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Abstract

Aims/hypothesis Failure of pancreatic and duodenal homeobox factor 1 (PDX1) to localise in the nucleus of islet beta cells under
high-fat diet (HFD) conditions may be an early functional defect that contributes to beta cell failure in type 2 diabetes; however,
the mechanism of PDX1 intracellular mislocalisation is unclear. Stress granules (SGs) are membrane-less cytoplasmic structures
formed under stress that impair nucleocytoplasmic transport by sequestering nucleocytoplasmic transport factors and compo-
nents of the nuclear pore complex. In this study, we investigated the stimulators that trigger SG formation in islet beta cells and
the effects of SGs on PDX1 localisation and beta cell function.

Methods The effect of palmitic acid (PA) on nucleocytoplasmic transport was investigated by using two reporters, S-tdTomato
and S-GFP. SG assembly in rat insulinoma cell line INS1 cells, human islets under PA stress, and the pancreas of diet-induced
obese mice was analysed using immunofluorescence and immunoblotting. SG protein components were identified through mass
spectrometry. SG formation was blocked by specific inhibitors or genetic deletion of essential SG proteins, and then PDX1
localisation and beta cell function were investigated in vitro and in vivo.

Results We showed that saturated fatty acids (SFAs) are endogenous stressors that disrupted nucleocytoplasmic transport and
stimulated SG formation in pancreatic beta cells. Using mass spectrometry approaches, we revealed that several
nucleocytoplasmic transport factors and PDX1 were localised to SGs after SFA treatment, which inhibited glucose-induced
insulin secretion. Furthermore, we found that SFAs induced SG formation in a phosphoinositide 3-kinase (PI3K)/eukaryotic
translation initiation factor 2o (EIF2) dependent manner. Disruption of SG assembly by PI3K/EIF2« inhibitors or genetic
deletion of T cell restricted intracellular antigen 1 (TIA1) in pancreatic beta cells effectively suppressed PA-induced PDX1
mislocalisation and ameliorated HFD-mediated beta cell dysfunction.

Conclusions/interpretation Our findings suggest a link between SG formation and beta cell dysfunction in the presence of SFAs.
Preventing SG formation may be a potential therapeutic strategy for treating obesity and type 2 diabetes.

Keywords Glucose-stimulated insulin secretion - Pancreatic and duodenal homeobox factor 1 - Saturated fatty acids - Stress

granules - Type 2 diabetes
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What is already known about this subject?

e  Failure of pancreatic and duodenal homeobox factor 1 (PDX1) to localise in the nucleus of islet beta cells under
high-fat diet conditions may be an early functional defect that contributes to beta cell failure in type 2 diabetes

e  Stress granules (SGs) impair nucleocytoplasmic transport by sequestering nucleocytoplasmic transport factors and

components of the nuclear pore complex

What is the key question?

e Does SG formation contribute to PDX1 mislocalisation and beta cell dysfunction under saturated fatty acid (SFA)

stress conditions?

What are the new findings?

e  SFAsinhibit glucose-induced insulin secretion by disrupting nucleocytoplasmic transport and sequestering PDX1

in SGs

e SFAsinduce SG assembly in islet beta cells in a PI3K/EIF2a-dependent manner

e  Preventing SG formation rescues SFA-induced beta cell dysfunction

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

e  Ourfindings suggest a link between SG formation and beta cell dysfunction induced by SFAs. Modulating SG
formation may be a potential therapeutic strategy for obesity and type 2 diabetes. The effects of SG inhibitors on

type 2 diabetes need to be explored in future studies

PI3K Phosphoinositide 3-kinase

PIC Stalled (preinitiation) translation complex

RAN Ran GTPase

SFA Saturated fatty acid

SG Stress granule

siRNA  Small interfering RNA

TIA1 T cell restricted intracellular antigen 1

TIAL1 TIAl cytotoxic granule associated RNA binding
protein like 1

WCL Whole cell lysate

WT Wild-type

Introduction

Progressive degeneration of pancreatic islet beta cell function
is considered to be the central pathophysiological mechanism
of type 2 diabetes [1]. Obesity is the dominant risk factor for
type 2 diabetes [2]. The relentless decline in beta cell function
is attributed to elevated levels of circulating fatty acids asso-
ciated with obesity [3, 4]. Long-chain saturated fatty acids
(SFAs) that contain more than 12 carbons are toxic to beta
cells [4, 5]. Short term administration of SFAs induces insulin
secretion [6]; however, prolonged exposure to SFAs triggers
ceramide accumulation [7], reactive oxygen species produc-
tion [8] and endoplasmic reticulum (ER) stress [9], and
impedes glucose-stimulated insulin secretion (GSIS), impairs
insulin gene expression and increases apoptosis [10, 11] in

isolated islets or beta cell lines. However, the basis of SFA-
induced beta cell dysfunction remains unclear.

The transcription factor pancreatic and duodenal homeo-
box factor 1 (PDX1) binds to the A3 element of the insulin
gene, and is crucial for pancreatic development and normal
function. PDX1 deficiency in animals leads to pancreatic
agenesis [12]. Heterozygosity for PDXI mutation is related
to impaired glucose tolerance and reduced GSIS, triggering
maturity-onset diabetes of the young (MODY) [13-15]. It has
been reported that prolonged exposure of isolated rat islets to
palmitic acid (PA) [10], intralipid infusion [16] or high-fat diet
(HFD) [17] blocked the stimulatory effects of glucose on
PDX1 nuclear localisation, thereby preventing PDX1 from
binding to the endogenous gene promoter and inhibiting the
transcription of genes involved in GSIS. Failure of PDX1 to
localise in the nucleus in the presence of SFAs may be an early
functional defect that contributes to beta cell failure in type 2
diabetes. However, the main reason for PA-induced PDX1
mislocalisation in beta cells is still unclear.

Stress granules (SGs) are membrane-less cytoplasmic
structures formed by phase separation. SGs comprise abun-
dant untranslated mRNAs, mRNA-binding proteins, ribonu-
cleoproteins and translation initiation factors [18]. They are
formed when translation initiation is inhibited during stress
responses such as oxidative stress, ER stress and viral infec-
tion, and modulate the stress response [19, 20]. Persistent or
aberrant SG formation contributes to neurodegenerative
diseases including amyotrophic lateral sclerosis (ALS) [21],

@ Springer



1146

Diabetologia (2021) 64:1144-1157

frontal temporal lobar dementia (FTLD) [22], and cancers
[23]. Recent research has shown that many nucleocytoplasmic
transport factors and components of the nuclear pore complex
are localised to SGs after exposure to stressors, leading to
impaired nucleocytoplasmic transport. Inhibition of SG
assembly by inhibitors or knockdown of essential components
of SGs suppressed nucleocytoplasmic transport defects and
neurodegeneration in animal models [24]. Currently, the phys-
iological or pathological stimulators that trigger SG formation
in the pancreas remain unexplored. The aim of our study was
to investigate the stimulators that trigger SG formation in islet
beta cells and the effects of SGs on PDX1 localisation and
beta cell function.

Methods

Materials Anti-PDX1 (catalogue no. #5679), anti-phospho-
PI3 kinase p85 (Tyr458)/p55 (Tyr199) (catalogue no.
#17366) antibodies and DAPI (catalogue no. #4083) were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-GAP SH3 binding protein 1 (G3BP1) (catalogue
no. 13057-2-AP, 66486-1-1g), anti-T cell restricted intracellu-
lar antigen 1 (TIA1) (catalogue no. 12133-2-AP), anti-ataxin2
(catalogue no. 21776-1-AP), anti-importin6 (catalogue no.
13963-1-AP), anti-exportinl (catalogue no. 66763-1-Ig) and
anti-Ran GTPase (RAN) (catalogue no. 10469-1-AP) antibod-
ies were purchased from Proteintech (Wuhan, China). Anti-
phospho Akt (Ser473) (catalogue no. AA329), anti-phospho
Akt (Thr803) (catalogue no. AA331), anti-phospho-
eukaryotic translation initiation factor 2cc (EIF20c) (Ser51)
(catalogue no. AF1237), anti-EIF2« (catalogue no.
AF6771), anti-3-actin (catalogue no. AF5001), anti-GAPDH
(catalogue no. AF0006), goat anti-mouse IgG (catalogue no.
A0216) and goat anti-rabbit IgG (catalogue no. A0208) anti-
bodies were purchased from Beyotime Biotechnology
(Shanghai, China). Mouse anti-rabbit IgG LCS (catalogue
no. A25022) antibody was purchased from Abbkine
(Wuhan, China). Alexa Fluor 594 conjugated anti-PDX1
(catalogue no. sc-390792 AF594) antibody was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Alexa
Fluor 488 AffiniPure donkey anti-rabbit IgG (code no. 711-
545-152), Cy3 AffiniPure donkey anti-rabbit IgG (code no.
711-165-152) and Cy3 AffiniPure donkey anti-Mouse IgG
(code no. 715-165-151) antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA, USA).
Integrated stress response inhibitor (ISRIB; HY-12495) and
buparlisib (HY-70063) were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). PA
(P1145) was purchased from TCI (Shanghai, China). D (+)
glucose (G7021) was purchased from Sigma-Aldrich (St
Louis, MO, USA).
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Cell culture and treatments Rat insulinoma cell line INS1
cells were kindly provided by J. Zhang (The Second
Xiangya Hospital of Central South University, China). Cells
are verified to be of rat origin and negative for inter-species
contamination from mouse or human. Mycoplasma was tested
as negative using Mycoplasma PCR detection kit (Beyotime
Biotechnology). INS1 cells were grown in 5% CO, and 95%
air at 37°C in RPMI-1640 medium (KeyGen, Nanjing, China)
containing 11.2 mmol/l glucose and supplemented with 10%
FBS (GE Healthcare Hyclone, Chicago, IL, USA), 1 mmol/l
pyruvate, 10 mmol/l HEPES (Gibco, Life Technologies,
Carlsbad, CA, USA), 100 U/ml penicillin, and 100 pg/ml
streptomycin, 50 pmol/l 2-mercaptoethanol (Sigma-Aldrich).
PA was dissolved in absolute ethanol to make a 100 mmol/l
stock solution. The PA stock solution was mixed with 1%
fatty acid-free BSA (Gibco, Life Technologies) (in serum-
free culture medium) to a final concentration of 0.4 mmol/l
and incubated at 37°C for 1 h to prepare BSA-conjugated PA
solution. All cell experiments were performed with INS1 cells
between the 4th and 15th passages.

Animals and treatments B6/JGpt-Tial*™ “"/Gpt (Tia?"")
mice (Strain number T036619, GemPharmatech, Nanjing,
China; http://order.gempharmatech.com/strain/index?
keyword=T036619) were generated using the CRISPR/Cas9
method. In brief, single guide RNA (sgRNA) was transcribed
in vitro to construct the donor vector, and then Cas9, sgRNA
and the donor were microinjected into the fertilised eggs of
C57BL/6]J mice. Fertilised eggs were transplanted to obtain
positive FO mice. A stable F1 generation was obtained by
mating positive FO generation mice with C57BL/6J mice.
B6.Cg-Tg(Ins2-cre)25Mgn/J (Ins2Cre) mice (Stock number
003573, The Jackson Laboratory, Bar Harbor, ME, USA;
https://www.jax.org/strain/003573) mice were kindly
provided by X. Han (Department of Biochemistry and
Molecular Biology, Nanjing Medical University, China).
The breeding scheme is shown in electronic supplementary
material (ESM) Fig.1. Tia”’ mice were crossed with
Ins2Cre mice to generate beta cell-specific 7ial-knockout
(Tia”’;Cre, betaTIA1-KO) mice. Tia” wild-type (WT)
littermates were used as control. All mice were kept on the
C57BL/6 background. Animals were housed under standard
conditions at 25°C with a 12 h/12 h dark/light cycle, with food
and water freely available. All experiments were performed in
male animals. All experiments and animal care were conduct-
ed in accordance with the Provision and General
Recommendation of the Chinese Experimental Animals
Administration Legislation and were approved by the
Science and Technology Department of Jiangsu Province
(license number: SYXK (SU) 2016-0011). To generate an
HFD-induced type 2 diabetes model, eight-week-old male
mice (22-25 g) were randomly separated into normal chow
group (D10001, Research Diets, New Brunswick, NJ, USA)
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and an HFD group (60% energy from fat, D12492, Research
Diets.) for 10 weeks.

Human pancreatic sample collection and islet isolation
Human islets were obtained from the pancreas of two nondi-
abetic donors undergoing pancreatectomy for intraductal
papillary mucinous neoplasm with the approval of the Ethics
Committee. Islets were isolated by collagenase digestion
(0.5 mg/ml, type V, Sigma-Aldrich) as described previously
[25]. All islets were incubated overnight at 37°C (5% CO,)
prior to experiments. A human islet checklist is provided in
the ESM. All experiments and methods using human islets
were carried out in accordance with the Declaration of
Helsinki and approved by the Nanjing Medical University
Ethics Committee (No. 2017-SR-003).

Glucose tolerance tests IPGTT was performed on mice fasted
overnight with free access to water. Mice were i.p. adminis-
trated with 2 g/kg glucose (Sigma-Aldrich). Glucose levels
were measured from tail blood at 15, 30, 60 and 120 min after
the glucose injection. The AUC was calculated to quantify the
IPGTT results.

Pancreatic insulin content assay Pancreatic insulin content
was determined by acid ethanol extraction as previously
described [26]. The insulin levels in neutralised pancreatic
extracts were determined by mouse insulin ELISA kit
(CUSABIO, Wuhan, China). Protein concentrations were
measured by BCA assay kit (Beyotime Biotechnology).

GSIS assay GSIS assay was performed as previously described
[27]. The medium of the INS1 cells or isolated islets was
changed to Krebs—Ringer bicarbonate HEPES (KRBH) buffer
for 2 h, followed by incubation in KRBH buffer containing
2.8 mmol/l of glucose or 16.7 mmol/l of glucose for 30 min.
The insulin levels in the medium were measured using an
ELISA kit (CUSABIO, Wuhan, China).

Immunoblotting and co-immunoprecipitation assay SGs
were separated as described previously [28]. Cells were
collected and re-suspended in lysis buffer (50 mmol/l Tris
HCI pH 7.4, 100 mmol/l potassium acetate, 2 mmol/l magne-
sium acetate, 0.5 mmol/l dithiothreitol (DTT), 50 pg/ml hepa-
rin, 0.5% NP40) supplemented with protease inhibitor cock-
tail (cOmplete, Roche, Germany), and lysed by passing them
five times through a 25G 5/8 needle, followed by centrifuga-
tion at 1000 x g for 5 min to pellet cell debris. The supernatant
was collected as a whole cell lysate (WCL) and protein
concentration was determined with the BCA assay. Equal
amounts of proteins were further spun at 18000 x g for
20 min. The pellet containing SGs (P18000) and the superna-
tant were collected for western blot analysis. Nuclear proteins
and cytosolic proteins were obtained using the NE-PER kit

(Thermo Fisher Scientific, Waltham, MA, USA) containing
protease inhibitors (Roche).

For co-immunoprecipitation assays, cell lysates were incu-
bated with PDX1 antibody (1:50) overnight at 4°C, and then
with protein A/G plus agarose beads (20 pl/sample) for 1 h at
4°C. Immunoprecipitants were collected by centrifugation and
washed four times with lysis buffer, and then the beads were
precipitated through centrifugation and re-suspended in elec-
trophoresis sample buffer.

For immunoblotting, protein samples were mixed with
electrophoresis sample buffer and heated at 98°C for 10 min.
The samples were run on 10% or 15% SDS-PAGE and trans-
ferred onto PVDF membranes. Membranes were blocked with
5% non-fat milk (BD Difco, Detroit, MI, USA) for 1 h at room
temperature and incubated with primary antibodies overnight
at 4°C, washed, and then incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies for 2 h at room
temperature. All primary antibodies were used at 1:1000 dilu-
tion. The secondary antibodies were used at 1:5000 dilution.
The primary antibodies were diluted in TBST with 5% BSA,
and the secondary antibodies were diluted in TBST. Signals
were detected using Immobilon Western HRP substrate
(Millipore, Billerica, MA, USA). Protein levels were analysed
using a ChemiDoc XRS+ imaging system (Bio-Rad,
Hercules, CA, USA) and Image J software (NIH, Bethesda,
MD, USA).

For isobaric tags for relative and absolute quantification
(iTRAQ)-based proteomics analysis, the P18000 samples
were re-suspended in lysis buffer and incubated with G3BP1
antibody (2 pg) at 4°C overnight, followed by incubation with
protein A/G plus agarose beads (20 pl/sample) for 1 h at 4°C.
Immunoprecipitants were collected and washed, and then the
beads were precipitated by centrifugation and re-suspended in
electrophoresis sample buffer. The samples were run on 10%
SDS-PAGE. Gels were digested with trypsin overnight. The
peptide samples were labelled by an iTRAQ labelling kit
(Sigma-Aldrich) according to the manufacturer’s protocol.
The labelled peptides were fractionated on a C18 column
using an HPLC system. The peptide fractions were analysed
using a TripleTOF 5600+ LC-MS/MS system (AB Sciex,
Redwood City, CA, USA).

Plasmids and siRNA transfection S-tdTomato (Lentiviral-S-
tdTomato) was a gift from J. Rothstein (Department of
Neurology, School of Medicine, Johns Hopkins University,
Baltimore, MD, USA) (Addgene plasmid #112579) [29]. The
S-GFP plasmid was a kind gift from F. U. Hartl (Department
of Cellular Biochemistry, the Max Planck Institute of
Biochemistry, Germany). siRNAs targeting rat G3bp!
(GGGCGUCUGUGACUAGUAATT) and Tial
(CCAAUUGGGCCACACGUAATT) were purchased from
GenePharma (Shanghai, China). Scrambled small interfering
RNA (siRNA) (UUCUCCGAACGUGUCACGUTT) was
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Fig. 1 SFAs disrupted
nucleocytoplasmic transport and
stimulated SG formation in
pancreatic beta cells. (a, b) INS1
cells expressing S-tdTomato (a)
or S-GFP (b) were treated with
PA (0.4 mmol/l) or glucose

(33.3 mmol/1) for 16 h, and then
were stained with anti-G3BP1
antibody and DAPI. Scale bar,

5 pum. (¢, d) INST1 cells were
treated with NaAsO, (0.5 mmol/l)
for 0.5 h, or with PA (0.4 mmol/l)
or glucose (33.3 mmol/l) for 16 h
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used as control. Transient transfections were performed using
Lipofectamine 3000 or RNAi Max (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

Immunofluorescence assay INS1 cells or frozen tissue slides
were fixed with 4% paraformaldehyde and blocked in
blocking buffer (PBS, 0.3% Triton X-100, 5% normal donkey
serum), and then incubated with the indicated primary anti-
bodies at 4°C overnight. Cells or tissue slides were then incu-
bated with Alexa Fluor 488 or Cy3 AffiniPure secondary anti-
bodies for 1 h at room temperature. All primary and secondary
antibodies were diluted in antibody dilution buffer (PBS,
0.3% Triton X-100, 1% BSA). The primary antibodies were
used at 1:300 dilution, except for Alexa Fluor 594 conjugated
anti-PDX1 antibody that was used at 1:50 dilution. The
secondary antibodies were used at 1:500 dilution. Cells or
tissue slides were subsequently incubated with DAPI
(Thermo Fisher Scientific) for 15 min and washed with PBS
before being mounted with fluorescence mounting medium
(KeyGen, Nanjing, China). Immunofluorescence was
visualised and captured under a confocal microscope (LSM
700, Zeiss, Gottingen, Germany). Three to ten fields of views
were randomly selected for quantification analysis.
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Statistical analysis All data are expressed as the mean + SD.
The significance of differences between two groups was deter-
mined using Student’s unpaired ¢ test. Comparisons between
groups were performed using one-way ANOVA (Tukey’s
multiple comparisons test). Differences with p <0.05 were
considered to be statistically significant. All experimenters
were blind to group assignments and outcome assessment,
except for the type of diet. Mice with accidental death were
excluded from data statistics.

Results

PA disrupts nucleocytoplasmic transport and induces SG
assembly It has been suggested that long-chain SFAs such
as PA (C16:0), have been implicated to induce beta cell stress
[30]. To determine whether such stress affects
nucleocytoplasmic transport, two reporters, S-tdTomato and
S-GFP, were used. S-tdTomato contains a canonical nuclear
localisation signal (NLS) and a nuclear export sequence
(NES) to shuttle between the cytoplasm and nucleus [29]. S-
GFP also carries NES and NLS signals, but in a different order
than S-tdTomato [31]. In the absence of stress, S-tdTomato
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Fig. 2 SFAs sequester PDX1 in
SGs. (a) Distribution of the
identified proteins according to
molecular function. (b) INS1 cells
were treated with PA (0.4 mmol/l)
for 16 h and then stained with
anti-TIA1 antibody (green), anti-
PDX1 antibody (red) and DAPI
(blue). Short arrows indicate co-
localisation. Scale bar, 5 um. On
the right, line scans are shown of
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was enriched in the nucleus and S-GFP was enriched in the
cytoplasm. INS1 cells transfected with S-tdTomato or S-GFP
expression plasmid were then treated with 0.4 mmol/l PA for
16 h. PA stress led to cytoplasmic mislocalisation of S-
tdTomato (Fig. 1a) and nuclear mislocalisation of S-GFP
(Fig. 1b), which suggests that PA disrupted both nuclear
import and export. Conversely, high glucose (33.3 mmol/l)
did not affect S-tdTomato (Fig. 1a) or S-GFP localisation
(Fig. 1b). Given that nucleocytoplasmic transport disruption
associated with SG formation [24], we checked whether PA

stress induces SG formation. We immunostained INS1 cells
for G3BP1 (Fig. 1a) and TIA1 (ESM Fig. 2a), the core
proteins of SG, and ataxin2 (ESM Fig. 2b), a modulator of
SG formation [19]. We found that chronic PA stress caused
SG assembly. We used immunoblotting to further confirm
that fatty acids induced SG assembly both in vitro and
in vivo. The P18000 fraction that contains SGs was separated
from the WCL of INS1 cells or human islets, and then subject-
ed to immunoblotting. We found that SG formation dramati-
cally increased after NaAsO, treatment, which is commonly
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Fig. 3 Suppression of SG
formation by an inhibitor restored
pancreatic function. (a) INS1
cells were treated with NaAsO,
(0.5 mmol/l) for 0.5 h, or with PA
(0.4 mmol/l) or glucose
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used to induce SGs, or PA treatment, as indicated by increased
ataxin2, G3BP1 and TIAI in the P18000 fraction (Fig. 1c).
Increased SG formation was also observed in human islets
after PA treatment (Fig. 1d). Thus, we identified PA as an
endogenous stressor that disrupts nucleocytoplasmic transport
and induces SG formation.

Both PDX1 and nucleocytoplasmic transport factors are
sequestered in SGs To understand the relationship between
SG formation and SFA-induced beta cell dysfunction, we
explored the proteins in SGs that interact with G3BP1. SG
fractions from INS1 cells treated with BSA or PA were further
affinity purified by G3BP1 immunoprecipitation, and then the
proteins that directly and indirectly interact with G3BP1 were
pulled down and profiled by quantitative mass spectrometry.
Proteins representing peptides with more spectral counts (>4)
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than the BSA control group are listed in ESM Table 1 and
were subjected to further analysis.

Next, a Gene Ontology (GO) index-based function classi-
fication of the identified proteins was performed. Two
hundred and five identified proteins were categorised accord-
ing to molecular function (Fig. 2a, ESM Table 2), biological
process (ESM Table 3), cellular component (ESM Table 4)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses (ESM Table 5). Twelve proteins were listed
in the chromatin binding term, which included PDX1 (Fig. 2a,
ESM Table 2). After 16 h PA treatment, PDX1 was observed
in the cytoplasm and localised with the SG marker TIA1 (Fig.
2b). Furthermore, immunoblotting showed that, compared
with non-stressed cells, PDX1 was enriched in the sediment
fraction containing SGs (P18000) of PA-stressed INS1 cells in
a time-depend manner (Fig. 2¢). The same results were also
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Fig. 4 Suppression of SG formation by G3bp! or Tial knockdown
restored pancreatic function. (a, b) INS1 cells were transfected with
Tial siRNA (a) or G3bpI siRNA (b) for 72 h and WCL were subjected
to immunoblotting with the indicated antibodies. (¢) INS1 cells were
transfected with Tial siRNA for 72 h, followed by PA (0.4 mmol/l)
treatment for 16 h, cells were fixed and stained for G3BP1 (red) and
DAPI (blue). Quantitative analysis of the distribution of SGs in INS1
cells is shown on the right. Scale bar, 10 um. (d, e) INSI cells were
transfected with the indicated siRNA for 72 h, followed by PA treatment

observed in human islets challenged with PA (Fig. 2d). To
confirm that PDX1 is recruited into SGs, we co-
immunoprecipitated PDX1 from INS1 cells or mouse pancre-
atic tissues. Strong interactions were observed between PDX1
and major SG markers including ataxin2, G3BP1 and TIA1 in
both PA-treated INS1 cells (Fig. 2e) and HFD-fed mouse
pancreatic tissue (Fig. 2f).

We also found that RAN and several transport factors were
sequestered in SGs upon PA stress (ESM Fig. 2). RAN is
located in the nucleus and its nuclear-to-cytoplasmic gradient
regulates the transport of proteins and RNAs through the
nuclear pore complex [32]. Nucleocytoplasmic transport
factors including importins and exportins are regulated by
RAN. Cytoplasmic proteins containing an NLS bind to the
importina1/(31 complex or importin(32 for nuclear transloca-
tion [24]. It has been reported that several transport factors,
including importin1, 31, and 32 and exportinl are localised
to SGs upon NaAsO, treatment and are responsible for
nucleocytoplasmic transport failure [24]. Consistent with

for 16 h. Subcellular fractions (d) or nucleus and cytosol (e) samples were
prepared for analysis of the indicated proteins. (f) GSIS from INS1 cells
was tested after treatment as mentioned above. The insulin levels in the
KRBH buffer were determined by ELISA. Data are presented as mean +
SD. *»<0.05, **p < 0.01, ***p < 0.001. (a, b, d, ) n=3; (¢) n=26; (f)
n=06. Ctrl, control; Glu, glucose; P18000, pellet from 18,000 x g; S,
supernatant after 18,000 x g; SG/W, SGs /whole area; WCL, whole cell
lysate

previous studies, PA treatment also induced mislocalisation
of RAN from nucleus to the cytoplasm and, more specifically,
enriched it in SGs, as indicated by the G3BP1-positive puncta
(ESM Fig. 3a). Moreover, transport factors importino6 and
exportinl were localised to SGs in INS1 cells (ESM Fig. 3b)
and in human islets challenged by PA (ESM Fig. 3c). The
recruitment of these transport factors to SGs is consistent with
the impairment of the nucleocytoplasmic transport.

Inhibition of SG formation rescues PA-induced beta cell
dysfunction Phosphorylation of EIF2« is a key driver of SG
formation [33]. As shown in Fig. 3, the EIF2« phosphoryla-
tion levels in INS1 cells were increased after NaAsO, or PA
treatment. Conversely, high glucose did not induce EIF2«
phosphorylation (Fig. 3a). ISRIB is a small molecular inhibi-
tor that solely inhibits cellular events downstream of EIF2«x
phosphorylation [34], and hence blocks phospho-EIF2 -
dependent SGs induction selectively [24, 35]. We found that
ISRIB could also inhibit PA-induced SG formation (Fig. 3¢,d)
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without affecting EIF2 o phosphorylation (Fig. 3b). Treatment
with ISRIB effectively ameliorates PA-induced PDX1
mislocalisation (Fig. 3e). Furthermore, ISRIB enhanced
GSIS under PA stress (Fig. 3f).

Next, we knocked down G3bpl or Tial using siRNAs
(Fig. 4a,b) to prevent SG formation in INS1 cells (Fig. 4c),
and observed that PDX1 was released from SGs (Fig. 4d) and
successfully transported into the nucleus again (Fig. 4e). With
PDX1 function restored, GSIS was also enhanced even in the
presence of PA (Fig. 4f). Taken together, our data suggest that
PA-induced SG formation indeed impairs pancreatic beta cell
function.

PI3K is involved in PA-induced SG formation We next asked
which upstream signal activates EIF2 o upon PA stress in islet
beta cells. Previously, it has been shown that the
phosphoinositide 3-kinases (PI3K) were activated under stress
to transduce stress signals to Akt and induce SGs assembly
[36]. As shown in Fig. 5a, the PI3K phosphorylation level was
increased under PA stress in a time-dependent manner.
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However, the Akt phosphorylation level was only slightly
increased. The phosphorylation level of EIF2« was signifi-
cantly increased after PA treatment for 6 h, and further
enhanced with time. Conversely, the PI3K inhibitor,
buparlisib, effectively suppressed the PA-induced phosphory-
lation of PI3K, Akt and EIF2«x (Fig. 5b). Buparlisib also
suppressed the PA-induced SG formation, and thus PDX1
was released back into the soluble cytoplasm fraction (Fig.
5c). The released PDX1 was successfully transported into
the nucleus (Fig. 5d) and improved GSIS in the presence of
PA (Fig. 5e). These data suggest that disrupting SG formation
clearly improves beta cell function.

In vivo inhibition of SG assembly ameliorates HFD-induced
beta cell dysfunction To study the in vivo role of SG forma-
tion in pancreatic function, 7 ial”/ mice were crossed with
Ins2Cre mice to generate beta cell-specific Tial-knockout
mice (ESM Fig. 1). BetaTIA1-KO mice were viable, fertile
and indistinguishable from the WT littermates. We confirmed
the pancreatic beta cell-specific ablation of TIA1 by
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Fig. 6 Disruption of SG
formation in vivo restores
pancreatic function in HFD-fed
diabetic mice. Eight-week old
male betaTTIA1-KO mice and
their WT littermates, weighing
22-24 g, were randomly grouped
(n=6). WT mice and betaTIA1-
KO mice were fed normal chow
or HFD for 10 weeks. (a) TIA1
protein levels in pancreatic tissues
of WT or betaTIA1-KO mice. (b)
Food intake. (¢) Weight gain. (d)
Pancreatic tissues were fixed and
stained for G3BP1 (green) and
DAPI (blue). Quantitative
analysis of the distribution of SGs
in tissues is shown on the right.
Scale bar, 25 um. (e) For the
IPGTT assay, animals were i.p.
injected with glucose after 16 h
starvation, and then blood glucose
levels were recorded at 0, 15, 30,
60 and 120 min, and the AUC is
shown to the right. (f) The nuclear
and cytosolic protein samples
from the indicated animal
pancreatic tissues were prepared
for analysis of the indicated
proteins, and quantification of
protein levels is shown to the
right. (g) Pancreatic insulin
content. (h) Islets from WT and
betaTIA1-KO mice fed with NC
or HFD were isolated and
subjected to the GSIS assay. (a—c,
e-h) n=06; (d) n=18. Data are
presented as mean = SD.
*p<0.05, **p<0.01,

*##%p < 0.001. NC, normal chow;
P18000, pellet from 18,000 x g;
S, supernatant after 18,000 x g;
SG/W, SGs/whole area
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immunoblotting analysis of pancreatic tissue isolated from
betaTIA1-KO and WT mice (Fig. 6a). The 8-week old
betaTIA1-KO mice were fed with normal chow or HFD for
10 weeks. No difference in food intake was observed between
the four groups (Fig. 6b). Tial deletion did not affect HFD-
induced body weight gain (Fig. 6¢). After the IPGTT, animals
were euthanised and pancreatic tissues were collected for

further study. Tial deletion effectively suppressed SG forma-
tion in the pancreas of HFD-fed mice (Fig. 6d). Glucose toler-
ance was improved in betaTIA 1-KO mice compared with WT
mice on HFD (Fig. 6e), possibly because of the restoration of
the PDX1 nuclear localisation (Fig. 6f). The insulin content of
pancreas tissue from different groups was not significantly
changed (Fig. 6g). We then carried out tests on isolated islets.
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Fig. 7 Schematic representation
of SG regulation of PDX1 under
SFA stress. Prolonged exposure
of'islet beta cells to SFAs induces
SG formation in a PI3K/EIF2 -
dependent manner. Both
nucleocytoplasmic transport
factors and PDX1 are sequestered
in SGs in the presence of SFAs,
thereby inhibiting PDX1
translocation into the nucleus and
insulin secretion

Norma

As shown in Fig. 6h, the GSIS from islets of HFD-fed WT
mice was impaired, whereas it was significantly recovered in
islets of betaTIA 1-KO mice. Taken together, our data suggest
that inhibiting SG assembly ameliorates beta cell dysfunction
in an HFD-induced type 2 diabetes mouse model by restoring
PDXI1 localisation and activity.

Discussion

Pancreatic beta cell dysfunction with defects in GSIS is a
diagnostic determinant of type 2 diabetes. PDX1 is the major
regulator of glucose-stimulated insulin transcription and
secretion [13]. Inactivation of PDX1 was observed under
stress conditions and was suggested to be responsible for beta
cell dysfunction and the onset of type 2 diabetes [37]. PDX1
mislocalisation in beta cells under stress conditions has been
observed in earlier studies, but the molecular mechanisms
remained largely uncharacterised. Herein, we show that PA
disrupted the PDX1 nucleocytoplasmic transport and seques-
trated it in SGs, thereby hampering PDX1 transcriptional
activity. These data provide a new link between SFAs and
the impaired pancreatic beta cell function and the develop-
ment of diabetes (Fig. 7).

SG formation is a transient, reversible event necessary for a
cytoprotective response to an acute stress; once the stress is
removed the SGs will dispel within a few hours [33].
However, the hyperactive response to chronic stresses in
disease leads to abnormal stable SG formation that is thought
to contribute to the pathological process [38]. Our results
show that stable SGs existed persistently in INS1 cells under
prolonged PA treatment (Fig. 2c, ESM Fig. 3b) along with
impaired GSIS (Fig. 3f), indicating a close relationship
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between SG assembly and chronic PA stress-induced pancre-
atic beta cell dysfunction. Moreover, the beta cell’s high
capacity for nutrient sensing necessitates reduced protection
from nutrient toxicity [39], which may relate to increased
predisposition to forming stable SGs. The temporal order of
nucleocytoplasmic transport disruption and PDX1 sequestra-
tion is unclear and will be further studied. Results of the
subcellular localisation of other important transcription
factors, such as MafA and BETAZ2, in beta cells under stress
are inconsistent in previous studies [10, 37]. Although the
direct interactions between SGs and insulin transcription
factors other than PDX1 is not observed in our study, we think
the effects of SGs on nucleocytoplasmic transport (Fig. 1) play
key roles in the mislocalisation and dysfunction of other tran-
scription factors under stress, which will be further studied.

SG condensation is mediated by the accumulation of stalled
(preinitiation) translation complexes (PICs) [40]. Various stresses
induce EIF2x phosphorylation by activating EIF2« kinases,
such as protein kinase R (PKR), general control nonderepressible
2 (GCN2), PKR-like ER kinase (PERK) and heme-regulated
kinase (HRI), and promote PIC formation. Accumulation of
48S PICs that lack early initiation factors EIF2 and EIF5 further
induces SG assembly [40]. ER stress and EIF2« phosphorylation
have been considered as key events during beta cell dysfunction
[41], but the downstream events are not fully understood. In the
present study, we report that chronic SFA stress induced SG
formation in an EIF2x-dependent manner.

Preventing SG formation by small molecular inhibitors such
as GSK2606414, ISRIB, or by genetic deletion of Ataxin2 or
Tial, or antisense oligonucleotides targeting Afaxin2, has been
shown to suppress toxicity in yeast and animal models of ALS
and tauopathies [24, 42—44]. In our study, suppressing SG
assembly using the inhibitors ISRIB and buparlisib, or by
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depleting TIA1, effectively attenuated PA- and HFD-induced
PDX1 mislocalisation and beta cell dysfunction. These results
raise the possibility of targeting SGs in beta cells for the treat-
ment of type 2 diabetes. TIA1 belongs to a family of U-rich
element mRNA-binding proteins ubiquitously expressed and
conserved in metazoans. TIA1 and TIA1 cytotoxic granule
associated RNA binding protein like 1 (TTALI) are two
members of this family in humans. TIAI is responsible for
nuclear and cytosolic RNA metabolic processes [45]. TIA1
depletion promotes cell proliferation [46] and tumour invasion
[47]. Both TIA1 and TIAL1 link EIF2x phosphorylation to the
assembly of mammalian SGs [33]. Tial knockout prevented SG
formation and inhibited tau pathophysiology in a mouse model
[48]. It is interesting that Tia/ knockout has a significant effect
on mRNAs encoding lipid homeostasis factors in the brain [49].
The potential effect of Tial genetic deletion on lipid metabolism
in the pancreas requires further study.

Modulated EIF2x phosphorylation rescued SG-induced
toxicity in an animal model [42]. Active PI3K has been report-
ed to be the main driver of SGs [36]. Herein, we observed
significant PI3K activation and EIF2c phosphorylation in
INS1 cells under PA stress. Inhibiting PI3K by buparlisib
effectively prevented SG formation induced by PA, and
improved GSIS. PI3K has been shown to regulate EIF2a
phosphorylation in nerve cells [50]. Blockade of PI3K was
found to inhibit fungus- or bleomycin-induced ER stress and
EIF2o phosphorylation [51, 52]. Under conditions of PI3K
hyperactivity, the ER is subjected to a high load of protein
generation and is subsequently disturbed [53]. It is known that
ER stress play key roles in SG formation [54] and in SFA-
induced beta cell impairment [55]. Whether ER stress is
directly involved in PI3K-induced EIF2x phosphorylation
under PA stress should be determined in further study. Our
study provides new insight into the pathological effects of
PI3K under PA stress. Buparlisib is an oral pan-PI3K inhibitor
being tested in clinical trials for solid tumours and breast
cancer. Both sporadically increased blood insulin levels and
hyperglycaemia were observed during clinical studies on
buparlisib [56]. Hence, the in vivo effects of buparlisib during
type 2 diabetes treatment require further research.
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