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miR-320a induces pancreatic b cells dysfunction in
diabetes by inhibiting MafF
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A variety of studies indicate that microRNAs (miRNAs) are
involved in diabetes. However, the direct role of miR-320a
in the pathophysiology of pancreatic b cells under diabetes
mellitus remains unclear. In the current study, islet trans-
plantation and hyperglycemic clamp assays were performed
in miR-320a transgenic mice to explore the effects of miR-
320a on pancreatic b cells in vivo. Meanwhile, b cell-specific
overexpression or inhibition of miR-320a was delivered by
adeno-associated virus (AAV8). In vitro, overexpression or
downregulation of miR-320a was introduced in cultured
rat islet tumor cells (INS1). RNA immunoprecipitation
sequencing (RIP-Seq), luciferase reporter assay, and western
blotting were performed to identify the target genes. Results
showed that miR-320a was increased in the pancreatic b

cells from high-fat-diet (HFD)-treated mice. Overexpression
of miR-320a could not only deteriorate the HFD-induced
pancreatic islet dysfunction, but also initiate pancreatic islet
dysfunction spontaneously in vivo. Meanwhile, miR-320a
increased the ROS level, inhibited proliferation, and
induced apoptosis of cultured b cells in vitro. Finally, we
identified that MafF was the target of miR-320a that
responsible for the dysfunction of pancreatic b cells. Our
data suggested that miR-320a could damage the pancreatic
b cells directly and might be a potential therapeutic target
of diabetes.

INTRODUCTION
Diabetes mellitus is a growing public health concern globally and
the prevalence of diabetes is predicted to be over 400 million peo-
ple worldwide.1,2 The ability of pancreatic b cells to secrete insulin,
one of the most critical hormones in the development of diabetes
that regulates the utilization and storage of glucose, is central to
the pathophysiology of diabetes.3,4 While there are multifactorial
mechanisms involved in diabetes mellitus, it is well accepted that
the core is the pancreatic b cells fail to produce enough insulin
to meet the body’s demand, and islet transplantation is a safe alter-
native for diabetes patients.5 Although multiple evidence supports
the notion that stresses, for example oxidative stress, induced
b-cell apoptosis is an important factor contributing to b-cell loss
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and the onset of type 2 diabetes, the underlying molecular mech-
anisms are still unclear.6

MicroRNAs (miRNAs), a class of small conserved non-coding RNAs
of 19–25 nucleotides, play important roles in various biological pro-
cesses and diseases mainly by inhibiting target mRNA translation or
promoting target mRNA degradation.7–9 Multiple miRNAs were
identified to play key roles in diabetes. For example, miR-92a targeted
KLF2 to protect pancreatic b-cell function in diabetes mellitus, while
overexpression of miR-708 induced b-cell apoptosis.10,11 Meanwhile,
our previous studies also showed that miR-30 could protect against
diabetic cardiomyopathy and diabetic nephropathy.12–14 Moreover,
we found that miR-320a, which was markedly elevated in the periph-
eral blood of coronary artery disease (CAD) patients and diabetic pa-
tients, could aggravate diabetic nephropathy via inhibiting MafB.15

According to miRBase (https://www.mirbase.org), the human stem-
loop mir-320 family consists of hsa-mir-320a, hsa-mir-320b, hsa-
mir-320c, hsa-mir-320d, and hsa-mir-320e, among which the mature
hsa-miR-320a-3p is previously named as hsa-miR-320; while the only
member of murine stem-loop mir-320 family is mmu-mir-320, and
the mature mmu-miR-320-3p is previously named as mmu-miR-
320, which is conserved to hsa-miR-320a-3p. Therefore, miR-320a
usually refers to mature hsa-miR-320a-3p and mature mmu-miR-
320-3p (Figure S1). Recently, we found that nuclear miR-320a medi-
ated diabetes-induced cardiac dysfunction by activating transcription
of fatty acid metabolic genes to cause lipotoxicity in the heart.16 These
data indicated that miR-320a played very important roles in the
development of diabetes complications. However, the role of miR-
320a in diabetes is still undefined, especiallyin that little is known
about the direct effects of miR-320a on pancreatic b cells.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Maf proteins are classified into two subgroups. The large Mafs,
including c-Maf, MafA, MafB and Nrl proteins, comprise an acidic
transactivation domain in their N terminus.17 The small Maf family,
including MafF, MafG, MafK, is essential and dynamically regulates
transcription factors.18 Maf family contains a basic leucine zipper
that mediates dimer formation and targets DNA binding to the
Maf recognition element (MARE).18 Previous studies have shown
that small Mafs were required for the activation of stress response fac-
tors, anti-oxidant enzymes and proteins involved in the metabolism
of xenobiotics.19 For example, conditional overexpression of MafK
in erythroleukemia cells could induce erythroid cell differentiation
via regulating the activity of transcription factor NF-E2.20 More
importantly, the role of MafF in b cells is gradually being discovered.
As a primary regulator of the anti-oxidant response, transcription fac-
tor Nrf2 protected b cells from oxidative stress-induced damage in
diabetic mice.21 And Nrf2-activated anti-oxidant gene expression
required its dimerization with small Maf proteins, especially
MafF.19 On the other hand, inhibition ofMafF reduced the expression
of anti-oxidant genes and increased oxidative stress-induced
apoptosis in b cells.22

In the present study, we found that overexpression of miR-320a not
only deteriorated the HFD-induced pancreatic islet dysfunction, but
also spontaneously initiated pancreatic islet dysfunction in vivo.
Meanwhile, miR-320a suppressed the insulin secretion and induced
apoptosis in pancreatic b cells via targeting MafF. These findings sug-
gested that miR-320a was a key regulator in diabetes which could
potentially serve as a new therapeutic target.

RESULTS
miR-320a was increased in HFD damaged pancreatic b cells

In order to build a pancreatic b cells injury model, C57BL/6mice were
fed with an HFD for 3, 6, 9 and 12 weeks, respectively. As shown in
Figures 1A–C, there were significant increases in body weight, blood
glucose, and insulin levels in the HFD group compared with the con-
trol group. Moreover, blood glucose changes were statistically signif-
icant since the 9th week after high fat feeding, while weight changes
were statistically significant at the 12th week compared with the con-
trol group. To further test the functional ability of pancreatic b cells to
secrete insulin, we performed glucose stimulated insulin release
(GSIS) experiments on isolated islets of those mice at each time point.
Interestingly, with the prolongation of a high-fat feeding period, insu-
lin release of isolated islets from the HFD group stimulated with
glucose was reduced gradually compared with the control group (Fig-
ure 1D), which indicated that HFD could damage the function of
pancreatic b cells. Using fluorescence in situ hybridization (FISH)
and immunofluorescence, we found the expression of miR-320a
was increased with the prolongation of high-fat feeding period in
the cytoplasm of b cells from wild-type (WT) mice pancreatic islets
(Figures 1E and S2). Similar results were observed by real-time poly-
merase chain reaction (PCR) detection (Figure 1F). Meanwhile, the
expression levels of other members of the miR-320 family, such as
miR-320b, miR-320c, miR-320d, and miR-320e, were not changed
by HFD treatment (Figures S3A–S3D). These data indicated that
miR-320a might be involved in the HFD-induced damages in pancre-
atic b cells. To further validate this, we exposed the rat b cell line,
INS1, to palmitic acid for 0, 6, 12, 18 and 24 h, respectively. Not
only the apoptotic rate of INS1 (Figures 1G and 1H), but also the
miR-320a levels (Figure 1I) were increased significantly in a time-
dependent manner. We also exposed the human pancreatic b cell
line, EndoC-bH1, to palmitic acid for 0, 6, 12, 18 and 24 h, and found
the miR-320a levels were increased significantly in a time-dependent
manner (Figure S4A). Together, these in vivo and in vitro data sug-
gested that the increased miR-320a might play an important role in
HFD damaged pancreatic b cells.

Overexpression of miR-320a aggravated the HFD-induced

damages in pancreatic b cells in vivo

Then, miR-320a transgenic (TG) mice were constructed to investi-
gate the effects of miR-320a on b cells in vivo (Figure S5A). First,
the GSIS experiment was performed on isolated islets from miR-
320a TG and wild-type (WT) mice, respectively. As shown in Fig-
ure 2A, the insulin secreted by isolated islets from miR-320a TG
mice was much less than the islets from WT mice when stimulated
with 22 mM glucose. Moreover, a series of studies were conducted
to explore the potential effects of miR-320a on insulin secretion
in vivo. Islet transplantation experiments were performed to inves-
tigate whether islets-specific overexpression of miR-320 in would
affect glucose homeostasis. We transplanted with an appropriate
amount of 100 islets originating either from miR-320 TG or WT
mice to streptozocin- (STZ) induced diabetic WT mice (Figure 2B).
In marked contrast, mice receiving WT islets (WT-WT) showed im-
mediate restoration of blood glucose control, whereas mice receiving
miR-320a TG islets (TG-WT) only exhibited an instable trend of
improved blood glucose control 4 days after transplantation (Fig-
ure 2C). Although mice receiving islet transplantation almost even-
tually showed similar restoration of blood glucose control in both
groups, more glucose fluctuations and worse glucose control were
observed in TG-WT mice during the post-transplantation period
compared to WT-WT mice (Figure 2C). In line with the undesirable
glycemic control, glucose tolerance at 6 weeks after transplantation
was also significantly decreased in mice that received the miR-320a
TG islets (Figure S6A), which might due to the damaged in vivo in-
sulin secretory response of the miR-320a TG islets (Figure S6B).
Together, these data suggested that overexpression of miR-320a in
islets was harmful to insulin release of b cells.

To further test the functional ability of pancreatic b cells to secrete in-
sulin in WT-W T or TG-WT groups, we performed hyperglycemic
clamp experiments. Plasma glucose was elevated to 20-22 mM in
two groups during the hyperglycemic clamp (Figure 2D). In TG-WT
mice, a lower dose of glucose infusion (GINF) was needed to clamp
glucose at stable state (Figure 2E), indicating that the circulating insulin
was inadequate to compensate for insulin utilization compared with
WT-WT mice. No significant difference was observed in basal insulin
or C-peptide levels between the two groups, whereas the clamp insulin
and C-peptide levels of TG-WT group were significantly lower
compared to the WT-WT group (Figures 2F and 2G). Importantly,
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Figure 1. miR-320a was increased in HFD damaged pancreatic b cells

(A) Body weight was measured every three weeks since the age of 8 weeks and results for the 12 weeks; data are expressed as mean ± SEM, n = 6. *p < 0.05, calculated

by two-way ANOVA analysis. (B) Blood glucose wasmeasured every three weeks since the age of 8 weeks and results for the 12 weeks; data are expressed as mean ± SEM,

n = 6. **p < 0.01, calculated by two-way ANOVA analysis. (C) Insulin level was measured every three weeks since the age of 8 weeks and results for the 12 weeks; data are

expressed asmean ± SEM, n = 5. *p < 0.05, **p < 0.01, calculated by one-way ANOVA analysis. (D) Islets were isolated from each time point mice and cultured for 48 h. Then

insulin secretion from islets was determined in response to 2.8- or 22-mM glucose; data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01, calculated by two-way

ANOVA analysis. (E) Representative images of immunofluorescence staining for miR-320a (red), insulin (green), and Hoechst (blue) in islets from wild-type mice. Scale bar,

25 mm. (F) Relative miR-320a expression in isolated islets measured by real-time PCR; data are expressed as mean ± SEM, n = 3. *p < 0.05, calculated by one-way ANOVA

analysis. (G) and (H) Apoptosis of INS1 were determined by Annexin V/PI flow cytometric analysis; data are expressed asmean ± SEM, n = 3. *p < 0.05, **p < 0.01, calculated

by one-way ANOVA analysis. (I) Relative miR-320a expression in INS1 measured by real-time PCR; data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01,

calculated by one-way ANOVA analysis.
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decreased function of pancreatic b cell was also highlighted by the infe-
rior insulin disposition index (DIo) in mice receiving miR-320a TG is-
lets (Figure 2H). Moreover, the number of TdT-mediated-dUTP-nick-
end-labeling- (TUNEL) positive apoptotic b-cells in the TG-WT mice
grafts was significantly increased compared with WT-WT mice (Fig-
ure 2I). These data indicated that the increased miR-320a was harmful
for insulin release of pancreatic b cells in vivo.
446 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
Furthermore, we exposed the transplant recipient mice to high-fat
feeding, simulating the process of diabetes, to explore the effects of
miR-320a on pancreatic b cells during diabetes. The WT-WT and
TG-WTmice at 6 weeks post-transplantation, when there was no sig-
nificant difference in blood glucose between the two groups, were fed
with HFD for another 6 weeks. As expected, there were marked in-
crease in blood glucose in both WT-WT and TG-WT mice after



Figure 2. Overexpression of miR-320a aggravated the HFD-induced damages in pancreatic b cells in vivo

(A) Pancreatic islets frommiR-320a transgenic (TG) or wild-type (WT) mice were isolated and cultured. Insulin secretion was determined in response to 2.8 or 22mM glucose;

data are expressed as mean ± SEM, n = 5. *p < 0.05, calculated by two-way ANOVA analysis. (B) Model of islet transplantation. (C) Streptozocin (STZ)-induced diabetic WT

mice were transplanted with an appropriate amount (100) of WT islets or miR-320a transgenic (TG) mice islets. Blood glucose levels were monitored for 6 weeks, and results

expressed as area under the curve; data are expressed as mean ± SEM, n = 5. *p < 0.05, calculated by Student’s t test. Diabetic mice receiving WT or TG mice islets were

fasted overnight and glucose tolerance tests (1.0 g/kg body weight) were performed at 6 weeks post-transplant. Diabetic mice receiving WT or TG mice islets were fasted

(legend continued on next page)
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Figure 3. Overexpression of miR-320a damaged

pancreatic b cells in vitro

INS1 cells were transfected with miR-320a mimics/in-

hibitors and then subjected to palmitate (0.3 mmol/L)

stimulation. (A) and (B) Effects of miR-320a mimics/in-

hibitors on proliferation were determined by EdU flow

cytometric analysis in cultured INS1 cells; data are

expressed as mean ± SEM, n = 3. *p < 0.05, calculated by

one-way ANOVA analysis. (C) and (D) Effects of miR-320a

mimics/inhibitors on apoptosis were determined by

Annexin V/PI flow cytometric analysis in cultured INS1

cells; data are expressed asmean ±SEM, n = 3. *p < 0.05,

**p < 0.01, calculated by one-way ANOVA analysis. (E)

and (F) Effects of miR-320a mimics/inhibitors on the ROS

levels were determined by DCFH-DA flow cytometric

analysis in cultured INS1 cells; data are expressed as

mean ± SEM, n = 3. *p < 0.05, **p < 0.01, calculated by

one-way ANOVA analysis.
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HFD, and importantly TG-WT mice showed worse control of blood
glucose thanWT-WTmice (Figure 2J). At 6 weeks post-HFD, glucose
tolerance was also significantly decreased in mice that received the
miR-320a TG islets (TG-WT+HFD) compared with WT islets recip-
ients (WT-WT+HFD) (Figures S6C and S6D). At the meantime,
hyperglycemic clamp experiments were performed. And we found
lower GINF, clamp insulin, and C-peptide levels as well as decreased
DIo in TG-WT+HFD mice compared with WT-WT+HFD mice,
indicating that the insulin secretory capacity of miR-320a TG islets
were much worse than WT islets subject to HFD treatment (Figures
2K–2O). Morphologically, we observed significant increase in
TUNEL-positive b-cells in the TG-WT+HFD mice grafts compared
to WT-WT+HFD mice (Figure 2P).

Of note, these data suggested that overexpression of miR-320a aggra-
vated the damages of HFD in pancreatic b cells, as indicated by worse
glucose control, weakened insulin secretion, and increased b cell
apoptosis.
Overexpression of miR-320a damaged pancreatic b cells in vitro

To further investigate the consequences of miR-320a overexpression in
pancreatic b cells, we performed gain/loss-of-function analyses in INS1
overnight and hyperglycemic clamp experiments were performed at 6 weeks post-tra

clamps. Insulin (F) and C-peptide levels (G) before and during the last 20min of the hyper

last 20 min of hyperglycemic clamp in mice; data are expressed as mean ± SEM, n =

images of immunofluorescence staining for TUNEL (green), insulin (red), and Hoechst (b

expressed asmean ±SEM, n = 3, **p < 0.01, calculated by Student’s t test. (J) Diabetic m

blood glucose levels were monitored, and results expressed as area under the curve, da

analysis. Diabetic mice receiving WT or TG mice islets were fasted overnight and glucos

Diabetic mice receiving WT or TG mice islets were fasted overnight and hyperglycemic

and GINF (L) were measured during hyperglycemic clamps. Insulin (M) and C-peptide

expressed as mean ± SEM, n = 5. *p < 0.05, **p < 0.01, calculated by two-way ANOV

mice; data are expressed as mean ± SEM, n = 5. *p < 0.05, calculated by one-way ANO

(green), insulin (red), and Hoechst (blue) in transplanted islets from WT-WT+HFD or T

*p < 0.05, calculated by Student’s t test.
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cells by transfecting miR-320a mimics/inhibitor. Interestingly, miR-
320a mimics inhibited the proliferation (Figures S7A–S7D), induced
the apoptosis (Figures S7E and S7F), and increased the ROS level of
INS1 cells in comparison with miR-con (Figures S7G and S7H), while
miR-320a inhibitor had no effect on INS1 cells under basal conditions.
Furthermore, we transfectedmiR-320amimics/inhibitor into INS1 cells
followed by high-palmitate treatment. Similar to the effects under basal
conditions, miR-320a mimics aggravated the decreased proliferation
(Figures 3A and 3B), increased apoptosis (Figures 3C and 3D) and
ROS level (Figures 3E and 3F) induced by high-palmitate treatment.
Moreover, miR-320a inhibitor reversed the effects of high-palmitate
on proliferation, apoptosis, and ROS level of INS1 cells compared
with inhibitor control (Figures 3A–3F). These data supported that
overexpression of miR-320a damaged pancreatic b cells in vitro.
miR-320a induced pancreatic b cell dysfunction via targeting

MafF

To explore the underlyingmolecular mechanisms of miR-320a in islet
cells, we performed RNA immunoprecipitation sequencing (RIP-seq)
using anti-Argonaute2 (Ago2) antibody to identify the potential tar-
gets of miR-320a in INS1 cells. Using a cutoff of fold change > 2 and
p < 0.05, we identified 86 mRNAs that showed increased association
nsplant. Plasma glucose (D) and - GINF (E) were measured during hyperglycemic

glycemic clamp and (H) disposition indexes (DI = GINF/insulin x C-peptide) during the

5. *p < 0.05, **p < 0.01, calculated by two-way ANOVA analysis. (I) Representative

lue) in transplanted islets from WT-WT or TG-WT mice. Scale bar, 10 mm. Data are

ice receivingWT or TGmice islets were fedwith high-fat diet for another 6weeks and

ta are expressed as mean ± SEM, n = 5. **p < 0.01, calculated by two-way ANOVA

e tolerance tests (1.0 g/kg body weight) were performed at 6 weeks post-transplant.

clamp experiments were performed at 6 weeks post-transplant. Plasma glucose (K)

levels (N) before and during the last 20 min of the hyperglycemic clamp, data are

A analysis. (O) Disposition indexes during the last 20 min of hyperglycemic clamp in

VA analysis. (P) Representative images of immunofluorescence staining for TUNEL

G-WT+HFD mice. Scale bar, 10 mm. Data are expressed as mean ± SEM, n = 3,



Figure 4. miR-320a suppressed the function of pancreatic b cells via MafF

(A) Heatmap and Volcano plot (B) of the genes in RIP-seq using anti-Ago2 antibody in INS1 cells following miR-320a mimics or miR-con transfection. n = 2. (C) Venn diagram

showing the overlap number of candidate target genes of miR-320a identified by Ago2-RIP-seq, which contained the binding sites of miR-320a among rat, mouse, and human

species predicted by RNAhybrid. (D) Regulation ofmiR-320a on 30-UTR of Ift57, Krt8, Ddrgk1, Cald1,MafF, Mlec, Meltf and Klhl36 in INS1 cells by luciferase reporter assay; data

are expressed asmean± SEM, n = 3. *p < 0.05, calculated by Student’s t test. (E) Sequence alignment of binding sites betweenmiR-320a and the 30-UTR ofMafF among several

species. (F and G) Relative expression of MafF detected by western blot. Data are expressed as mean ± SEM, n = 3, *p < 0.05, calculated by one-way ANOVA analysis.
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Figure 5. MafF restoration attenuated miR-320a induced pancreatic b cells dysfunction in vivo

(A)–(D) Body weight and blood glucose levels were monitored for 7 weeks and results were expressed as area under the curve; data are expressed as mean ± SEM, n = 10.

*p < 0.05, **p < 0.01, calculated by one-way ANOVA analysis. (E) Pancreatic islets frommice treated with AAV8-insulin vectors under normal diet were isolated and cultured.

Insulin secretion was determined in response to 2.8 or 22mM glucose; data are expressed as mean ± SEM, n = 5. *p < 0.05, calculated by two-way ANOVA analysis. Plasma

glucose (F) and GINF (G) were measured during hyperglycemic clamps. (H) and (I) Insulin and C-peptide levels before and during the last 20 min of the hyperglycemic clamp

during the last 20 min of hyperglycemic clamp in mice; data are expressed as mean ± SEM, n = 6. *p < 0.05, calculated by two-way ANOVA analysis. (J) Disposition indexes

(DI = GINF/insulin x C-peptide) during the last 20 min of hyperglycemic clamp in mice; data are expressed as mean ± SEM, n = 4. *p < 0.05, calculated by two-way ANOVA

analysis. (K) and (L) Representative images of immunofluorescence staining for TUNEL (green), insulin (red), andHoechst (blue) in islets fromHFDmice treated with pancreatic

b cells specific insulin vectors (AAV8-insulin). Scale bar, 20 mm. Data are expressed as mean ± SEM, n = 5, *p < 0.05, **p < 0.01, calculated by one-way ANOVA analysis.
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with the Ago2 protein after miR-320a transfection (Figures 4A and
4B). Then, the online computational tool, RNAhybrid,23 was used
to screen the potential binding sites of miR-320a with these
86 mRNA sequences among rat, mouse, and human species
(Table S1). Intersectional analyses of prediction results were shown
in the Venn diagram (Figure 4C). The combined overlap resulted
in 8 candidate genes, including Ift57, Krt8, Ddrgk1, Cald1, MafF,
Mlec, Meltf and Klhl36. Moreover, luciferase reporter assays were
performed to identify the effects of miR-320a on specific binding sites
in each gene in INS1 cells and HEK293 cells. Among them, only the
activity of luciferase reporter containing the 30 UTR sequence of MafF
was obviously suppressed when co-transfected with miR-320a
mimics, compared with miR-con (Figure 4D and Figure S8A).
Moreover, the binding sites between miR-320a and MafF and were
highly conserved among species (Figure 4E). Western blots were
performed in INS1 cells for further validation. Among the potential
targets, miR-320a mimic transfection only significantly reduced
MafF protein level (Figures 4F and 4G, and Figure S9A). These
data implied that MafF was a direct target of miR-320a in INS1 cells.
450 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
MafF restoration attenuated miR-320a-induced pancreatic b

cells dysfunction in vivo

To study whether MafF restoration attenuated miR-320a induced
pancreatic b cells dysfunction, we employed rAVV8-insulin deliv-
ery system in mice under normal or HFD diet (Figures S10A–S10G
and S11A–S11G). The body weight of mice in each group were
markedly increased after HFD comparing with control group,
while no significant change in body weight was observed under
normal diet (Figures 5A and 5B and Figures S12A and S12B).
Moreover, under both conditions, the worse glucose control
and insulin secretory capacity were detected in AAV8-insulin-
miR-320 compared with AAV8-insulin-con (Figures 5C–5E and
Figures S12C–S12E). Importantly, AAV8-insulin-MafF treatment
attenuated the damaged glucose control and insulin secretory
capacity in AAV8-insulin-miR-320 mice (Figures 5C–5E and
S12C–S12E). It was worth mentioning that the AAV8-insulin-
miR-320-TUD alleviated the hyperglycemia and enhanced the
insulin secretion compared to AAV8-insulin-con under HFD
diet (Figures 5C–5E).
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Furthermore, by performing hyperglycemic clamp experiments, we
found lower GINF, clamp insulin and C-peptide levels, as well as
reduced DIo in AAV8-insulin-miR-320-TUD compared with AAV8-
insulin-con under HFD diet, and AAV8-insulin-MafF treatment
alleviated the lower GINF, clamp insulin, C-peptide levels as well as
decreased DIo and higher TUNEL-positive b-cells in AAV8-insulin-
miR-320 mice (Figures 5G–5J and Figures S12G–S12L). These results
suggested that miR-320a could deteriorate pancreatic islet function
via downregulating MafF expression, while inhibition of miR-320 or
MafF restoration might protect pancreatic islet function under high-
fat conditions. Western blot assays showed that the ratio of p-AKT/
Akt in the muscle, the fat, and the liver was decreased in the HFD con-
dition compared with the normal diet, which suggested that HFD
would induce insulin resistance in peripheral organs (Figures S13A–
S13F). Moreover, there was no difference in the ratio of p-AKT/Akt
among the control, AAV8-insulin-miR-320a-, and AAV8-insulin-
MafF-treated mice under high fat or normal diet, suggesting that
AAV8-insulin-miR-320a and AAV8-insulin-MafF might not affect
peripheral organ insulin sensitivity in mice.

miR-320a damaged pancreatic b cells via inhibiting MafF/Nrf2

complex

We further explored the effects of miR-320a/MafF signal on pancre-
atic b cells functions and the underlying mechanism. The protein
levels of MafF were measured in HFD mice and INS1 cells treated
with palmitate. We found the protein level of MafF was decreased
in a time-dependent manner in HFD mice (Figures 6A and S14A)
or palmitate-treated INS1 cells (Figures 6B and S14B), which was in
inverse proportion to the miR-320a levels. As shown in Figures 6C
and S15A, we found that miR-320a reduced while the expression vec-
tor ofMafF restored the protein level ofMafF. Consistently, miR-320a
mimics inhibited proliferation (Figures 6D and S15B), induced
apoptosis (Figure 6E), and increased the ROS level of INS1 cells in
comparison with miR-con, while MafF restoration attenuated the
effects of miR-320a mimics (Figure 6F).

MafF is a known interacting partner of Nrf2, which plays an impor-
tant role in the regulation of antioxidant gene expression.19,24,25 To
explore whether miR-320a can affect antioxidant gene expression
via inhibiting MafF, western blots and real-time PCR were per-
formed. We found that miR-320a inhibited the mRNA levels of
NQO1 and HO-1 without influencing the expression of Nrf2, and
that the co-transfection of MafF could reverse the miR-320a-
induced reduction, which suggested that miR-320a might reduce
the expression of antioxidant genes by suppressing MafF (Figures
6G and S15C). Moreover, the mRNA levels of antioxidant genes
Nqo1 and HO-1 were also reduced under HFD and palmitate con-
ditions (Figures 6H, 6I, S16A, and S16B). On the other hand, the
levels of g-GCLC, g-GCLM, and GSTA2—other downstream anti-
oxidant genes of Nrf2—were unaffected by miR-320a but increased
after MafF transfection (Figures S16C–S16E). Importantly, this
effect was more obvious after the overexpression of miR-320a or
the silence of MafF and was alleviated by the suppression of miR-
320a or the overexpression of MafF.
Together, these data strongly indicated that overexpression of miR-
320a enhanced the oxidative stress of b cells via the inhibiting
MafF/Nrf2 signal pathway to inhibit proliferation and induce
apoptosis, thus leading to the reduction of insulin release (Figure 6J).

DISCUSSION
In the present study, we used miR-320a TG mice to perform islet
transplantation assays and employed hyperglycemic clamps to
demonstrate that miR-320a played an important role in b-cell phys-
iology by inhibiting insulin release and inducing apoptosis. In the
T2DM, the pancreatic expression of miR-320a was elevated. The
overexpression of miR-320a directly led to the reduction of MafF,
which contributed to metabolic abnormalities in the islet, including
reduced the secretion of insulin, inhibited pancreatic b cells prolifer-
ation, and promoted subsequently pancreatic b cells apoptosis.
Moreover, excessive fat uptake in turn, induced miR-320a expression,
further promoted the progress of diabetes.

As a systemic metabolic disease, diabetes has two main pathogene-
ses: one is that pancreatic b cells, in part because of an acquired
decrease in b-cell mass, cannot secrete enough insulin to meet the
metabolic needs of the body; and the other is insulin resistance.26

Pancreatic b-cell mass is controlled by several mechanisms,
including pancreatic b-cell replication, neogenesis, hypertrophy,
and survival.6 The underlying molecular mechanism proposed for
pancreatic b-cell mass reduction is an increase in apoptosis not
compensated by adequate b-cell regeneration.27 Furthermore, the
most immediate manifestation of b-cell function is the ability to
secrete insulin. Accumulating evidence points to a role for oxidative
stress in both processes. High concentrations of blood glucose and
free fatty acid (FFA) induce reactive oxygen species (ROS) produc-
tion in pancreatic b cells with potential pathological conse-
quences.28,29 Oxidative stress has been reported to lower insulin
gene expression via reducing the DNA binding activity of PDX-1,
which plays a primary role in maintaining normal b-cell func-
tion.30,31 It has also been reported that increased reactive oxygen
impact on the function and survival of the b cells through a variety
of mechanisms, including changes in enzyme activity, receptor
signal transduction, ion channel transport, dysregulated gene
expression, and apoptosis.32,33 Thus, oxidative stress was the crucial
pathologic mechanism of b-cell dysfunction in diabetes.

Multiple studies have demonstrated that miRNAs are important reg-
ulators of the islet transcriptome, controlling apoptosis, differentia-
tion, and proliferation, as well as regulating unique islet and pancre-
atic b-cell functions and pathways, such as insulin expression,
processing, and secretion.34 For example, overexpression of miR-
34a, miR-146a, miR-199a-5p, or miR-29 increased the apoptosis of
MIN6 pancreatic b cells;35,36 miR-29 and miR-9 reduced glucose-
stimulated insulin secretion of pancreatic b cells.37 Interestingly,
miR-320a is ubiquitously expressed throughout the body, and the
expression of miR-320a varies in different models of glucose and
lipid metabolism disorders.38 Our previous work suggested that
miR-320a mediated diabetes-induced cardiac dysfunction by causing
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Figure 6. MiR-320a damaged pancreatic b cells via inhibiting MafF/Nrf2 complex

(A) Relative MafF protein levels in HFD mice detected by western blot; data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01, calculated by one-way ANOVA

analysis. (B) Relative MafF protein levels detected INS1 cells treated with palmitate by western blot; data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01,

calculated by one-way ANOVA analysis. (C) Relative MafF protein levels detected by western blot; data are expressed asmean ± SEM, n = 4. *p < 0.05, **p < 0.01, calculated

by one-way ANOVA analysis. (D) Proliferation was determined by immunohistochemical staining for EdU (green) and Hoechst (blue) in cultured INS1 cells; data are expressed

as mean ± SEM, n = 3. *p < 0.05, **p < 0.01, calculated by one-way ANOVA analysis. (E) Apoptosis was determined by Annexin V/PI flow cytometric analysis in cultured INS1

cells; data are expressed asmean ±SEM, n = 3. *p < 0.05, calculated by one-way ANOVA analysis. (F) The ROS levels were determined by DCFH-DA flow cytometric analysis

in cultured INS1 cells; data are expressed as mean ± SEM, n = 3. *p < 0.05, calculated by one-way ANOVA analysis. (G) Relative Nrf2 protein level detected by western blot.

(H) Relative mRNA levels of NQO1, HO-1 measured by real-time PCR under HFD conditions; data are expressed as mean ± SEM, n = 3. *p < 0.05, calculated by one-way

ANOVA analysis. (I) Relative mRNA levels of NQO1, HO-1 measured by real-time PCR under palmitate conditions; data are expressed as mean ± SEM, n = 3. *p < 0.05,

calculated by one-way ANOVA analysis (J) Schematic representation of the role of miR-320a in b cells dysfunction. Overexpression of miR-320a enhanced the oxidative

stress of b cells via inhibiting the MafF/Nrf2 signal pathway to increase the ROS level, inhibit the proliferation and induce the apoptosis, thus leading to the reduction of insulin

release, which finally impaired the secretion of insulin.
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lipotoxicity in the heart,39 aggravated diet-induced hyperlipidemia,
and hepatic steatosis40 and contributed to renal dysfunction in dia-
betic nephropathy.15 Meanwhile, we found that HFD-induced miR-
452 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
320a was also highly expressed in pancreatic b cells which could
directly regulate glucose and lipid metabolism. Therefore, our current
research focused on the direct effects of miR-320a on the islet b cells.
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We found that the expression of miR-320a was increased in line with
the loss of islets functions. Then, hyperglycemic clamp, as the gold
standard for evaluating pancreatic b-cell function,41 was performed
to test the mice b-cell function after transplanting miR-320a TG or
WT islets into kidney capsules of recipient diabetic mice. It is worth
mentioning that CD4+ positive T cells were found in the transplanted
islet cells of each group (Figure S17A), but there was no significant
difference among groups (Figure S17B), which indicated that the im-
mune response in the transplanted islets was approximately the same
in each group and would not affect the original conclusion. Mean-
while, the size of the transplanted islets was relatively subjective. In
the current study, islets from miR-320a TG mice were more impor-
tant for the release of insulin than those WT islets. And overexpres-
sion of miR-320a aggravated the damage of HFD to pancreatic b cells,
indicating that miR-320a is a key factor in the development of
diabetes mellitus. Here, the TUNEL staining showed that the non-
islet cell apoptosis seems to also be affected by the AAV8-insulin vec-
tors in both basal and HFD conditions. This may be due to the
reduced surrounding islet b-cell function resulting from apoptosis
or damage. The pancreatic b cells are the endocrine function region
of the pancreas, while the majority of endocrine cells are insulin-
secreting b cells.42 Apart from the function of secreting insulin, b cells
can also secrete many pro-angiogenic factors which promote
peripheral cell proliferation and influence the function of peripheral
cells.43–46 Thus, the AAV8-insulin-miR-320a-induced paracrine
function reduction of islet b cells might also lead to the apoptosis
of surrounding cells and functional damage via paracrine effects.

By transfecting miR-320a mimics to become INS1 cells, we found the
miR-320a induced the ROS production and apoptosis but inhibited
the proliferation of INS1 cells, which were the key factors that affected
b-cell mass and function.6 Moreover, we found it interesting that
miR-320a inhibitor had no effect on INS1 cells under basal condi-
tions. This may be due to the low abundance of miR-320a under
normal physiological conditions, which was similar to our previous
studies in which miR-21 inhibitor showed no effect both in vitro
and in vivo.47 Notably, INS1 cells were isolated from insulinoma,
and miR-320a has been reported to be a tumor suppressor. Although,
we have also performed in vivo experiments and found that
overexpression of miR-320a aggravated the HFD-induced damages
in pancreatic b cells from miR-320a TG mice, we could not exclude
that miR-320a may cause damage to INS1 cells through other path-
ways. These data might provide clues to the mechanism that many
studies have shown that an increase of miR-320a speeded up the pro-
gression of diabetes in patients or animal models with diabetes.48–50

It is worth noting that the increase in miR-320a after high-fat feeding
was modest but widely expressed in situ. This may be because the
miR-320a probe could stain not only the mature miR-320a but also
the primary miR-320a (pri-miR-320a), and we additionally detected
the specificity of the probe in INS1 cells by transfecting miR-320a
mimics/inhibitor. Compared with the miR-con group, we could
detect that the expression of miR-320a was obviously more, while
there was no significant difference between the miR-320a inhibitor
and inhibitor group. These results suggested that miR-320a probe is
specific (Figure S2B). Meanwhile, the plasma insulin levels appear
to increase with increasing time after high-fat feeding. However, insu-
lin secretion seems to be reduced at basal and glucose-stimulated level
with time on HFD. This phenomenon is one of the hallmarks of
peripheral insulin resistance and is a chronic and cumulative systemic
process, which might not represent the ability of pancreatic beta cells
to secrete insulin.51 Under the compensatory condition, the impaired
islet beta cells still could be temporarily stimulated to secrete enough
insulin to conquer the transient high glucose condition, which is not
identical to the condition of systemic hyperinsulinemia or insulin
resistance of peripheral organs. Here, we found that miR-320a could
further damage the islet beta cells directly but might not affect
peripheral organ insulin sensitivity in HFD-treated mice.

In the current study, RIP-seqwas performed to identify themechanism
ofmiR-320a, andwe foundMafF was the target of miR-320a.MafF is a
known interacting partner of Nrf2 that plays an important role in the
regulation of antioxidant gene expression such as glutathione S-trans-
ferase alpha2 (GSTA2), NAD(P)H:quinone oxidoreductase (NQO1),
g-glutamate cysteine ligase (g-GCLC and g-GCLM) and heme oxy-
genase-1 (HO-1).19,24,25 In the present study, we found miR-320a in-
hibited the expression of MafF as well as the antioxidant gene such
as NQO1 and HO-1, while Nrf2 was not influenced. It suggested that
MafF was the key of miR-320a to induce the oxidative stress and
following dysfunction of b cells in diabetes. Interestingly, our lab pre-
vious work also showed that anotherMaf protein,MafB, served as a de-
fender against oxidative stress and apoptosis of podocytes, and was the
target genes of miR-320a in diabetic nephropathy.52

Diabetes mellitus is a growing public health concern globally.
Although multiple evidence supports the notion that stresses, such
as oxidative stress, induced b-cell apoptosis is an important factor
contributing to b-cell loss and the onset of type 2 diabetes, the under-
lying molecular mechanisms are still unclear. In our study, we found
that the overexpression of miR-320a could induce apoptosis of b cells
and aggravate the HFD-induced damages in pancreatic b cells via the
blocking MafF signaling pathway, thereby promoting the develop-
ment of diabetes. Our findings revealed a harmful function of
miR-320a in pancreatic b cells. Importantly, we also found that the
inhibition of miR-320a could alleviate the HFD-induced damages
in pancreatic b cells. Thus, delivery of exogenous miR-320a inhibitor
might be a promising treatment strategy for diabetes. These observa-
tions provide a theoretical basis for developing miRNA-based
therapeutics against diabetes.

MATERIALS AND METHODS
Reagents

RPMI-1640, Dulbecco’s Modified Eagle Medium (DMEM), and fetal
bovine serum (FBS) were obtained from GIBCO (Grand Island, NY).
Lipofectamine 2000 (Lipo2000) reagent was obtained from Invitrogen
(Life Technologies Corporation, Carlsbad, CA). The primers for miR-
320a and U6 real-time PCR, miR-320a mimics, miR-320a inhibitor,
and their controls were purchased from RiboBio (Guangzhou, China).
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Antibodies against MafF (Cat No: 12771-1-AP) and CALD1 (Cat No:
66693-1-lg) were procured from Proteintech (Chicago, MA). Anti-
bodies against DDRGK1 (Cat No: bs-8252R) and KLHL36 (Cat No:
bs-9628R) were purchased from Bioss (Beijing, China). Antibodies
against AKT (Cat No: 4691T) and p-AKT (Cat No: 13038T) were
purchased from CST (Cell Signaling Technology, Shanghai, China).
Polyvinylidene difluoride (PVDF) membranes were purchased from
Millipore (Merck KGaA, Darmstadt, Germany). Horseradish peroxi-
dase-conjugated secondary antibodies and enhanced chemilumines-
cence reagents were obtained from Pierce Biotechnology (Thermo
Fisher Scientific Inc., Rockford, IL). Other reagents were purchased
from the Sigma-Aldrich Company, unless otherwise specified.

Cell culture and transfection

Rat islet tumor cells, INS1, were maintained in RPMI-1640 supple-
mented with 10% FBS and 50 mM b-mercaptoethanol at 37�C with a
95% air, 5% CO2 atmosphere. Human pancreatic b cell lines, EndoC-
bH1 cells (Univercell-Biosolutions, Paris, France), were derived on
Matrigel-fibronectin-coated (100 mg/ml and 2 mg/ml, respectively)
culture wells. DMEM that containing 5.6 mM glucose, 2% BSA
fraction V, 50 uM 2-mercaptoethanol, 10 mM nicotinamide, 5.5
ug/ml transferrin, 6.7 ng/ml selenite, 100 U/ml penicillin, and 100
ug/ml streptomycin was used to maintain EndoC-bH1 cells. For high
palmitate stimulation, INS1 cells and EndoC-bH1 cells were treated
with palmitate (0.3mM) for 24 h as described previously.53 Transfection
withmiR-320amimics (100 nM), miRNA inhibitor (100 nM) or relative
controls (100 nM) was performed with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA), respectively, according to the manufacturer’s
recommendations.

Animals

The animal study was approved by the Institutional Animal Research
Committee of Tongji Medical College. ThemiR-320a transgenic (TG)
mice were kindly generated by Prof. Lianfeng Zhang (Chinese Acad-
emy of Medical Sciences, Beijing). Briefly, by performing microinjec-
tion according to standard protocols, a DNA fragment containing
murine miR-320 was inserted into the pUBC vector for expression
under the control of the ubiquitin C promoter to generate miR-320
TG mice. Then, miR-320 TG mice were backcrossed to the back-
ground of C57BL/6 for six generations to yield WT and miR-320
TG mice that were >95% of the C57BL/6 genotype. For genotyping
miR-320 TG mice, the primers were 50-CCACTGCTTACTGGC
TTATCG-30 (forward) and 50-ATGAAGCACCTCCGCTGAG-30

(reverse). Age- and sex-matched littermates were used as controls.
All animals were fed with ad libitum access to water and a standard
chow diet (6% calories from fat, 21% calories from protein, 71% cal-
ories from carbohydrate) or HFD (59% calories from fat, 15% calories
from protein, 26% calories from carbohydrate) and housed under a
controlled temperature of 22�C and maintained under a 12-hours-
light- 12-hours-dark photoperiod. At the end of the experiments,
we sacrificed the mice with intraperitoneal injections of a ketamine
(80 mg/kg) and xylazine (5 mg/kg) mixture, and tissue samples
were snap-frozen in liquid nitrogen or collected for paraffin
embedding.54
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Flow cytometry analyses

INS1 cells were incubated with Annexin V-FITC/PI (BD Biosciences,
Sparks, MD) to evaluate cell apoptosis and incubated with DCFH-DA
(Beyotime, Nanjing, China) to evaluate intracellular ROS production
and incubated with EdU (Meilunbio, Dalian, China) to evaluate cell
proliferation.54,55 After incubation, A FACStar Plus flow cytometer
(BD Biosciences, Sparks, MD) was used to analyze the fluorescence
signal intensity of cells, as previously described.56
Pancreatic islet isolation

Pancreas from 10-week-old to 12-week-old wild-type (WT) andmiR-
320a TG mice, which were the littermates, were perfused with cold
liberase (Cat No:23643124, Roche, IN) solution via the common
bile duct, and subsequently islets were removed and incubated at
37�C for 16 min. The Krebs-Ringer Bicarbonate buffer (20 mM
HEPES at pH 7.4, 119 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2,
1.2 mM MgSO4, 1.2 mM KH2PO4, 5 mM NaHCO3 and 2.8 mM
glucose) containing 10% newborn calf serum was used to stop diges-
tion, and then islets were further separated from other pancreatic tis-
sue using a histopque1077 (Sigma-Chemical, Shanghai, China) and
hand-picked under a stereomicroscope. Finally, islets were incubated
in RPMI-1640 medium (containing 10% fetal calf serum, penicillin
and streptomycin, HEPES, 11 mM glucose, and 2 mM glutamine)
in a 37�C, 5% CO2 incubator for 48 h.
Islet transplantation

To establish the diabetes model, 8–10 weeks old recipient C57BL/6
mice were injected with 180 mg/kg streptozotocin (Sigma-Chemical,
Shanghai, China) in 10 mM citrate buffer (pH 4.2), then after 2 weeks,
mice with blood glucose valuesR 18.8 mmol/l were selected as trans-
plant recipients. Blood glucose levels were determined using a
Glucometer (Lifescan, Johnson & Johnson, Shanghai, China). Islets
were isolated from pancreas of either miR-320a TG or WT mice,
and then transplanted into the streptozotocin-induced diabetes
mice as previously describe.57 In brief, 100 hand-counted islets
were transplanted into individual recipient mice. The kidney, for
the transplant, was accessed by a left flank incision, and the wound
was brought into by gentle blunt dissection. A small nick was made
in the kidney capsule at the inferior renal pole, and the miR-320a
TG or WT islets were deposited through the nick toward the superior
pole of the kidney. The comparable size of islets was hand-picked, and
the mass of transplanted b-cell was not significantly different
between miR-320a TG and WT mice. Blood glucose levels were
then monitored for the next 6 weeks.
Glucose tolerance tests (GTT)

Six-hour-fasted mice were intraperitoneal administered with glucose
(1 g/kg body weight), and then GTT were performed. Blood glucose
levels were assessed at 0, 15, 30, 60, and 90 min after glucose
administration using One-Touch UlteaVue glucometer, respectively
(Lifescan, Johnson & Johnson, Shanghai, China). Plasma was
collected and stored at �20�C for insulin measurement by using
insulin RIA kits (Crystal Chem, Downers Grove, IL).
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Glucose-stimulated insulin secretion (GSIS)

Islets were pre-incubated in HEPES-buffered KRB containing 0.1%
BSA and 2 mM glucose for 1 h and then experiments were performed
in triplicate with batches of five islets incubated at 37�C, 5% CO2 for
1 h in 100 mL KRB containing 0.1% BSA, supplemented with 22 mM
glucose or 2.8 mM glucose. Insulin release was determined by insulin
RIA kit (Crystal Chem, Downers Grove, IL).

Hyperglycemic clamp and calculations

The hyperglycemic clamp was performed in 6-hour-fasted conscious
mice. Basal insulin and C-peptide were measured at the start of exper-
iments, and then 37.5% glucose was infused to themice. Blood glucose
was maintained at 22 mM by adjusting the rate of glucose infusion
throughmanipulation of frequent, every 10 min, glycemic determina-
tion from tail blood. The insulin and C-peptide of sample were taken
during the last 20 min of the 120 min hyperglycemic clamp.58 Blood
glucose wasmeasured using a One-TouchUlteaVue glucometer (Life-
scan, Johnson & Johnson, Shanghai, China). Sensitivity index (M/I) is
calculated according to the following formula: M/I = GINF/insulin;
GINF is the rate of glucose infusion, while insulin is the plasma insulin
concentration at individual time points during the last 20 min of
the hyperglycemic clamp. Disposition index (DI) was calculated
according to the following formula: DI = M/I x C-peptide.

Western blots analyses

Bicinchoninic acid assay kit (BOSTER, Wuhan, China) were used to
quantify the protein samples from cell and mice pancreas islet. ImageJ
program was used to analyze the band intensities of target proteins.

Dual luciferase assay

INS1 cells and HEK293 cells were transfected with 400 ng of pMIR-
MafF 30-UTR, pMIR- CALD1 30-UTR, pMIR- Ddrgk1 30-UTR, or
pMIR- Klhl36 30-UTR, respectively. Meanwhile, 100nM miR-320a
mimics or control was co-transfected with the reporter plasmids,
accompanied with 40 ng of pRL-TK plasmid (Promega, Madison,
WI). DualLuciferase Reporter Assay System (Promega, Beijing,
China) was used to detect luciferase activity.

Real-time PCR

RNA was isolated from pancreatic islet or INS1 cells with TRIzol re-
agent (Invitrogen, Carlsbad, CA), and then was reverse-transcribed
into cDNA using RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA). Real-time PCR assays
were performed using SYBR rapid quantitative PCR Kit (Kapa Bio-
systems, Woburn, MA)13. The relative miRNA levels were deter-
mined by normalizing to U6 level using 2-DDCT method. Primers
were list in Table S2.

RNA immunoprecipitation and RIP-seq

INS1 cells were lysed and then immunoprecipitated with anti-Ago2
antibody (Abnova Corporation, Taiwan, China) or IgG (Abclonal,
Wuhan, China) using protein A/G magnetic beads (Thermo Scienti-
fic, Shanghai, China) after transfection with miR-320a mimics or
miRNA random control for 24 h, as described. The protein A/G
magnetic beads were added after incubating the cells overnight at
4�C, and the solution was incubated for 2 h at 4�C. The beads were
washed five times with PBS and resuspended in 60 mL Laemmli buffer.
The remaining products were extracted with TRIzol, and the levels of
mRNA were quantified by real-time PCR. RIP-seq assays were
conducted by Personalbio (Shanghai, China).

Immunofluorescent staining and TdT-mediated dUTP nick-end

labeling (TUNEL) assay

Formalin-fixed pancreas tissues were paraffin-embedded, cut into
4-mm-thick sections, and stained with anti-insulin antibody
(Cat No: A2090, Abclonal, Wuhan, China) or anti-PCAN antibody
(Cat No: 2586, Cell Signaling Technology, Shanghai, China) accord-
ing to the method described previously.12 TUNEL assay was per-
formed using in situ cell death detection kits (Roche Diagnostics
GmbH,Mannheim, Germany) to determine the rates of cell apoptosis
according to the manufacturer’s instructions.54 For fluorescence in
situ hybridization (FISH), formalin-fixed paraffin-embedded
pancreas sections were hybridized with a miR-320a probe and then
incubated with anti-insulin antibody as described previously.12 Im-
ages were acquired by the fluorescence microscopy (Nikon, Tokyo,
Japan) and measured by IMAGE PRO-PLUS Software 6.0 (Media
Cybernetics, Bethesda, MD).

EdU assays

INS1 cells were exposed to 10 mM 5-ethynyl-20-deoxyuridine (EdU;
(Cat No:C10310-3, RiboBio, China) for 2 h at 37 C� after transfection.
Cells were then fixed in 4% PFA for 30 min and permeabilized with
0.5% Triton X-100. Next, the INS1 cells were incubated with the
Apollo reaction cocktail (Cat No:C10310-3, RiboBio, China), then
stained with Hoechst 33342 for 30 min for DNA content analysis.
Finally, the EdU-stained cells were visualized under a fluorescence
microscope (Nikon, Tokyo, Japan). The analysis of INS1 cells prolif-
eration was performed using images of randomly selected fields ob-
tained on the fluorescence microscope. The ratio of EDU positive
INS1 cells were calculated using the following formula: EDU/Hoechst
x 100%, and finally standardized to the control group.

Construction and administration of adeno-associated virus

(AAV8)

Male WT mice were divided into various groups (AAV8-insulin-
miR-GFP, AAV8-insulin-miR-320, AAV8-insulin-miR-320-TUD,
AAV8-insulin-MafF, AAV8-insulin-sh-MafF and AAV8-insulin-
miR-320+AAV8-insulin-MafF) under normal feeding condition or
high-fat feeding condition, respectively. TUD RNAs containing two
single-stranded miRNA-binding sites flanked by double-stranded
stems could enhance stability and promote nuclear export as
described previously,59 which is an effective approach that relies on
selective sequestration and functional inactivation of the sense strand
via codelivered decoy RNAs. For the construction of plasmid express-
ing MafF, oligonucleotides were designed according to the CDS
sequence of MafF (Accession: NM_001130573.1). Then, the oligonu-
cleotides were synthesized and inserted into plasmid by restriction
enzyme cleavage.
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Statistical analyses

All data, performed using GraphPad Prism Version 7.00 (GraphPad
Software, La Jolla, CA), are expressed as mean ± SEM. Student’s t tests
were used for comparison between the treatment and control groups.
The different groups of mice were assessed by two-way ANOVA or
repeated-measures ANOVA. The statistical significance of GTT and
blood glucose changes were measured by area under curve (AUC)
as previously described.60 Differences were regarded as statistically
significant if *p < 0.05, **p < 0.01.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.08.027.
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