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Background: Type 2 diabetes (T2D) is characterized by progressive B-cell dysfunction.
Regulatory microRNAs (miRNAs) may be associated with this.

Methods: Serum miR-26a-5p and RNF6 levels were detected in T2D patients and healthy
volunteers via qRT-PCR. Subsequently, the role of specific dysregulated miR-26a-5p or
RNF6 in regulating insulin content, cell proliferation, and apoptosis was studied in INS-1
cells. The targeting correlation between miR-26a-5p and RNF6 was detected using
a luciferase assay.

Results: RNF6 expression was significantly decreased in T2D individuals and INS-1 cells
treated with high glucose, while miR-26a-5p expression was increased. In INS-1 cells, RNF6
overexpression or miR-26a-5p downregulation significantly increased insulin content and
secretion, induced proliferation, and inhibited apoptosis. RNF6 has been identified as an
miR-26a-5p target, which negatively regulates RNF6 to worsen INS-1 cell function.
Conclusion: RNF6 promoted insulin secretion and induced cell proliferation in INS-1 cells.
This may be related to miR-26a-5p targeting and negatively regulating T2D pathogenesis.
Keywords: RNF6, miR-26a-5p, pancreatic, -cell, type 2 diabetes, INS-1

Introduction

Type 2 diabetes (T2D) is the most common metabolic syndrome, characterized by
impaired insulin secretion from pancreatic p-cells and peripheral insulin resistance.’
In 2019, more than 4.5 billion adults worldwide were diagnosed with diabetes, 90—
95% of whom suffered from T2D, which has become a global health problem and
places a huge burden on the social healthcare system.”> At present, clinical inter-
vention for T2D mainly depends on insulin supplementation or antidiabetic drugs,
but it cannot be eradicated.* Studies have shown that genetic, epigenetic, and
environmental factors interact and contribute to the development of diabetes.’
Therefore, deepening our understanding of T2D’s pathological processes and
exploring the genes at play may provide new ideas for T2D treatment.

Ring finger protein 6 (RNF6), located on chromosome 13q12.13, is an RNF
family RING-type E3 ubiquitin-protein ligase related to target protein degradation
and ubiquitination.®’” Several studies have shown that RNF6 helps regulate cell
proliferation, metabolism, and apoptosis.®’ In addition, a study on the long-term
memory of endothelial cells in response to hyperglycemic stress under normal
blood glucose found that RNF6 was a hyperglycemia-induced metabolic memory-
related gene.'® However, the effects and mechanisms of RNF6 in T2D have rarely

been reported.
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Non-coding genes increase the risk of diabetes by
modifying gene regulation, which alters protein production
and function.'’ MicroRNAs (miRNAs), which inhibit gene
expression by targeting complementary mRNA regions
and inhibiting protein translation, are non-coding
RNAs."? Accumulating evidence suggests that miRNAs
are powerful cell activity regulators of cell growth, differ-
entiation, development, and apoptosis and are associated
with various diseases, including metabolic disorders."?
Plasma miR-26b-5p may be involved in T2D pathogen-
esis. Studies have shown that miR-26b-5p was only
detected

controls.'"* In addition, miR-26b-5p was significantly

in T2D patients compared with healthy
downregulated in plasma samples from patients with
T2D after intervention with hypoglycemic drugs."
Furthermore, miR-26b can accelerate the progression of
gestational diabetes by inhibiting the PI3K/Akt signaling
pathway.'® Notably, one study revealed that miR-26b tar-
gets the RNF6 3'UTR and suppresses RNF6 expression in
rifampin-treated HCC cells.'” However, there are no stu-
dies on how miR-26b —5p/RNF6 affects T2D progression.

In our study, we explored the specific relationship between
miR-26b-5p/RNF6 and T2D. We investigated the effects of
miR-26b-5p/RNF6 on insulin content, insulin secretion, pro-
liferation, and apoptosis in insulin-secreting B-cells. This
study aimed to develop an effective T2D treatment.

Methods

Blood Sample Collection

This study was conducted per the Declaration of Helsinki
and was approved by the Ethics Committee of Wuhan
University Zhongnan Hospital (Approval number: NFEC-
2019-006). Written informed consent was obtained from all
participants before enrollment. Blood samples were col-
lected from 34 T2D patients and 34 healthy volunteers in
our hospital according to the World Health Organization’s
diagnostic criteria for T2D.'® Patients with severe liver and
kidney disease, acute heart failure, or malignant tumors were
excluded from the study. Venous blood samples were cen-
trifuged at 3000 r/min for 10 min. The upper supernatant
was collected and sub-packaged in different Eppendorf
tubes, and the sub-packaged plasma was frozen at —80°C
for the real-time quantitative PCR (qQRT-PCR) assay.

Cell Culture
The pancreatic B-cell line INS-1 from the Chinese Academy
of Sciences Cell Bank (China) was placed in a DMEM

medium containing 5.5 mM glucose (normal). Additional
INS-1 cells were added to the 25 mM glucose (model) to
construct a hyperglycemia-induced cell model. In addition,
10% FBS, penicillin (100 U/mL), and Streptococcus spp. (100
U/mL) were added to the medium and stored in a humidified
incubator at 37°C with 5% CO,. After 24 h of culture, the
INS-1 cells were used to study cell transfection, insulin secre-
tion, insulin content, cell proliferation, and apoptosis.

Cell Transfection

siRNA (si-RNF6), pcDNA3.1 (pcDNA3.1-RNF6), and the
RNF6 (si-NC and
pcDNA3.1, respectively) were obtained from GeneChem

corresponding negative controls
(Shanghai, China). miR-26a-5p inhibitor, mimic, and corre-
sponding negative controls (inhibitor-NC and mimic-NC,
respectively) were obtained from Switchgear Genomics
(USA). Using Lipofectamine 2000 (Invitrogen, USA), 50
nM siRNA, 75 ng pcDNA3.1, 100 nM inhibitor, and 100
nM mimic were transfected into INS-1 cells. Transfection
efficiency was measured 48 h after transfection.

gRT-PCR Assay

miRNA was extracted from blood and cells using the PAXgene
Blood miRNA Kit (Qiagen, USA) and the miRNeasy Mini Kit
(Qiagen), respectively. The samples were purified and quanti-
fied using a spectrophotometer (Gilford Products Laboratories,
USA), followed by reverse transcription using the miRcute
miRNA First-strand cDNA Synthesis Kit (Tiangen, China).
gRT-PCR was carried out in the iQ5TM Bio-Rad system
(BioRad, USA) per manufacturer instructions on miRcute
miRNA qPCR detection kit (Tiangen). The relative miRNA
expression was calculated using the formula 224", and U6
was used as an internal control.

Total RNA was extracted using the Qiagen QIAamp
RNA Blood Mini Kit (Qiagen). Total RNA was reverse
transcribed into cDNA using the iScript cDNA Synthesis
Kit (BioRad, USA), and qRT-PCR was performed using
SYBR Green Master PCR Mix (Thermo Fisher Scientific,
USA) with GAPDH as an internal reference. Table 1 lists
the primer sequences used in this study.

Western Blot Assay

Cells were treated with RIPA buffer (Beyotime, China) to
obtain the total cell proteins, which were quantified using
the micro bicinchoninic acid (BCA) method. Proteins (50
pg) were separated by SDS-PAGE, transferred to PVDF
membranes, and sealed with 5% skimmed milk at 37°C for
2 h. Then, the membrane was combined with RNF6
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Table | The Primers Used in the Presence Work

Targets Primers Sequences (5’ to 3’)
Human miR- Forward | 5-UCCAUAAAGUAGGAAACACUACA-3’
26a-5p Reverse 5'-CAGUACUUUUGUGUAGUACAA-3'
Human Ué Forward 5'-CTCGCTTCGGCAGCACATATACT-3'
Reverse | 5-ACGCTTCACGAATTTGCGTGTC-3'
Human RNFé | Forward 5'-AGAAGATGGCAGCAAGAGCG-3'
Reverse | 5-TCAAGTCAGGCTGAGATGCTAGT-3'
Human Forward 5'.CCATGGGCTGCCTCGGAAACA-3'
GNAS Reverse | 5-TTAAGCAAGCGGAAGGGAAGAAA-3'
Human Forward 5.GCACCGTCAAGGCTGAGAAC-3'
GAPDH Reverse 5-TGGTGAAGACGCCAGTGGA-3'
Rat miR-26a- | Forward | 5-UUCAAGUAAUCCAGGAUAGGCU-3'
5p Reverse 5-GTGCAGGTCCGAGGT-3’
Rat U6 Forward 5-CTCGCTTCGGCAGCACA-3'
Reverse 5-AACGCTTCACGAATTTGCGT-3'
Rat RNF6 Forward 5-CAGTGGCGTGCCTTAGTTCT-3'
Reverse 5-AAGGCCTCTACGCCCTCTAA-3'
Rat GAPDH | Forward 5'-GGAGCGAGATCCCTCCAAAAT-3'
Reverse | 5-GGCTGTTGTCATACTTCTCATGG-3'

Abbreviations: RNF6, Ring finger protein 6; GNAS, GNAS complex locus.

(ab204506; Abcam, USA) or GAPDH (ab%9484; Abcam)
antibodies overnight at 4°C. The secondary antibody was
horseradish peroxidase-labeled goat anti-rabbit IgG
(ab205718; Abcam). The ECL method was used to detect
the signal, the UVI gel imaging system was used to collect
the image, and Image J software (Media Cybernetics,
USA) was used to analyze the gray value.

ELISA Assay

Insulin secretion levels were determined using an insulin
ELISA Kit (RayBiotech, USA). INS-1 cells were collected
after 48 h of transfection and incubated in a glucose-free
medium for 1 h. Cells were then treated with 3.3 mmol/L
or 16.7 mmol/L glucose for 2 h. The insulin secretion in
the supernatant was determined.*

Insulin content was determined using radioimmunoas-
say. Cells were collected and suspended in 300 mL of
distilled water, then homogenized on ice using an ultra-
sound. The homogenate was treated with acidic ethanol,
and the treatment was frozen/thawed and centrifuged. The
insulin level in the supernatant was determined using an
ELISA Kit (Meridia, Sweden), and the DNA concentration
was quantified using DNA PicoGreen assay.”'

EdU Assay

INS-1 cell proliferation was measured using an EdU Kit
(RiboBio, China). Briefly, the cells were collected and co-

incubated with EdU, and a 4% PFA fixation solution was
added to fix the cells. The cells were then stained for 30
min in a 1% Apollo reaction cocktail, and then incubated
for 30 min with DAPI. Finally, the cells were observed and
photographed using a fluorescence microscope (Leica,
Germany). Nuclei labeled with EdU and DAPI were
positive.

Apoptosis Assay

The transfected cells were resuspended in 500 pL of 1x
binding buffer. Apoptosis levels were measured using an
annexin V FITC/PI Assay Kit (BD, USA). The cell sus-
pension was supplemented with SuL. V-FITC and 5pL PIL.
After incubation at 25°C in darkness for 5 min, flow
cytometry analysis was performed using BD FACSCanto
IT (BD Biosciences, Franklin Lakes, NJ, USA).

Luciferase Assay

Luciferase was constructed by ligating oligonucleotides
containing the presumed target site of wild-type RNF6
mRNA 3'UTR to the PMEl1 and XBAI sites of the
pmirGLO vector (Promega, USA). The new vector was
named RNF6-WT. The mutant type RNF6 (RNF6
M-MUT) was formed via a QuikChange II Site-Directed
Mutagenesis Kit (Agilent, USA). The reporter vector
was transfected into miR-26a-5p mimic or treated INS-1
cells using Lipofectamine 2000 for reporter gene
detection. A Dual-Luciferase Reporter Assay System
(Promega) was used to detect luciferase activity after
24 h transfection.

Statistical Analysis

The experiments were repeated three times, and data are
expressed as the mean + the standard deviation (SD).
Intergroup differences were analyzed using the Student’s
t-test and a one-way ANOVA, and Pearson’s analysis was
used to estimate the correlation between miR-26a-5p and
RNF6. All the analyses were conducted using SPSS 22.0
(SPSS, USA) software, and statistical significance was set
at < 0.05.

Results

T2D Displayed Reduced RNF6
Expression

GSE25724 from Gene Expression Omnibus (GEO) data-

sets was used as an mRNA microarray to screen the
downregulated genes in human islet samples with T2D.
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With an adj.P<0.05, and logFC<-2, 112 downregulated
genes were screened out. After uploading the downre-
gulated genes to STRING for Gene Ontology (GO)
enrichment, RNF6 and GNAS complex locus (GNAS)
were predicted to be associated with negative develop-
ment growth regulation (Figure 1A). qRT-PCR showed
that both were expressed at low levels in T2D, and
GNAS levels showed no significance in T2D compared
with the normal group, so RNF6 was selected as the
gene of interest (Figure 1B). Moreover, the in vitro INS-
1 cell diabetes model was established with a high glu-
cose concentration, which showed a 35% reduction in
RNF6 levels compared to the normal group (Figure 1C).
In addition, Western blotting showed that RNF6 levels
in the model group were reduced by approximately 25%
compared to the normal group (Figure 1D). Next, high-
glucose-induced INS-1 cells were treated with siRNA-
RNF6 and pcDNA3.I-RNF6. qRT-PCR and Western
blotting revealed that RNF6 mRNA and protein levels
decreased after RNF6 knockdown, while the reverse
RNF6

trend was observed after

(Figure 1E and F).

OVCI'GXpI'eSSiOIl

RNF6 Overexpression Promoted Insulin
Secretion and INS-1 Cell Proliferation
and Inhibited Apoptosis

Next, we investigated the functional correlation of RNF6
in T2D and the effects of under- and over-expressed RNF6
on insulin production, proliferation, and apoptosis in INS-
1 cells. We observed that insulin content in si-RNF6
decreased by approximately 20% but increased by two-
fold in the pcDNA3.1-RNF6 group compared to the si-NC
or pcDNA3.1 groups (Figure 2A). In addition, under low
(3.3 mM) and high (16.7 mM) glucose conditions, low
RNF6 expression led to decreased insulin secretion, while
overexpression led to increased insulin secretion
(Figure 2B). Moreover, RNF6 knockdown reduced INS-1
cell proliferation by approximately 40%, while upregulat-
ing RNF6 increased it 1.3-fold (Figure 2C). Furthermore,
flow cytometry revealed apoptosis levels, indicating that
interference with RNF6 promoted apoptosis, while RNF6
upregulation inhibited apoptosis (Figure 2D).

miR-26a-5p Targeted RNF6 in INS-1 Cells
We used three databases (miRDB, TargetScan, and
TarBase) to predict the miRNAs targeting RNF6 and
identify the RNF6 upstream region. The data showed that

miR-26a-5p and miR-26b-5p were upstream of RNF6 by
targeting RNF6 conserved sites (Figure 3A). We measured
miR-26a-5p and miR-26b-5p levels in the blood of T2D
and healthy subjects and found that miR-26a-5p levels in
T2D patients were significantly upregulated compared
with the healthy controls. miR-26b-5p levels did not
change significantly (Figure 3B). In addition, miR-26a-5p
expression was inversely correlated with RNF6 levels
(Figure 3C). Moreover, studies at the cellular level
revealed that high glucose levels increased miR-26a-5p
levels (Figure 3D). This suggests that miR-26a-5p acts as
a potential miRNA in T2D. Bioinformatics predictive ana-
lysis by TargetScan indicated that RNF6 was a potential
target for miR-26a-5p with a putative binding site
(Figure 3E). We co-transfected the miR-26a-5p mimic
with the RNF6 binding sequence or mutant sequence into
INS-1 cells to investigate the regulatory relationship
between miR-26a-5p and RNF6. The miR-26a-5p
mimic suppressed relative luciferase activity by 55% in
co-transfected with RNF6-WT (Figure 3F).
Moreover, INS-1 cells were treated with a miR-26a-5p

cells

inhibitor or mimic to study the regulatory effect of miR-
26a-5p on RNF6. Western blot data showed that miR-26a-
5p knockdown enhanced RNF6 levels, while miR-26a-5p
overexpression suppressed RNF6 levels (Figure 3G).
These results suggest that miR-26a-5p targets and down-
regulates RNF6.

miR-26a-5p Inhibition Reversed the Effect
of RNF6 Knockdown on Cell Insulin
Secretion, Proliferation, and Apoptosis
Next, we identified the mechanism by which miR-26a-
5p mediates INS-1 cell function by regulating RNF6.
ELISA analysis showed that the miR-26a-5p knockdown
group’s insulin concentration and secretion levels were
significantly higher than those of the inhibitor-NC
group, and RNF6 silencing reversed the insulin concen-
tration and secretion induced by miR-26a-5p knockdown
(Figure 4A and B). Similarly, by inhibiting miR-26a-5p
the EDU-positive rate of INS-1
increased, while the decreased proliferation ability of

expression, cells
RNF6-deficient cells was also recovered (Figure 4C).
In addition, flow cytometry indicated that miR-26a-5p
and RNF6
downregulation eliminated the inhibitory action of the

interference restrained apoptosis levels,

miR-26a-5p inhibitor on apoptosis (Figure 4D). These
data suggest that silencing miR-26a-5p promotes insulin
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Figure | RNF6 was low expressed in T2D. (A) STRING identified negative regulation of developmental growth including GNAS and RNF6 as the key biological process. (B)
The expression levels of RNF6 and GNAS in peripheral blood samples from T2D pregnancies and healthy pregnancies were validated by qRT-PCR. (C) The expression levels
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treated with 5.5 (Normal) or 25 mM (Model) glucose were validated by Western blot. *P < 0.05 VS normal. (E) The expression levels of RNF6 in INS-| cells treated with
RNF6 siRNA or pcDNA3.1 were validated by qRT-PCR. **P < 0.001 VS si-NC. **P < 0.001 VS pcDNA3.1. (F) The RNF6 protein level in INS-1 cells treated with RNF6
siRNA or pcDNA3.| were validated by Western blot. **P < 0.001 VS si-NC. *P < 0.001 VS pcDNA3.1I.

secretion and proliferation and inhibits apoptosis by
regulating RNF6 in INS-1 cells.

Discussion

Prolonged B-cell deficiency affects insulin levels and may
have severe glycotoxic effects on pancreatic cells, resulting
in impaired insulin secretion. Therefore, it is important to

maintain sufficient p-cell mass to cope with these changes.*
Previous research has shown that various miRNAs are
involved in B-cell proliferation, apoptosis, and insulin secre-
tion and may play a role in pancreatic development and
diabetes.”® For example, PED/PEA-15 overexpression in
T2D controls B-cell mass, alters caspase-3 activation, and
FGF21 protects

. . 24 .
apoptotic gene expression. against
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lipotoxicity-induced B-cell dysfunction and apoptosis by Several genes that increase susceptibility to diabetes
decreasing lipid accumulation and reducing cell death in  are still incomplete and unidentified.*® The accumulated
islet cells.” literature indicates that the p-cell gene, RNF6, is
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Figure 3 miR-26a-5p targeted RNF6 in INS-1 cells. (A) miR-26a-5p and miR-26b-5p

were predicted as the upstream of RNF6 in miRDB, TargetScan and TarBase. (B) The

expression levels of miR-26a-5p and miR-26b-5p in peripheral blood samples from T2D pregnancies and healthy pregnancies were validated by qRT-PCR. (C) The correlation

between miR-26a-5p and RNFé in peripheral blood samples from T2D pregnancies. (

D)The expression level of miR-26a-5p in INS-1 cells treated with 5.5 (Normal) or 25

mM (Model) glucose were validated by qRT-PCR. **P < 0.001 VS normal. (E) Sequence comparison between miR-26a-5p and RNFé indicating their putative binding region.

(F) Dual-luciferase reporter assay of INS-1 cells co-transfected with RNF6-WT/MUT

and mimic-NC/miR-26a-5p mimic. **P < 0.001 VS mimic-NC. (G) The RNFé protein

level in INS-I cells treated with miR-26a-5p mimic or inhibitor were validated by Western blot. **P < 0.001 VS inhibitor-NC. #P < 0.05 VS mimic-NC.

specifically expressed in one or more endocrine cell
types.” Here, we investigated the role of RNF6 in T2D
and glucose-treated B-cells. RNF6 was downregulated in
T2D serum. Furthermore, we found that RNF6 upregula-
tion increased proliferation and insulin content, induced
insulin secretion, and inhibited apoptosis, while RNF6

downregulation inhibited B-cell function. These results
demonstrate for the first time the RNF6 therapeutic effect
on T2D by protecting pancreatic B-cells. This suggests that
RNF6 may be a predictive gene for diabetes.

Although many miRNAs have been found to act in
T2D, such as miR-3666 to reduce insulin sensitivity?®

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15

https:

99

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yang et al

Dove

A B
- _ &&
230 . 5 0.3 *% am 3.3 mM Glucose
E *%* :? @ 16.7 mM Glucose
220+ c £0.2-
=) =
E 58
£10- &8 % 50.1-
3 i £°” g
£ § #
N ANC o © oW
O SN -\
. ‘6{0{\0 o o %\,?s . ‘*5\
A\ QA
o
c inhibitor
inhibitor-NC  si-NC inhibitor  si-RNF6 +si-RNF6 50 .8
X
o
(0]
=
- --- 8
o
-
©
L

Merge

D inhibitor-NC inhibitor
[ o 2 =
P 2] g | 2

inhibitor

+si-RNF6

'

w'q

‘C\
.-- \
‘\<\

30+
<
[0}
£ 201
@
S 10-
3 &&
2. *%*
0 O O 6 _«&°
o‘S 9\’$ ‘0{\0 %Q ?*$
) ‘(\\‘0 N 9\’
O (\‘(\\‘o\

Figure 4 miR-26a-5p inhibition reversed the effect of RNF6é knockdown on cell insulin secretion, proliferation and apoptosis. (A) Insulin content was determined by ELISA

assay in INS-1 cells treated with miR-26a-5p inhibitor or RNF6 siRNA. (B) insulin s

ecretion was determined by ELISA assay in INS-1 cells treated with miR-26a-5p inhibitor

or RNF6 siRNA. (C) cell proliferation was determined by EdU assay in INS-1 cells treated with miR-26a-5p inhibitor or RNF6 siRNA. (D) cell apoptosis was determined by
flow cytometry assay in INS-1 cells treated with miR-26a-5p inhibitor or RNF6 siRNA. *P < 0.05, **P < 0.001 VS inhibitor-NC. *P < 0.05, P < 0.001 VS si-NC. P < 0.05,

&P < 0.001 VS inhibitor+si-RNF6.

and miR-375 to normalize p-cell quality and function,*
the exact role and potential mechanism of miRNA in T2D
B-cells still need to be further studied. In this study, miR-
26b-5p was shown to be upregulated in T2D and high
glucose-treated  B-cells. RNF6

Furthermore, was

negatively correlated with miR-26b-5p in T2D and was
adversely regulated by miR-26b-5p in B-cells. In addition,
RNF6 was revealed to be a miR-26b-5p target through
a bioinformatics website and luciferase assay. Kei et al
found similar results of miR-26b targeting RNF6.'
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Functional studies have shown that interference with miR-
26b-5p increased the survival and insulin content of B-cells
treated with high glucose, induced insulin secretion, and
impeded apoptosis. The rescue experiment revealed that
miR-26b-5p knockdown achieved its therapeutic effect on
T2D by acting on RNF6.

Although the effects of miR-26b-5p/RNF6 on B-cell
insulin content, secretion, survival, and apoptosis have
been studied, our study has some limitations. For example,
we did not establish a T2D animal model to explore the
effects of miR-26b-5p/RNF6 on insulin secretion in vivo.
In addition, the upstream and downstream mechanisms of
miR-26b-5p/RNF6 in T2D need further investigation.

Conclusion

This study showed that RNF6 is downregulated in T2D.
RNF6 overexpression enhanced INS-1 cell proliferation
and insulin production and inhibited apoptosis. miR-26b-
5p aggravates T2D by targeting RNF6 to regulate INS-1
cell function. The results of our study provide some value
for the role of miR-26b-5p/RNF6 in T2D.
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