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Abstract

Background

Diabetes causes the dysregulation of several organs, and these effects are often closely

associated with changes in the expression of long non-coding RNAs (lncRNAs), a group of

non-coding RNAs, within these tissues. Previous studies have described a variety of changes

in the expression profile of several lncRNAs from different organs in response to the patho-

genesis of diabetes. However, none of these studies compared the expression profiles of

these lncRNAs between these organs. This study was designed to identify common and spe-

cific lncRNAs involved in the progression of diabetes in the skeletal muscles and kidneys.

Methods

Publicly available RNA sequencing data of diabetic patients was obtained from the Gene

Expression Omnibus database. By analyzing the expression of lncRNAs in these datasets,

differentially expressed lncRNAs in each tissue between non-diabetic and diabetic patients

were identified. To identify any lncRNAs changed in common in both kidney and muscle tis-

sues, those lncRNAs that are significantly dysregulated in both datasets were selected.

Results

These evaluations identified a series of novel lncRNAs unique to each organ and several

transcripts that were common to both skeletal muscle and kidney tissues in these patients.

Interestingly, the genomic location of these lncRNAs suggests that they reside in close prox-

imity to several protein-coding genes known to be related to diabetes suggesting that these

lncRNAs may have a regulatory relationship with their neighboring genes.

Conclusion

These results offer valuable insights into the role of lncRNAs during the pathogenesis of

diabetes.
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Introduction

Diabetes affects various organs including skeletal muscles, which play an important role in

pathogenesis because of their key function in energy homeostasis [1–4]. This is because type 2

diabetics experience an impaired insulin response which reduces oxidative metabolism and

limits the amount of fatty acid converted to glucose resulting in increased levels of circulating

free fatty acids. These fatty acids then accumulate within the muscle cells, reducing insulin-

stimulated glucose uptake. This impairment is usually described as insulin resistance [5].

Because the skeletal muscle is the major tissue responsible for glucose accumulation and dis-

posal, changes in these tissues are known to have an important role in patients with insulin

resistance and diabetes [1, 6]. Although research is underway to analyze changes in various tis-

sues including skeletal muscle from a molecular perspective in the context of metabolic dis-

eases [7–11], the detailed molecular mechanism underlying this process still needs to be

elucidated.

Long-term diabetes results in the destruction of the small blood vessels and the destruction

of the glomerulus vessels in the kidney resulting in reduced kidney function and eventually

diabetic nephropathy [12]. Diabetic nephropathy is characterized by an increase in urine albu-

min and a reduction in kidney function. Many ongoing studies are focused on identifying the

factors responsible for these effects in an effort to produce novel therapeutics designed to pre-

vent disease progression. However, to date, there is still no detailed molecular mechanism

describing the underlying pathogenesis of diabetic nephropathy.

Diabetes also affects various other organs including the liver, fat, and intestine resulting

in their transcriptomic evaluation to understand the underlying mechanisms of diabetic

pathogenesis [2–4]. However, despite this, our understanding of the interplay between these

organs remains limited, often limiting our ability to fully understand the complexities of this

disease.

Long non-coding RNAs (lncRNAs) are a large class of non-coding RNA transcripts of

more than 200 nucleotides in length. Many of these lncRNAs reside near protein-coding

genes, and a portion of these lncRNAs share overlapping promoter sequences with their neigh-

boring protein-coding genes often being transcribed in the opposite direction, suggesting that

these lncRNAs and their neighboring protein-coding genes might be modulated by common

transcription factors [13]. In other cases, lncRNAs may share an overlapping sequence with a

protein-coding gene producing a duplex RNA structure and sense-antisense pair [13, 14]. The

formation of duplex structures could act as a regulatory mechanism for these lncRNAs allow-

ing them to modulate the expression of their protein-coding gene counterpart. Several studies

have reported that lncRNAs are likely to play some regulatory role in the pathogenesis of dia-

betes [15], but the comparison of the role(s) and identities of these lncRNAs in different tissues

has not yet been completed. Since diabetes is a disease related to various tissues throughout the

body, discovering a lncRNA that functions commonly in multiple tissues in relation to diabe-

tes will provide important clues in the treatment of these diseases.

Given this, this study was designed to compare the expression of specific lncRNAs in

myotube and kidney samples from patients with diabetes to identify specific lncRNAs dysregu-

lated in the skeletal muscle and kidney and those that were common to both organs. Subse-

quent evaluation of the genomic context of these transcripts and their relationship with

neighboring protein-coding genes suggests that these transcripts were likely to be connected to

diabetic pathogenesis. This study will help to identify specific biomarkers and potential thera-

peutic targets for the evaluation and treatment of the pathogenic effects of diabetes in different

organs.
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Materials and methods

Dataset GSE81965 from the Gene Expression Omnibus (GEO) database [16] includes the

RNA sequencing data of myotubes differentiated from skeletal muscle precursor cells, which

were collected from patients with different disease conditions: non-obese, obese, patients with

type 2 diabetes, and obese patients with type 2 diabetes [17]. These data were then evaluated as

previously described [18]. Briefly, the FASTQ sequences were applied to Trimmomatic which

removed any sequences of low-quality [19] and the remaining sequences were aligned to the

human genome (hg19) using STAR [20]. Then Cuffnorm was used to calculate the Fragments

Per Kilobase of transcript per Million mapped reads (FPKM) [21] based on the GENCODE

annotation [22]. Those lncRNAs with an average FPKM value of lower than 1 or those with 0

in any sample were removed from further analysis. Then the FPKM values of each of these

lncRNAs were compared between the four evaluation groups and those most closely associated

with diabetes were identified. Specifically, the lncRNA with significant differences in their

expression between non-diabetic and diabetic patients (P< 0.01) were selected.

Dataset GSE142025 includes the RNA sequencing data from the kidney biopsies of patients

with diabetic nephropathy. This dataset includes three groups of samples collected from

patients described as normal, the early phase of diabetic nephropathy, and the advanced phase

of diabetic nephropathy [23]. These lncRNAs were then evaluated as described above and

lncRNAs were selected for evaluation by comparing the FPKM values for lncRNA expression

in the normal and advanced phases of diabetic nephropathy groups. The lncRNAs with signifi-

cant differences in their expression were selected by using both criteria of the transcripts

included in the top 5% based on P-value and those with the top 20% based on average expres-

sion level.

To select the commonly dysregulated lncRNAs in both skeletal muscle and diabetic

nephropathy datasets, the top 5% of significantly changed lncRNAs based on the P-value of

the expression change were selected from each dataset. Then, those lncRNAs that exist in com-

mon in both selected lists were chosen.

Results and discussion

A set of publicly available RNA sequencing data for both kidney and muscle tissues of diabetic

patients from the GEO database was obtained [16] and used to identify differentially expressed

lncRNAs in each condition (Fig 1). The skeletal muscle data was collected from the GSE81965

dataset which evaluated differentiated myotubes from human subjects with type 2 diabetes

and/or obesity [17]. After analyzing the expression of each lncRNA in this dataset 19 lncRNAs

with significant differences in expression between non-diabetic and diabetic patients

(P< 0.01) were identified (Table 1). Of these six had been previously described as being associ-

ated with diabetes (Fig 2), with four, including MZF1 antisense RNA 1 (MZF1-AS1), MIR137

host gene (MIR137HG), DPP9 antisense RNA 1 (DPP9-AS1), PINK1 antisense RNA (PIN-

K1-AS), demonstrating increased expression in the samples from the patients with type 2 dia-

betes when compared to the healthy control. The other two previously described lncRNAs,

VPS13B divergent transcript (VPS13B-DT) and NNT antisense RNA 1 (NNT-AS1), demon-

strated decreased expression in diabetic samples (Fig 2A).

When the genomic context of these lncRNAs was analyzed, it was discovered that most

were likely to act in some regulatory capacity in these cells (Fig 2B). Of these, MZF1-AS1,

DPP9-AS1, and PINK1-AS were shown to share a portion of overlapping sequence with their

neighboring antisense protein-coding genes, myeloid zinc finger 1 (MZF1), dipeptidyl pepti-

dase 9 (DPP9), and PTEN induced kinase 1 (PINK1), respectively. Importantly, the expression

of MZF1-AS1 and DPP9-AS1 showed a very high positive correlation with MZF1 and DPP9,
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respectively (S1 Fig). This suggests that these lncRNAs may form an RNA duplex via interac-

tions between these antisense transcripts to stabilize the expression of the corresponding pro-

tein-coding gene. In addition, the promoter sequence of MZF1-AS1 could also act as the

promoter for the nearby gene, ubiquitin conjugating enzyme E2 M (UBE2M). This shared pro-

moter sequence was also observed in VPS13B-DT and NNT-AS1 which share a common pro-

moter sequence with their neighboring protein-coding genes, vacuolar protein sorting 13

homolog B (VPS13B) and nicotinamide nucleotide transhydrogenase (NNT), respectively.

Thus, these lncRNA-protein gene pairs may be affected by a common signaling pathway.

Finally, MIR137HG contains the miR-137 sequence within its intronic region suggesting that

Fig 1. Analysis procedure to measure long non-coding RNAs (lncRNA) expression in the myotubes and kidney

tissues of patients with diabetes. See the main text for details.

https://doi.org/10.1371/journal.pone.0274794.g001
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MIR137HG lncRNA is likely the primary miRNA (pri-miRNA) for miR-137. Previous reports

suggest that the suppression of miR-137 in endothelial cells ameliorates high glucose-induced

oxidative stress by de-repressing protein kinase AMP-activated catalytic subunit alpha 1 [25].

Thus, MIR137HG may play a significant role in regulating the metabolic response of specific

cells to increased glucose and thus diabetes via its production of miR-137.

The kidney data was collected from the GSE142025 dataset which included biopsy samples

from patients with diabetic nephropathy [23]. Evaluation of this data identified 15 significantly

differentially expressed lncRNAs associated with advanced diabetic nephropathy (these

included all the transcripts in the top 5% based on P-value and 20% based on average expres-

sion level) (Table 2). Of these, five had previously been described as related to diabetes (Fig 3)

and of those only the negative regulator of antiviral response (NRAV) was shown to have

increased expression in the sample from the patients with advanced diabetic nephropathy

when compared to that in the control samples. The other four lncRNAs, including PAQR5

divergent transcript (PAQR5-DT), AC004485.3, AC083843.1, and long intergenic non-protein

coding RNA 472 (LINC00472), decreased in the diabetic nephropathy samples (Fig 3A).

The genomic context of these lncRNAs also provided some hints at their working mecha-

nism (Fig 3B). This includes PAQR5-DT, NRAV, and AC004485.3 which share a common pro-

moter sequence with their neighboring genes, progestin and adipoQ receptor family member

5 (PAQR5), dynein light chain LC8-type 1 (DYNLL1), and neuropeptide Y (NPY), respectively.

Furthermore, the lncRNA gene AC083843.1 is close to MIR30D and MIR30B in the genome

and has the same transcriptional direction suggesting that this lncRNA is a partial transcript of

the pri-miR-30d~30b sequence. Finally, LINC00472 includes both the MIR30A and MIR30C2
genes within its sequence suggesting that this lncRNA may be the primary transcript for miR-

Table 1. Expression levels for each of the significantly altered lncRNAs from the skeletal muscle tissues of patients with diabetes.

Gene ID Non-obese Obese T2D Obese & T2D Description Reference (PMID)

ENSG00000236540.7_5 0.9 0.9 1.5 1.4 antisense to TANGO2
ENSG00000228544.1_4 0.4 0.2 0.6 0.5 divergent to promoter of RABL6
ENSG00000267858.5_5 0.3 0.4 0.6 0.5 divergent to promoter of UBE2M 26606528,30592156

ENSG00000234793.1_4 1.4 1.3 2.5 2.4 antisense to intron of D2HGDH
ENSG00000273084.1_4 0.7 1.0 1.5 1.4 antisense to promoter of LOC100129484
ENSG00000250988.7_5 6.3 5.4 3.6 3.9 SNHG21
ENSG00000223768.2_3 4.6 4.7 6.0 6.2 divergent to promoter of POFUT2
ENSG00000271976.1_4 2.4 2.4 1.6 1.8 antisense to intron of IL17RB
ENSG00000270604.5_3 0.8 0.9 0.4 0.2 HCG17 (divergent to promoter of TRIM39)

ENSG00000251257.2_4 14.1 12.1 7.2 5.8 antisense to EGFLAM
ENSG00000264575.1_3 2.2 2.2 1.8 1.6 RNA fragment?

ENSG00000225206.9_4 0.7 1.0 1.8 1.8 MIR137HG 27497953

ENSG00000279080.1_4 0.0 0.0 0.0 0.0 too low expression

ENSG00000205790.1_4 0.4 0.4 0.7 0.6 DPP9-AS1 (antisense to DPP9) 16186403,26242871

ENSG00000117242.7_5 2.7 2.7 3.1 3.2 PINK1-AS1 (antisense to PINK1) 17567565, 33546409

ENSG00000253948.1_5 5.4 7.2 4.2 3.3 divergent to promoter of VPS13B 26358774, 32605629

ENSG00000272686.1_4 1.7 1.9 1.5 1.5 divergent to promoter of WASL
ENSG00000248092.7_5 4.8 4.9 3.4 4.2 divergent to promoter of NNT 16804088, 17922105

ENSG00000237989.1_3 0.3 0.5 0.5 0.7 divergent to AP001046.1

The FPKM value and genomic information for each lncRNA are shown. The PubMed ID (PMID) of up to two of the most relevant references for those lncRNAs whose

neighboring genes have been shown to be involved in the pathogenesis of diabetes have also been reported.

https://doi.org/10.1371/journal.pone.0274794.t001
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Fig 2. Selected dysregulated long non-coding RNAs (lncRNAs) identified in the myotubes of patients with diabetes. (A) The

expression of specific lncRNAs in each of the sample groups was calculated based on the data available in the public GSE81965

dataset, and is reported as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values. (B) Schematics describing

the genomic context of each of the lncRNAs as reported in Genome Browser [24]. Blue lines represent protein-coding genes, green

lines lncRNA genes, and red lines small non-coding RNA genes.

https://doi.org/10.1371/journal.pone.0274794.g002
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30a and miR-30c. This is noteworthy as several reports have confirmed the importance of the

miR-30 family of miRNAs in the pathogenesis of diabetes [26–29]. Therefore, lncRNAs

AC083843.1 and LINC00472 could affect the progression of diabetes via their production and

potential control of various miR-30 miRNAs.

To identify any common lncRNAs within these datasets, those lncRNAs that were signifi-

cantly dysregulated in both skeletal muscle and renal tissues of a patient with diabetes were

selected. This analysis identified eight commonly dysregulated lncRNAs (Table 3), two of

which, LOXL1 antisense RNA 1 (LOXL1-AS1) and NCK1 divergent transcript (NCK1-DT),

had been previously associated with the pathogenesis of diabetes (Fig 4). LOXL1-AS1 lncRNA

is increased in both myotube and kidney tissues in patients with diabetes (Fig 4A) and it has

been reported that lysyl oxidase like 1 (LOXL1), the protein-coding gene neighboring LOX-

L1-AS1, has a common promoter sequence or overlaps with LOXL1-AS1 as a sense-antisense

pair depending on its isoform. However, there was no change in LOXL1 expression between

control and diseased tissues from a rat model of diabetic nephropathy [30]. Thus, it is plausible

that this lncRNA may use an alternative regulatory mechanism and may not influence diabetes

via the direct regulation of its neighboring gene. NCK1-DT is an interesting lncRNA as it dem-

onstrates opposing dysregulation patterns in myotube and kidney samples (Fig 4B). Thus, the

expression of NCK1-DT decreased in the myotubes of diabetic patients when compared to the

control, but its expression increased in the renal tissues of patients with diabetic nephropathy.

This suggests that this lncRNA may work differently depending on the tissue or fine-tunes its

target genes. A previous report suggests that NCK adaptor protein 1 (Nck1)-knockout pancre-

atic beta cells demonstrated improved survival in response to diabetes-related stresses [31],

while another study from the same group suggested that the sequestration of Nck1 protein in

pancreatic beta cells protects against diabetogenic stresses [32]. This suggests that the identifi-

cation of the role of NCK1-DT in the pathogenesis of diabetes and the elucidation of its regula-

tory mechanism concerning NCK1 may be of significant interest in the future.

Table 2. Expression levels for each of the significantly altered lncRNAs in the kidneys of patients with diabetes.

Gene ID Control Early DN Advanced DN Description Reference (PMID)

ENSG00000231312.6_5 11.8 10.7 6.9 divergent promoter to MAP4K3
ENSG00000261634.3_4 20.0 19.6 9.5 PAQR5-DT (divergent promoter to PAQR5) 22933106

ENSG00000259291.2_4 47.7 51.7 25.6 antisense to intron of ZNF710
ENSG00000231889.7_4 4.9 6.0 7.6

ENSG00000248008.2_4 6.9 10.1 10.1 divergent promoter to DYNLL1 28321468

ENSG00000275234.1_4 16.1 18.3 11.3 antisense to intron of DENND1C
ENSG00000228944.1_4 15.5 14.2 6.1 divergent promoter to NPY 7479313, 28423914

ENSG00000260658.5_5 20.8 18.4 11.0 intergenic

ENSG00000226674.9_4 12.3 8.5 5.5 intergenic

ENSG00000259820.1_4 6.8 6.0 4.2 miR-30b~30d host gene? 19096044, 30721562

ENSG00000267575.6_5 11.5 15.9 15.6 divergent promoter to LINC00662
ENSG00000233237.6_3 59.8 56.7 41.5 miR-30a~30c-2 host gene 27221738, 30002134

ENSG00000242125.3_4 5.0 6.1 9.4 snoRNA host gene

ENSG00000230551.4_5 7.3 5.3 5.6 overlap to protein-coding gene

ENSG00000234456.7_3 34.5 29.4 20.4

The FPKM value and genomic information for each lncRNA are shown. The PubMed ID (PMID) of up to two of the most relevant references for those lncRNAs whose

neighboring genes have been shown to be involved in the pathogenesis of diabetes have also been reported.

https://doi.org/10.1371/journal.pone.0274794.t002
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Fig 3. Selected dysregulated lncRNAs identified in the kidney tissues of patients with diabetes. (A) The differences in the

expression of these lncRNAs in each group were calculated using the data from the public dataset GSE142025 and reported as FPKM

values. (B) Schematics describing the genomic context of each of the lncRNAs as reported in Genome Browser. Blue lines represent

protein-coding genes, green lines lncRNA genes, and red lines small non-coding RNA genes.

https://doi.org/10.1371/journal.pone.0274794.g003
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Table 3. Expression levels for each of the commonly dysregulated lncRNAs identified in both myotube and kidney samples from patients with diabetes.

Gene ID Non-obese Obese T2D Obese & T2D Control Early DN Advanced DN Description Reference (PMID)

ENSG00000234432.4_4 0.2 0.3 0.4 0.3 0.8 1.2 1.3 intergenic

ENSG00000285338.1_1 2.1 2.0 1.7 1.5 3.3 3.9 5.4 part of protein-coding gene

ENSG00000261801.5_4 6.7 7.4 8.1 9.2 1.8 2.0 3.6 divergent to LOXL1 29207131

ENSG00000226674.9_4 0.3 1.0 1.5 1.5 12.3 8.5 5.5 intergenic

ENSG00000273000.5_5 2.9 2.4 3.2 3.0 53.4 57.1 35.1 antisense to RGL4
ENSG00000239213.5_4 2.3 2.4 1.7 1.7 1.3 1.7 2.5 divergent promoter to NCK1 26434994, 29941454

ENSG00000269996.1 16.6 15.6 12.7 13.9 2.7 1.0 1.1 part of protein-coding gene

ENSG00000253738.1_4 15.3 17.9 13.9 14.3 5.7 3.6 3.6 divergent promoter to OTUD6B

The PubMed ID (PMID) of up to two of the most relevant references for those lncRNAs whose neighboring genes have been shown to be involved in the pathogenesis of

diabetes have also been reported.

https://doi.org/10.1371/journal.pone.0274794.t003

Fig 4. Commonly dysregulated lncRNAs identified in both myotube and kidney samples from patients with diabetes. Of the

significantly altered lncRNAs from both the myotube and kidney tissues of the patients with diabetes, only (A) LOXL1-AS1 and (B)

NCK1-DT were identified in both tissues and are shown here. The graphs describe the FPKM value for each lncRNA in each sample

set and the genomic context for each is shown below. Blue lines represent protein-coding genes, green lines lncRNA genes, and red

lines small non-coding RNA genes.

https://doi.org/10.1371/journal.pone.0274794.g004
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Conclusions

Here, a diverse range of dysregulated lncRNAs was identified from both the skeletal muscle

and kidney tissues of diabetic patients, respectively, and also the common lncRNAs in these

two tissues were discovered. By controlling the expression of lncRNAs presented in this study

[33], it can be applied to observing diabetes-related phenotypes in animal models. Alterna-

tively, by measuring the expression of these lncRNAs in body fluids including the blood of

patients with diabetes, their possibility of application as a biomarker may be studied. Given

that there are no studies comparing the roles of various lncRNAs in the different tissues associ-

ated with diabetic pathogenesis, the lncRNA lists reported in this study may help identify

potential targets for future studies designed to elucidate the roles of lncRNAs in diabetic patho-

genesis and the development of novel therapeutic interventions.

Supporting information

S1 Fig. Expression correlation between lncRNAs and their corresponding antisense pro-

tein-coding genes.

(PDF)

S1 Table. The expression level of lncRNAs in the skeletal muscle dataset used in this study.

(XLSX)

S2 Table. The expression level of lncRNAs in the kidney dataset used in this study.

(XLSX)

Author Contributions

Conceptualization: Young-Kook Kim.

Formal analysis: Young-Kook Kim.

Funding acquisition: Young-Kook Kim.

Writing – original draft: Young-Kook Kim.

Writing – review & editing: Young-Kook Kim.

References
1. Phielix E, Mensink M. Type 2 diabetes mellitus and skeletal muscle metabolic function. Physiol Behav.

2008; 94(2):252–8. https://doi.org/10.1016/j.physbeh.2008.01.020 PMID: 18342897

2. Loria P, Lonardo A, Anania F. Liver and diabetes. A vicious circle. Hepatol Res. 2013; 43(1):51–64.

https://doi.org/10.1111/j.1872-034X.2012.01031.x PMID: 23332087

3. Burhans MS, Hagman DK, Kuzma JN, Schmidt KA, Kratz M. Contribution of Adipose Tissue Inflamma-

tion to the Development of Type 2 Diabetes Mellitus. Compr Physiol. 2018; 9(1):1–58. https://doi.org/

10.1002/cphy.c170040 PMID: 30549014

4. Bleau C, Karelis AD, St-Pierre DH, Lamontagne L. Crosstalk between intestinal microbiota, adipose tis-

sue and skeletal muscle as an early event in systemic low-grade inflammation and the development of

obesity and diabetes. Diabetes Metab Res Rev. 2015; 31(6):545–61. https://doi.org/10.1002/dmrr.2617

PMID: 25352002

5. Muoio DM, Newgard CB. Mechanisms of disease:Molecular and metabolic mechanisms of insulin resis-

tance and beta-cell failure in type 2 diabetes. Nat Rev Mol Cell Biol. 2008; 9(3):193–205. https://doi.org/

10.1038/nrm2327 PMID: 18200017

6. Merz KE, Thurmond DC. Role of Skeletal Muscle in Insulin Resistance and Glucose Uptake. Compr

Physiol. 2020; 10(3):785–809. https://doi.org/10.1002/cphy.c190029 PMID: 32940941

7. Haddad M. The Impact of CB1 Receptor on Inflammation in Skeletal Muscle Cells. J Inflamm Res.

2021; 14:3959–67. https://doi.org/10.2147/JIR.S322247 PMID: 34421307

PLOS ONE LncRNAs in diabetic skeletal muscle and kidney

PLOS ONE | https://doi.org/10.1371/journal.pone.0274794 September 26, 2022 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274794.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274794.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274794.s003
https://doi.org/10.1016/j.physbeh.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18342897
https://doi.org/10.1111/j.1872-034X.2012.01031.x
http://www.ncbi.nlm.nih.gov/pubmed/23332087
https://doi.org/10.1002/cphy.c170040
https://doi.org/10.1002/cphy.c170040
http://www.ncbi.nlm.nih.gov/pubmed/30549014
https://doi.org/10.1002/dmrr.2617
http://www.ncbi.nlm.nih.gov/pubmed/25352002
https://doi.org/10.1038/nrm2327
https://doi.org/10.1038/nrm2327
http://www.ncbi.nlm.nih.gov/pubmed/18200017
https://doi.org/10.1002/cphy.c190029
http://www.ncbi.nlm.nih.gov/pubmed/32940941
https://doi.org/10.2147/JIR.S322247
http://www.ncbi.nlm.nih.gov/pubmed/34421307
https://doi.org/10.1371/journal.pone.0274794


8. Tarkhnishvili A, Koentges C, Pfeil K, Gollmer J, Byrne NJ, Vosko I, et al. Effects of Short Term Adipo-

nectin Receptor Agonism on Cardiac Function and Energetics in Diabetic db/db Mice. J Lipid Atheros-

cler. 2022; 11(2):161–77. https://doi.org/10.12997/jla.2022.11.2.161 PMID: 35656151

9. Lee SH, Park SY, Choi CS. Insulin Resistance: From Mechanisms to Therapeutic Strategies. Diabetes

Metab J. 2022; 46(1):15–37. https://doi.org/10.4093/dmj.2021.0280 PMID: 34965646

10. Sergi D, Naumovski N, Heilbronn LK, Abeywardena M, O’Callaghan N, Lionetti L, et al. Mitochondrial

(Dys)function and Insulin Resistance: From Pathophysiological Molecular Mechanisms to the Impact of

Diet. Front Physiol. 2019; 10:532. https://doi.org/10.3389/fphys.2019.00532 PMID: 31130874

11. Haddad M. The Impact of CB1 Receptor on Nuclear Receptors in Skeletal Muscle Cells. Pathophysiol-

ogy. 2021; 28(4):457–70. https://doi.org/10.3390/pathophysiology28040029 PMID: 35366244

12. Lim A. Diabetic nephropathy—complications and treatment. Int J Nephrol Renovasc Dis. 2014; 7:361–

81. https://doi.org/10.2147/IJNRD.S40172 PMID: 25342915

13. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding RNAs and its biological

functions. Nat Rev Mol Cell Biol. 2021; 22(2):96–118. https://doi.org/10.1038/s41580-020-00315-9

PMID: 33353982

14. Villegas VE, Zaphiropoulos PG. Neighboring gene regulation by antisense long non-coding RNAs. Int J

Mol Sci. 2015; 16(2):3251–66. https://doi.org/10.3390/ijms16023251 PMID: 25654223

15. Leung A, Natarajan R. Long Noncoding RNAs in Diabetes and Diabetic Complications. Antioxid Redox

Signal. 2018; 29(11):1064–73. https://doi.org/10.1089/ars.2017.7315 PMID: 28934861

16. Clough E, Barrett T. The Gene Expression Omnibus Database. Methods Mol Biol. 2016; 1418:93–110.

https://doi.org/10.1007/978-1-4939-3578-9_5 PMID: 27008011

17. Varemo L, Henriksen TI, Scheele C, Broholm C, Pedersen M, Uhlen M, et al. Type 2 diabetes and obe-

sity induce similar transcriptional reprogramming in human myocytes. Genome Med. 2017; 9(1):47.

https://doi.org/10.1186/s13073-017-0432-2 PMID: 28545587

18. Song J, Kim YK. Discovery and Functional Prediction of Long Non-Coding RNAs Common to Ischemic

Stroke and Myocardial Infarction. J Lipid Atheroscler. 2020; 9(3):449–59. https://doi.org/10.12997/jla.

2020.9.3.449 PMID: 33024736

19. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinfor-

matics. 2014; 30(15):2114–20. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

20. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29(1):15–21. https://doi.org/10.1093/bioinformatics/bts635 PMID:

23104886

21. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-

sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7(3):562–78.

https://doi.org/10.1038/nprot.2012.016 PMID: 22383036

22. Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis I, Loveland J, et al. GENCODE reference

annotation for the human and mouse genomes. Nucleic Acids Res. 2019; 47(D1):D766–D73. https://

doi.org/10.1093/nar/gky955 PMID: 30357393

23. Fan Y, Yi Z, D’Agati VD, Sun Z, Zhong F, Zhang W, et al. Comparison of Kidney Transcriptomic Profiles

of Early and Advanced Diabetic Nephropathy Reveals Potential New Mechanisms for Disease Progres-

sion. Diabetes. 2019; 68(12):2301–14. https://doi.org/10.2337/db19-0204 PMID: 31578193

24. Navarro Gonzalez J, Zweig AS, Speir ML, Schmelter D, Rosenbloom KR, Raney BJ, et al. The UCSC

Genome Browser database: 2021 update. Nucleic Acids Res. 2021; 49(D1):D1046–D57. https://doi.

org/10.1093/nar/gkaa1070 PMID: 33221922

25. Li J, Li J, Wei T, Li J. Down-Regulation of MicroRNA-137 Improves High Glucose-Induced Oxidative

Stress Injury in Human Umbilical Vein Endothelial Cells by Up-Regulation of AMPKalpha1. Cell Physiol

Biochem. 2016; 39(3):847–59.

26. Tang X, Muniappan L, Tang G, Ozcan S. Identification of glucose-regulated miRNAs from pancreatic

{beta} cells reveals a role for miR-30d in insulin transcription. RNA. 2009; 15(2):287–93. https://doi.org/

10.1261/rna.1211209 PMID: 19096044

27. Dai LL, Li SD, Ma YC, Tang JR, Lv JY, Zhang YQ, et al. MicroRNA-30b regulates insulin sensitivity by

targeting SERCA2b in non-alcoholic fatty liver disease. Liver Int. 2019; 39(8):1504–13. https://doi.org/

10.1111/liv.14067 PMID: 30721562

28. Raut SK, Singh GB, Rastogi B, Saikia UN, Mittal A, Dogra N, et al. miR-30c and miR-181a synergisti-

cally modulate p53-p21 pathway in diabetes induced cardiac hypertrophy. Mol Cell Biochem. 2016; 417

(1–2):191–203. https://doi.org/10.1007/s11010-016-2729-7 PMID: 27221738

29. Koh EH, Chernis N, Saha PK, Xiao L, Bader DA, Zhu B, et al. miR-30a Remodels Subcutaneous Adi-

pose Tissue Inflammation to Improve Insulin Sensitivity in Obesity. Diabetes. 2018; 67(12):2541–53.

https://doi.org/10.2337/db17-1378 PMID: 30002134

PLOS ONE LncRNAs in diabetic skeletal muscle and kidney

PLOS ONE | https://doi.org/10.1371/journal.pone.0274794 September 26, 2022 11 / 12

https://doi.org/10.12997/jla.2022.11.2.161
http://www.ncbi.nlm.nih.gov/pubmed/35656151
https://doi.org/10.4093/dmj.2021.0280
http://www.ncbi.nlm.nih.gov/pubmed/34965646
https://doi.org/10.3389/fphys.2019.00532
http://www.ncbi.nlm.nih.gov/pubmed/31130874
https://doi.org/10.3390/pathophysiology28040029
http://www.ncbi.nlm.nih.gov/pubmed/35366244
https://doi.org/10.2147/IJNRD.S40172
http://www.ncbi.nlm.nih.gov/pubmed/25342915
https://doi.org/10.1038/s41580-020-00315-9
http://www.ncbi.nlm.nih.gov/pubmed/33353982
https://doi.org/10.3390/ijms16023251
http://www.ncbi.nlm.nih.gov/pubmed/25654223
https://doi.org/10.1089/ars.2017.7315
http://www.ncbi.nlm.nih.gov/pubmed/28934861
https://doi.org/10.1007/978-1-4939-3578-9%5F5
http://www.ncbi.nlm.nih.gov/pubmed/27008011
https://doi.org/10.1186/s13073-017-0432-2
http://www.ncbi.nlm.nih.gov/pubmed/28545587
https://doi.org/10.12997/jla.2020.9.3.449
https://doi.org/10.12997/jla.2020.9.3.449
http://www.ncbi.nlm.nih.gov/pubmed/33024736
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1093/nar/gky955
http://www.ncbi.nlm.nih.gov/pubmed/30357393
https://doi.org/10.2337/db19-0204
http://www.ncbi.nlm.nih.gov/pubmed/31578193
https://doi.org/10.1093/nar/gkaa1070
https://doi.org/10.1093/nar/gkaa1070
http://www.ncbi.nlm.nih.gov/pubmed/33221922
https://doi.org/10.1261/rna.1211209
https://doi.org/10.1261/rna.1211209
http://www.ncbi.nlm.nih.gov/pubmed/19096044
https://doi.org/10.1111/liv.14067
https://doi.org/10.1111/liv.14067
http://www.ncbi.nlm.nih.gov/pubmed/30721562
https://doi.org/10.1007/s11010-016-2729-7
http://www.ncbi.nlm.nih.gov/pubmed/27221738
https://doi.org/10.2337/db17-1378
http://www.ncbi.nlm.nih.gov/pubmed/30002134
https://doi.org/10.1371/journal.pone.0274794


30. Chen J, Ren J, Loo WTY, Hao L, Wang M. Lysyl oxidases expression and histopathological changes of

the diabetic rat nephron. Mol Med Rep. 2018; 17(2):2431–41. https://doi.org/10.3892/mmr.2017.8182

PMID: 29207131

31. Yamani L, Li B, Larose L. Nck1 deficiency improves pancreatic beta cell survival to diabetes-relevant

stresses by modulating PERK activation and signaling. Cell Signal. 2015; 27(12):2555–67.

32. Kefalas G, Jouvet N, Baldwin C, Estall JL, Larose L. Peptide-based sequestration of the adaptor protein

Nck1 in pancreatic beta cells enhances insulin biogenesis and protects against diabetogenic stresses. J

Biol Chem. 2018; 293(32):12516–24.

33. Kim YK. RNA Therapy: Current Status and Future Potential. Chonnam Med J. 2020; 56(2):87–93.

https://doi.org/10.4068/cmj.2020.56.2.87 PMID: 32509554

PLOS ONE LncRNAs in diabetic skeletal muscle and kidney

PLOS ONE | https://doi.org/10.1371/journal.pone.0274794 September 26, 2022 12 / 12

https://doi.org/10.3892/mmr.2017.8182
http://www.ncbi.nlm.nih.gov/pubmed/29207131
https://doi.org/10.4068/cmj.2020.56.2.87
http://www.ncbi.nlm.nih.gov/pubmed/32509554
https://doi.org/10.1371/journal.pone.0274794

