenchymal Transition and Injury. J. Physiol. Biochem. 75, 443–452.
doi:10.1007/s13105-019-00688-2

Zhang, J., Song, L., Ma, Y., Yin, Y., Liu, X., Luo, X., et al. (2020a). lncRNA MEG8
Upregulates miR-770-5p through Methylation and Promotes Cell Apoptosis in
Diabetic Nephropathy. Dmso 13, 2477–2483. doi:10.2147/dmso.s255183

Zhang, L., Long, J., Jiang, W., Shi, Y., He, X., Zhou, Z., et al. (2016). Trends in
Chronic Kidney Disease in China. N. Engl. J. Med. 375 (9), 905–906. doi:10.
1056/NEJMc1602469

Zhang, M., Zhao, S., Xu, C., Shen, Y., Huang, J., Shen, S., et al. (2020b). Ablation of
lncRNA MIAT Mitigates High Glucose-Stimulated Inflammation and
Apoptosis of Podocyte via miR-130a-3p/TLR4 Signaling axis. Biochem.
Biophysical Res. Commun. 533, 429–436. doi:10.1016/j.bbrc.2020.09.034

Zhang, P., Sun, Y., Peng, R., Chen, W., Fu, X., Zhang, L., et al. (2019b). Long Non-
coding RNA Rpph1 Promotes Inflammation and Proliferation of Mesangial
Cells in Diabetic Nephropathy via an Interaction with Gal-3. Cel Death Dis 10,
526–1765. doi:10.1038/s41419-019-1765-0

Zhang, R., Li, J., Huang, T., and Wang, X. (2017). Danggui Buxue Tang Suppresses
High Glucose-Induced Proliferation and Extracellular Matrix Accumulation of
Mesangial Cells via Inhibiting lncRNA PVT1. Am. J. Transl Res. 9, 3732–3740.

Zhang, X. L., Zhu, H. Q., Zhang, Y., Zhang, C. Y., Jiao, J. S., and Xing, X. Y. (2020c).
LncRNA CASC2 Regulates High Glucose-Induced Proliferation, Extracellular
Matrix Accumulation and Oxidative Stress of Human Mesangial Cells via miR-
133b/FOXP1 axis. Eur. Rev. Med. Pharmacol. Sci. 24, 802–812. doi:10.26355/
eurrev_202001_20063

Zhang, Y., Chang, B., Zhang, J., and Wu, X. (2019c). LncRNA SOX2OT Alleviates
the High Glucose-Induced Podocytes Injury through Autophagy Induction by the
miR-9/SIRT1 axis. Exp. Mol. Pathol. 110, 104283. doi:10.1016/j.yexmp.2019.104283

Zhang, Y.-y., Tang, P. M.-K., Tang, P. C.-T., Xiao, J., Huang, X.-R., Yu, C., et al.
(2019d). LRNA9884, a Novel Smad3-dependent Long Noncoding RNA, Promotes
Diabetic Kidney Injury in Db/db Mice via Enhancing MCP-1-dependent Renal
Inflammation. Diabetes 68, 1485–1498. doi:10.2337/db18-1075

Zhao, W., Deng, C., Han, Q., Xu, H., and Chen, Y. (2020). Carvacrol May Alleviate
Vascular Inflammation in Diabetic Db/db Mice. Int. J. Mol. Med. 46, 977–988.
doi:10.3892/ijmm.2020.4654

Zhong, W., Zeng, J., Xue, J., Du, A., and Xu, Y. (2020). Knockdown of lncRNA
PVT1 Alleviates High Glucose-Induced Proliferation and Fibrosis in Human
Mesangial Cells by miR-23b-3p/WT1 axis. Diabetol. Metab. Syndr. 12,
33–00539. doi:10.1186/s13098-020-00539-x

Zhou, X.-J., Klionsky, D. J., and Zhang, H. (2019). Podocytes and Autophagy: a
Potential Therapeutic Target in Lupus Nephritis. Autophagy 15, 908–912.
doi:10.1080/15548627.2019.1580512

Zhu, B., Cheng, X., Jiang, Y., Cheng, M., Chen, L., Bao, J., et al. (2020). Silencing of
KCNQ1OT1 Decreases Oxidative Stress and Pyroptosis of Renal Tubular
Epithelial Cells. Dmso 13, 365–375. doi:10.2147/dmso.s225791

Zhu, D., Wu, X., and Xue, Q. (2021). Long Non-coding RNA CASC2 Restrains
High Glucose-Induced Proliferation, Inflammation and Fibrosis in Human
Glomerular Mesangial Cells through Mediating miR-135a-5p/TIMP3 axis and
JNK Signaling. Diabetol. Metab. Syndr. 13, 021–00709. doi:10.1186/s13098-
021-00709-5

Zhu, L., Han, J., Yuan, R., Xue, L., and Pang, W. (2018). Berberine Ameliorates
Diabetic Nephropathy by Inhibiting TLR4/NF-Κb Pathway. Biol. Res. 51,
9–0157. doi:10.1186/s40659-018-0157-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hu, Ma, Liu, Wang, Zhang, Huang and Lv. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 84537114

Hu et al. LncRNA in DKD

https://doi.org/10.1007/s00430-021-00705-6
https://doi.org/10.2174/1566523218666180214100351
https://doi.org/10.1007/s00441-019-03104-9
https://doi.org/10.1155/2020/8184314
https://doi.org/10.1038/nbt808
https://doi.org/10.1038/cddis.2016.451
https://doi.org/10.1080/13813455.2019.1673431
https://doi.org/10.26355/eurrev_201909_18867
https://doi.org/10.18632/aging.102011
https://doi.org/10.18632/aging.102011
https://doi.org/10.1007/s13105-019-00688-2
https://doi.org/10.2147/dmso.s255183
https://doi.org/10.1056/NEJMc1602469
https://doi.org/10.1056/NEJMc1602469
https://doi.org/10.1016/j.bbrc.2020.09.034
https://doi.org/10.1038/s41419-019-1765-0
https://doi.org/10.26355/eurrev_202001_20063
https://doi.org/10.26355/eurrev_202001_20063
https://doi.org/10.1016/j.yexmp.2019.104283
https://doi.org/10.2337/db18-1075
https://doi.org/10.3892/ijmm.2020.4654
https://doi.org/10.1186/s13098-020-00539-x
https://doi.org/10.1080/15548627.2019.1580512
https://doi.org/10.2147/dmso.s225791
https://doi.org/10.1186/s13098-021-00709-5
https://doi.org/10.1186/s13098-021-00709-5
https://doi.org/10.1186/s40659-018-0157-8
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Long Non-Coding RNAs in the Pathogenesis of Diabetic Kidney Disease
	Introduction
	Long Non-Coding RNA and Glomerular Mesangial Cell Injury
	Long Non-Coding RNA and Inflammation in Glomerular Mesangial Cell
	Long Non-Coding RNA and Proliferation in Glomerular Mesangial Cell
	Long Non-Coding RNA and Autophagy in Glomerular Mesangial Cell

	Long Non-Coding RNA and Glomerular Endothelial Cell Injury
	Long Non-Coding RNA and Inflammation in Glomerular Endothelial Cell
	Long Non-Coding RNA and Apoptosis in Glomerular Endothelial Cell
	Long Non-Coding RNA and Endothelial Mesenchymal Transformation

	Long Non-Coding RNA and Podocyte Injury
	Long Non-Coding RNA and Inflammation in Podocyte
	Long Non-Coding RNA and Mitochondrial Dysfunction in Podocyte
	Long Non-Coding RNA and Autophagy in Podocyte
	Long Non-Coding RNA and Apoptosis in Podocyte

	Long Non-Coding RNA and Tubular Epithelial Cell Injury
	Long Non-Coding RNA and Inflammation in Tubular Epithelial Cell
	Long Non-Coding RNA and Pyroptosis in Tubular Epithelial Cell
	Long Non-Coding RNA and Epithelial Mesenchymal Transformation in Tubular Epithelial Cell
	Long Non-Coding RNA and Apoptosis in Tubular Epithelial Cell
	Long Non-Coding RNA and Autophagy in Tubular Epithelial Cell

	Subcellular Localization and Function of Long Non-Coding RNA in Diabetic Kidney Disease
	Long Non-Coding RNA as Therapeutic Target for Diabetic Kidney Disease
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


