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Introduction: Type 1 diabetes (T1D) is characterized by progressive loss of
pancreatic b-cell function, which is accelerated by cytokine-induced
senescence and the accompanying senescence-associated secretory
phenotype (SASP). We investigated whether Syntaxin 4 (STX4), a t-SNARE
protein previously recognized for its cytoprotective properties, can mitigate b-
cell senescence under diabetogenic stress.
Methods: Ectopic STX4 expression was induced in MIN6 cells, human islets, and
murine islets, followed by cytokine and bleomycin treatment to model
senescence-inducing stress and subsequent quanti�cation of senescence
markers (p21 and gH2AX). b-cell speci�c STX4 expression was induced in the
non-obese diabetic (NOD) mice and senescence-markers, including p21, gH2AX,
and nuclear Lamin B, were subsequently quanti�ed. In parallel, we analyzed
single-cell RNA sequencing and performed conditioned-medium proteomics to
de�ne STX4-dependent transcriptional and secretome changes, respectively.
Results: STX4 overexpression markedly reduced cytokine-induced accumulation
of p21 and gH2AX in MIN6 cells, human islets, and murine islets. In NOD mice,
induced STX4 expression reduced p21 and gH2AX accumulation and preserved
nuclear Lamin B1 in pancreatic b-cells, supporting an in vivo senoprotective
effect. Integrated transcriptomics and proteomics analyses showed that STX4
represses senescence-related transcriptional programs and reshapes the b-cell
secretome, including enr ichment of proteins involved in pur ine
ribonucleotide metabolism.
Discussion: These �ndings indicate that STX4 protects b-cells from cytokine or
bleomycin-induced senescence and suggest that enhancing STX4 activity may be
a therapeutic strategy to preserve functional b-cell mass in T1D.

KEYWORDS

b-cell senescence, in� ammation, senescence-associated secretory phenotype (SASP),
Syntaxin 4, type 1 diabetes
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1 Introduction

Type 1 diabetes (T1D) is characterized by autoimmune-
mediated destruction of pancreatic b-cells, leading to absolute
insulin de�ciency and hyperglycemia, and lifelong dependence on
exogenous insulin therapy (1, 2). While the central role of
autoreactive immune responses in b� cell loss is well established,
accumulating evidence suggests that b-cell intrinsic factors,
including stress responses, metabolic dysfunction, and premature
senescence, contribute substantially to disease progression and
dysfunction of residual b-cell mass (3–5).

b-cell senescence, characterized by irreversible cell cycle arrest,
DNA damage response, and induction of a pro-in�ammatory
senescence-associated secretory phenotype (SASP), has recently
emerged as a key contributor to b-cell dysfunction in T1D (6–8).
Senescent b-cells accumulate in the non-obese diabetic (NOD)
mouse model and in humans with early-onset T1D, and their
SASP factors may exacerbate local in�ammation and recruit
immune cells, establishing a pathologic feedback loop (8–12).

Syntaxin 4 (STX4) is a plasma membrane t-SNARE protein
essential for insulin granule exocytosis and has recently emerged as
a signi�cant modulator of b-cell resilience. Mice with STX4
de�ciency (whole-body heterozygous STX4) develop glucose
intolerance, elicit decreased insulin release and exhibit increased
susceptibility to multiple-low dose streptozotocin-mediated b-cell
apoptosis (13–15). Interestingly, whole body STX4 overexpression
in mice leads to enhanced glucose responsiveness, increased
healthspan and longevity (16, 17). Overexpression of STX4 in
human islets enhances insulin secretion, confers resistance to
cytokine-induced apoptosis, and reduces in�ammatory
chemokine expression via cytosolic retention of NF-kB (18, 19).
Notably, STX4 enrichment in b-cells protects against
streptozotocin-induced diabetes in mouse models (18).
Additionally, b-cell speci�c STX4 overexpression in NOD mice
signi�cantly delays diabetes onsets, particularly within the critical
12–20 week window of age, while enhancing glucose tolerance,
preserving insulin secretory capacity, and mitigating autoimmune
destruction (15). These �ndings further underscore the therapeutic
potential of STX4.

Recent studies have likewise demonstrated that senolytic
therapies can protect against T1D when administered during
similar disease windows. For example, Bcl-2 inhibitors (ABT-199
and ABT-737) have prevented T1D in NOD mice by selectively
clearing senescent b-cells (8), and the BET protein inhibitor (iBET-
762) prevented diabetes in NOD mice and also attenuated SASP in
islet cells (20). These �ndings highlight senescence-associated
in�ammatory signaling as a targetable driver of autoimmune b-
cell loss.

Despite these advances, whether STX4 protects against b-cell
senescence under cytokine-induced proin�ammatory stress
remains unknown. Understanding whether STX4 can modulate
senescence programs and mitigate SASP-driven in�ammation
would provide a unifying mechanism linking its protective effects
to reduced immune activation and could reveal the mechanism
through which b-cell intrinsic factors actively contribute to
immune-mediated destruction.
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In this study, we integrated mechanistic and system level
approaches to examine whether STX4 overexpression attenuates
cytokine-induced b-cell senescence, thereby interrupting the
in�ammatory ampli�cation that fosters T1D progression. We �rst
characterized key senescence markers in rodent and human b-cells
under proin�ammatory stress with and without STX4 using in vitro
and in vivo models. Next, we meta-analyzed existing Single-cell
RNA sequencing (scRNA-seq) data from b-cell speci�c STX4
overexpressing NOD mouse islets to assess transcriptional
signatures of senescence in vivo. Finally, we employed proteomic
pro�ling of conditioned media (CM) to delineate STX4-dependent
changes in the islet secretome that underpin b-cell resilience.

Together, these data point to a previously unrecognized role for
STX4 in suppressing b-cell senescence and reshaping islet
microenvironment dynamics, offering a novel therapeutic angle to
preserve b-cell function in T1D.
2 Research design and methods

2.1 MIN6 cell culture and treatments

MIN6 cells were cultured in Dulbecco’s Modi�ed Eagle’s
Medium (DMEM, high glucose; Gibco, Cat# 11995, Carlsbad,
CA) supplemented with 15% heat-inactivated fetal bovine serum
(FBS; Hyclone, Cat# SH30070.03, Logan, UT), 100 U/mL penicillin,
100 mg/mL streptomycin, and GlutaMAX (Gibco, Cat# 10378016)
at 37 °C in a humidi�ed incubator with 5% CO2.

For STX4 knockdown, cells were transfected with either STX4-
speci�c siRNA (siSTX4) or a non-targeting control siRNA (siCtrl)
using RNAiMAX transfection reagent (Thermo Fisher Scienti�c,
Cat# 13778150, Carlsbad, CA) per manufacturer’s instructions and
incubated for 72 h.

For STX4 overexpression, cells were infected with a
recombinant adenovirus expressing STX4 under the control of
the rat insulin promoter (AdRIP-STX4) or a control adenovirus
(AdRIP-Control) at a multiplicity of infection (MOI) of 100 for 2 h.
Post-infection, cells were washed twice with culture medium to
remove residual virus and subsequently treated either with a pro-
in�ammatory cytokine cocktail consisting of IL-1b (2.5 ng/mL;
R&D, Cat# 401-ML, Minneapolis, MN), IFN-g (50 ng/mL; R&D,
Cat# 485-MI), and TNF-a (2.5 ng/mL; R&D, Cat# 410-MT) for
72 h, or with bleomycin (128 mM; APExBIO, Cat# A8331, Houston,
TX) for 24 h to induce DNA damage.

2.2 Human islet culture and treatments

Non-diabetic (ND) human islets were obtained from the
Integrated Islet Distribution Program, the City of Hope Islet
Core, and Prodo Lab (Donor information is in Supplementary
Table 1). STX4 was overexpressed in human islet b-cells via
adenoviral transduction, as previously described (18). Following
transduction, islets were treated with a proin�ammatory cytokine
cocktail consisting of IL1-b (1 ng/mL, R&D System, cat #201-LB/
CF, Minneapolis, MN), TNF-a (5 ng/mL, R&D System, cat #210-
TA/CF), IFN-g (40 ng/mL, R&D System, cat #285-IF/CF) for 48 h.
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2.3 Western blot analysis

MIN6 cells and human islets were harvested and lysed with
RIPA buffer (Thermo Fisher Scienti�c) supplemented with 1x Halt
Complete Protease and Phosphatase Inhibitor Cocktail, EDTA-free
(Thermo Fisher Scienti�c). Protein concentration was measured
using the Bio-Rad Protein Assay (Bio-Rad). An anti-STX4 antibody
generated as previously described (21, 22), was used at a 1:5000
dilution. The following commercial antibodies were used at 1:1000
dilution; p21 (Santa Cruz Biotechnology, cat #sc53870), gH2AX
(Cell Signaling, Cat #9718, Danvers, MA), and tubulin (Sigma-
Aldrich, cat #T5618, ST. Louis, MO) antibodies were used 1:1000
dilution. Horseradish peroxidase (HRP)-conjugated secondary
antibodies were used at 1:10,000 dilution, and signals were
detected using enhanced chemiluminescence reagents (ECL,
Amersham, Buckinghamshire, UK). Images were captured using
Bio-Rad imaging system.

2.4 Animals

All animal experiments were provided by the institutional
Animal Care and Use Committees at City of Hope. Doxycyclin
inducible b-cell speci�c STX4 mice (bTG-Stx4) have been
previously described (18). Brie�y, custom-generated C57BL/
6J.TRE-Stx4 mice were bred with rat insulin promoter (RIP)-
reverse tetracycline-controlled transactivator (rtTA) mice (JAX
008250; The Jackson Laboratory, Bar Harbor, ME) to generate b-
cell speci�c STX4 overexpression mice in the C57BL/6J background
(B6- ibSTX4). These B6-ibSTX4 mice were provided either
doxycycline-containing water (2 mg/mL acidi�ed water kept in
dark red bottles to protect it from light) or regular drinking water
for 3 weeks (starting 9 weeks old, endpoint at 12 weeks old) prior to
experiments to induce stable transgene expression. NOD.TRE-Stx4
mice were generated by breeding C57BL/6J.TRE-STX4 mice with
NOD mice (IMSR_JAX:001976, The Jackson Laboratory) followed
by speed congenic backcrossing using mapped polymorphic
microsatellites for genotypic selection (The Jackson Laboratory).
These were subsequently crossed with NOD.RIP-rtTA
(IMSR_JAX:005734 NOD/Lt-Tg (Ins2-rtTA)/1Ach/AchJ) mice to
establish NOD-ibSTX4 mice (15). Uninduced double transgenic
mice (NOD-Ctrl-dTg) and single transgenic mice (NOD-Ctrl-sTg)
were used as controls (NOD-Ctrl). For inducing b-cell speci�c
STX4 expression in the NOD model, female NOD-ibSTX4 and
NOD-Ctrl mice aged 4 weeks were treated with Doxycyclin (Dox,
1 mg/mL) in the drinking water and tissue was collected at 12 weeks
of age.

2.5 Single-cell RNA-seq analysis

Single-cell RNA sequencing of islets from uninduced double-
transgenic mice (NOD-Ctrl) and doxycycline inducible b-cell
speci�c STX4 overexpressing NOD mice (NOD-ibSTX4) was
previously reported by us (15). For downstream analyses, only b-
cell clusters were selected based on canonical marker gene
expression. Differentially expressed genes (DEGs) between Stx4
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OE and Control were obtained using the FindMarker function in
Seurat V5 (23). Pathway enrichment analysis was performed using
Gene Set Enrichment Analysis (GSEA) (24) as implemented in the
software ClusterPro�ler (25), employing the GO-BP database (26,
27). Genes were ranked by log2 fold-change and statistical
signi�cance to assess enrichment of curated gene sets across
biological pathways. A compilation of beta cell speci�c senescence
genes was obtained from published literature including the SenNet
Consortium and other sources (8, 28). Data was plotted using the R
packages ComplexHeatmap (29) and ggplot2 (30). The sequencing
data are available at the Gene Expression Omnibus (GEO) under
the accession number GSE318972.

2.6 Real-time PCR analysis

Gene expression analysis was performed using the QuantiTech
One-Step SYBR Green PCR Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Relative transcript
levels were calculated using the DDCt method and normalized to
Gapdh as the housekeeping gene. Primer sequences are provided in
Supplementary Table 2.

2.7 Immuno� uorescence staining and
analysis

Pancreatic sections were obtained from female NOD-ibSTX4
(12 weeks-old) and single-transgenic NOD control mice (NOD-
Ctrl-sTg (+) Dox; 12-weeks-old), and uninduced double-transgenic
mice (NOD-Ctrl-dTg (–) Dox, 12-weeks-old), as previously
described (15). Immuno�uorescence staining was performed
following standard protocols, as previously reported (31).
Pancreatic sections (5mm thick, formaldehyde �xed paraf�n
embedded) were processed using heat-mediated antigen retrieval
using citrate buffer (pH 6.0) for co-staining of insulin with gH2AX,
and LaminB1 and using Tris-EDTA (pH 9.0) for co-staining of
insulin with p21. Slides were incubated with primary antibodies
against Insulin (Biosynth, #20-1P35, Gardner, MA, USA), gH2AX
(Cell Signaling, #9718S, Danvers, MA, USA), p21 (Abcam
ab188224, Cambridge, MA, USA), and Lamin B1(Cell Signaling,
#17416, Danvers, MA, USA), diluted in blocking solution at 1:3000,
1:500, 1:500, and 1:1000, respectively. Correspondingly �uorescent
labeled, donkey-derived secondary antibodies (Jackson
ImmunoResearch, #706-545–148 and #711-165-152, West Grove,
PA, USA) were added at 1:500 dilution. Nuclei were counterstained
using antifade mounting medium containing DAPI (Vector
Laboratories, # H-2000-10, Newark, CA, USA). Slides were
viewed using a Leica DM6B microscope (Leica Microsystems,
Deer�eld, IL, USA) and imaged using the Leica Application Suite
X (Leica). Confocal images were acquired using the Zeiss LSM900
microscope and ZEN software. For quanti�cation, all islets within
the section were imaged, and the number of Insulin+ and Lamin
B1+/p21+/gH2AX+/p16+ (senescence marker+) cells was manually
counted in FIJI ImageJ (version 2.3.0/1.53t Java 1.8) and the
percentage of senescence marker+ and insulin+ double-positive
cells was quanti�ed.
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2.8 Conditioned medium collection

Dox inducible b-cell speci�c STX4 overexpressing (B6-ibSTX4)
and single transgenic control mice have been previously described
(18). STX4 expression was induced in vivo by administering Dox (2
mg/mL) in the drinking water for 3 weeks (starting at 9 weeks of
age). Pancreatic Islets were isolated from 12-week-old male mice
and cultured in CMRL (Gibco, Cat# 11530-037) medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Gibco). For recovery, islets were treated
with Dox (1 mg/mL) for 2 h prior to further treatments. Islets were
then exposed to a proin�ammatory cytokine cocktail consisting of
INF-g (5 ng/mL), TNF-a (2.5 ng/mL), and IL1-b (2.5 ng/mL) for 3
days. The medium was replaced daily with fresh cytokine-
containing medium. During the �nal 16 h, islets were incubated
in serum-free CMRL containing the same cytokine cocktail for the
purpose of conditioned medium (CM) collection. At the end of each
treatment, CM was collected and centrifuged at 800 x g for 5
minutes to remove cell debris. The supernatant was transferred to a
new tube and stored at -80°C until proteomics analysis.

2.9 Proteomics of CM and data analysis

Protein concentration in CM was quanti�ed by BCA (Cat#
23227, Thermo Fisher Scienti�c, Rockford, IL). From each sample,
100 µg protein was denatured (8M urea, Cat# U15-500, Thermo
Fisher Scienti�c, Rockford, IL), reduced (5 mM DTT, Cat# 20290
Thermo Fisher Scienti�c, Rockford, IL), alkylated (20 mM IAA,
Cat# 122270050 Thermo Fisher Scienti�c, Rockford, IL), and
digested overnight with trypsin (1:25, Cat# V5280, Promega,
Madison, WI) at 37°C. Peptides were desalted (C18 SPE, Waters),
and vacuum-dried. Peptides were reconstituted in 2% acetonitrile/
0.1% formic acid containing 25 fmol PRTC (Pierce Peptide
Retention Time Calibration Mixture, Cat# 88321, Thermo Fisher
Scienti�c, Rockford, IL) and analyzed on an Orbitrap Eclipse™

with FAIMS Pro, coupled to an UltiMate™ 3000 UHPLC.
Separation was performed on a C18 Easy-Spray column (75 µm x
50 cm, 2 µm, 100 °A) (Cat# ES903, Thermo Fisher Scienti�c,
Rockford, IL) at 45°C over 2 h gradient (300 nL/min). MS1
scan:375–1500 m/z, resolution 120,000; MS2 scans: HCD (35%
CE), ion trap detection. FAIMS CV setting: -40, -60, -80V. Raw data
were processed in Proteome Discoverer (v2.4, Thermo Fisher
Scienti�c) with Mascot (v2.6, Matrix Science Ltd., London, UK)
against the UniProt mouse database (UP000000589, Aug 2020).
Search parameters: tryptic cleavage speci�c, maximum allowed
missed cleavage of 2), variable modi�cations (Met oxidation, N-
terminal acetylation), �xed (Cys carbamidomethylation). PSMs
were �ltered at <1% FDR (Percolator). The resulting protein
abundances from the raw spectra search were normalized using
variance stabilizing normalization in R (v.4.2.1 Protein
identi�cations were then intersected to identify B6-ibSTX4
-unique proteins, requiring detection in each B6-ibSTX4 sample
and in no controls. These proteins were queried in StringDB (32) at
high con�dence (interaction score � 0.7) with disconnected nodes
hidden. Annotation to identify senescence speci�c proteins was
performed using multiple curated MSigDB (33) cell senescence gene
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sets as references (FRIMAN_SENESCENCE_UP.v2023.2.Hs,
REACTOME_CELLULAR_SENESCENCE .v2023 .2 .Hs ,
REACTOME_SENESCENCE_ASSOCIATED_SECRETORY_
PHENOTYPE_SASP .v2023 .2 .Hs , SAUL_SEN_MAYO.
v2023.2.Hs). Overlap analysis of proteins identi�ed in at least one
sample within the groups was performed with BioVenn (34). The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (35) partner
repository with the dataset identi�er PXD069706.

2.10 Statistical analysis

Data were analyzed using GraphPad Prism (v10, La Jolla, CA).
Comparisons between two groups were performed using unpaired
two-tailed Student’s t-tests, and comparisons among three groups
by one-way ANOVA. Results are presented as mean ± SEM, with
p < 0.05 considered statistically signi�cant.
3 Results

3.1 STX4 reduces b-cell senescence marker
expression under in� ammatory and
genotoxic stress

To determine whether STX4 modulates b-cell senescence, we
�rst silenced STX4 using siRNA in clonal mouse b-cells, MIN6, and
investigated two established senescence markers: phosphorylated
histone H2AX (gH2AX; DNA damage marker) and p21 (a cyclin-
dependent kinase inhibitor induced during cell cycle arrest). STX4
knockdown signi�cantly increased both gH2AX and p21 levels
versus siRNA controls (Figure 1A), indicating that loss of STX4
promotes senescence-associated molecular changes. In�ammation
and DNA damage are known to induce b-cell senescence (6–8).
Thus, we next examined the effect of STX4 overexpression on b-cell
senescence induced by in�ammatory cytokines. In MIN6 cells,
adenoviral-driven expression of STX4 (AdRIP-STX4) for 72 h
signi�cantly reduced cytokine-induced accumulation of gH2AX
and p21 versus control virus (AdRIP-Ctrl) (Figure 1B). Next, we
tested whether STX4 also modulates markers of terminal
senescence such as Lamin B1. The levels of Lamin B1 were
unchanged between control and STX4-overexpressing cells
following 72 h cytokine treatment, nor did we observe any
difference between cytokine-treated and vehicle-treated conditions
(Supplementary Figure 1). This suggested that the cytokine
treatment paradigm primarily induces molecular hallmarks of
early-stage senescence. To rule out potential contribution of
cytokine-induced cell-death to reduced senescence markers, we
assessed apoptosis by measuring cleaved caspase-3 (CC3).
Following 72 h cytokine exposure, CC3 levels were reduced in
STX4-overexpressing cells compared with controls (Supplementary
Figure 2), indicating that STX4 promotes b-cell survival under
cytokine stress and that reduced senescence markers re�ect a direct
protective effect rather than a consequence of altered cell viability.
We observed a similar protective effect of STX4 in b-cells exposed to
frontiersin.org
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the DNA-damaging agent bleomycin, where STX4 overexpression
attenuated the induction of p21 and gH2AX (Figure 1C).

To validate these �ndings in human islets, we overexpressed
STX4 in non-diabetic islets treated with in�ammatory cytokines for
48 h. Consistently, STX4 overexpression signi�cantly reduced
cytokine-induced gH2AX and p21 accumulation (Figure 1D).
Collectively, these results demonstrate that STX4 protects b-cells
from in�ammatory and genotoxic stress-induced senescence, as
evidenced by reduced DNA damage and cell cycle arrest marker
expression across both mouse clonal b-cells and human islets.
Frontiers in Endocrinology 05
3.2 STX4 overexpression in NOD mouse b-
cells attenuates b-cell senescence-
associated pathways

We previously reported scRNA-seq of islets from NOD mice
with b-cell-speci�c STX4 overexpression, demonstrating its
protective effects on b-cell function (15). To investigate whether
STX4 protects b-cells by mitigating senescence, we revisited this
dataset with a focus on transcriptional signatures of cellular
senescence. Gene set enrichment analysis (GSEA) revealed that
FIGURE 1

STX4 protects against cytokine- and DNA damage-induced b-cell senescence. (A–D) Representative immunoblots (left panel) for STX4,
phosphorylation of H2AX (gH2AX), p21 and tubulin (loading control). Right: Quantitation of STX4, gH2AX and p21 relative to tubulin. (A) Small
interfering RNA knockdown of STX4 (siSTX4, for 72 h) in MIN6 cells. Control: siCtrl. (B) b-cell–speci�c adenoviral (AdRIP) overexpression of STX4 for
72 h followed by cytokine cocktail treatment (IL-1b, IFN-g, and TNF-a) in MIN6. (C) STX4-overexpressing MIN6 cells (AdRIP-STX4) were exposed to
bleomycin for 24 h (D) Human non-diabetic islets transduced with b-cell–speci�c STX4 and treated with a cytokine cocktail (48 h). (B–D) Control
vector: AdRIP-Ctrl. Data represent mean ± SEM, each point corresponds to an independent biological replicate (n=4-5) *p<0.05, **p<0.01,
***p<0.005, ****p<0.0001 using unpaired, two-tailed Student’s t-Test.
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STX4 overexpression signi�cantly repressed multiple stress- and
senescence-associated pathways, including cellular senescence,
autophagy of mitochondrion, and apoptotic mitochondrial
changes (Figure 2A). Consistent with these pathway-level
changes, heatmap visualization of differentially expressed genes
(DEGs) revealed decreased expression of key regulators involved
in DNA damage response (Cd74), cellular senescence (B2m), and
cell cycle regulation (Ccng2) (Figure 2B). Additionally, we could
detect multiple b-cell speci�c senescence genes previously discussed
in literature (including the SenNet Consortium) (8, 28) in our
scRNA-seq data in > 1% of b-cells. Nine of these genes (Tnf, Icam1,
Flnb, Cxcl10, Cxcl1, Cdkn1a, Cdkn2a, Cd68, Cd5) were signi�cantly
downregulated (P < 0.1) in the NOD-ibSTX4 samples (Figure 2C),
further supporting the hypothesis that STX4 protects against b-cell
senescence. To validate these �ndings, we used qRT-PCR to
Frontiers in Endocrinology 06
examine gene expression in the mouse clonal b-cell line MIN6
and con�rmed that STX4 overexpression signi�cantly
downregulated the mRNA levels of Cd74, B2m, Cccng2, and
Cdkn1a under cytokine-induced stress (Figure 2D).

To further con�rm that STX4 protects against b-cell senescence
in T1D in vivo, we performed immuno�uorescence staining and
morphometric quanti�cation for Lamin B1, a structural nuclear
envelope protein whose loss is a hallmark of senescence, in
pancreatic sections from NOD-ibSTX4 and control transgenic
mice. In addition, we assessed p21 and p16, key cyclin-dependent
kinase inhibitors associated with senescence-associated cell cycle
arrest, along with gH2AX. b-cell-speci�c STX4 overexpression
signi�cantly preserved Lamin B1+ Insulin+ double-positive cells
versus control transgenic mice (Figure 3A). This was accompanied
by a marked reduction in b-cells labeled with p21, p16, and gH2AX,
FIGURE 2

STX4 overexpression reduces b-cell senescence marker mRNA expression in NOD mice. (A) Gene set enrichment analysis of scRNA-seq data from
NOD islets with b-cell-speci�c STX4 overexpression (NOD-ibSTX4, n=3) versus control (NOD-Ctrl, n=2) mice. (B) Heatmap showing differential
expression of key genes in b-cells from NOD-ibSTX4 and NOD-Ctrl. (C) Heatmap for key differentially expressed senescence markers including
SenNet panel in NOD-Ctrl and NOD-ibSTX4 b-cells, (D) Validation of scRNA-seq �ndings in cytokine treated MIN6 cells by RT-PCR (n=3/group),
showing protective effect of STX4 OE. *p<0.05, **p<0.01, ***p<0.005, using unpaired, two-tailed Student’s t-Test.
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