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Abstract

Patients suffering from terminal-stage diabetic nephropathy (DN) are com-
monly diagnosed with kidney failure. The condition of DN patients gets generally
improved by long-chain noncoding RNA (LncRNA) since it regulates microRNA
(miR). The current study analyzes the role played by NEAT2/miR-206 upon cell
death of renal tubular epithelial cells (RTECs), high glucose (HG)-induced inflam-
mation and oxidative stress in diabetic nephropathy (DN). The researcher used
high glucose (HG) to treat HK-2 cells in in vitro conditions to establish the DN cell
model. qRT-PCR was used to confirm the transfection effect whereas the researcher
also tested NEAT2, nucleotide-binding oligomerization domain, leucine-rich repeat
and pyrin domain containing (NLRP3), caspase-1, interleukin IL-1p, gasdermin D
(GSMDD)-N, and miR-206. To analyze the proteins in caspase-1, IL-1p, GSMDD-
N, and NLRP3, Western blot technique was performed. The technique is also used
to observe the pyroptosis. To identify TNF-«, IL-6, MCP-9, NEAT2, miR-206, and
NLRP3, dual-luciferase reporter assay was conducted through ELISA kit to empha-
size the correlation that exists among the above-mentioned factors. NEAT?2 has been
confirmed to have bound with miR-206 through double luciferase report experi-
ments as well as RNA immunoprecipitation (RIP). NEAT2, present in HK-2 cells,
was induced by HG. So, if NEAT?2 is knocked down, it would mitigate TNF-a, IL-6,
and MCP-9 as well. Among the HK-2 cells intervened with HG, the overexpressed
miR-206 that was transfected into cells was in alignment with the modifications
introduced in inflammatory factors and cytokines after NEAT?2 is knocked down.
The current study concludes that if NEAT?2 is upregulated, it has the potential to
retreat the inhibition of miR-206 on inflammatory response as well pyroptosis. Fur-
ther, by targeting miR-206, NEAT?2 has the potential to enhance HG-induced HK-2
pyroptosis. This miR-206 is predicted to be a latent target in the clinical treatment of
DN.
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Introduction

The most common condition that leads to end-stage renal disease (ESRD) is dia-
betic nephropathy (DN) (Magee et al. 2017; Kanwar et al. 2011; Khajeh et al. 2021).
DN is one of the most cost-incurring and life-threatening clinical burdens despite
the availability of different treatment methods and diagnostic procedures. Stud-
ies have also identified medicinal plants for blood lipids and sugar control in dia-
betic and nondiabetic peoples (Kor et al. 2013; Zarei and Ghafaryan 2020; Ioannou
2017). Reports show that (Khajeh et al. 2021; Kor et al. 2013) about 30-40% of
diabetic patients will deteriorate to DN, and about 50% of DN patients will eventu-
ally develop to ESRD. Patients can only undergo dialysis and kidney transplantation
(Zarei and Ghafaryan 2020; Ioannou 2017; Kitada and Koya 2017) which undoubt-
edly increases the burden of patient environmental and genetic factors that are mutu-
ally influential in the incidence and exacerbation of this disease (Khajeh et al. 2021;
Azizi et al. 2020).

In the progression of DN, as per recent study findings, noncoding RNAs (ncR-
NAs) play a crucial role owing to which it can potentially be utilized as biomarkers
and therapeutic targets. ncRNA is a collective term that encompasses circular RNAs
(circRNAs) (Azizi et al. 2020; St Laurent et al. 2015; Bhan et al. 2017), microR-
NAs (miRNAs), long noncoding RNAs (LncRNAs), and so on while these RNA
species remain not to encode for proteins (St Laurent et al. 2015; Bhan et al. 2017).
In both animal and human models of DN investigated earlier, the dysregulation of
such ncRNA groups has been reported (St Laurent et al. 2015; Bhan et al. 2017,
Zhang et al. 2019; Li et al. 2016). To be specific, few ncRNAs’ interaction attracts
significant attention since it regulates the important steps in the progression of DN
(St Laurent et al. 2015; Bhan et al. 2017). So, the current study discusses about the
ncRNAs reported in DN earlier and how it interacts with critical genes in the pro-
gression of DN. The molecular mechanisms in DN can be understood precisely if
the regulatory network of these ncRNAs is decoded. Further, this study may also
help in leveraging the factors that regulate ncRNA network as novel biomarkers for
DN and potential therapeutic targets. As per the literature, NEAT2-intervened high
glucose (HG) tends to damage HK-2 cells and also induces epithelial-mesenchymal
transition (Zhang et al. 2019; Li et al. 2016).

Inflammatory cell necrosis, or otherwise known as pyroptosis, is a newly found
(Wang et al. 2020; Vande Walle and Lamkanfi 2016; Livak and Schmittgen 2001)
programmed cell death method. According to the literature, nuclear paraspeckle
assembly transcript (NEAT2) or otherwise called LncRNA metastasis-associated
lung adenocarcinoma transcript-1 (MALTAT1) tends to increment with DM in HK-2
cells treated with HG. So, cell pyroptosis (Zhang et al. 2019; Wang et al. 2020;
Vande Walle and Lamkanfi 2016) gets inhibited, when NEAT2 gets downregulated.
In recent years, a paradigm shift occurred toward the investigation of noncoding
RNA (ncRNAs) especially long-chain noncoding RNA (LncRNA) has gained much
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attention (Wang et al. 2020; Vande Walle and Lamkanfi 2016). LncRNA-miR axis
has been proved to increase oxidative stress as well as pyroptosis of renal tubular
cells (Zhang et al. 2019; Vande Walle and Lamkanfi 2016). But, it remains opaque
whether NEAT?2 exhibits the same impact of inhibiting pyroptosis in renal tubular
epithelial cells (RTECs), caused by HG. So, the current study investigates the role
played by NEAT2 upon the HG-induced pyroptosis of RETCs and proposes novel
therapy regimens for clinical applications.

Methods and Materials
Collection of Clinical Samples

For this study, the authors selected a total of 85 patients including 47 males and 38
females with average age of 46+3.5 years, diagnosed with DN based on criteria
defined before (Zhang et al. 2019) between January 2016 and December 2019 and
grouped them under ‘patient group.” On the other hand, healthy control group had a
total of 45 healthy individuals including 27 males and 18 females with average age
of 45+5.5 years. Peripheral blood sample was collected from the patients and cen-
trifuged to obtain serum samples for the purpose of detection. Informed consent was
obtained from all study participants and the approval for conducting the study was
obtained from Medical Ethics Committee. Patients who met this inclusion criteria
were included: > 30 mg/g urinary protein/creatinine ratio with positive urine protein
(the amount of urine protein was higher than 0.5 g/24 h) or urine albumin excretion
rate was continuously greater than 200 pg/min and < 60 mL/min/1.73 m? glomerular
filtration rate (GFR) (Song et al. 2020; L6épez-Campos et al. 2012 Mar). Exclusion
criteria for the study are as follows: patients with malignant tumors and those who
cannot cooperate for the investigation and statistics. Table 1 shows the baseline data
of DN patients who are matched with healthy controls in terms of age and sex.

Cell Culture and Model Construction

The authors procured HK-2 from ATCC while the purchased cells were then cul-
tured in RPMI 1640 (Cat. No. 11879020, Thermo fisher) with 10% fetal bovine
serum, 100 pg/mL streptomycin, and 100 U/mL penicillin at 5% CO, and 37 °C
temperature. After the culture was made to starve for 24 h in glucose and serum-free
media, control group (CG) and HG groups were established to incorporate HK-2
cells, induced by HG. Between the groups, CG received 5.5 mM glucose for 12 h,
24 h, and 48 h whereas HG received 30 mM glucose for 12 h, 24 h, and 48 h (Livak
and Schmittgen 2001).

Cell Transfection

The authors used Lipofectamine 2000 kit for transfection purpose. Further, miR-
206-mimics, -NEAT2#1, PcDNA3.1-NC, -NEAT?2, si-NC, miR-NC, and -NEAT2#2
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Table 1 Sociodemographic and baseline data of study participants

Factor DN (n=285) Healthy control group P value
(n=45)

Gender 0.680
Male (n=75) 47 28
Female (n=45) 38 17

Age 0.715
> 60 years old (n=285) 61 24
<60 years old (n=46) 24 21

Basic diseases
Hypertension (n=30) 39 21 0.555
Hyperlipidemia (n=18) 32 12 0.415
COPD(n=5) 14 12 0.766

Blood glucose (mmol/L) 11.95+4.64 -

HbAlc (%) 8.25+2.31 -

SCr (umol/L) 95.11+11.21 -

were procured from Sangon Biotech. The control group remained untransfected
whereas HG group cells were transfected with these vectors. qRT-PCR was utilized
to verify the transfection effect. Table 2 shows the primer sequences used in this
study. The authors followed Song et al. (2020) for transfection procedures and res-
cue experiment (Song et al. 2020).

gRT-PCR Detection

As per the established protocol, Trizol reagent was used to extract serum and cells
from the collected samples, in which RNA integrity was detected (Wang et al.
2019a). iScript™ Reverse Transcription Supermix kit was used to perform reverse
transcription of total RNA (Bio-Rad, USA) to obtain cDNA. In this step, TransS-
cript Green miRNA Two-Step qRT-PCR SuperMix was amplified with the help of
TB Green™ Fast qPCR Mix (Takara, Japan) and ABI 7500 PCR (ABI, USA). At
last, the results for gPCR were determined by 2724, In this study, U6 was used as
an internal control for miR whereas GAPDH was used for mRNA and LncRNA,
respectively. Table 2 lists the primer sequences used in this study.

ELISA for Inflammatory Markers

After 48 h of transfection, the cells were collected and centrifuged and the superna-
tant was considered further to identify TNF-a, IL-6, and MCP-9. As per the studies
conducted earlier (Lopez-Campos et al. 2012), ELISA procedure was conducted fol-
lowing the recommended protocol. Serum samples were diluted to a final dilution
of 1:50. 100 pL of each sample was added to a microtiter plate that was pre-coated
with a monoclonal antibody specific for targets and incubated for 1 h. After five
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washes, a horseradish peroxidase-conjugated polyclonal antibody specific for tar-
gets was added for 1 h. The plate was washed five times, and the substrate solution
was added for 15 min. Finally, a stop solution was added, and the optical density
was read at 450 nm using a microplate reader (Tecan, Médnnedorf, Switzerland). The
standard curve provided in the kit was used to determine the final concentration of
targets in serum, and the concentration read from the standard curve was multiplied
by the dilution factor.

Western Blot Test

After collecting the transfected cells, it was lysed using protein extraction reagent.
Bovine serum albumin (BCA) kit was used in this study to test the protein. For this
investigation, 35 pg protein sample was considered. The protein sample was made
to undergo 10% SDS-PAGE gel electrophoresis. Afterward, the protein was shifted
to PVDF, rinsed, and sealed with 5% defatted milk for an hour at 25 °C. Then, the
membrane was put with primary antibodies and incubated. To counter horse rad-
ish peroxidase (HRP 1:5000)-coupled secondary antibodies, the membrane was
cultured for an hour at 4 °C. Enhanced chemiluminescent reagent (procured from
Thermo Fisher Science, Inc.) was used to observe the band. As per the study con-
ducted earlier (Liu et al. 2019a), Western blotting was conducted.

Double Fluorescein Report

The researcher treated the complementary DNA fragments, which are inclusive of
NEAT2-WT or NEAT2-mut fragments, with the downstream of luciferase gene in
psi-CHECK?2. The reagent procured from Invitogen, USA, was used to co-transfect
the miR-206-mimicsNEAT2-WT or NEAT2-mut reporter vector. After 48 h of trans-
fection, the authors conducted experiments for fireflies and renin luciferase activities
(Wang et al. 20192’ %

RNA Immunoprecipitation (RIP)

The authors used EZMagna RIP kit and applied RIP to find the role played by
NEAT?2 and miR-206 upon latent binding protein Ago2. In this step, lysis of HK-2
was performed followed by its cultivation with protein A magnetic beads that were
conjugated at 4 ‘C. To wipe-away the proteins, after 6 h, the beads were rinsed,
placed with 0.1% SDS/ 0.5 mg/mL protease K at 55 “C for 30 min. Finally, qRT-
PCR was utilized to analyze the immunoprecipitated RNA so as to establish the
presence of NEAT2 and miR-206 (Wang et al. 2019a, b).

Statistical Analysis
The study made use of GraphPad Prism software package 7.02 to illustrate the fig-

ures and to perform analysis. All the measurements are written as means + SD. For
inter-group comparison and multi-group comparison, the authors used independent
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sample ¢ test and one-way ANOVA (denoted via F), respectively. For multi-time
analysis, repeated measurement ANOVA was used while LSD-t test was utilized for
post-event pairwise comparison. Further, Bonferroni was used for back testing while
Pearson test was conducted to correlate the genes. If P <0.05, the difference is said
to be statistically significant.

Results
Elevated NEAT2 Expression in DN Patients and HG-intervened HK-2 Cells

The findings from the qRT-PCR detection reveal NEAT?2 in patients with DN is
higher when compared with healthy individuals (Fig. 1a). Furthermore, the research-
ers identified HK-2 cultured with HG levels at different time period, wherein NEAT2
increased in a time-dependent manner in HK-2. Note that the increases in NEAT?2 in
HK-2 increased based on concentration and time dependency (Fig. 1b).

Knocking Down NEAT2 Obstructed HG-Intervened Inflammatory Factors in HK-2

The researchers further attempted to construct a si-NEAT?2 sequence as a basis to
observe NEAT2 on HK-2 which has HG intervention. Since si-NEAT?2 has a silenc-
ing role, si-NEAT2#2 is considered by the researchers, which has considerable
transfection effect as shown in Fig. 2a. We further examined the inflammatory fac-
tors and their concentration, which revealed that TNF-a, IL-6, and MCP-9 in HK-2,
which were intervened by HG, tend to have increased; however, NF-a, IL-6, and
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Fig.1 Expression of NEAT2 in HG-induced HK-2 cells and DN patients. a qRT-PCR detection of
NEAT?2 expression in tissues of DN patients. b qRT-PCR detection of NEAT2 expression in HG-induced
HK-2 cells. *** indicates that P <0.001
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MCP-9 in HG were obstructed post-si-NEAT2#2 transfection (Fig. 2b—d). The find-
ings reveal the fact that NEAT?2 inhibition could be considered as a key mechanism
that reduces HK-2-based inflammatory reaction.

Knocking Down NEAT2 Inhibited HG-induced Pyroptosis of HK-2 Cells

The researchers also carried out experiments that attempted to determine NEAT?2
on HK-2 pyroptosis which has undergone HG intervention. Based on tests that
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Fig. 3 Effect of NEAT2 knock-down on HG-induced pyroptosis of HK-2 cells. a WB detection of the
effect of NEAT?2 knock-down on HG-induced pyroptosis protein in HK-2 cells. b qRT-PCR detection of
the effect of NEAT2 knock-down on HG-induced pyroptosis-related factors in HK-2 cells. ** indicates
P<0.01, *** indicates P <0.001
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examined cell pyroptosis, the researchers found significant increases in the levels
of caspase-1, IL-1p, NLRP3, mRNA, and GSDMD-N protein. However, an impor-
tant note is that the elevation in the expression levels of the components reversed
because of NEAT?2 knockdown. Furthermore, the results of the tests reveal that HG-
induced protein expression level upregulation of the caspase-1, IL-1p, and NLRP3
in HK cells reverse due to si-NEAT?2 (Fig. 3a, b, Supplementary Fig. 1a). All these
findings suggest that NEAT?2 could be a viable component that can enhance HG-
induced HK-2 pyroptosis.

NEAT2 Targeted miR-206

The specific binding site of miR-206 and NEAT? is revealed by bioinformatics study
(data not shown) and expression of miR-206 in patients with DN displayed a down-
ward trend, (Fig. 4a). The researchers identified the miR differences in HK-2 with
HG intervention which revealed that miR-206 is the most significant when com-
pared to others (Fig. 4b). Furthermore, the researchers performed double luciferase
and RIP, which revealed that both NEAT2 and miR-206 are precipitated by Ago2
antibody as shown in Fig. 4c. Double luciferase reports revealed the obstruction of
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NEAT2-WT fluorescence activity by miR-206, which is revealed in Fig. 4. All these
findings clearly reveal that miR-206 could be targeted by NEAT?2.

miR-206 Elevation Could Obstruct Inflammatory Response to Cells After NEAT2
Overexpression and Enhance Cell Apoptosis

The researchers tested post-transfection efficiency and then performed construc-
tion of co-transfected cells to determine whether NEAT2 regulates miR-206 to
influence the inflammatory responses based on HG intervention and pyroptosis
which is caused due to HK-2 cells. The cells with mimic 206a had decreased in
expression compared to negative control and PcDNA. The maximum expression
was seen in PcCDNA indicating that decreases in TNF-a, IL-6, and MCP-9 post-
transfection of miR-206-mimics in HK-2 cells (Fig. 5a); however, WB and qRT-
PCR findings revealed that NLRP3, caspase-1, IL-1p, and GSDMD-N protein
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and mRNA showed a significant increase in expression post-transfection of miR-
206-mimics. It is important to note that the expression was brought down post-
co-transfection of PcCDNA. Note that when PcCDNA-NEAT2 was compared with
miR-NC and PcDNA, there were no significant differences (Fig. 5b, ¢ and supple-
mentary Fig. 1b.); however, miR-206a-mimic had high expression which was sig-
nificant. The results hence reveal that through the regulation of miR-206, NEAT?2
could considerably involve in RTEC pyroptosis.

Discussion

Literature studies revealed the role played by LncRNAs and miRNA in the
development of several conditions and diseases, such as inflammation, epithe-
lial dysfunction, hypertrophy, and inflammation in the cellular level, as in dia-
betic neuropathy. Among all these conditions and diseases, it is important to note
that LncRNA is examined with great attention and analyzed crucially, owing to
its regulatory role that it plays in several diseases, especially in diseases deal-
ing with metabolism. Findings from Liu et al. (2019) revealed that LncRNA
NEAT2/ microRNA-382-3p/Resistin axis considerably reduces insulin resist-
ance in patients with type-II diabetes (Liu et al. 2019a). However, other research
claim that NEAT?2 tends to have increased expression in several tumors and has
elevations especially in patients with diabetes (Liu et al. 2019a; Zhang et al.
2020). NEAT2 mechanism in DN patients was not clear and had open venues
for research. In this study, the researchers attempted to detect serum in HG-
induced HK-2 and patients with DN, which revealed that through the knockdown
of NEAT2, pyroptosis and inflammation reduced, and NEAT2 was found to be
higher when compared with CG. Based on the findings, the researchers suggest
that NEAT?2 could be the possible target for the treatment of DN.

One of the important pathways for LncRNA for its participation in bodily
functions in ceRNA (Salmena et al. 2011; Li et al. 2014). Findings of the several
research studies in the past revealed that LncRNA could involve in the treatment
of diabetes through the regulation of downstream binding miR (St Laurent et al.
2015; Bhan et al. 2017; Song et al. 2020). For instance, LncRNA TUGI is deemed
to enhance diabetic nephropathy through the obstruction of miR-21 (Wang et al.
2019a), which elevates TIMP3. Previous studies have also ascertained the fact that
NEAT?2 could enhance HK-2 cell inflammation and pyroptosis through HG inter-
vention (Zhang et al. 2019; Song et al. 2020; Wang et al. 2019a); however, such an
underlying mechanism is still not clear and requires research. Based on these find-
ings, the researchers in the present paper postulated the fact that miR is combined
with NEAT2 downstream. Five potential miRNAs were considered through the anal-
ysis of online websites (St Laurent et al. 2015; Zhang et al. 2019; Song et al. 2020).
Furthermore, the researchers detected HK-2 with HG intervention and revealed that
the difference showed by miR-206 is found to be significant when compared to miR-
NAs (Samaeekia et al. 2017; Yan et al. 2018a). Furthermore, miR-206 was found
in regulated activity associated with glucokinase and in islets (Yan et al. 2018a;
He et al. 2016). The findings of the study revealed the reduction in miR-206 in the
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serum of patients with DN, wherein the analysis of correlation revealed that NEAT2
and miR-206 have negative correlation, thereby suggesting a regulatory relationship
between the two components (Samaeekia et al. 2017; Yan et al. 2018a). In addition,
the researchers revealed the existence of a targeting relationship between miR-206
and NEAT?2, as per the RIP and fluorescence activity reports. A newly identified
focal cell death apoptosis pattern report is based on the release of several factors
associated with inflammation post-rupture, which revealed that organs are subject to
inflammation which aggravates the disease (He et al. 2016).

Studies also revealed that LncRNA NEAT?2 activates the kidney tissue sam-
ples in HK-2 cells that are treated with HG, thereby promoting HK-injury that is
induced through HG intervention through several other signaling pathways (Liu
et al. 2019; Yan et al. 2018b). Also reported is that fact that LncRNA NEAT?2 tends
to facilitate HK-cell fibrosis by miR0145/ZEB2 axis that is HG-induced (Liu et al.
2019). LncRNA NEAT?2 is also known for its renal tubular epithelial pyroptosis
modulation in DN (Azizi et al. 2020; Song et al. 2020), which is also in line with
other studies in the same arena, and per the findings of the present study. Several
studies in the past have also revealed the inhibition of HK-2 cell apoptosis through
LncRNA UCALI in DN through the targeting of miR-206 (Yan et al. 2018b). How-
ever, it is important to note that no considerable research is available as a basis
to prove the relationship that exists between pyroptosis and miR-206. To further
explore the role of miR-206 on anti-pyroptosis, the researchers identified the pres-
ence of NLRP3, caspase-1, IL-18, and GSDMD-N, which are pyroptosis markers,
which indicate pyroptosis. Identification of biomarkers in an early stage of diabetic
nephropathy (DN) can effectively inhibit its progression as study reports two novel
renal tubular proteins (cyclophilin A and periostin) as potential markers for early
prediction of DN relative to albuminuria with a higher diagnostic accuracy than
urinary cyclophilin A specifically in overt DN stage (Abdel Ghafar et al. 2020).

Several previous research revealed that NLRP3 could act as a viable compo-
nent for the activation of pro-caspase-1 for further cracking down into caspase-1,
thereby activating pro-IL-1f for the acceleration of IL-1 B secretion; however,
it is important to note that pro-IL-1f secretions in large amounts tend to induce
inflammatory cascading reactions and tissue damages (Hughes and O’Neill 2018).
The findings of the study also revealed that miR-206 upregulation can obstruct
pyroptosis and could mitigate the appearance of inflammation-based reactions
(He et al. 2016; Abdel Ghafar et al. 2020; Hughes and O’Neill 2018). However,
it is important to note that NEAT?2 in an overexpressed manner and elevations in
miR-206 co-transfected cells tend to reverse pyroptosis. All these findings sug-
gest the mediating effect of NEAT2 on miR-206 for the regulation of HG-induced
pyroptosis of HK-2 cells (Wu et al. 2019; Yungiao et al. 2014).

Through the present study, the researchers confirm the mediating effect of
NEAT?2 on miR-206 for the regulation of HG-induced HK-cell pyroptosis (Fig. 6).
However, the study has several limitations. Firstly, the study has not conducted
tests on the target genes that are miR-206 downstream. Secondly, the research
samples considered for the study are few and hence the role of NEAT2 on DN is
not explored. As a venue for future studies, the researchers open path for future
researchers to further improve the findings of the study. To summarize, the
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Fig.6 Diagram illustrating the role of NEAT2/miR-206 and its downstream pathways underling the
pathogenesis of DN

researchers once again ascertain that NEAT?2 can improve H-induced HK-2 pyrop-
tosis through miR-206 targeting and reveals NEAT?2 to be a latent DN target.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10528-021-10164-6.
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