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Abstract

Aims/hypothesis Lipotoxicity constitutes the major driving force for type 2 diabetes. Circular RNAs (circRNAs) play
important roles in regulating beta cell function and exosomes are essential mediators of intercellular communication. The
role of exosomal circRNAs in type 2 diabetes remains largely unknown. We aimed to examine whether lipotoxicity induces
dysregulation of circRNAs in beta cell-derived exosomes and to determine the contribution of exosomal circRNAs to the
development of type 2 diabetes.

Methods Exosomes were extracted from MING6 cells treated with palmitate or BSA, and RNA sequencing was performed.
CircGlis3 (Gli-similar 3) expression level was validated by qPCR. The impact of circGlis3 on beta cell function and the
deleterious effects of exosomal circGlis3 on islet endothelial cells (islet ECs) were investigated in vitro and in vivo in human
and mouse models by gain or loss of function assays. The molecular mechanism of circGlis3 was explored by RNA pull-
down and immunoprecipitation assays.

Results Beta cell-derived exosomal circGlis3 was significantly upregulated under lipotoxic conditions, and exosomal
circGlis3 levels were also elevated in the serum of mouse models of diabetes and participants with type 2 diabetes. CircGlis3
participated in lipotoxicity-induced beta cell dysfunction in vitro and in vivo. Moreover, beta cell-derived exosomal circGlis3
could be transferred to islet ECs and reduce the cell viability, cell migration and angiogenesis of islet ECs. Mechanistically,
circGlis3 promoted the degradation of glucocorticoid modulatory element-binding protein 1 (GMEBI1) by facilitating the
interaction between GMEB1 and mindbomb E3 ubiquitin protein ligase 2 (MIB2), thus suppressing the phosphorylation of
heat shock protein 27 (HSP27).

Conclusions/interpretation Our study points to the involvement of circGlis3 in diabetes development, and exosomal circGlis3
transfer as a communication mode between beta cells and islet ECs, suggesting that circGlis3 might be a potential biomarker
and therapeutic target for type 2 diabetes.

Data availability The RNA-sequencing data have been deposited in the NCBI Sequence Read Archive (SRA) database, with
accession number PRINA689673. Mass spectrometry data are available via ProteomeXchange with identifier PXD024693.
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What is already known about this subject?

e Lipotoxicity constitutes the major driving force for type 2 diabetes

e  Circular RNAs (circRNAs) play important roles in regulating beta cell function

e Exosomes are emerging as essential mediators of intercellular communication

What is the key question?

e Does lipotoxicity-induced dysregulation of circRNAs in beta cell-derived exosomes contribute to islet endothelial
cell dysfunction and the development of type 2 diabetes?

What are the new findings?

e  Beta cell-derived exosomal circGlis3 was significantly upregulated under lipotoxic conditions

e  CircGlis3 participated in lipotoxicity-induced beta cell dysfunction in vitro and in vivo

e  Beta cell-derived exosomal circGlis3 promoted islet endothelial cell dysfunction by regulating the GMEB1/HSP27
signalling pathway

How might this impact on clinical practice in the foreseeable future?

e  Exosomal circGlis3 might be a potential biomarker for type 2 diabetes, and therapeutic modification of circGlis3

could be an effective approach to treat type 2 diabetes

Abbreviations
AAVS

AAVS8-NC
AAVS8-shcircGlis3
circRNA

CIRI

ddPCR

-Exo

FBG
FISH
Glis3
GMEBI

HFD
HNF3p
HSP27
Islet EC
MIB2

ND
NSCLC
PA
gPCR
RIP

TEM

Adeno-associated virus serotype 8
vector

AAVS8-negative control
AAV8-circGlis3 shRNA

Circular RNA

CircRNA Identifier

Droplet digital PCR

Exosomes (incubated with PA, BSA
etc.)

Fasting blood glucose
Fluorescence in situ hybridisation
Gli-similar 3

Glucocorticoid modulatory element-
binding protein 1

High-fat diet

Hepatocyte nuclear factor 33

Heat shock protein 27

Islet endothelial cell

Mindbomb E3 ubiquitin protein
ligase 2

Normal diet

Non-small cell lung cancer
Palmitate

Quantitative real-time PCR
RNA-binding protein
immunoprecipitation
Transmission electron microscopy

Introduction

Type 2 diabetes is caused by the failure of beta cells to
cope with systemic insulin resistance elicited by genetic
and environmental factors [1]. The increasing rise in type
2 diabetes prevalence is closely related to obesity epidem-
ics, as obesity plays an important role in insulin resistance
[2, 3]. Elevated circulating NEFA, known as lipotoxicity,
constitutes the major driving force for insulin resistance
and beta cell apoptosis [4, 5]. Additionally, communica-
tion between beta cells and intra-islet microvasculature is
critical for the maintenance of glucose homeostasis. Islet
endothelial cells (islet ECs) produce factors that govern
proliferation and insulin secretion of beta cells, and fac-
tors associated with diabetes, including palmitate (PA) and
glucose, induce damage of islet ECs, which may contrib-
ute to beta cell loss [6]. Islet ECs are also important for
the rapid and adequate revascularisation of islet grafts [7].
Meanwhile, beta cells promote intra-islet blood flow and
the survival and migration of islet ECs [7, 8]. Therefore,
exploring the crosstalk between beta cells and islet ECs
under lipotoxic conditions is beneficial for understanding
the pathogenesis of type 2 diabetes and improving islet
revascularisation after transplantation.

Studies have demonstrated the involvement of circular
RNAs (circRNAs) in beta cell failure and diabetes
complications [9, 10]. CircRNAs, a class of endogenous
non-coding RNAs produced by back-splicing, are
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resistant to RNA exonucleases [11]. CircRNAs participate
in diverse pathophysiological processes and act as
robust potential biomarkers due to their stability and
evolutionary conservation [12, 13]. Moreover, circRNAs
are enriched and stable in exosomes, which are small
extracellular vesicles of 50-150 nm in diameter and
secreted by most cells [14, 15]. Exosomes circulate in
bodily fluids and harbour multiple bioactive molecules
including RNAs and proteins, which can be transferred
to recipient cells and mediate the crosstalk between
cells. These features enable exosomes to be utilised
for clinical diagnostics and therapeutic development
[15, 16]. Increasing evidence suggests that beta cells
could transduce signals by secreting exosomes, paving
the way for seeking novel therapeutic targets for type 2
diabetes. For example, transplantation of beta cell-derived
exosomes improved glucose metabolism and promoted
islet angiogenesis in a streptozotocin-induced mouse
model of diabetes [17]. In addition, beta cell-derived
exosomal microRNAs participated in the development of
type 2 diabetes by regulating peripheral insulin sensitivity
and systemic inflammation [18, 19]. Notably, exosomal
circRNAs have emerged as an additional mechanism for
intercellular communication [20, 21]. However, the role
of exosomal circRNAs in type 2 diabetes, especially in
the crosstalk between beta cells and islet ECs, remains
largely unknown.

In this study, we analysed the expression profile of
circRNAs in beta cell-derived exosomes and examined the
role of exosomal circRNAs in the crosstalk between beta
cells and islet ECs and the development of type 2 diabetes.

Methods

For detailed methods, please refer to the electronic supple-
mentary material (ESM).

Ethics statement All animal studies were approved by the
Institutional Animal Care and Use Committee of The First
Affiliated Hospital of Sun Yat-sen University. All human
studies were performed according to the principles of the
Declaration of Helsinki and approved by the Ethics Com-
mittee of The First Affiliated Hospital of Sun Yat-sen Uni-
versity. Written informed consent was obtained from all
participants.

Clinical specimens After providing written informed con-
sent, samples of fasting venous blood were obtained from
11 healthy individuals and 11 patients aged between 18 and
60 with type 2 diabetes. Human serum was collected and
then serum exosomes were isolated. See ESM Methods for
details.
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Animal studies Five-week-old male C57BL/6 J mice
(Model Animal Research Centre of Nanjing University,
China) underwent 24-week feeding with a normal diet (ND)
(D12450B; Research Diets, USA) or a high-fat diet (HFD)
(60% fat [wt/wt], D12492; Research Diets). To specifically
knockdown circGlis3 (Gli-similar 3) levels in beta cells,
HFD-fed mice were injected intraductally with recombinant
adeno-associated virus serotype 8 vectors carrying shRNA
(AAV8-shcircGlis3) or negative control (AAV8-NC) under a
rat insulin promoter. For in vivo exosome studies, exosomes
were extracted from the medium of MING6 cells overexpress-
ing circGlis3 (circGlis3-Exo) or empty vector (Vec-Exo).
Six-week-old male C57BL/6 mice were randomly assigned
to receive an ND diet or HFD diet, and mice were injected
with PBS, Vec-Exo or circGlis3-Exo once a week for
4 weeks. See ESM Methods for further details.

Islet isolation Islets were isolated from 10-week-old male
db/db mice (BKS.Cg-Dock7m**Leprdb/Nju) and age-
matched male littermate db/m mice as well as the C5S7BL/6 ]
mice in the above-mentioned animal studies. See ESM
Methods for details.

CircRNA sequencing and identification Total RNA was
isolated using TRIzol reagent (Invitrogen, USA) from
exosomes derived from PA-treated or BSA-treated MIN6
cells. Ribosomal RNA was removed by treating RNA with
a RiboMinus Eukaryote Kit (Qiagen, Valencia, CA, USA)
and linear RNA was digested by RNase R, followed by the
construction of cDNA libraries. The libraries were quality
controlled with an Agilent 2200 system and sequenced with
an [llumina HiSeq 3000 (Illumina, CA, USA). The clean
reads were then aligned to the mouse genome (GRCm38)
using HISAT?2 (https://dachwankimlab.github.io/hisat2/,
v2.1.0), and the unmapped reads were collected for circRNA
identification. 20mers from both ends of the unmapped reads
were extracted and aligned to the reference genome to find
unique anchor positions within the splice site. Anchor reads
that aligned in the reversed orientation (head-to-tail) indi-
cated circRNA splicing and then were subjected to circRNA
identification tools CircRNA Identifier (CIRI, https://sourc
eforge.net/projects/ciri/, v1.2) [22], CIRI2 (https://sourc
eforge.net/projects/ciri/files/CIRI2/, v2.0.6) and find_circ
(https://github.com/marvin-jens/find_circ, v1.2) to identify
circRNAs [23, 24]. The anchor alignments were extended
such that the complete read aligns and the breakpoints were
flanked by GU/AG splice sites. A candidate circRNA was
called if it was supported by at least two unique back-spliced
reads in at least one sample. The identified circRNAs were
subjected to statistical analysis of type and length distribu-
tion. The differentially expressed circRNAs were filtered
by the following criteria: llog, fold change (PA/BSA)I> 1
and p value <0.05. CircRNA sequencing was carried out at
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Fig.1 Beta cell-derived exosomal circGlis3 is upregulated under
lipotoxic conditions. Exosomes were extracted from the superna-
tants of MING6 cells incubated with 0.3 mmol/l PA (PA-Exo) or 0.3%
BSA (BSA-Exo) for 24 h, and RNA-seq analysis was performed. (a)
Representative TEM pictures of exosomes derived from MING6 cells.
Scale bar, 200 nm. (b) The size distribution of exosomes was detected
by nanoparticle tracking (NAT) analysis. (¢) Western blot analysis
of exosome-specific markers CD9 and TSG101, and the endoplas-
mic reticulum marker calnexin. (d) Clustered heatmap of the differ-
entially expressed circRNAs in BSA-Exo and PA-Exo. The heatmap
was plotted using log,,-transformed normalised back-spliced read

the Forevergen laboratory (Guangzhou, China). The RNA-
sequencing data have been deposited in the NCBI Sequence
Read Archive (SRA) database, with accession number
PRINA689673.

Quantitative real-time PCR and droplet digital PCR Total
RNA of MING6 cells, islet microvascular endothelial cells
(MS-1 cells), or exosomes was extracted. Quantitative real-
time PCR (qPCR) analysis was used to determine the rela-
tive expression levels of circRNAs or mRNAs, and droplet
digital PCR (ddPCR) was performed to analyse the levels of
MING cell-derived exosomal circRNAs. The primers used

counts. (e) Absolute quantification of circGlis3 in BSA-Exo and PA-
Exo in MING cells by ddPCR. (f) qPCR detected the expression level
of exosomal circGlis3 derived from islets treated with 0.3 mmol/l PA
or 0.3% BSA for 24 h. (g) qPCR analysis of circGlis3 levels in serum
exosomes isolated from mice fed an ND or HFD for 28 weeks (n=5/
group). (h) CircGLIS3 levels in serum exosomes obtained from par-
ticipants with type 2 diabetes (T2D) and healthy control participants
were determined by qPCR (n=11/group). Data are represented as
mean+SD of 3 independent experiments. *p <0.05, **p<0.01 and
**%p <0.001, by two-tailed Student’s ¢ test. TSG101, tumour suscep-
tibility gene 101

in this study are listed in ESM Table 1. See ESM Methods
for details.

Western blot Total protein was extracted from MING6 cells,
MS-1 cells or exosomes. Western blotting was performed
as described previously [25]. The antibodies used here are
listed in ESM Table 2.

Cell transfection and lentiviral vector transduction CircGlis3
overexpression plasmid or siRNAs were transfected
into MING6 cells or MS-1 cells with Lipofectamine 3000
(Invitrogen, USA) following the manufacturer’s instructions.
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Fig.2 Characterisation of circGlis3 in beta cells. (a) Scheme illus-
trating the formation of circGlis3. The splice junction was Sanger
sequenced using cDNA samples from PCR. (b) PCR analysis of the
existence of circGlis3 with divergent primers and convergent prim-
ers in cDNA and gDNA. The inward and outward facing arrowheads
indicate convergent and divergent primers, respectively. GAPDH was
used as a control for a linear RNA transcript. (¢) qPCR analysis of
circGlis3 and Glis3 linear mRNA with or without RNase R treatment.
Data were normalised to the mock group. (d) Relative RNA levels of
circGlis3 and Glis3 mRNA were analysed by qPCR in MING6 cells

For lentiviral vector transduction, pLKO.1-based shRNA
plasmid or pLO5-ciR-circGlis3 plasmid was cotransfected
with packaging plasmids psPAX2 and pMD2G (Addgene,
USA) into HEK293T cells. Infectious lentiviruses were
collected and added into the plate to infect MING6 cells or
MS-1 cells. See ESM Methods for details.

RNA-binding protein immunoprecipitation assay RNA-
binding protein immunoprecipitation (RIP) assay in MS-1
cells was carried out by Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, USA) as previously
described [25]. See ESM Methods for details.

Cell viability analysis Cell viability of MS-1 cells or MIN6
cells was determined by Cell Counting Kit-8 (CCK-8)
(Dojindo, Japan) following the manufacturer’s protocol. See
ESM Methods for details.

EdU assay Cell proliferation of MS-1 cells or MING6 cells
was assessed using the Cell Light EdU DNA imaging kit

@ Springer

treated with actinomycin D at the indicated time points. (e) CircGlis3
expression level after reverse transcription with random or oligo-dT
primers using total RNAs from MING6 cells. (f) The level of circGlis3
in cytosolic and nucleoplasmic fractions of MING6 cells was assessed
by qPCR. pB-Actin and U6 were used as cytosol marker and nucleus
marker respectively. (g) RNA-FISH for circGlis3 in MIN6 cells.
The circGlis3 probe was labelled with Cy3 (red) and nuclei were
stained with DAPI (blue). Scale bar, 20 pm. Results are expressed
as mean+SD of 3 independent experiments. **p<0.01 and
**%p <(0.001, by two-tailed Student’s ¢ test. gDNA, genomic DNA

(RiboBio, China) according to the manufacturer’s instruc-
tions. See ESM Methods for details.

TUNEL staining assay TUNEL staining was performed in
MS-1 cells using the One Step TUNEL apoptosis assay
kit (Beyotime, China) according to the manufacturer’s
instructions.

Flow cytometric analysis Cell apoptosis of MS-1 cells or
MING cells was analysed by flow cytometry (BD FACSCali-
bur, USA) with Annexin V/propidium iodide staining. See
ESM Methods for details.

Wound healing and cell migration assay For the wound
healing assay, MS-1 cells were seeded in 6-well plates and
a scratch was created using a 200 pl pipette tip. Scratch
wounds were photographed in the same position at 0 h
and 48 h, respectively. For the cell migration assay, MS-1
cells were seeded onto the upper insert of the chamber, and
allowed to migrate for 48 h. Inserts were stained with 0.1%
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crystal violet and migrated cells were photographed. See
ESM Methods for details.

Tube formation assay Matrigel (Corning, USA) was added
to 96-well plates and incubated for 30 min at 37°C. Then,
MS-1 cells were seeded and the tube structures were
photographed at 6 h. See ESM Methods for details.
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= HFD+AAV8-NC
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Immunofluorescence Immunofluorescence microscopy was
performed on frozen sections of mouse pancreas and MS-1
cells with indicated primary antibodies. See ESM Methods
for details.

Immunohistochemistry Immunohistochemistry was per-
formed on paraffin sections of mouse pancreas using anti-
bodies against Ki67, Insulin or CD31. See ESM Methods
for details.
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«Fig. 3 CircGlis3 regulates beta cell function in vitro and in vivo. (a—f)
MING6 cells were stably transfected with circGlis3 overexpression
plasmid (circGlis3) or empty vector (Vector). qPCR analysed the
levels of circGlis3 and Glis3 mRNA (a). Cell viability of MING6 cells
was measured by CCK-8 assay (b). Cell proliferation was detected
via EdU staining. Scale bar, 100 pm (c). Cell apoptosis was evaluated
by flow cytometry (d). Western blot detected the expression levels
of proteins (PCNA, Bcl-2, cleaved caspase-3). B-Tubulin served as
loading control, and the numbers between each row in the western
blots are the quantification levels, relative to the Vector group set to
1.00 (e). Insulin secretion was analysed by GSIS assay (f). (g-1) Mice
were fed an ND or an HFD for 24 weeks, then HFD-fed mice were
injected intraductally with AAVS8-NC or AAV8-shcircGlis3. Both
expression cassettes encoded the GFP reporter gene and were driven by
rat insulin promotor. Animals were analysed 4 weeks after injection.
FBG levels were monitored every 2 weeks (g). Immunofluorescence
analysis of insulin and GFP expression in islets. Scale bar, 100 pm (h).
The level of circGlis3 in islets was measured by qPCR (n=6/group)
(i). IPGTTs were conducted 4 weeks after AAV-8 injection and the
AUC was calculated (n=8/group) (j). Immunohistochemistry analysis
of insulin and Ki67 in mouse pancreatic sections. Arrows indicate
Ki67-positive beta cells. Scale bar, 50 pm (k). Beta cell apoptosis was
assessed by TUNEL (red) and insulin/GFP (green) coimmunostaining.
Yellow arrows indicate the DAPI/TUNEL/insulin or DAPI/TUNEL/
GFP copositive beta cells. Scale bar, 100 pm (I). Data are represented
as mean+SD of 3 independent experiments. *p<0.05, **p<0.01
and **¥p<0.001. 'p<0.001 HFD group vs ND group. ¥p<0.001
HFD+ AAV8-shcircGlis3 group vs HFD+AAV8-NC group. Two-
tailed Student’s 7 tests were applied in (a—d, f, g). One-way ANOVA
(with Tukey post hoc test) was used for analysing the difference in (i-1).
PI, propidium iodide; Bcl-2, B cell lymphoma 2; GSIS, glucose-stimulated
insulin secretion; PCNA, proliferating cell nuclear antigen

Co-immunoprecipitation assay MS-1 cells were lysed and
a co-immunoprecipitation assay was performed using anti-
bodies against glucocorticoid modulatory element-binding
protein 1 (GMEB1) or HA. See ESM Methods for details.

RNase R treatment Total RNA from MING6 cells or MS-1
cells was treated with RNase R (Geneseed Biotech, China)
to evaluate the stability of circGlis3. See ESM Methods for
details.

Inhibitors MING cells were treated with GW4869 (Sigma-
Aldrich, USA) to inhibit exosome release, and MS-1 cells
were treated with MG132 (Sigma-Aldrich) to inhibit the
proteolytic activity of the proteasome complex. See ESM
Methods for details.

Glucose-stimulated insulin secretion assay The insulin
secretion in MING6 cells was determined by glucose-stim-
ulated insulin secretion (GSIS) assay. See ESM Methods
for details.

RNA fluorescence in situ hybridisation Fluorescence in situ
hybridisation (FISH) assay was performed with Cy3-labelled
circGlis3 probe to detect the location of circGlis3 in MIN6
cells. See ESM Methods for details.
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Prediction of circGlis3-binding proteins The software Find
Individual Motif Occurrences (FIMO, https://meme-suite.org/
meme/tools/fimo, v5.4.1) was applied to predict circGlis3-
binding proteins according to the instructions [26].

RNA pull-down and mass spectrometry analysis Pierce
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher
Scientific, USA) was applied to perform RNA pull-down
assay as described in a previous study [27]. RNA-interacting
proteins were detected by mass spectrometry (Fitgene Bio-
tech, China) or western blot. Mass spectrometry data are
available via ProteomeXchange with identifier PXD024693.
The details of the RNA pull-down assay are shown in the
ESM Methods.

Statistical analysis All data are presented as mean + SD
from at least three independent experiments. Two-tailed
Student’s ¢ test (unpaired) for two groups and ANOVA (fol-
lowed by Tukey’s post hoc test) for multiple groups were
used to analyse the significance of the data. All statistical
analyses were performed using SPSS v.22.0 (SPSS, USA)
or GraphPad Prism 7.0 software. A p value < 0.05 was con-
sidered statistically significant. Human and mouse serum
exosomal circGlis3 quantification and histological analyses
were blinded and performed by a technical assistant. Other-
wise, blinding was not carried out. Data from mice that died
in accidents were excluded.

Results

Beta cell-derived exosomal circGlis3 is upregulated under
lipotoxic conditions Exosomes were isolated from MIN6
cells incubated with PA or BSA (PA-Exo and BSA-Exo),
and identified by transmission electron microscopy (TEM),
NanoSight and western blot (Fig. la-c). To explore lipo-
toxicity-induced changes in expression of beta cell-derived
exosomal circRNAs, we performed RNA-seq analysis. A
total of 1102 circRNAs were detected by CIRI, 49.0% of
which consisted of protein coding exons (ESM Fig. 1a). The
length of most circRNAs was less than 1000 nucleotides
(ESM Fig. 1b). We also used find_circ and CIRI2 to pre-
dict circRNAs. A total of 1155 (find_circ) and 416 (CIRI2)
circRNAs were identified. Of these, 910 and 31 circRNAs
were newly identified by find_circ and CIRI2, respectively.
An overlap of 198 circRNAs was observed between all
three algorithms (ESM Fig. 1c, ESM Table 3). Among 293
differentially expressed circRNAs obtained by CIRI, 121
were upregulated and 172 were downregulated in PA-Exo
(log2(fold change) I> 1; p value <0.05) and 23 circRNAs
were found to be conserved with human circRNAs (ESM
Fig. 1d, ESM Table 4, ESM Table 5).The heatmap displays
20 significantly differentially expressed circRNAs that have
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been annotated in circBase [28] (Fig. 1d, ESM Table 6).
Given the high conservation between humans and mice,
four upregulated circRNAs were chosen to verify the RNA-
seq results (ESM Fig. le, f and Fig. 1e). CircRNA-Glis3
(mmu_circ_0000943, named as circGlis3) was selected
for further analysis due to its abundance and significant
upregulation in PA-treated MING cells and their exosomes
(Fig. le, ESM Fig. 1g). Besides, lipotoxicity elevated circG-
lis3 levels in islets and exosomes (Fig. 1f, ESM Fig. 1h).

%

circGIisa-Exo ) m circGlis3-Exo

4000

2000
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We further detected circGlis3 levels in serum exosomes.
As expected, serum exosomal circGlis3 was more abundant
in an HFD-induced mouse model of diabetes and in db/db
mice, compared with control mice (Fig. 1g, ESM Fig. 1i).
Moreover, human circGLIS3 (hsa_circ_0006370, conserved
with mmu_circ_0000943) levels in serum exosomes were
higher in participants with type 2 diabetes than in healthy
control participants (Fig. 1h). These results suggest that beta
cell-derived exosomal circGlis3 was increased and could
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«Fig. 4 Beta cell-derived exosomal circGlis3 promotes islet EC dys-
function. (a, b) Animals (ND, HFD, HFD + AAV8-NC, HFD + AAVS-
sheircGlis3) were treated as described in Fig. 3. Islets were isolated
and cultured for 48 h, then exosomes were extracted from the super-
natants and the level of exosomal circGlis3 was detected by qPCR (a).
Immunohistochemistry was used to analyse the islet capillary density
after intervention. Scale bar, 50 pm. Dashed lines indicate the area of
islets (b). (c) MING6 cells were pre-treated with GW4869 (10 pmol/l)
or not, and exosomes (BSA-Exo or PA-Exo) were extracted. CircGlis3
levels in MS-1 cells incubated with PBS or exosomes were determined
by qPCR. (d) MS-1 cells were treated with actinomycin D (1 pg/ml),
followed by PBS or the indicated exosome treatment. The expression
level of circGlis3 in MS-1 cells was detected. (e) MING cells were sta-
bly transfected with circGlis3-overexpressing plasmid (ov-circGlis3)
or empty vector (Control). gPCR confirmed the overexpression of
circGlis3 in MING6 cells and exosomes. (f—-m) Exosomes overexpress-
ing circGlis3 (circGlis3-Exo) or vector control (Vec-Exo) were iso-
lated, and MS-1 cells were cocultured with PBS or indicated exosomes
for 48 h. The level of circGlis3 in MS-1 cells was determined by
qPCR (f). Cell viability of MS-1 cells was measured by CCK-8
assay (g). Cell proliferation was evaluated via EdU staining and data
were analysed by Image J. Scale bar, 100 pm (h). Cell apoptosis was
detected by flow cytometry (i). Proteins (PCNA, Bax, and cleaved
caspase-3) were analysed by western blot. The numbers between each
row in the western blots are the quantification levels, relative to the
PBS group set to 1.00 (j). Migration capacity of MS-1 cells was evalu-
ated by scratch wound healing assays. Dashed lines indicate the wound
edges of the scratch. Scale bar, 200 pm (k). Transwell assays (1) and
tube formation assays (m) were conducted. Scale bar, 100 pm. Data
are expressed as mean+SD of 3 independent experiments. *p <0.05,
*#p<0.01 and ***p<0.001, NS indicates no statistical significance,
by two-tailed Student’s ¢ test in (e), and one-way ANOVA (with Tukey
post hoc test) in (a—d, f—i, k-m). Bax, Bcl-2-associated X protein;
PCNA, proliferating cell nuclear antigen; PI, propidium iodide

be delivered by exosomes into the circulation under lipo-
toxic conditions, making it a potential biomarker of type 2
diabetes.

Characterisation of circGlis3 in beta cells CircGlis3 is
back-spliced from exon 4 of the Glis3 gene with a length
of 1114 bp, and the splice junction was verified by Sanger
sequencing (Fig. 2a). The genomic regions of Glis3 exon
4 contain flanking Alu repeats and long introns, which are
highly reverse-complementary (ESM Fig. 2a, b). In addi-
tion, circGlis3 was extensively expressed in various mouse
tissues, particularly enriched in kidney and islets (ESM
Fig. 2¢). Moreover, circGlis3 could only be amplified using
divergent primers in cDNA (Fig. 2b). In addition, circG-
lis3 was resistant to RNase R digestion and was much more
stable than Glis3 linear mRNA (Fig. 2c,d). As revealed by
reverse transcription experiments, circGlis3 levels were
markedly decreased when using the oligo (dT) primers, com-
pared with random hexamer primers (Fig. 2e). qPCR and
FISH assays suggest that circGlis3 was mainly located in
the cytoplasm (Fig. 2f,g). Taken together, these data indicate
that circGlis3 is a circular and stable transcript.

@ Springer

CircGlis3 regulates beta cell function in vitro and in vivo Next,
we investigated the biological functions of circGlis3 in beta
cells. Overexpression of circGlis3 reduced cell viability and
proliferation, increased cell apoptosis, and impaired insulin
secretion (Fig. 3a-f). Additionally, inhibiting circGlis3 did
not affect cell viability under basal conditions, but alleviated
the decreased cell viability induced by PA (ESM Fig. 3a,
b). Then, we explored the role of circGlis3 in vivo. First,
we established HFD-induced diabetic mouse models. After
24 weeks of diet intervention, HFD-fed mice displayed ele-
vated fasting blood glucose (FBG) levels and body weight,
as well as impaired glucose tolerance and insulin sensitiv-
ity (Fig. 3g, ESM Fig. 3c-e), suggesting that the mice had
developed insulin resistance and early type 2 diabetes. Sec-
ond, we constructed AAV8-shcircGlis3, which encoded GFP
and was driven by the rat insulin promoter to specifically
silence circGlis3 in beta cells. Four weeks after injection,
GFP expression was restricted to beta cells and not detected
in alpha cells (Fig. 3h, ESM Fig. 3f). CircGlis3, predomi-
nantly expressed in the islets, was upregulated in the islets
of HFD-induced diabetic mice and was silenced by AAVS-
sheircGlis3 (Fig. 3i, ESM Fig. 3g). Similarly, circGlis3 lev-
els were elevated in the islets of db/db mice compared with
wild-type mice (ESM Fig. 3h). Furthermore, although there
was no statistical difference, AAV8-shcircGlis3 apparently
reduced the levels of serum exosomal circGlis3 in HFD-fed
mice (p=0.0735), suggesting that a considerable portion
of circulating exosomal circGlis3 came from the pancreatic
islets (ESM Fig. 3i). Inhibiting circGlis3 in diabetic mice
not only mitigated hyperglycaemia and hyperinsulinaemia,
but also improved glucose tolerance and insulin sensitivity
(Fig. 3g,j and ESM Fig. 3j, k). Nevertheless, the elevated
serum total cholesterol and LDL-cholesterol levels in diabetic
mice did not markedly decline after silencing circGlis3 (ESM
Fig. 31). Furthermore, knockdown of circGlis3 ameliorated
the decreased beta cell proliferation and increased beta cell
apoptosis in diabetic mice (Fig. 3k,l). Collectively, these
findings demonstrated that circGlis3 contributed to beta cell
dysfunction in vitro and in vivo.

Beta cell-derived exosomal circGlis3 promotes islet EC dys-
function Interestingly, islet-derived exosomal circGlis3
levels were upregulated in HFD-induced diabetic mice, but
downregulated by AAV8-shcircGlis3 (Fig. 4a), implying
that circGlis3 may be delivered by exosomes as a form of
cell-to-cell communication. Moreover, islet capillary den-
sity was reduced in diabetic mice, whereas it was improved
by inhibiting circGlis3 in beta cells (Fig. 4b). On the basis
of structurally and functionally unique capillary network in
pancreatic islets [8], we speculated that beta cell-derived
exosomal circGlis3 may act as a paracrine regulator of islet
EC function. We first investigated the effect of lipotoxic
beta cell-derived exosomes on islet ECs. PKH67-1abelled
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Fig.5 CircGlis3 damages the function of islet ECs in vitro. (a—h)
MS-1 cells were transfected with circGlis3 overexpression plas-
mid or empty vector for 48 h. qPCR detected the overexpression of
circGlis3 in MS-1 cells with or without RNase R treatment (a). Cell
viability was measured by CCK-8 assay (b). Cell proliferation was
evaluated via EdU staining and data were analysed by Image J. Scale
bar, 100 pm (c). Cell apoptosis was analysed by flow cytometry (d).
Migration capacity of MS-1 cells was evaluated by scratch wound
healing assays. Dashed lines indicate the wound edges of the scratch.
Scale bar, 200 pm (e). Transwell assays (f) and tube formation assays
(g) were conducted. Scale bar, 100 pm. Western blot analysis of pro-
liferation markers (PCNA, Cyclin D1) after overexpressing circGlis3
(h). (i) circGlis3 levels were overexpressed or silenced by transfect-

exosomes from MING6 cells were internalised by MS-1 cells
(ESM Fig. 4a). Compared with PBS or BSA-Exo, PA-Exo
reduced MS-1 cell viability (ESM Fig. 4b). Of note, the
supernatants recovered after ultracentrifugation of the exo-
some preparation did not affect cell viability (ESM Fig. 4c),
suggesting that the deleterious effect was not mediated by
PA or other soluble factors. Besides, PA-Exo inhibited nitric
oxide (NO) production, cell migration and angiogenesis,
and promoted apoptosis of MS-1 cells (ESM Fig. 4d-g).

ing circGlis3 overexpression plasmid or siRNAs targeting circGlis3
(siRNA-1 and siRNA-2) into MS-1 cells. After 24 h of siRNA trans-
fection, MS-1 cells were treated with or without 0.3 mmol/l PA for
another 24 h. Apoptosis markers (Bax and cleaved caspase-3) were
detected by western blot. (j) After 24 h of siRNA transfection, MS-1
cells were incubated with exosomes derived from MING6 cells (BSA-
Exo or PA-Exo) for 48 h. Proteins (Bax and cleaved caspase-3) were
measured by western blot. The numbers between each row in the
western blots are the quantification levels, relative to the left-hand
lane set to 1.00 (h—j). Values are represented as mean =+ SD of 3 inde-
pendent experiments. *p <0.05, **p <0.01 and ***p <0.001, by two-
tailed Student’s 7 test in (a—g). PI, propidium iodide; Bax, Bcl-2-asso-
ciated X protein; PCNA, proliferating cell nuclear antigen

Moreover, PA-Exo increased circGlis3 levels in MS-1
cells and prior addition of the exosome secretion inhibitor
GW4869 to MING cells blocked the delivery of circGlis3
from MING cells into MS-1 cells (Fig. 4c), indicating that
MING cells secreted extracellular circGlis3 predominantly
in an exosome-dependent manner. Lipotoxicity failed to
alter circGlis3 levels in MS-1 cells (ESM Fig. 4h). The
elevation of circGlis3 in recipient cells was not affected by
actinomycin D, excluding the involvement of endogenous
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induction (Fig. 4d). Additionally, we overexpressed circG-
lis3 in MING cells and exosomes (Fig. 4e). CircGlis3-Exo
elevated circGlis3 levels in MS-1 cells and reduced cell
viability and proliferation, while increasing cell apoptosis
(Fig. 4f-j). CircGlis3-Exo also inhibited cell migration and
tube formation, without significant effect on NO produc-
tion (Fig. 4k-m, ESM Fig. 4i). We further verified the func-
tion of circGlis3 by modulating circGlis3 levels in MS-1
cells (Fig. 5a, ESM Fig. 5a). As expected, overexpression
of circGlis3 induced dysfunction of MS-1 cells (Fig. 5b-h).
Moreover, circGlis3 knockdown had little impact on cell
proliferation, cell migration and tube formation, but reduced
lipotoxicity-induced cell apoptosis (ESM Fig. 5b-f). Apop-
tosis markers were upregulated by overexpressing circGlis3,
and downregulated by silencing circGlis3 (Fig. 5i). Neither
NO production nor p-eNOS protein levels were affected by
altering circGlis3 levels (ESM Fig. 5g, h). Of note, silenc-
ing circGlis3 in MS-1 cells rescued the upregulated apop-
tosis markers and antagonised the decreased cell viability
induced by PA-Exo (Fig. 5j, ESM Fig. 5i). Overall, these
data showed that beta cell-derived exosomal circGlis3 pro-
moted islet EC dysfunction.

CircGlis3 directly interacts with GMEB1 and promotes its
degradation in MS-1 cells Given that circGlis3 was mainly
located in the cytoplasm of MS-1 cells (ESM Fig. 6a), we
first examined whether circGlis3 could bind to microRNAs.
However, circGlis3 did not bind to argonaute 2 (AGO2),
a component of the RNA-induced silencing complex
(ESM Fig. 6b). Increasingly, studies have revealed the
binding capability of circRNAs on proteins [27, 29].
Therefore, RNA pull-down assays were performed to
identify potential circGlis3-binding proteins. The circular
and linear RNA probes were validated by RT-PCR (ESM
Fig. 6¢). Mass spectrometry assay identified 29 differential
proteins between circGlis3 and linear transcript pull-down
groups (ESM Table 7). These proteins were overlapped
with circGlis3-binding proteins predicted by FIMO
software (ESM Table 8), and two proteins (GMEB1 and
hepatocyte nuclear factor 3p [HNF3p]) were left (Fig. 6a,
ESM Fig. 6d). GMEB1, a member of the family of KDWK
proteins that inhibits cell apoptosis by binding to proteins
[30], was present in the circGlis3 probe pull-down samples,
while HNF3f was not detected by western blot (Fig. 6b).
Meanwhile, RIP assays showed that circGlis3 directly
interacted with GMEBI1, but not HNF3p (Fig. 6¢c, ESM
Fig. 6¢e). The colocalisation of circGlis3 and GMEBI1 in
MS-1 cells was further verified (Fig. 6d). Moreover, GMEB1
protein levels were reduced by overexpressing circGlis3 and
increased by silencing circGlis3, while modifying circGlis3
levels had no effect on Gmebl mRNA levels (Fig. 6e,
ESM Fig. 6f, g). Reduced GMEBI1 protein levels were
observed in MS-1 cells with circGlis3 overexpression, and
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a more significant decrease was detected in the cytoplasm
(Fig. 6f,g).

Then, we determined whether circGlis3 affected the deg-
radation of GMEBI1. As expected, overexpressing circGlis3
significantly reduced GMEBI1 protein stability, which could
be abolished by the proteasome inhibitor MG132 (Fig. 6h-j).
The ubiquitination of GMEB1 was also increased by over-
expressing circGlis3 and decreased by inhibiting circGlis3
(Fig. 6k). Additionally, we tried to identify the domain
where GMEB1 binds to circGlis3. Flag-tagged recombinant
Gmeb1 plasmids with full-length (FL) or different forms of
truncation were constructed and transfected into MS-1 cells
(ESM Fig. 6h, i). In vitro binding assays indicated that the
RNA-binding domain [1-157 amino acids (aa)] of GMEB/1
was crucial for its interaction with circGlis3 (ESM Fig. 6;).
Furthermore, we noticed that mindbomb E3 ubiquitin pro-
tein ligase 2 (MIB2) was detected in circGlis3 pull-down
samples (ESM Table 7, ESM Fig. 6k). Western blot verified
the existence of MIB2 and RIP assay showed the endog-
enous enrichment of circGlis3 in RNA coprecipitated by
MIB?2 (Fig. 61,m). Coimmunoprecipitation assays indicated
that GMEB1 and MIB2 bound to each other in MS-1 cells
(Fig. 6n,0). Furthermore, circGlis3 overexpression enhanced
the interaction between GMEB1 and MIB2 (Fig. 6p). Alto-
gether, these findings indicate that circGlis3 directly binds
to GMEB1 and promotes its degradation by facilitating the
interaction between GMEB1 and MIB2.

CircGlis3 induces MS-1 cell dysfunction via the GMEB1/
HSP27 signalling pathway To further elucidate the func-
tional roles of GMEB1, we knocked down Gmebl levels
using siRNAs (Fig. 7a, ESM Fig. 7a). Inhibition of GMEB1
resulted in notably decreased MS-1 cell viability, cell pro-
liferation, migration and angiogenesis, and increased cell
apoptosis (Fig. 7b-e, ESM Fig. 7b, ¢). Then, the downstream
targets of GMEB1 were explored. GMEBI participates in
functional regulation by interacting with proteins includ-
ing heat shock protein 27 (HSP27) and pro-caspase 8 [30,
31]. Given that HSP27 is involved in cell migration, cell
survival and other important biological functions [32, 33],
we focused on exploring the interplay between GMEB1 and
HSP27. Immunoprecipitation assay revealed that GMEB1
interacted directly with HSP27 in MS-1 cells (Fig. 7f). We
also overexpressed GMEBI1 in MS-1 cells (ESM Fig. 7d).
The level of p-HSP27 was decreased by silencing GMEB 1
and increased by overexpressing GMEBI1, whereas the
total HSP27 remained unaffected (ESM Fig. 7e). Consist-
ently, inhibiting GMEB1 reduced proliferation marker and
elevated pro-apoptotic protein levels (Fig. 7g). We next
determined whether the detrimental impacts of circGlis3
on MS-1 cells were mediated by the GMEB1/HSP27 axis.
As anticipated, overexpressing circGlis3 decreased cell via-
bility, cell migration and angiogenesis, and increased cell
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«Fig. 6 CircGlis3 interacts with GMEB1 and promotes its degradation
in MS-1 cells. (a) Venn diagram shows the proteins pulled down by
biotin-labelled circGlis3 in MS-1 cells and their overlapping analy-
sis with predicted circGlis3-binding proteins (RBPs). (b) Western
blot validated the proteins pulled down by circular (C-Glis3) or linear
(L-Glis3) RNA probe from the lysates of MS-1 cells. (¢) RIP assay
was performed using anti-GMEBI1 antibody, followed by qPCR and
RT-PCR to detect circGlis3 enrichment. (d) Dual RNA-FISH and
immunofluorescence showed the colocalisation of circGlis3 (red) and
GMEBI (green) in MS-1 cells. Scale bar, 10 pm. (e) Western blot
detected the protein levels of GMEBI after overexpressing or silenc-
ing circGlis3 in MS-1 cells. (f-i) MS-1 cells were stably transfected
with empty vector (Vec-control) or circGlis3 overexpression plasmid
(ov-circGlis3). FISH and immunofluorescence were used to analyse
the protein levels of GMEBI after overexpressing circGlis3 in MS-1
cells. Scale bar, 20 pm (f). Western blot detected subcellular levels
of GMEBI in nuclear and cytoplasmic protein extractions. GAPDH
and histone H3 were used as cytoplasmic and nuclear protein control,
respectively (g). MS-1 cells were treated with the protein synthesis
inhibitor cycloheximide (CHX, 50 pg/ml) for the indicated time.
GMEBI protein levels were analysed by western blot (h), and the
speed of protein degradation was calculated (i). (j) MS-1 cells with
circGlis3 overexpression were treated with MG132 (10 pmol/l) for
12 h and GMEBI1 protein levels were detected. (k) Cell lysates from
stable circGlis3-overexpressing (ov-circGlis3) or stable circGlis3-
knockdown (sh-circGlis3) MS-1 cells treated with MG132 for 12 h
were immunoprecipitated with GMEB1 antibody or IgG control, and
then immunoblotted with ubiquitin and GMEB1 antibodies. (1) West-
ern blot validated the MIB2 protein pulled down by circular (C-Glis3)
RNA probe from the lysates of MS-1 cells. (m—o0) HA-tagged Mib2
plasmid was transfected into MS-1 cells. RIP assay was performed
using anti-HA antibody, followed by qPCR and RT-PCR to detect
circGlis3 enrichment (m). Coimmunoprecipitation was performed
using anti-GMEBI1 antibody (n) or anti-HA antibody (o) in MS-1
cells. (p) Immunoprecipitation analysed the association between
GMEBI1 and MIB2 in MG132-treated MS-1 cells bearing Vec-con-
trol or ov-circGlis3. The numbers between each row in the western
blots were the quantification levels, relative to the left-hand lane set to
1.00 (e, g, h, j). Data are represented as mean +SD of 3 independent
experiments. *p<0.05, **p<0.01 and ***p<0.001, by two-tailed
Student’s ¢ test. HA, haemagglutinin

apoptosis, which were rescued by elevating GMEBI1 levels
(Fig. 7Th-k). Meanwhile, overexpressing GMEB1 ameliorated
the dysregulated protein levels induced by overexpression
of circGlis3 (Fig. 71). Moreover, lipotoxic beta cell-derived
exosomes or exosomes overexpressing circGlis3 decreased
the protein levels of GMEBI1 and p-HSP27 in MS-1 cells
(ESM Fig. 7f). Overall, these data indicated that circGlis3
exerted its effects on MS-1 cells, at least partly, through the
GMEB 1/HSP27 pathway.

Beta cell-derived exosomal circGlis3 induces islet EC dys-
function in vivo We then examined the effects of beta cell-
derived exosomal circGlis3 on islet ECs in vivo. Mice were
injected with MING6 cell-derived exosomes (circGlis3-Exo,
Vec-Exo) or PBS as illustrated in Fig. 8a. The uptake of
exosomes by islet ECs was confirmed by immunostain-
ing (ESM Fig. 8a). Here, CD31, a marker for endothelial
cells, was applied to evaluate the vascular density in islets.

@ Springer

CircGlis3-Exo reduced the density of islet ECs in HFD-
fed mice, whereas no significant changes were observed in
ND-fed mice (Fig. 8b). Moreover, CD31-positive islet ECs
were separated by flow cytometry (Fig. 8c). CircGlis3-Exo
increased the levels of circGlis3 and Bax, while reducing
Bcl2 mRNA levels and the protein levels of GMEB1 and
p-HSP27 in islet ECs of HFD-fed mice (Fig. 8d-f). Addi-
tionally, circGlis3-Exo elevated FBG levels and impaired
glucose tolerance of HFD-fed mice, whereas no obvious
impacts were found in ND-fed mice (ESM Fig. 8b-d). We
think that the elevated FBG levels and impaired glucose tol-
erance may be ascribed to the islet EC dysfunction and the
uptake of circGlis3-Exo by beta cells.

Discussion

In this study, we demonstrate that circGlis3 participates in
the development of type 2 diabetes in two different ways.
CircGlis3 facilitated beta cell dysfunction by inhibiting cell
survival and insulin secretion. Moreover, beta cell-derived
exosomal circGlis3 impaired the function of islet ECs by
regulating GMEB]1 protein degradation and the downstream
HSP27 phosphorylation. These findings not only reveal the
role of circGlis3 in the pathophysiology of diabetes, but also
suggest the feasibility of circGlis3 as a potential biomarker
and therapeutic target for type 2 diabetes.

CircRNAs are critical regulators of diverse cellular
processes and are implicated in regulating beta cell function
[10, 34]. However, few studies have elucidated the impact of
circRNAs on intercellular communication in type 2 diabetes.
Our study identified a set of differentially expressed circRNAs
in beta cell-secreted exosomes under lipotoxic conditions.
Here, we focused on circGlis3, which is derived from exon
4 of the GLIS3 gene, a candidate gene for type 2 diabetes.
GLIS3 encodes a transcription factor responsible for beta
cell differentiation and insulin secretion [35]. We illustrated
how circGlis3 caused damage to beta cells, suggesting that
circGlis3 and its linear transcripts exert antithetical roles in
diabetes. In addition, circularisation of exons can compete
with canonical pre-mRNA splicing, indicating that circRNA
biogenesis might be an important regulator of mRNA
production [36]. We found that lipotoxicity upregulated
circGlis3 levels, while reducing Glis3 mRNA levels in beta
cells (data not shown). We speculate that lipotoxicity may
affect the alternative splicing of Glis3 pre-mRNA, leading
to the transition from canonical splicing to circularisation,
which requires further investigation. Moreover, circGLIS3
(originating from exons 5, 6, 7 and 8 of the human GLIS3
gene) was upregulated in non-small cell lung cancer (NSCLC)
and promoted NSCLC progression [37]. The inconsistent
functions between circGlis3 and circGLIS3 may be attributed
to different origination of circRNAs and different cell types.
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Fig.7 CircGlis3 regulates MS-1 cell function through the GMEB1/
HSP27 signalling pathway. (a—e) Scramble (Scr) siRNA or siRNAs
targeting Gmebl (siGmeblI-1 and siGmebl-2) were transfected into
MS-1 cells for 48 h. The protein levels of GMEB1 were evaluated
by western blot (a). Cell proliferation was detected via EdU staining
and data were analysed by Image J. Scale bar, 100 pm (b). Cell apop-
tosis was analysed by flow cytometry (c¢). Migration capacity was
evaluated by transwell assays and images were obtained. Scale bar,
100 pm (d). Tube formation assays were performed and images were
captured. Scale bar, 100 pm (e). (f) Inmunoprecipitation analysed the
association between GMEB1 and HSP27 in MS-1 cells. (g) Western
blot detected the proteins (GMEBI1, HSP27, p-HSP27, PCNA, Bcl-2
and cleaved caspase-3) expression after silencing GmebI. (h-1) MS-1
cells with circGlis3 overexpression were transfected with pcDNA-

Gmebl plasmid (ov-Gmebl) or empty vector (vector) for rescue
assays. For apoptosis assessment, TUNEL staining was performed
and the level of TUNEL-positive cells was calculated. Scale bar,
100 pm (h). Cell viability was detected by CCK-8 assay (i). Images of
transwell assays (j) and tube formation assays (k) were photographed.
Scale bar, 100 pm. Western blot analysed the levels of proteins
(GMEBI, HSP27, p-HSP27, PCNA, Bcl-2 and cleaved caspase-3) in
MS-1 cells (I). The numbers between each row in the western blots
are the quantification levels, relative to the left-hand lane set to 1.00
(a, g, i). Data are expressed as mean+SD of 3 independent experi-
ments. *p <0.05, **p<0.01 and ***p <0.001, by one-way ANOVA
with Tukey post hoc test. Bel-2, B cell lymphoma 2; PCNA, prolifer-
ating cell nuclear antigen; PI, propidium iodide
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Fig.8 Beta cell-derived exosomal circGlis3 induces islet EC dys-
function in vivo. Exosomes were extracted from the medium of MIN6
cells overexpressing circGlis3 (circGlis3-Exo) or empty vector (Vec-
Exo). C57BL/6 J mice fed with ND or HFD were randomly subdi-
vided to receive intraductal injection of PBS, Vec-Exo or circGlis3-
Exo. Subsequently, PBS or exosomes were injected into mice through
the tail vein once a week for 4 weeks. Animals were analysed at
day 31. (a) Scheme showing the timeline for exosome injection. (b)
Mouse pancreatic sections were stained for CD31 (green) and DAPI
(blue). Islet capillary density was quantified as the ratio of CD31-pos-
itive cells to islet area. Scale bar, 100 pm. Dashed lines indicate the
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area of islets. (¢) At the end of the intervention, islets were isolated
from three mice, pooled, and dissociated. Islet cells were stained with
CD31-PE and islet ECs were sorted by flow cytometry. Arrows indi-
cate CD31-positive islet ECs. (d, e) The levels of circGlis3 (d), Bcl2
and Bax (e) in separated islet ECs were determined by qPCR. (f) The
protein levels of GMEB1 and p-HSP27 in islet ECs of HFD-fed mice
were detected by immunofluorescence staining of pancreatic sections.
Scale bar, 100 pm. Dashed lines indicate the area of islets. Results
are expressed as mean=+ SD of 3 independent experiments. *p <0.05
and **p<0.01, NS indicates no statistical significance, by one-way
ANOVA with Tukey post hoc test. PE, phycoerythrin
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CircRNAs exert functions in multiple ways, such as act-
ing as miRNA sponges, interacting with proteins, or encoding
functional peptides [27, 29, 38]. In this study, we uncovered
that circGlis3 directly bound to GMEBI1 protein and promoted
its degradation by facilitating the interaction between GMEB1
and MIB2. It is reported that GMEB inhibits cell apoptosis by
binding to procaspases, CASP8 and FADD like apoptosis regu-
lator (CFLAR, ) and TNF receptor associated factor 3 (TRAF3)
[39-41]. Here, we showed that GMEBI interacted with HSP27
and promoted the phosphorylation of HSP27, which is associ-
ated with actin cytoskeleton organisation in vascular endothe-
lial growth factor (VEGF)-stimulated endothelial cell migration
[42], thereby favouring the survival and migration of islet ECs.
Besides, HSP27 is phosphorylated by protein kinases includ-
ing mitogen-activated protein kinase-activated protein kinase
2 (MK2), mitogen-activated protein kinase-activated protein
kinase 3 (MK3), protein kinase B (PKB) and protein kinase
C (PKC), and dephosphorylated by protein phosphatase 2A
(PP2A) [43]. Therefore, it is reasonable to assume that GMEB 1
may increase p-HSP27 levels by facilitating interaction between
HSP27 and the kinases, or inhibiting the dephosphorylation of
HSP27, which needs further exploration.

Exosome transport is considered to be an effective way to
transmit signals and modulate biological function of recipient
cells [15]. Notably, the ability of exosomes to transfer insulin-
resistant phenotype and deleterious signals to insulin-sensitive
tissues has been regarded as an important mechanism for the
development of diabetes [19, 44]. We demonstrate that circGlis3
embedded in exosomes derived from lipotoxic beta cells was
transmitted to islet ECs, thus inducing the dysfunction of recipi-
ent cells and aggravating the progression of diabetes. Pancreatic
islets have a high density of capillary networks, and there is an
endothelial-endocrine interaction during beta cell growth and
islet angiogenesis [45]. Islet ECs are essential for islet revascu-
larisation after transplantation and supporting beta cell survival
[46]. Our in vivo studies show that knockdown of circGlis3
in beta cells not only ameliorated beta cell dysfunction under
diabetic conditions, but also reduced islet EC loss. Meanwhile,
beta cell-derived circGlis3 accelerated islet EC loss and beta cell
dysfunction in diabetic mice. Of note, apart from islet ECs, beta
cells are also the recipient cells of exosomes [47]. The uptake of
exosomal circGlis3 by beta cells may be implicated in beta cell
damage. Additionally, exosomal circGlis3 levels were elevated
in the serum of mouse models of diabetes and participants with
type 2 diabetes, indicating the potential of circGlis3 as a promis-
ing biomarker for type 2 diabetes. Furthermore, we found that
circGlis3 overexpression impaired insulin secretion in vitro,
whereas plasma insulin levels were increased in HFD-fed mice,
which overexpressed circGlis3 in islets. It is widely accepted
that hyperinsulinaemia is a compensation for HFD-induced
systemic insulin resistance, and there is a vicious cycle between
hyperinsulinaemia and insulin resistance [48]. The overloaded
beta cells eventually fail to compensate, resulting in overt

hyperglycaemia and type 2 diabetes [49]. In our study, despite
the apparent hyperinsulinaemia, beta cell mass in HFD-fed mice
was already decreased in the early stage of diabetes, indicat-
ing that the increased circGlis3 levels triggered by HFD may
be involved in the progression of beta cell failure. Hyperinsuli-
naemia might be followed by hyposinsulinaemia over the time
course. Interestingly, we also noticed that inhibiting circGlis3
in beta cells mitigated hyperinsulinaemia and improved insulin
sensitivity in diabetic mice, which prompted us to speculate that
the decrease in serum insulin levels with circGlis3 inhibition
may be an adaptation to the improved peripheral insulin sensi-
tivity. Beta cell-derived circGlis3 may be delivered to periph-
eral tissues including liver, skeletal muscle and adipose tissue
via exosomes, thereby affecting peripheral insulin sensitivity.
However, the pattern of beta cell-derived exosomal circGlis3
distribution and their functional roles in recipient organs are
worthy of further study.

In summary, our findings reveal that circGlis3 not only
contributed to lipotoxicity-induced beta cell dysfunction, but
also participated in regulating islet EC function through the
exosomal route. Importantly, our study elucidates a novel
regulatory mechanism by which beta cells act on islet ECs
and illustrates the significance of circGlis3 as a potential
biomarker and therapeutic target for type 2 diabetes.
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