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ABSTRACT

Diabetes is a complex and heterogeneous disorder characterized by chronic hyperglycemia. Its core cause is
progressively impaired insulin secretion by pancreatic B-cell failures, usually upon a background of preex-
isting insulin resistance. Recent studies demonstrate that macroautophagy/autophagy is essential to main-
tain architecture and function of 3-cells, whereas excessive autophagy is also involved in B-cell dysfunction
and death. It has been poorly understood whether autophagy plays a protective or harmful role in 3-cells,
while we report here that it is dependent on NR3C1/glucocorticoid receptor activation. We proved that
deleterious hyperactive autophagy happened only upon NR3C1 activation in 3-cells under glucolipotoxic
conditions, which eventually promoted diabetes. The transcriptome and the N6-methyladenosine (m°A)
methylome revealed that NR3C1-enhancement upregulated the RNA demethylase FTO (fat mass and
obesity associated) protein in B-cells, which caused diminished m®A modifications on mRNAs of four core
Atg (autophagy related) genes (Atg12, Atg5, Atgl6l2, Atg9a) and, hence, hyperactive autophagy and
defective insulin output; by contrast, FTO inhibition, achieved by the specific FTO inhibitor Dac51, prevented
NR3C1-instigated excessive autophagy activation. Importantly, Dac51 effectively alleviated impaired insulin
secretion and glucose intolerance in hyperglycemic (3-cell specific NR3C1 overexpression mice. Our results
determine that the NR3C1-FTO-m°A modifications-Atg genes axis acts as a key mediator of balanced
autophagic flux in pancreatic B-cells, which offers a novel therapeutic target for the treatment of diabetes.

Abbreviations: 3-MA: 3-methyladenine; AAV: adeno-associated virus; Ac: acetylation; Ad: adenovirus;
AL: autolysosome; ATG: autophagy related; AUC: area under curve; Baf A1: bafilomycin A;; BNR3C1
mice: pancreatic B-cell-specific NR3C1 overexpression mice; cFBS: charcoal-stripped FBS; Ctrl: control;
ER: endoplasmic reticulum; FTO: fat mass and obesity associated; GC: glucocorticoid; GRE: glucocor-
ticoid response element; GSIS: glucose-stimulated insulin secretion assay; HFD: high-fat diet; HG: high
glucose; HsND: non-diabetic human; HsT2D: type 2 diabetic human; i.p.: intraperitoneal injected; KSIS:
potassium-stimulated insulin secretion assay; m®A: N6-methyladenosine; MeRIP-seq: methylated RNA
immunoprecipitation sequencing; NR3C1/GR: nuclear receptor subfamily 3, group C, member 1;
NR3C1-Enhc.: NR3C1-enhancement; NC: negative control; Palm.: palmitate; RNA-seq: RNA sequencing;
T2D: type 2 diabetes; TEM: transmission electron microscopy; UTR: untranslated region; WT: wild-type.
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Introduction

Diabetes is a worldwide epidemic characterized by insulin
resistance and pancreatic -cell failure. Although the specific
mechanism for the onset of diabetes is still unclear, numerous
studies have implicated that pancreatic B-cell failure features
all types of diabetes. In fact, P-cells are among the most
important tissues dictating the final outcome of glucose con-
trol and the eventual development of diabetes. The occurrence
of hyperglycemia and hyperlipidemia, which results in gluco-
lipotoxicity for pancreatic islets, gradually diminishes B-cell
mass and secretory capacity and exacerbates the diabetes [1].
Therefore, maintaining normal B-cell function is imperative
in overall glucose homeostasis.

Macroautophagy/autophagy is a catabolic process of the lyso-
somal degradation of cellular components, which has long been
demonstrated to control B-cell physiology and insulin secretory

function in response to metabolism [2-4]. A set of~16-20 core Atg
(autophagy related) genes [5] tightly regulates specific stages of
autophagosome initiation or formation. In B-cells, there seems to
be a consensus regarding the homeostatic role of autophagy in that
it eliminates damaged organelles and unnecessary proteins to
regulate the appropriate insulin response to glucose challenge,
and to avoid p-cell apoptosis [2]. Interestingly, increasingly more
studies have recently revealed the double-edged effect of autopha-
gy in B-cells and diabetes. Even though physiologically enhanced
autophagy improves the ability of P-cells to handle metabolic
stress, hyperactive autophagic progression leads to p-cell damage
and death that contributes to loss of functional -cell mass in
diabetes [6-15]. Overinduction of autophagy in B-cells leads to
excessive digestion and degradation of essential cellular compo-
nents, including insulin granules, mitochondria and endoplasmic
reticulum (ER) membranes that lacks stringent substrate specifi-
city, which results in significantly low insulin production and -
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cell death. In type 2 diabetes (T2D) patients, dead {-cells with
massive autophagic vacuole overload and no major chromatin
condensation (signs of autophagy-associated cell death) were 4
times that of nondiabetic subjects [12]. Nevertheless, the causes
and mechanisms of excessive autophagy in diabetic B-cells are
poorly understood.

Glucocorticoids (GCs) are the prominent diabetogenic
hormones since GCs excess under several pathophysiological
conditions predisposes to T2D development [16-18]. In addi-
tion to the liver, B-cells are also important targets for the
diabetogenic effects of GCs since excessive GC exposure inhi-
bits insulin output, P-cell survival and proliferation via
NR3Cl1/glucocorticoid receptor (nuclear receptor subfamily
3, group C, member 1) that widely expressed in pancreatic
islet [19-25]. At the cellular level, NR3C1 locates in the
cytoplasm in an unbound form and translocated into the
nucleus upon binding to endogenous steroid hormone corti-
sol or exogenous glucocorticoid drugs, for example, dexa-
methasone; it also serves as one transcription factor for
activating genes via the glucocorticoid response elements
(GREs). Notably, ours and other studies have determined
that deteriorative effect of aldosterone excess (a mineralocor-
ticoid hormone) on B-cells is also mediated mainly by the
NR3C1 rather than the NR3C2/mineralocorticoid receptor
[26-30]. Accordingly, P-cell-specific NR3C1 overexpression
results in insufficient insulin secretion, and then hyperglyce-
mia and impaired glucose tolerance [31,32]. However, in
contrast to the widely accepted deleterious effect of enhanced
GC signaling, the molecular determinants of NR3C1 expres-
sion in P-cells are poorly understood. Also, the pivotal
mechanism underlying NR3C1-enhancement induced p-cell
dysfunction has not been fully elucidated either.

In this study, we demonstrate that NR3Cl is activated in 3-cells
exposed to glucolipotoxicity, which promotes deleterious p-cell
hyperactive autophagy and diabetes. Using RNA sequencing
(RNA-seq) and methylated RNA immunoprecipitation sequen-
cing (MeRIP-seq), we documented that NR3Cl-enhancement
upregulated N6-methyladenosine (m°A) RNA demethylase FTO
(fat mass and obesity associated) protein expression, which caused
diminished m®A modifications on mRNAs of several Atg genes
(Atgl2, Atg5, Atgl6l2, Atg9a). The Atg transcripts that
lost m®A were stabilized and triggered B-cell excessive autophagy,
ultimately resulting in impaired insulin secretion and massive -
cell loss. Notably, the specific FTO inhibitor Dac51 effectively
prevented dysregulated autophagy and rescued NR3Cl-induced
B-cell failure, hyperglycemia, and glucose intolerance in diabetes.

Results
Glucolipotoxicity promotes NR3C1 activation in B-cells

NR3CI1 activity and expression patterns remained poorly under-
stood in diabetic B-cells before. In present studies, we surprisingly
observed that NR3C1 expression was ubiquitously increased in
islets obtained from T2D patients, diet-induced diabetic mice and
hyperglycemic db/db mice (Figure 1A-B). Furthermore, we
detected that those isolated human islets with prolonged exposure
to high glucose (HG) and palmitate (Palm.) similarly showed
obviously NR3C1 upregulation compared with the control
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group, which was not observed in the pure HG- or Palm.-treated
group (Figure 1C, S1A). NR3Cl1 nuclear translocation in B-cells
were simultaneously provoked in T2D subjects as well as in the
HG and Palm. treatment groups (Figure 1D-F), which were almost
closed to what we observed in the human islets and MING6 cells
treated with dexamethasone or aldosterone (Figure S1B - E), both
of which serve as NR3Cl agonists in pancreatic -cells [26,33].
Using luciferase reporter assay, we confirmed that chronic HG and
Palm. induced the nuclear transcriptional regulatory activity of
NR3C]1, but only in the presence of NR3C1 ligands (endogenous
or exogenous) in the medium culture, suggested that glucolipo-
toxicity upregulates NR3Cl1 levels to enhance GC sensitivity in p-
cells (Figure 1G).

We investigated the reason for glucolipotoxicity-induced
excessive NR3C1 in the P-cells. Since histone acetylation at
NR3CI1 exon I, promoter is associated with increased expression
of NR3Cl1 [34,35], we measured the effect of chronic HG and
Palm. on the histone H3 and H4 acetylation (H3Ac and H4Ac) at
Nr3cI promoter I, by ChIP-qPCR. There was a 6-fold increase in
H3Ac and 12.5-fold increase in H4Ac in MING cells exposed to
chronic HG and Palm. (Figure 1H-I). Surprisingly, increased
chromatin accessibility at the Nr3cI promoter I, was observed
meanwhile (Figure 1J). Consistently, total Nr3cI mRNA levels
were significantly upregulated in MING6 cells treated with chronic
HG or Palm. (Figure 1K). Similar results were also observed in
INS1 cells (Figure 1L-O). These results indicated that elevated
NR3CI expression in diabetic B-cells arose from enhanced H3Ac
and H4Ac enrichment and chromatin accessibility. Taken
together, the expression levels and activities of NR3C1 was con-
tinuously enhanced in {3-cells in response to glucolipotoxicity.

Enhanced-NR3C1 leads to hyperactive autophagic
progression in B-cells

Human islets perfusion analysis revealed that NR3CI-knockdown
effectively reversed impaired B-cell secretion both at the 1st and
2nd phases in T2D human islets (Figure 2A and B, Figure S2A);
glucose-stimulated or potassium-stimulated insulin secretion
assays (i.e., GSIS and KSIS), insulin biosynthesis assays further
indicated that NR3CI-knockdown could not only ameliorate
defected insulin secretion, but also reversed impaired insulin
synthesis (Figure 2C-F, S2B), indicated that enhanced-NR3Cl is
tightly associated with -cell dysfunction in T2D patients. In islets,
glucocorticoid signaling has been shown to regulate numerous
processes, including insulin secretion, ion channel activity,
cAMP signaling, proliferation and development [23,36-39].
Nevertheless, the mechanism associated with p-cell failure induced
by excessive NR3C1 has not been thoroughly studied. Therefore,
we assayed gene expression in the MING6 cells transfected with
NR3Cl-overexpressing plasmids or empty vectors by RNA seq
(Figure 2G). We then applied the Kyoto Encyclopaedia of Genes
and Genomes algorithms (KEGG) and MSigDB software for gene
set-enrichment analysis. The most enriched pathway among
others according to ES score was autophagy pathway, in which
32 dysregulated genes were involved (Figure 2H and I, Table S1).
We verified the RNA-seq results by qRT-PCR assays and found
that numerous Atg genes, including Atgl0, Atgl2, Atg5, Atg4,
Atg9a, Wipil, Atgl6l2, Pik3c3, were significantly upregulated in
NR3CI1 overexpressing -cells (Figure 2J).
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Figure 1. NR3C1 is continuously activated in pancreatic islets in response to glucolipotoxicity. (A and B) the protein levels of NR3C1 in T2D human islets, diet-induced diabetic
mice and hyperglycemic db/db mice. GAPDH was used as internal control. (C) the protein levels of NR3C1 in human islets exposed to prolonged HG and Palm. GAPDH was used as
internal control. (D) NR3C1 expression and localization in islets from donors of T2D and nondiabetic humans was confirmed via immunofluorescence. Insulin (green), NR3C1 (red),
and DAPI (blue). Scale bar: 50 um. (E) NR3C1 expression and localization in human islets exposed to prolonged HG and Palm. was confirmed via immunofluorescence. Insulin
(green), NR3C1 (red), and DAPI (blue). Scale bar: 50 um. (F) NR3C1 expression and localization in MIN6 cells treated with prolonged HG and Palm. was confirmed via
immunofluorescence. Insulin (red), NR3C1 (green), and DAPI (blue). Scale bar: 50 um. (G) MING6 cells were transfected with Pgre-luc for 24 h and treated with chronic HG and Palm.,
then luciferase reporter assay was carried out. (H and 1) ChIP-Qpcr analysis of the capacity of acetylation of histone H3 (H) and H4 (1) binding to the Nr3c1 promoter |; was
performed in MING6 cells exposed to prolonged HG and Palm. (J) Graphs depict the relative chromatin accessibility (the percentages of undigested DNA among template genomic
DNA) in MING6 cells exposed to prolonged HG and Palm. (K) Relative Nr3c1 mRNA levels in MING cells exposed to prolonged HG and Palm. (L and M) ChIP-Qpcr analysis of the
capacity of acetylation of histone H3 (L) and H4 (M) binding to the Nr3c1 promoter |, was performed in INS1 cells exposed to prolonged HG and Palm. (N) Graphs depict the
relative chromatin accessibility in INST cells exposed to prolonged HG and Palm. (O) Relative Nr3cT mRNA levels in INST cells exposed to prolonged HG and Palm. Data are
presented as mean + SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Vehicle group.
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Figure 2. NR3C1 enhancement triggers hyperactive autophagy in pancreatic B-cells. (A — C) Isolated T2D (HsT2D) and non-diabetic human (HsND) islets that
transfected with si-negative control (siNC) or siNR3C1 during islet perfusion assays in three separate experiments. AUC (area under curve) values for the 1st and 2nd
phases of GSIS in islet perfusion were calculated in C. (D — F) GSIS and KSIS assays were performed for isolated HsT2D and HsND islets in A. GSIS and KSIS indices (GSI
and KSI) were calculated in D and E. GSI and KSI refer to the ratio of glucose- or KCl-stimulated insulin secretion to basal insulin secretion. Insulin content was
measured in F. ** P <0.01, *** P<0.001 vs. HsND islets + siNC group; # P < 0.05, ** P <0.001 vs. HsT2D islets + siNC group. (G) Volcano plots of differential gene
expressions in MIN6 cells transfected with NR3C1-overexpressing plasmids and empty vectors. (H) Gene set enrichment analysis (GSEA) according to identified using
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To further confirm that whether NR3Cl-enhancement stimu-
lates unbalanced autophagy, we transfected NR3C1 overexpres-
sion plasmids into MIN6 and INS1 cells, and detected the
expression for MAP1LC3B/LC3 (microtubule-associated protein
1 light chain 3 beta) and SQSTM1/p62 (a protein specifically
degraded in lysosomes), which contribute to autophagosome for-
mation and substrate degradation, respectively. NR3C1 overex-
pression caused an increase in LC3-II but a decrease in SQSTM1
protein levels dose-dependently (Figure 2K). Indeed, 3-methyla-
denine (3-MA, a PI3K and PtdIns3K inhibitor) or bafilomycin A,
(Baf A1, a vacuolar-type H+-translocating ATPase inhibitor) treat-
ment experiment further confirmed that NR3C1 enhancement
promoted the activation of autophagy (Figure 2L and M).
Besides, in MIN6 (Figure 2N) and INSI (Figure 20) cells-
expressing tandem mRFP-GFP-LC3, increased autophagosomes
(yellow dots) and autolysosomes (AL, red-only dots) demon-
strated that autophagy flux was enhanced in NR3Cl-
overexpressing B-cells. Hyperactive autophagy was also observed
in NR3Cl-overexpressed human islets (Figure 2P), and increased
number of autophagic structures in P-cells was measured by
transmission electron microscopy (TEM) meanwhile (Figure 2Q
and R).

Glucolipotoxicity-activated NR3C1 deteriorates B-cell
function and survival via excessive autophagy

Accumulation of autophagic vacuoles and autophagosomes in
diabetic B-cells, as well as increased dead P-cells with vacuole
engulfment, contribute to P-cell dysfunction in diabetes [12].
According to our observations, prolonged exposure to HG and
Palm. significantly stimulated hyperactive autophagic flux in
MIN6 and INS1 cells, which could be retrieved by Nr3cl-
knockdown (Figure 3A-D, S2C - E, S3A - B). However, NR3Cl1
inhibition did not disturb enhanced autophagy arose from pure
glucotoxicity or lipotoxicity (Figure S3C - D). Surprisingly, auto-
phagy inhibition (achieved by 3-MA, Baf Al or Atg5 or Atg7/-
knockdown) reversed impaired insulin secretion and/or insulin
content arose from glucolipotoxicity (Figure 3E and F, S3E - H),
while neither 3-MA or Baf Al rescue pure lipotoxicity-induced
impaired insulin secretion (Figure S3I - L), indicates that hyper-
active autophagy is harmful for B-cell fate under glucolipotoxic but
not lipotoxic conditions. More importantly, Nr3cI-knockdown
similarly rescued P-cell failure in glucolipotoxic conditions
(Figure 3E and F). As expected, autophagy inhibition effectively
alleviated impaired insulin secretion and insulin content in
NR3Cl-overexpressed MING cells (Figure 3G-J), and B-cell apop-
tosis (Figure 3K). Collectively, NR3Cl-enhancement induced

excessive autophagy to instigate defected insulin secretion and
increased B-cell apoptosis in glucolipotoxic conditions.

NR3C1 activation lessens Atg genes m°A methylation in
B-cells

We then explored the molecular mechanism underlying
excessive autophagy in NR3Cl-enhanced B-cell. According
to our observations, NR3Cl overexpression dramatically
downregulated the total m°A in B-cells (Figure 4A). The
pattern of m°A distribution in NR3Cl-overexpressing B-cells
was further determined with MeRIP-seq which is an immu-
nocapturing approach for the unbiased transcriptome-wide
localization of m®A in high resolution. Gene ontology (GO)
analysis revealed that NR3C1 enhancement-induced altera-
tions in m°A modification were significantly (p <0.05)
enriched in genes involved in autophagy process, alongside
other biological processes that were critical for B-cell function,
such as response to glucose, exocytosis, and regulation of
apoptotic signaling pathway (Figure 4B). Combined with the
transcriptomics results shown in Figure 2G-J, it was indicated
that NR3C1 enhancement-induced hyperactive B-cell auto-
phagy is highly-possibly related with m®A-methylation status
on mRNAs of Atg genes.

We deeply analyzed MeRIP-seq and found that
declined m°A was detected in a plenty of mRNAs associated
with autophagy (Table S2). Among them, we paid more
attention to Atgl2, Atg5, Atg9a, Atgl6l2, since MeRIP-seq
and RNA-seq in NR3Cl-overexpressing MING6 cells showed
declined m°A modifications in those 4 Atg genes, while their
expression levels were remarkedly increased, indicating that
Atgl2, Atg5, Atg9a, Atgl6l2 may play more important roles in
the NR3C1-m®A modulating B-cell autophagy. Analysis of
MeRIP-seq data revealed 4 decreased m°A modifications
within 3’-untranslated region (UTR) of Atgl2 transcript
(Figure 4C), and 1 decreased m®A peak was observed in the
Atg5, Atgl6l2, and Atg9a transcripts, respectively, which was
also located in the 3’-UTR (Figure 4D-F).

m°®A RNA demethylase FTO is responsible for
NR3C1-upregulated Atg genes

To ascertain the reason for diminished m®A modifications on
those autophagic mRNAs, we detected genes expression asso-
ciated with m°®A demethylation (Alkbh5, Fto), m°A reader
(Ythdcl, Ythdfl, 2, 3) and mCA methyltransferase (Mettl3,
Mettll4, Wtap) in NR3Cl-overexpressing MIN6 cells,

MSigDB software. (I) GSEA enrichment plot of autophagy pathway. (J) the mRNA levels of Atg genes in NR3C1-overexpressing plasmids and vector-transfected MIN6
cells. (K) MING cells were transfected with different concentrations of NR3C1 overexpression plasmids, and then the protein levels of LC3 and SQSTM1 were measured
by western blot. GAPDH was used as internal control. (L) Western blot analysis of LC3 in control and NR3C1-overexpressed cells treated with or without 10 mmol/I
3-MA for 4 h. (M) Western blotting analysis of LC3 in control and NR3C1-overexpressed cells treated with or without 5 nmol/l Baf A1 for 2 h. (N) MIN6 cells were
transfected with Mrfp-GFP-LC3 adenovirus with or without NR3C1-overexpression for 24 h. Cells were observed to distinguish between autophagosome (yellow
puncta) and autolysosome (AL, red-only puncta) after colocalization analysis using a confocal microscope and the dots per cell were quantified below (n = 10). Scale
bar: 20 pm. (0) INST cells were transfected with Mrfp-GFP-LC3 adenovirus with or without NR3C1-overexpression for 24 h. The dots per cell were quantified below (n
=10). Scale bar: 20 ym. (P) Human islets were transfected with Ad-NR3C1 or Ad-GFP for 24 h. LC-3 in pancreatic B-cells was confirmed via immunofluorescence.
Insulin (green), LC3 (red), and DAPI (blue). Scale bar: 50 um. (Q and R) Representative TEM images of human pancreatic -cells transfected with Ad-NR3C1 or Ad-GFP.
Arrows indicate autophagic structures. The graphs in R show quantification of autophagic structures in B-cells in Q (n = 26-35). Scale bar: 1 um. Data are presented as
mean = SEM. For J, L - O, R, ¥ P<0.05, ** P<0.01, *** P<0.001 vs. empty vector group.
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among which m°A RNA demethylase Fto was dramatically
elevated (Figure 5A). Western blot and immunofluorescence
assays further verified elevated FTO expression in NR3Cl-
enhanced MING6 cells and human islets (Figure 5B and C).
Using ChIP and luciferase reporter assay, we observed that
NR3CI1 bind to Fto gene promoter at three sites and positively
regulated its transcriptional promoter activity (Figure 5D and
E), indicating that Fto contains GREs, which makes it able to
serve as a NR3Cl1 target gene.

FTO is the first identified RNA demethylase that
catalyses m®A demethylation in an Fe (II)- and a-ketoglutarate-
dependent manner [40]. m°A demethylation influences all funda-
mental aspects of mRNA metabolism, including mRNA stability,
translation, subcellular localization and alternative splicing [41-
43). Given that FTO is an m®A “eraser” of RNA methylation and
regulates the expression of genes through modification of methy-
lation-demethylation states of mRNAs, we next investigated
whether FTO is responsible for diminished m°A modifications
on those 4 Atg genes (i.e., Atgl2, Atg5, Atg9a, Atgl612) that deeply
involved in the NR3C1-m°A regulating B-cell autophagy. RT-
qPCR and MeRIP-qPCR assays showed that Ffo-knockdown dra-
matically abolished the upregulation of Atgl2, Atg5 Atg9a,
Atgl6l2 in NR3Cl-overexpressing MING cells (Figure 5F), while
it eliminated NR3C1-induced declined m®A levels on these auto-
phagic transcripts (Figure 5G), which fully indicated that NR3C1-
FTO mediates the mRNA demethylation of these Atg genes and
triggers  their  highly expression. To further assess
whether m®A modifications on these Atg genes mRNAs were
necessary for NR3C1-FTO axis-mediated gene expression, we
then constructed wild-type (WT) and m®A consensus sequence
mutant (A-to-T mutation, MUT) Atgl2, Atg5, Atglell, Atg9a-
3”UTR luciferase reporters (Figure 5H). NR3C1 overexpression
obviously promoted luciferase activity of the reporter constructs
containing WT 3”UTR of those Atg genes, which was abrogated
when Fto was knockdown or the indicated m°A modification sites
were mutated (Figure 5I-L). m®°A modifications exert effects on
many aspects of gene expression, including mRNA stability,
nuclear export, alternative pre-mRNA splicing etc. RT-qPCR
results showed that NR3C1-FTO axis prevented the rapid decay
of almost all 4 Atg gene mRNAs (Figure 5M-P), which indicated
that NR3C1-FTO axis-mediated demethylation is implicated in
those 4 Atg gene mRNAs degradation. Together, NR3C1-FTO axis
upregulated Atgl2, Atg5, Atg9a, and Atgl6l2 expression via mod-
ulating their mRNA stability.

We continued to confirm that whether FTO indeed participates
in hyperactive autophagy in NR3Cl-enhanced p-cells. Western
blot assays showed that FTO deletion remarkedly weakened the
increased ratio of LC3-IL1, decreased SQSTM1 expression and
excessive autophagic flux induced by NR3Cl-overexpression

(Figure 5Q and R). All these observations implicated that FTO
targets Atgl2, Atg5, Atg9a, and Atgl6I2 transcripts and mediates
their expression in an m°A-dependent manner, and further reg-
ulates autophagy in NR3Cl-enhanced B-cells.

Specific inhibition of FTO alleviates NR3C1 activation-
induced B-cell dysfunction and hyperactive autophagy

To further verify that whether FTO demethylates those autophagic
transcripts thus leading to hyperactive autophagy and then p-cell
failure in NR3Cl-enhanced models, we applied Dac51 in our
subsequent research (Figure 6A), which has recently been tested
as a more potent FTO inhibitor that dampens FTO demethylation
activity [44]. As shown in Figure 6B-F, Dac51 inhibited hyperacti-
vation of autophagy in NR3Cl-overexpressed MIN6 and INS1
cell. As GSIS assays results shown in Figure 6G-H and S4A - B,
defective insulin secretion and insulin content in NR3Cl-
enhanced P-cells could be also dose-dependently restored by
Dac51. Parallel to this, human islets perfusion analysis showed
that NR3Cl-enhanced B-cell secreted less insulin both at the 1st
and 2nd phases, which could be partially reversed by Dac51
(Figure 6] and J). Moreover, Dac51 ameliorated decreased viability
of NR3Cl-enhanced MING6 cells (Figure 6K and S4C), while
TUNEL assays proved that Dac51 reduced P-cell apoptosis in
NR3Cl-enhanced human islets (Figure 6L). Notably, the protec-
tive effect of Dac51 on NR3Cl1-stimulated impaired insulin secre-
tion (Figure S4D - E) and increased cell apoptosis (Figure S3F) was
almost abolished in mouse islets treated with carbamazepine
(CBZ, an autophagy activator). Collectively, these results con-
firmed that FTO-mediated autophagic transcripts demethylation
was responsible for hyperactive autophagy and B-cell failure in
NR3Cl1-enhanced models.

Dac51 treats impaired insulin secretion and
hyperglycemia in B-cell-specific NR3C1 overexpression
mice

To further evaluate the effect of Dac51 on impaired glucose
metabolism induced by NR3Cl-enhancement in B-cells, we
obtained mice with increased NR3C1 expression restricted to
their P-cells were via pancreatic intraductal AAV-RIP2-
Nr3cl-3xFlag infusion, hereafter named [-cell-specific
NR3C1 overexpression (BNR3C1) mice. The effective delivery
of virus and NR3C1 enhancement were confirmed (Figure 7A
and B). Then, all operated mice were randomized into 5
groups: control mice (AAV-vectors infected, Ctrl) intraperi-
toneal injected (i.p.) with 2 mg/kg Dac51 or PBS, PNR3C1
mice (AAV-RIP2-Nr3cl infected) i.p. with 2 mg/kg Dac51, 0.5
mg/kg Dac51 or PBS, and experiments were scheduled to

knockdown or control INS1 cells were transfected with Mrfp-GFP-LC3 adenovirus with or without prolonged HG and Palm. The dots per cell were quantified in D (n =
10). Scale bar: 20 um. (E and F) MING cells were treated as indicated, and then GSIS (E) and insulin content (F) was determined. (G and H) MIN6 cells were transfected
with NR3C1 overexpression plasmids for 24 h and treated with or without 10 mmol/I 3-MA for 4 h., and then GSIS (G) and insulin content (H) was determined. (I and
J) MIN6 cells were transfected with NR3C1 overexpression plasmids for 24 h and treated with or without 5 nmol/I Baf A1 for 2 h, and then GSIS (I) and insulin content
(J) was determined. (K) After pretreated with 3-MA (10 umol/l) for 2 h, MIN6 cells were transfected with NR3C1 overexpression plasmids for an additional 72 h, and
then flow cytometry assay was performed. Data are presented as mean + SEM. For B — F, *** P < 0.001 vs. vehicle + siNC group; # P < 0.05, * P < 0.01, ** P < 0.001 vs.
HG + Palm. + siNC group. For G — K, * P < 0.05, ** P < 0.01, *** P < 0.001 vs. vehicle + empty vector group; # P < 0.05, ¥ P < 0.01, " P < 0.001 vs. vehicle + NR3C1-

Enhc. group.
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determine the effects of Dac51 on BNR3C1 mice (Figure 7C).
BNR3C1 mice i.p. with PBS alone showed remarkably elevated
blood glucose levels and impaired glucose tolerance regardless
of unaffected insulin sensitivity (Figure S5A - D), as pre-
viously reported [19,32]. During Dac51 administration, no
significant changes were observed in body weight
(Figure 7D) and insulin sensitivity (Figure S5E - F) between
groups. In contrast, BNR3C1 mice i.p. with Dac51 gradually
improved their diabetes-related phenotypes (especially in the
high-dose group), manifested as declined blood glucose

(Figure 7E-G) and lessened glucose intolerance at 13 weeks
and 16 weeks of age (Figure 7H-K), while no between-group
changes were noted in Ctrl mice i.p. with Dac51 or PBS.
Consistently, insulin secretion levels revealed a marked
rebound in PNR3C1 mice with Dac51 administration
(Figure 7L). Notably, Dac51 did not interfere with NR3Cl
expression or translocation in PNR3C1 mice (Figure S5G).
We continued to assess the effects of Dac51 on B-cell function
of PNR3C1 mice by ex vivo islet perfusion assays. NR3C1-
enhancement significantly inhibited high-glucose-coupled
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insulin secretion which specifically reversed by Dac51 admin-
istration (Figure 8A and B). Besides, we noticed that Dac51
also effectively protected {-cells from NR3Cl-induced apop-
tosis in vivo (Figure 8C), which paralleled what we observed
in human primary islets ex vivo. Collectively, FTO inhibition
exerted a robust effect on the treatment for NR3C1 enhance-
ment-induced impaired glucose metabolism.

We next verified whether autophagy regulation mediates
the rescue of NR3C1-FTO axis-induced B-cell dysfunction
and apoptosis by Dac51 in vivo. In PNR3C1 mice, as expected,
NR3C1 overexpression increased the number of LC3-II-
positive and SQSTMIl-negative f-cells in pancreas.
Surprisingly, Dac51 administration similarly attenuated the
enhanced autophagic flux in PNR3C1 mice (Figure 8D and
E), as it did in NR3Cl-enhanced B-cells in vitro. TEM images
from B-cells for PNR3C1 mice also demonstrated accumula-
tion of autophagic vacuoles, which were similarly alleviated
after Dac51 treatment (Figure 8F). In summary, autophagy
regulation played essential roles in Dac51 rescue of NR3Cl1-
induced B-cell failure and diabetes.

Discussion

In this current study, we explored the role of hyperstimulated
autophagy in B-cell dysfunction and apoptosis under glucoli-
potoxic conditions. Increased NR3C1 expression and nuclear-
translocation in human and rodent pancreatic p-cells corre-
lated with excessive autophagy progression detrimental to p-
cell fate in glucolipotoxic status. Mechanically, NR3Cl1-
enhancement stimulated FTO expression which induced auto-
phagic transcripts hypomethylation (mainly Atgl2, Atg5,
Atgl6l2 and Atg9a), leading to hyperactive autophagy and f-
cell failure. Dac51, the specific FTO inhibitor, reversed
NR3Cl-induced excessive autophagy, which rescue B-cell
failure.

Autophagy plays complicated roles in P-cell mass and
function. On the one hand, as an intracellular catabolic sys-
tem, autophagy is essential in the basal turnover of organelles
and maintenance of function in p-cells, -cells that lack of key
Atg gene expression (e.g., Atg5, Atg7) fail to address stress
conditions that could lead to abnormal insulin secretion and
overt diabetes [45,46]; On the other, both earlier and recent
studies described a possible involvement of autophagy in p-
cell death in conditions such as PDXI1 deficiency [14].
Alloxan, streptozotocin or rapamycin-mediated stimulation
of autophagy also impairs islet function and survival [15,47],
whereas the precise mechanism is not explained. Combined
that dead B-cells with signs of autophagy-associated cell death
are significantly increased in T2D patients [12], it is reason-
able that hyperstimulation of autophagy in p-cells has
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a negative effect, but how and when it occurs in the progres-
sion of diabetes has not been clear.

Here we described that deleterious autophagy overlord
happened upon NR3CI activation in B-cells under glucolipo-
toxic conditions. We found that glucolipotoxicity epigeneti-
cally upregulated NR3C1 expression, which enhanced GC
sensitivity of P-cells in that inductive NR3C1 transactivation
activity was observed even without the addition of exogenous
NR3CI agonists. Both oxidative stress and ER stress is deeply
involved in B-cell fajlure under glucolipotoxic conditions. We
investigated that thapsigargin-mimicked ER stress stimulated
NR3C1 expression and its transcriptional activity in B-cells in
a dose-dependent manner, while oxidative stress (mimicked
by H,0,) had no such effect (Figure S1F - H), indicates that
ER stress-induced by glucolipotoxicity may lead to abnor-
mally elevated NR3C1 activity in B-cells. When NR3C1 was
continuously enhanced, P-cells displayed hyperactive auto-
phagic progression. Even though some studies describe
a protective role of enhanced autophagy in [B-cell-combating
stress [48,49], our findings reveal that enhanced autophagy
induced by NR3Cl-enhancement exerted harmful effects on
B-cells in response to nutrient overload conditions. For one
thing, 3-MA and Baf A1, both of which inhibit specific phases
of autophagy flux, similarly rescue NR3Cl-stimulated
impaired insulin secretion and (-cell loss. For another, Nr3c1-
knockdown or autophagy inhibition braked excessive auto-
phagy flux, accompanied with improved p-cell function in
glucolipotoxic status. Obviously, although former studies
imply that autophagy is activated as an adaptive response
and provides B-cells with a safety mechanism to eliminate
damaged mitochondria and/or unnecessary proteins to avoid
dysfunction and apoptosis in glucotoxic or lipotoxic condi-
tions [50], hyperstimulation of autophagy plays opposite roles
in B-cells that exposed to glucolipotoxicity. The concept of
glucolipotoxicity refers to the combined, deleterious effects of
elevated glucose and fatty acid levels on B-cells function and
survival [51]. Compared with purely glucotoxicity or lipotoxi-
city, glucolipotoxicity is more appropriate to describe dama-
ging or toxic effects on the B-cells in diabetic status, not only
due to the commonly occurred hyperglycemia and hyperlipi-
demia in the development of diabetes, but also the fact that
lipotoxicity is dependent on elevated glucose levels indeed
[52]. At the level of P-cells, glucolipotoxicity plays a major
role during the decompensation phase [52]. Thus, we predict
that excessive autophagic progression instigated by glucolipo-
toxicity at least occur frequently in the middle and late stages
of diabetes progression, which exerts negative effects on p-cell
fate and eventually evolves toward {3-cell decompensation and.
However, there is still a lack of dynamic monitoring of p-cell
autophagic flux in diabetic models to support this.

overexpressing plasmids and siFto. Firefly luciferase activity was measured and normalized to Renilla luciferase activity. (M — P) MING6 cells transfected with NR3C1-
overexpressing plasmids and siFto were treated with actinomycin D (10 pg/ml) for the indicated times. The expression of Atg5 (M), Atg9a (N), Atg12 (O), and Atg16I2
(P) was analyzed by Qrt-PCR. (Q) the protein levels of LC3 and SQSTM1 in MIN6 cells transfected with NR3C1-overexpressing plasmids and siFto. GAPDH was used as
internal control. (R) MIN6 cells in Q were further transfected with Mrfp-GFP-LC3 adenovirus to distinguish between autophagosome (yellow puncta) and AL (red
puncta) after colocalization analysis using a confocal microscope and the dots per cell were quantified on the right (n = 10). Scale bar: 20 pm. Data are presented as
mean + SEM. For a and E, * P < 0.05, ** P < 0.01, *** P <0.001 vs. empty vector group. For F, G and I-R, ¥ P <0.05, ** P <0.01, *** P <0.001 vs. empty vector + siNC

group; # P<0.05, " P<0.01, # P <0.001 vs. NR3C1 Enhc. + siNC group.
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Figure 6. The FTO inhibitor Dac51 alleviates NR3C1-induced B-cell hyperactive autophagy and dysfunction. (A) Chemical structure of Dac51. (B) MING cells were transfected with
NR3C1-overexpressing plasmids or empty vectors and then treated with Dac51 (5 pmol/l) for 48 h. LC3 and SQSTM1 expression were measured by western blot. GAPDH was used
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Based on existed results, even though it is hard to distin-
guish the mechanisms between glucoxicity- or lipotoxicity-
induced adaptive autophagy and glucolipotoxicity-induced

deleterious autophagy, we determined that enhanced-NR3C1
was the key reason for “spoiled” autophagy in p-cells. For one
thing, we did not observe NR3C1 upregulation in B-cells that
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Figure 7. Dac51 improves glucose control and response in mice with B-cell-specific NR3C1 overexpression. (A and B) Male C57BL/6J mice (6 weeks old) were injected
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AUC were calculated in K. (L) Serum insulin levels after glucose stimulation were measured at 17 weeks by ELISA. Data are presented as mean + SEM. For D -

L*P<

0.05, ** P < 0.01, *** P <0.001 vs. Ctrl mice + PBS group; # P < 0.05, * P<0.01, ** P <0.001 vs. BNR3C1 mice + PBS group.

exposed to purely prolonged glucose or palmitate; for another,
NR3C1 did not participate in enhanced autophagy in the
glucotoxicity or lipotoxicity-treated [-cells, indicated that
NR3CI plays a distinctive role in harmful excessive autophagy
in glucolipotoxic conditions. NR3C1 controls many distinct
gene networks in almost all cell types, including pancreatic p-
cells. Unfortunately, there was a lack of systematic studies
associated with molecular mechanisms for NR3Cl

enhancement-induced f-cell failure before since only a few
researchers have realized that excessive NR3Cl1 activity not
only occurs in steroid diabetes but also plays vital roles in
T2D pathogenesis [16,53,54]. Transcriptomics in our studies
revealed that the top enriched pathways in NR3Cl-
overexpressed [B-cells were linked primarily to autophagy,
and we verified that NR3C1 conspicuously upregulated Atg
genes expression, which orchestrates the process for
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autophagy. Upregulated Atg gene levels are deeply involved in Although it is widely accepted that gene activity can be
autophagy promotion [55,56], which was also reflected in affected by NR3Cl1 via direct and/or indirect DNA binding
NR3Cl1-stimulated p-cell autophagy. and regulation, recent studies have supplemented that NR3C1



also regulates RNA epigenetics, including m®A modifications
[57,58], which is consistent with our MeRIP-sequencing in
that m°A demethylation was crucial in NR3C1-induced harm-
ful autophagy. Further studies revealed that NR3Cl1-induced
RNA demethylase FTO expression played a major role
in m°A regulation that stabilized Atg gene expression.
According to RNA-sequencing results, several Afg genes
were upregulated upon NR3Cl overexpression, including
Atgl0, Atgl2, Atg5, Atg9a, Wipil, Atgl6l2 and Pik3c3.
However, FTO deletion mainly reversed increased Atgl2,
Atg5, Atg9a and Atgl6l2 expression in NR3Cl-
overexpressing B-cells, which was parallel to retrieved auto-
phagic flux, suggested that those four Atg genes act as core
regulators in NR3C1-FTO-m°A axis enhanced B-cell autopha-
gy. In mammal cells, Atgl2, Atg5, Atg9a and Atgl6l2 are
included in the 20 core ATG proteins that strictly orchestrate
autophagy [59]. Functionally, these 4 Atg gene products form
different complexes (e.g., the ATG9A trafficking system and
the ATG12-ATG5-ATG16L2 complex) that involved in the
initiation and expansion steps of autophagosomes formation.
In B-cells, ATGS5 is critical not only in basal autophagy [60],
but also in adaptive autophagy induced by stress [45,46].
Interestingly, some studies also demonstrate that ATG5 par-
ticipates in the KISS1/kisspeptin or PDX1 deficiency-activated
autophagy that suppresses basal insulin secretion and regu-
lates B-cell-death [14,61], which is similar with our findings
that ATG5 may exert deleterious effects on B-cell fate. ATG%a
maintenances autophagosome formation to support mito-
chondrial activity and insulin secretion in [-cells [62],
whether it plays roles in excessive autophagy has not been
discussed. The roles of ATG12 and ATG16L2 are little known
in B-cells, but upregulated ATG12 can enhance autophagy
occurrence, for example, in breast cancer cells [63]. Since
the protective autophagy in response to stress is still not
fully elucidated in P-cells, our present work cannot tell the
specific differences between the NR3Cl-induced detrimental
autophagy and the adaptive stress for now, but at least make it
clear that the activity of these 4 Atgs may be appreciable
features that distinguish the two.

According to our work, FTO is the key for abnormal
Atgs. FTO has been found to play a key role in regulating
transcriptome-wide m°A modification in mRNA and is one of
the m®A regulators that has been associated with metabolic
disorders such as diabetes and obesity [53]. In human, FTO is
positively correlated with serum glucose. In T2D patients,
lower m°A levels are detected in mRNAs in blood, which is
also related to higher FTO expression [53,64]. In pancreatic
islets, functional characterizations of FTO in gene regulation
warrants further dissection. In our studies, both ChIP and
luciferase assays proved that FTO was activated by NR3Cl
and acted as one component of NR3Cl signaling in the
regulation of P-cell dysfunction. In fact, NR3Cl-mediated
transactivation of FTO and m°A demethylation has also
been indicated in the liver, which contributes to lipogenic
gene activation in corticosterone or dexamethasone-induced
lipid accumulation [57]. Using MeRIP-seq analysis, we firstly
showed the descriptions of m°A changes on Atg gene mRNAs
in NR3Cl-enhanced B-cell models in vitro. FTO-driven m-
°A modification directs mRNAs to distinct fates by grouping
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them for differential processing, translation, and degradation
in the process, including autophagy regulation [65,66]. In our
research, regarding Atgl2, Atg5, Atg9a and Atgl6l2, which
were significantly involved in NR3C1-FTO axis-regulated B-
cell autophagy, FTO mainly erased m®A modifications in the
3’UTR regions of their mRNAs. We further demonstrated that
FTO stabilized Atgl2, Atg5, Atg9a and Atgl6l2 mRNA and
mediated their activation upon NR3C1 overexpression, while
it is still unclear whether YTHDF (YT521-B homology
domain family) proteins that induce m®A-containing RNAs
deadenylation and degradation are also involved in NR3Cl-
FTO-mediated Atg genes expression [67]. Our studies indi-
cated that FTO-m®A modifications contribute to NR3CI-
stimulated Atgl2, Atg5, Atg9a and Atgl6l2 expressions,
thereby triggering excessive autophagy activation and p-cell
failure, which confirmed again that reduced RNA methylation
in key B-cell genes was a significant contributor to the patho-
physiology of B-cell dysfunction and diabetes.

It has been suggested that therapeutic targeting
of m°A regulators in a B-cell-specific manner in combination
with current therapeutic agents might be a new avenue to
counter declined m®A levels in diabetic islets and to promote
B-cell function and survival [68]. Based on this, we attempted
to intervene the expression and/or activity of FTO to prevent
NR3Cl-induced B-cell failure and diabetes. The small mole-
cule compound Dac51 is one newly developed FTO specific
inhibitor that exerts more potent inhibitory activity on FTO
demethylation activity, which has been reported to block
FTO-mediated immune evasion and synergize with check-
point blockade for better tumor control [44]. According to
our observations, Dac51 protected against excessive autopha-
gy activation, impaired insulin release and -cells apoptosis
resulted from NR3C1 enhancement both ex vivo and in vitro.
To further evaluate the therapeutic effect of Dac51 in vivo, we
forced NR3C1 expression via AAV-pancreatic viral infusion
and generated PNR3C1 mice with an increased NR3C1 signal-
ing only in B-cells. Metabolic phenotype analysis revealed that
Dac51 administration for only 2-3 weeks could dose-
dependently alleviate diabetic phenotypes manifested as
hyperglycemia and impaired glucose tolerance in PNR3C1
mice, and with the prolonged medication time, blood glucose
levels, glucose tolerance and serum insulin levels were further
approaching the levels in control mice. All these observations
reconfirmed the important regulatory role of the NR3C1-FTO
axis in (-cell dysregulated autophagy and diabetes. Moreover,
we also observed that there existed autophagy-independent
harmful effect of FTO on B-cells, which was attributed to
erroneous expression of genes related with reactive oxygen
species accumulation, B-cell “key” genes and P-cell “disal-
lowed” genes [69] (Figure S6). Collectively, our studies
revealed that, adding to its anti-tumor properties, Dac51
also targeted to NR3C1-FTO axis to block B-cell failure and
hyperglycemia, which further established its potential effec-
tiveness in anti-diabetes.

Finally, our studies implied that NR3C1 upregulation is
both necessary and sufficient to trigger insulin secretion dis-
orders that further develop into various types of diabetes that
featured (-cell failure. Although studies over the past two
decades have indicated that NR3C1 mediates steroid
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hormones excess-stimulated B-cell dysfunction which causes
hyperglycemia and steroid-induced diabetes, NR3Cl1 also con-
tributes to T2D B-cell failure [16,53,54], while little is known
about the key mechanism. Our research demonstrated that
NR3C1 expression, especially nuclear accumulation, was sig-
nificantly elevated in T2D human islets, which mainly due to
glucolipotoxic stress conditions. Those observations suggested
that, even if clinical investigations have shown that some T2D
subjects do have increased plasma steroid hormones levels
[30,70], NR3C1 overactivation in T2D B-cells is also closely
related to hyperglycemia and obesity status. Importantly,
according to our m°A methylome, NR3C1 overexpression
resulted in dramatic declined m°A levels accompanied with
impaired insulin secretion in B-cells, which was consistent
with the decreased m°A levels in T2D islets as previously
described [68]. Therefore, besides the autophagy overload
discussed above, there might still be other potential molecular
mechanisms underlying B-cell dysfunction induced by exces-
sive NR3C1 that have not been fully studied here. Further
work on this subject is remained to be continued in the
future.

In summary, our observations indicated that NR3Cl is
continuously enhanced in diabetic P-cells and associated
with impaired insulin secretion and apoptosis, which
mediated by NR3C1-FTO-m®A modifications-Atg genes.
Dac51 targeted FTO and protects against excessive autopha-
gy-induced B-cell failure and impaired glucose metabolism in
B-cell specific NR3C1-overexpressing models. These findings
not only reveal the pathological importance of excessive
NR3CI in B-cell dysfunction and diabetes, but also establish
the therapeutic importance of targeting FTO to prevent dys-
regulated autophagy and treat diabetes.

Materials and methods
Islet isolation and insulin secretion assay

Non-diabetic and T2D human islets were provided from
Tianjin First Central Hospital. Islets isolation and culture,
islets and P-cell line GSIS assay, and islets perfusion analysis
were performed, as previously described [71]. The use of
human primary islets was approved by the Research Ethics
Committee of Nanjing Medical University and the research
ethics committee of Tianjin First Central Hospital (ethics
approval number: 2018N112KY).

Cell culture and high glucose and palmitate treatment

The mouse pancreatic B-cell lines MIN6 and rat pancreatic p-
cell lines INS1 were cultured as described previously in med-
ium supplemented with 15% or 8% FBS (Gibco, 10270-106)
or charcoal-stripped FBS (i.e., steroids hormones-removed;
Hyclone, SH30406.05), respectively [26]. Chronic high glucose
and palmitate treatment was performed as previously
described [72]. In brief, cells were cultured in a modified
medium containing 0.5% (w:v) BSA (Best Biological
Technology, MB4219-3), different concentrations of glucose
(Sangon Biotech, A600219; low glucose: 5.5 mmol/l glucose
+27.8 mmol/l mannitol for MIN6 cells, 5.5mmol/l glucose

+19.5 mmol/l mannitol for INS1 cells, and 5.5 mmol/l glu-
cose+14.5 mmol/l mannitol for human islets; high glucose:
33.3 mmol/l for MING6 cells and 25 mmol/l for INS1 for 48 h
and 20 mmol/l for human islets for 48 h) and palmitate (0.2
mmol/l for INS-1 cells, 0.4 mmol/l for MIN6 cells and human
islets). Mannitol (Sigma Aldrich, M4125) served as osmotic
control.

NR3C1 agonists treatment

Cells or primary islets were cultured in a modified medium
containing 0.5% (w:v) BSA, 200 nmol/l aldosterone (Sigma
Aldrich, A9477) or 2 umol/l dexamethasone (Sigma Aldrich,
D4902) for 24-72h according to the experimental require-
ment. Absolute ethanol served as solvent control.

Plasmid construction

pECMV-Nr3cl-Flag, pCMV-Fto-Myc, pGL3-basic-GRE-
luciferase reporter (luc), pGL3-basic-Fto-luc, wild-type and
mutant Atg5, Atgl2, Atgl6l2, Atg9a-3’UTR-luc were gener-
ated using a Mut Express MultiS Fast Mutagenesis Kit V2
(Vazyme Biotech, C215-01) according to the manufacturer’s
instructions.

Chromatin accessibility by real-time PCR assay
(CHART-PCR)

Chromatin accessibility assays were performed as described
previously [73,74]. In brief, MIN6 and INS-1 cells (5 x 10°
cells/sample) were lysed by ice-cold Nonidet P-40 lysis buffer
(10 mmol/l Tris-HCI, pH 7.4, 10 mmol/l NaCl, 3 mmol/l
MgCl,, 0.5% Nonidet P-40 (Diamond Biotechnology, 9016-
45-9)), 0.15 mmol/l spermine (Sigma Aldrich, S4264), and 0.5
mmol/l spermidine (Sigma Aldrich, S0266) and incubated on
ice for 10 min. Nuclei were isolated by centrifugation at 600 g
for 5min and washed with DNase I digestion buffer (50
mmol/l Tris-HCIl, pH 8.0, 100 mmol/l NaCl, 3 mmol/l
MgCl,, 0.15 mmol/l spermine, 0.5 mmol/l spermidine) with-
out CaCl,. After centrifuge, nuclei were resuspended in
DNase I digestion buffer supplemented with 1 mmol/l CaCl,
(so called Buffer A) and incubated at 37°C for 1 min. Nuclease
treatment was then achieved with DNase I (Takara, 2270A)
with various concentrations, before which samples without
DNase I addition were excluded from each group to monitor
DNase I activity. Reactions were stopped by addition of 0.5
mol/l EDTA, Buffer A, 25mg/ml proteinase K (Sigma
Aldrich, P2308) and 20% SDS (w:v). Genomic DNA was
isolated using a FastPure Cell/Tissue DNA Isolation Mini kit
(Vazyme Biotech, DC102-01), and RT-qPCR was then per-
formed to quantify target sequences. The primers are shown
in Table S3. To correlate the Ct values (threshold values) from
the amplification plots to percent accessibility, a standard
curve was generated using serial dilutions of genomic DNA
(0 ng, 0.8 ng, 4.0 ng, 20 ng, 100 ng, 500 ng), and chromatin
accessibility was calculated and plotted as average percentages
of the undigested sample among the total template geno-
mic DNA.



Insulin biosynthesis

After overnight culture, islets were washed and then pulse-
labeled in groups of 300-400 in 100 pl of medium containing
500 uCi each of [**S]methionine (1,000 Ci pmmol) and
(China Isotope & Radiation Corporation, 39556) at 37°C.
Labeled islets were then rinsed, divided into batches, and
incubated for chase periods up to 3h in medium containing
20 mmol/l glucose and 20 pg/ml of unlabeled methionine.
After the pulse and chase incubations, the newly synthesized
insulin was analyzed as previously described [75,76].

RNA-sequencing and quantitative RT-PCR analysis

Cellular RNA of B-cell lines or islets were isolated using Trizol
reagent (Takara, 9108). MING6 total RNA were extracted, and
a total amount of 3 uyg RNA per sample was used as input
material for the RNA sample preparations. Sequencing
libraries were generated using NEBNext® UltraTM RNA
Library Prep Kit for Illumina® (NEB, USA) following manu-
facturer’s recommendations and index codes were added to
attribute sequences to each sample. Clustering, sequencing
and data analysis were done by Novogene Bioinformatics
Technology (Tianjin, China). For qRT-PCR, ¢cDNA was pre-
pared from RNA using the SYBR Green PCR Master Mix
(Vazyme Biotech, Q321-02), and quantitative RT-PCR was
performed using a LightCycler480 II Sequence Detection
System (Roche, Switzerland) as previously described [71].
Data were normalized by Actb/actin, and mRNA changes
were calculated by the comparative ACt method. The primer
sequences are shown in Table S5.

mC®A-RNA immunoprecipitation-sequencing (MeRIP-seq)
and MeRIP-PCR

For MeRIP-seq, the mRNA m°A was sequenced by MeRIP-
seq at Novogene Bioinformatics Technology (Tianjin,
China). Briefly, a total of 300 ug RNAs were extracted
from MING6 cells transfected with NR3Cl-overexpressing
plasmids or its empty vectors. The integrity and concentra-
tion of extracted RNAs were detected using an Agilent 2100
bioanalyzer (Agilent, USA) and simpliNano spectrophot-
ometer (GE Healthcare, USA), respectively. Fragmented
mRNA (~100 nt) was incubated for 2h at 4°C with anti-
m°A  polyclonal antibody (Cell Signaling technology,
56593S) in the immunoprecipitation experiment. Then,
immunoprecipitated mRNAs or Input was used for library
construction with NEBNext ultra RNA library prepare kit
for Illumina (New England Biolabs, E7770). The library
preparations were sequenced on an Illumina Novaseq or
Hiseq platform with a paired-end read length of 150 bp
according to the standard protocols. For MeRIP-PCR, total
RNA was isolated from MING6 cells and chemically fragmen-
ted to approximately 100 nt in size, ethanol-precipitated and
separated on a 1.5% agarose gel. m°A immunoprecipitation
was performed as described previously [65]. m°A+ RNA was
purified using phenol/chloroform extraction and analyzed
using RT-qPCR, and the primers for MeRIP are shown in
Table Se.
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mRNA stability analysis

Briefly, the cells were treated with 10 pg/ml actinomycin
D (Sigma Aldrich, SBR00013) to inhibit global mRNA tran-
scription. After incubation for the indicated time points, cells
were collected and RNA samples were extracted for reverse
transcription. The mRNA levels of interest were measured
using qPCR [65].

Animal experiments

Male C57BL/6 aged five-six weeks were purchased from the
Animal Core Facility of Nanjing Medical University. To estab-
lish a T2D model, the mice were housed in cages (5 per cage),
reared under a 12-h light/12-h dark cycle with free access to
water, and fed either with a normal diet consisting of standard
lab chow or with a high-fat diet (HFD; Research Diets,
D12492) containing 60% kcal from fat for 16-20 weeks until
the mice in the HFD group showed a sustained elevated blood
glucose level, an impaired glucose tolerance, and an insulin
resistance. For pancreatic intraductal viral infusion assay, the
mice were injected with adeno-associated virus serotype 8
vector (AAV8)-RIP2 (Rat Insulin-2 promoter)-Nr3cl-3xFlag
(Hanbio Biosciences, HH20200702WY-AAVO01) or with con-
trol virus (Hanbio Biosciences, HBAAV-1005). The viruses
(10> genome copy particle/ml) were infused at a rate of 6
pl/min by pancreatic intraductal viral infusion as described
previously [77]. All animal experiments were conducted
strictly following the guidelines and rules formulated by the
Animal Care Committee of Nanjing Medical University.

Dac51 treatment

Dac51 treatment was freshly prepared by dissolving Dac51
(>99% purity; Selleck Chemicals, S9876) in dimethyl sulfoxide
(DMSO) and then diluted with phosphate-buffered saline
(PBS; Servicebio Technology, G4202). Dac51 was admini-
strated via i.p. once daily (2 or 0.5mg/kg body weight).
Daily i.p. of an equivalent volume of PBS was given as the
vehicle control.

Glucose and insulin tolerance tests

After a 16-h fast, the mice were i.p. with 2 g/kg body weight of
glucose, and their blood glucose level was measured 0, 5, 15,
30, 60, and 120 min after injection. Blood samples were col-
lected at all time points for plasma insulin measurements
using ELISA test kits (EZassay Biotechnology, MS100). For
insulin tolerance test, the mice were i.p. with 1 U/kg body
weight of insulin after a 4-h fasting, and their blood glucose
level was measured 0, 5, 15, 30, 60, 120 min after injection.

Immunofluorescence staining and image acquisition

Pancreases obtained from mice were fixed in 10% formalin
and then embedded in paraffin for sectioning. The paraffi-
nized sections were heated for 15min at 55°C, deparaffi-
nized (2 x 100% xylene for 5 min each, 2 x 100% ethanol for
5 min each, 2 x 95% ethanol for 5 min each, and 70% ethanol
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for 5min), and then rinsed in ddH,O for 5min. Antigen
retrieval was performed by heating the slides at 100°C for 8
min in an acidic retrieval solution. The samples were
blocked in 3% (w:v) BSA for 15min at room temperature
(RT) before incubating at 4°C overnight with the following
primary antibodies diluted in 3% BSA: anti-NR3C1/GR (Cell
Signalling Technology, 12041), anti-insulin (Servicebio
Technology, GBI12334), anti-LC3A/B (Cell Signaling
Technology, 12741), anti-SQSTM1/p62 (Proteintech Group,
18420-1-AP) and anti-FTO (Invitrogen, 712913). After
washing, the specimens were incubated in fluorochrome-
conjugated secondary antibody diluted in 3% BSA for 1h
at RT in the dark. Nuclei were stained with DAPI (Sigma
Aldrich, D9542) and then secured with a coverslip. Images
were obtained using a laser scanning microscope (Olympus,
Japan).

Western blot analysis

Pancreatic P-cells and isolated primary islets were lysed with
ice-cold lysis buffer, and protein concentration in the cell
lysate was quantified using the DC protein assay kit (Takara,
T9300A). After protein content determination was conducted
using a DC Protein Assay kit (Bio-Rad Laboratories, 500-
0111), and western blot analysis was performed, as described
previously [78].

Cell counting Kit-8 (CCK-8) assay

Cells were seeded in 48-well plates (4 x 10* cells/well) in
200l culture medium. CCK-8 assay was performed
according to the manufacturer’s protocol (Vazyme
Biotech, A311-01/02).

TUNEL staining

The suspension cultures of treated islet cells were fixed for 0.5
h. Terminal dUTP nick-end labeling (TUNEL) was performed
using a commercially available kit (Vazyme Biotech, A113-
01) and specifically according to the manufacturer’s protocol.
TUNEL imaging and quantitation of human islet sections and
MING6 cells were observed under laser scanning confocal
microscope (Olympus, Japan).

Flow cytometry assay

MING6 cells were grown in the wells of 6-well plates and
harvested by trypsinization. Following double staining with
FITC-ANXAS5/annexin V and propidium iodide (PI) (Vazyme
Biotech, A211-01/02), the cells were analyzed using flow
cytometry (BD Biosciences, USA).

Autophagy detection using Mrfp-GFP-LC3 adenoviral
vector

Autophagic flux was measured by transfecting tandem
mRFP-GFP-LC3 recombinant adenovirus (Hanbio
Biosciences, HB-AP210 0001). MING6 cells were plated in
a 6-well plate and allowed to reach 50%-70% confluence at

the time of transfection. Adenoviral infection was per-
formed according to the manufacturer’s instructions.
Autophagy was observed under a laser scanning confocal
microscope (Olympus, Japan). Autophagic flux was deter-
mined by evaluating the number of GFP and mRFP puncta
(puncta/cell were counted). Yellow (merge of GFP signal
and RFP signal) puncta represented early autophagosomes,
while red (RFP signal alone) puncta indicate late
autolysosomes.

Transmission electron microscopy (TEM)

Islets extracted from mice were fixed with 2.5% glutaralde-
hyde in 0.1 mol/l sodium cacodylate buffer for 2h and then
post-fixed in 1% OsO4 1.5% K Fe(CN)g, and 0.1 mol/L
sodium cacodylate for 1h. Islets were en bloc stained, dehy-
drated, embedded, and cut into ultrathin sections (50-80 nm).
The samples were visualized using a Tecnai Spirit Biotwin
operated at 200 kV (FEI Company, USA).

Chromatin immunoprecipitation (ChIP) assay

At least 2x10” cells were used for each experiment.
Chromatin was crosslinked with 1% formaldehyde for 10
min at RT, and cross-linking was terminated using 0.125
mol/l glycine. Cells were collected after two washings with
iced PBS in a lysis buffer (1% SDS, 10 mmol/l EDTA, 50
mmol/l Tris-HCl, pH 8.1, 1 mmol/l phenylmethylsulfonyl
fluoride (Sangon Biotech, A610425), 2 x 10° cells/200 ul) and
then sonicated on ice. After centrifugation, 20 pl of the super-
natants were used as inputs, and the remaining portion was
diluted five-fold with ChIP dilution buffer (0.01% SDS, 1.1%
Triton X-100 (Sangon Biotech, A600198), 1.2 mmol/l EDTA,
16.7 mmol/l Tris-HCI, pH 8.1, 167 mmol/l NaCl, 1 mmol/l
phenylmethylsulfonyl fluoride). The diluted fraction was sub-
jected to immunoprecipitation overnight after 1 h of preclear-
ing at 4°C with 30 pl salmon sperm DNA/protein A beads
(Millipore, 16-157). Complexes were recovered through a 2-
4 h incubation at 4°C with 60 pl salmon sperm DNA/protein
A beads. Precipitates were serially washed with 1 ml low salt
immune complex wash buffer (0.1% SDS, 1% Triton X-100, 2
mmol/l EDTA, 20mmol/l Tris-HCl, pH 8.1, 150 mmol/l
NaCl), high salt immune complex wash buffer (0.1% SDS,
1% Triton X-100, 2 mmol/l EDTA, 20 mmol/l Tris-HCl, pH
8.1, 0.5 mol/l NaCl), LiCl immune complex wash buffer (LiCl
0.25 mol/l, 1% NP-40, 0.1 mmol/l EDTA, 24.1 mmol/l C,,H3,
O4Na (Sangon Biotech, A600150), 10 mmol/l Tris-HCIl, pH
8.1) and twice with TE buffer (1 mmol/l EDTA, 10 mmol/l
Tris-HCI, pH 8.1). Precipitated chromatin complexes were
removed from the beads through a 15-min incubation with
100 pl ChIP elution buffer (2.9% SDS, 28.6 mmol/l NaHCO3),
and this procedure was repeated. DNA was extracted and
purified and then subjected to PCR using designed primers.
The primers for ChIP are shown in Table S3. All the buffers
mentioned above contained protease inhibitor cocktail
(Roche, 04693124001).



Transient transfection and dual-luciferase reporter assay

Transient transfection with plasmids and small interfering
RNA (siRNA) was performed with Lipofectamine 2000
(Mei5 Biotechnology, MF135-02), as previously described
[71]. Adenovirus-NR3C1/GR and its control virus were pur-
chased from Genechem (GOSA0321320). Specific siRNA for
Nr3cl (siNr3cl) and Fto (siFto) was purchased from
GenePharma (A01001). The siRNA sequences are shown in
Table S4. The luciferase activity was assessed using the repor-
ter constructs and the Dual-Glo Luciferase Assay System
(Vazyme Biotech, DL101-01) on a TD-20/20 Luminometer
(Turner BioSystems, USA).

Statistical analysis

All experiments were performed at least in biological tripli-
cate. Comparisons were performed using Student’s t-test for
two groups. Data are presented as mean + SEM. P values of
less than 0.05 were considered statistically significant and are
provided in the figures.
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