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The aging of pancreatic β-cells may undermine their
ability to compensate for insulin resistance, leading to
the development of type 2 diabetes (T2D). Aging β-cells
acquire markers of cellular senescence and develop a
senescence-associated secretory phenotype (SASP)
that can lead to senescence and dysfunction of neigh-
boring cells through paracrine actions, contributing to
β-cell failure. In this study, we defined the β-cell SASP
signature based on unbiased proteomic analysis of con-
ditionedmedia of cells obtained frommouse and human
senescent β-cells and a chemically induced mouse
model of DNA damage capable of inducing SASP. These
experiments revealed that the β-cell SASP is enriched
for factors associated with inflammation, cellular stress
response, and extracellular matrix remodeling across
species. Multiple SASP factors were transcriptionally
upregulated in models of β-cell senescence, aging, in-
sulin resistance, and T2D. Single-cell transcriptomic
analysis of islets from an in vivo mouse model of revers-
ible insulin resistance indicated unique and partly
reversible changes in β-cell subpopulations associated
with senescence. Collectively, these results demon-
strate the unique secretory profile of senescent β-cells
and its potential implication in health and disease.

Inadequacy of b-cell functional mass is fundamental to
the pathophysiology of type 2 diabetes (T2D). Early on,
b-cells compensate for insulin resistance through cellular
proliferation and increased insulin secretion, but eventu-
ally, b-cell mass becomes insufficient to meet the

demands of insulin resistance, and b-cells become dys-
functional (1). The strong association between age and
the onset of T2D (2) suggests an important relationship
between cellular aging and disease progression. We previ-
ously showed that insulin resistance accelerated b-cell
aging through senescence and that human subjects with
T2D had a higher proportion of senescent b-cells than
their counterparts without diabetes (3).

Cellular senescence is a stress response to an array of
stimuli (DNA damage, oxidative stress, and mitochondrial
dysfunction), with cells developing and secreting the senes-
cence-associated secretory phenotype (SASP) (4,5). These
include soluble and insoluble factors, such as cytokines and
extracellular matrix (ECM) remodeling factors, that induce
dysfunction in surrounding cells and precipitate their entry
into senescence (6). The composition of SASP factors varies
by cell type and has been extensively characterized in fibro-
blasts in different models of senescence, with overlapping
factors known as core SASP factors (6–10).

Previously, we generated both a b-cell senescence and
SASP signature based on RNA sequencing (RNA-seq) com-
paring senescent (b-galactosidase [bgal1]) and nonsenes-
cent (bgal–) b-cells from the same pools of islets (3).
Senescent b-cells had downregulated b-cell identity genes,
upregulated genes that are usually suppressed, and in-
creased expression of aging and senescence markers. Senes-
cent b-cells exhibited higher transcriptional expression of
the core SASP factors Ccl2, Il1a, Il6, and Tnfa. In in vitro
experiments, conditioned media (CM) from bgal1 mouse
b-cells induced higher levels of Cdkn2a transcription in

1Islet Cell and Regenerative Biology Section, Joslin Diabetes Center, Boston, MA
2Bioinformatics and Biostatistics Core, Joslin Diabetes Center, Boston, MA

Corresponding author: Cristina Aguayo-Mazzucato, cristina.aguayo-mazzucato@
joslin.harvard.edu

Received 22 May 2020 and accepted 26 February 2021

This article contains supplementary material online at https://doi.org/10.2337/
figshare.14125511.

© 2021 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/content/license.

IS
L
E
T
S
T
U
D
IE
S

1098 Diabetes Volume 70, May 2021

https://doi.org/10.2337/figshare.14125511
https://doi.org/10.2337/figshare.14125511
https://doi.org/10.2337/figshare.14125511
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db20-0553&domain=pdf&date_stamp=2021-05-15


nonsenescent cells, highlighting the potential role of b-cell
SASP in propagating senescence to neighboring cells.

Many gene products are regulated at the posttranscrip-
tional level, so an unbiased comprehensive study of the
b-cell SASP at the protein level is fundamental to describe
the cell-specific senescent secretome. Therefore, in this
study, we conducted proteomic analysis of CM from sen-
escent b-cells to develop a unique b-cell SASP protein sig-
nature. To investigate b-cell senescence, we used multiple
models: physiological senescence from bgal1 mouse and
human b-cells and chemically induced DNA damage in a
mouse b-cell line (MIN6). The resulting b-cell SASP pro-
tein signature derived from factors upregulated in these
models included proteins involved in inflammation, ECM
remodeling, and exosomes. Using this signature, we
show that Cdkn1a levels correlated significantly with
expression of top b-cell SASP factors and are upregu-
lated early during senescence induction. These results
were confirmed in vivo using a model of acute insulin
resistance, in which we measured changes in the subpo-
pulations of b-cells as they senesced and recovered, finding
changes that were reversible and those that were irrevers-
ible. Additionally, we confirmed that some of these factors
are differentially regulated in b-cells from donors with
T2D, underscoring the potential role of senescence and
SASP in the pathophysiology of the disease.

Our results emphasize b-cells as complex and hetero-
geneous entities that secrete a vast array of proteins with
the potential to influence and change their environment.
This can change the way we think about pathophysiology
and treatment of b-cell dysfunction in diabetes.

RESEARCH DESIGN AND METHODS

Animals
C57BL6/J male mice (7- to 8-month-old retired breeders;
The Jackson Laboratory) were used for all experiments
with approval from the Joslin Institutional Animal Care
and Use Committee. The animal facility maintained a
12:12-h light/dark cycle, with water and food ad libitum.

Mouse and Human Primary Islets
Islets from donors without diabetes were obtained
through the Integrated Islet Distribution Program. Upon
arrival, islets were cultured overnight in CMRL 1056, 10%
FBS, 1% GlutaMAX, and 1% penicillin-streptomycin.
Mouse islet isolation was by collagenase digestion as de-
scribed in Gotoh et al. (11). Islets handpicked under a
stereomicroscope were plated in Petri dishes with islet me-
dia (RPMI 1640, 10% FBS, and 1% penicillin-strepto-
mycin). For dispersion, TrypLE Express was used.

Bleomycin Treatment of MIN6 Cells
MIN6 cells were passaged and plated in 24-well cell cul-
ture plates (150,000 cells/well) for 24 h at 37�C and 5%
CO2 to allow attachment in DMEM-high glucose, 15%
FBS, 0.05% b-mercaptoethanol, and 1% penicillin-

streptomycin. Cells were cultured with 50 mmol/L bleo-
mycin or DMSO for 48 h, followed by culture in regular
media for 3–10 days as specified.

FACS Analysis of βgal Activity
Flow cytometry based on bgal activity was used to sort pri-
mary human and mouse b-cells into senescent and nonse-
nescent populations and to analyze levels of senescence in
bleomycin-treated cells as previously published (3,12).
Briefly, bgal activity was measured using Enzo’s cellular
senescence live cell analysis assay (ENZ-KIT130–0010) fol-
lowing the manufacturer’s instructions with an opti-
mized substrate incubation time of 1 h. Sorting
experiments were conducted using a DakoCytomation
MoFlo Cytometer or FACSAria in the Joslin Diabetes
Research Center Flow Cytometry Core. Primary islet
cells were incubated with antibodies for CD45 and
CD11b to exclude immune cells.

Proteomics
After sorting, bgal1 and bgal� primary human and
mouse b-cells were plated in 96-well plates and incubated
in serum-free islet media to generate CM. Bleomycin-
treated and control MIN6 cells were cultured for 24 h in
serum-free MIN6 media to generate CM, which was ana-
lyzed using SOMAscan at the Genomics Proteomics Core
(Beth Israel Deaconess Medical Center). Data analysis, in-
cluding principal component analysis (PCA), was conducted
using R. Graphs were generated using GraphPad Prism.

Quantitative Real-time PCR
RNA was extracted from cells using the RNeasy Plus Mini
Kit (Qiagen); SuperScript reverse transcriptase (Invitro-
gen) was used to reverse transcribe RNA and generate
cDNA for quantitative PCRs (primer sequences listed in
Supplementary Table 1). To measure gene expression lev-
els, we used Fast SYBR Green (Thermo Fisher Scientific),
and D cycle threshold values to b-actin were calculated.

Single-Cell RNA-seq of β-Cells From Insulin-Resistant
Mice
ALZET minipumps with the insulin receptor antagon-
ist S961 or PBS were surgically inserted in mice for 2
weeks as described previously (3). Three groups of mice
were used: control (PBS pumps), S961 (20 nmol/L/week
for 2 weeks), and recovered (mice with S961 removed for 2
weeks). Islets were isolated from mice belonging to each
group on the same day for single-cell RNA-seq
(scRNA-seq), cultured overnight, and dispersed. Sin-
gle-cell transcriptomic analysis was performed using
the 10x Genomics Chromium Single Cell Gene Expres-
sion Assay core at Brigham and Women’s Hospital.
The Illumina NextSeq 500 was used for sequencing,
and the three libraries were pooled evenly on one lane.

Data analysis was performed by the Bioinformatics and
Biostatistics Core at Joslin Diabetes Center. Raw
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Figure 1—The β-cell SASP signature included proinflammatory and stress response proteins. A: Workflow for sorting primary mouse and
human β-cells into βgal1 and βgal� populations for gene expression and proteomic analysis. CM for proteomic analysis was generated
using overnight culture of β-cells in serum-free islet media. B: Workflow for conducting gene expression and proteomic analysis of DNA-
damaged MIN6 cells. CM for proteomic analysis was generated using 24-h culture of MIN6 cells in serum-free MIN6 media. C: PCA of
proteomic data derived from CM from both models (A and B). Points were divided primarily based on cell type, but senescent cells clus-
tered separately from nonsenescent cells as well. D: PCA of proteomic data divided into the two models of SASP generation. For both
models, SASP-secreting cells differed consistently from their non-SASP–secreting counterparts. CM samples drawn from βgal-sorted β-
cells (A) were paired, and CM samples from MIN6 cells (B) were unpaired. Bleomycin-treated and control MIN6 samples are referenced in
this figure as “DNA damage” and “Non-DNA damage,” respectively. E: Venn diagram showing the number of proteins upregulated in each
model of β-cell senescence. A total of 109 proteins were upregulated in both models of senescence, and these proteins were used to de-
fine the β-cell SASP signature. F: Heat maps showing relative expression levels of β-cell SASP signature proteins in each sample from
both models. Expression levels are shown as z scores, and the midpoint of 0 represents average expression across all samples.
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sequencing data were demultiplexed, aligned to the mouse
genome, and Unique Molecular Identifier–collapsed using
Cell Ranger (13). The following inclusion criteria were used:
Unique Molecular Identifier >500, detected genes
>1,000, and mitochondrial genes <20%. These data
were then analyzed using R. Deconvolution of size fac-
tors from cell pools, estimation of technical noise, and
denoised PCA were done using scran (14,15). t-Distrib-
uted stochastic neighbor embedding (t-SNE) plots were
made using scater (16). To cluster cells into putative
subpopulations, a shared-nearest-neighbor graph was
constructed using the PCA coordinates, and the clusters
were found using a spin glass algorithm (17,18). b-Cell
clusters were identified based on high Ins2 expression.
Differential gene expression was assessed using linear
modeling with limma (19).

Immunostaining
MIN6 cells were cultured in dishes previously treated
with polyethylenimine (1:15,000 w/v). Cells were fixed
with 10% formalin and permeabilized with Triton X-100
0.3%. Cells were blocked with normal donkey serum (1:50
in PBS) and incubated with anti-HMGB1 or anti-Ki67
antibodies overnight at 4�C, the next day with anti-insu-
lin, and then fluorochrome-conjugated secondary antibod-
ies and DAPI (see Supplementary Table 2 for antibodies).
Images were taken using the Zeiss LSM 710 NLO confocal
microscope in the Joslin Advanced Microscopy core using
the same settings such that differences in intensity re-
flected differences in protein quantity. Intensity and areas
were quantified using ImageJ.

Bulk RNA-seq With βgal-Sorted β-Cells
Transcriptomic analysis of SASP expression in bgal-sorted
b-cells was carried out using previously published data (3)
(GSE121539) and RNA-seq data for paired samples
(bgal1 and bgal�) (n 5 7).

Microarray With MIP-GFP–Sorted β-Cells
Previously published (12) (GSE72753) microarray data
from islets were isolated from 3–9-week-old (n 5 3), 1-
year-old (n 5 4), and 2-year-old MIP-GFP mice (n 5 3)
and reanalyzed for SASP expression.

Analysis of Human Transcriptomic Data Sets
Human b-cell scRNA-seq data from donors with T2D and
without diabetes were accessed from Gene Expression
Omnibus data sets: GSE83139 (20), GSE86469 (21), and
GSE124742 (22). Data analysis was performed in R by
the Bioinformatics and Biostatistics Core at Joslin
Diabetes Center. Genes with average counts of zero
were removed. Genes expressed in at least 10 cells
were analyzed. Differential genes were identified using
the R package limma (19) and signed rank sum tests
performed to identify genes that were ranked in the
same direction (up/down in T2D vs. without diabetes)
among all data sets.

Quantification and Statistical Analysis
Data are shown as mean or mean ± SEM. Statistical ana-
lysis used GraphPad Prism. Unpaired or paired Student t
tests were used to compare two groups. A P value <0.05
was considered significant.

Data and Resource Availability
The accession number for the genomic data reported in
this article is GSE149984; for the proteomic data in this
article is GSE150285, and for the human proteomic data
in this article is GSE162521.

RESULTS

DNA Damage–Induced Markers of Senescence and
SASP in a β-Cell Line
In order to investigate the b-cell SASP in vitro, we chem-
ically induced DNA damage in cultured MIN6 cells (23).
DNA damage–induced SASP is particularly relevant for
studying b-cell dysfunction in diabetes because hypergly-
cemia induces expression of DNA damage markers, in-
cluding the tumor suppressor p53, in b-cells in T2D (24)
and drives islet inflammation in type 1 diabetes (T1D)
(25). Thompson et al. (26) showed that treatment with
bleomycin, a chemotherapy drug that induces DNA dam-
age, significantly upregulated expression of the p53-de-
pendent cell cycle arrest gene CDKN1A in human islets.
Following a similar protocol (Supplementary Fig. 1A), we
demonstrated that DNA damage induced by bleomycin
treatment upregulated expression of multiple markers of
senescence in MIN6 cells. While MIN6 cells are an un-
usual cell model to study growth arrest in senescence,

G: Pathway analysis of β-cell SASP signature proteins. Inflammatory and stress-response pathways were significantly upregulated in sen-
escent β-cells. H: Volcano plot showing Log2 fold change (FC) and�LogP of all proteins analyzed in SOMAscan analysis. β-Cell SASP sig-
nature proteins are shown as red points. I: Heat maps showing protein expression levels of six top SASP targets (GSTP1, GDF15, DUSP3,
HSP90AA1, ING1, and KPNB1) in each sample from both models. Expression levels are shown as z scores, and the midpoint of 0 repre-
sents average expression across all samples. In model 1, samples were paired, and all six proteins were present at significantly higher
concentrations in βgal1 CM. J: mRNA expression levels of top SASP targets in transcriptomic data. Based on RNA-seq data, most of the
top SASP targets were transcriptionally upregulated in βgal1 β-cells. Based on microarray data from the β-cells of young, middle-aged,
and old mice, most top SASP targets were also transcriptionally upregulated with chronological age. Results shown as mean ±
SEM. For RNA-seq data: *0.011 < P < 0.028; ***0.0000054 < P < 0.00082. For microarray data: *0.023 < P < 0.038; **P 5 0.0013;
***0.0000514 < P < 0.00017. d, days; wk, weeks; RT-qPCR, quantitative RT-PCR; v., versus.
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Table 1—Characteristics of mouse β-cell SASP signature proteins
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

Upregulated

NAMPT Yes Nuclear speckles, cell junctions Blood

IL27 Yes Blood

EBI3 Yes Blood

TSLP Yes Golgi apparatus, vesicles Blood

IL22 Yes Blood

CD40LG Yes Plasma membrane Blood

ANXA1 Yes Plasma membrane, cytosol, nucleoplasm Blood

CXCL3 Yes Blood

CXCL2 Yes Blood

TGFBR3 Yes Cytosol Blood

MBL2 Yes Blood

GDF15 Yes Golgi apparatus Blood

JAM3 Yes Plasma membrane, Golgi apparatus Blood

CSH1 Yes Blood

CSH2 Yes Blood

AMH Yes Vesicles, aggresome Blood

EFEMP1 Yes Mitochondria ECM

LAMA1 Yes ECM

LAMB1 Yes ECM

LAMC1 Yes Plasma membrane, endoplasmic reticulum ECM

CLEC11A Yes Centrosome Local

RSPO2 Yes Local

FGF6 Yes Local

KLK6 Yes Nucleoplasm, nuclear membrane, cytokinetic bridge Local

FGF7 Yes Nucleoplasm, nucleoli Local

FGF16 Yes Local

SFN Yes Cytosol, nucleoli Local

DHH Yes Male reproductive system

PDCD1LG2 Yes Cytosol

TACSTD2 No Plasma membrane, nucleoli, vesicles

MSLN No Plasma membrane, vesicles, nucleoplasm

LGALS4 No Plasma membrane

DDR2 No Plasma membrane, actin filaments

HHLA2 No Plasma membrane

EDAR No Plasma membrane

NCAM1 No Plasma membrane, cytosol

FLRT1 No Plasma membrane

LMAN2 No Plasma membrane

SEZ6L2 No Plasma membrane

HINT1 No Plasma membrane, nucleoplasm, cytosol

NCK1 No Plasma membrane, cytosol

RPSA No Plasma membrane, cytosol

NUDCD3 No Plasma membrane, cytosol, nucleoplasm

CAMK2B No Plasma membrane, cell junctions, cytosol

MAP2K1 No Plasma membrane, cytosol

Continued on p. 1103
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Table 1—Continued
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

CRK No Plasma membrane

YES1 No Plasma membrane, cytosol

CAMK2D No Plasma membrane, cell junctions, cytosol

KIR2DL4 No Plasma membrane

PAFAH1B2 No Cytosol, nucleoli, plasma membrane

NSFL1C No Nucleoplasm, cytosol, plasma membrane

EIF5 No Plasma membrane, cytosol

CTSC No Vesicles

ULBP3 No Vesicles, centriolar satellite

CASP10 No Golgi apparatus, vesicles

LRRK2 No Nucleoplasm, vesicles

AKT2 No Nucleoplasm, vesicles, cytosol

PPA1 No Vesicles

HSPA1A No Nucleoplasm, vesicles, cytosol

COMMD7 No Vesicles

VTA1 No Nucleoplasm, vesicles, cytosol

SKP1 No Nucleoplasm, cytosol

LGALS2 No Mitochondria, nucleoplasm

RBM39 No Nucleoplasm, nuclear speckles, microtubules, centriolar satellite

HDGFRP2 No Nucleoplasm, mitochondria

UBE2L3 No Nucleoplasm, cytosol

ARID3A No Nucleoplasm, cytosol

RPS6KA5 No Nucleoplasm

GRB2 No Nucleoplasm

KPNB1 No Nuclear membrane, nucleoplasm, cytosol

LTA4H No Nucleoplasm, cytosol

FGF12 No Nucleoplasm, cytosol

UBE2N No Nucleoplasm, nucleoli fibrillar center

AKR1A1 No Cytosol, nucleoplasm

UCHL1 No Cytoplasm, nucleoplasm

ING1 No Nucleoplasm, cytosol

YWHAB No Cytosol, nucleoplasm, nucleoli

YWHAE No Cytosol, nucleoplasm, nucleoli

YWHAG No Cytosol, nucleoplasm, nucleoli

YWHAQ No Cytosol, nucleoplasm, nucleoli

YWHAZ No Cytosol, nucleoplasm, nucleoli

NAGK No Cytosol, nucleoplasm

DUSP3 No Nucleoplasm, cytosol

STAT3 No Nucleoplasm, cytosol

HPGD No Nucleoplasm, cytosol

PPID No Nucleoli, cytosol, nucleoplasm

EIF5A No Nucleoplasm, cytosol

PTPN6 No Nucleoplasm, nucleoli

PGM1 No Cytosol

AIP No Cytosol

Continued on p. 1104
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Table 1—Continued
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

TPM4 No Actin filaments, cytosol

PRKCI No Cytosol, microtubules, cytokinetic bridge

YWHAH No Cytosol, nucleoli

TAGLN2 No Cytosol, actin filaments

GSTP1 No Mitochondria, cytosol

UFC1 No Nuclear speckles, cytosol

MAPK14 No Nuclear speckles, cytosol

SHC1 No Cytosol

HSP90AA1 No Cytosol

HSP90AB1 No Cytosol

IMPDH1 No Cytosol, rods, and rings

XPNPEP1 No Cytosol

SNX4 No

PDXP No

TXNDC12 No

UFM1 No

DCTN2 No Centrosome

PRDX1 No Mitochondria

PGK1 No

Downregulated

TNFRSF6B Yes Blood

SPP1 Yes Golgi apparatus Blood

TNFSF14 Yes Plasma membrane Blood

IL36B Yes Blood

EPO Yes Blood

ISG15 Yes Blood

IL36A Yes Blood

IFNA7 Yes Blood

MMP10 Yes ECM

MMP1 Yes Vesicles ECM

RSPO4 Yes Local

TFF1 Yes Digestive system

IFNAR1 No Plasma membrane

IFNGR2 No Plasma membrane

ITGAV No Plasma membrane, focal adhesion sites, cytosol

ITGB5 No Plasma membrane, mitochondria

PIANP No Plasma membrane, nucleoplasm

PDGFRA No Plasma membrane, nucleoplasm, cell junctions

FCGR2A No Plasma membrane, Golgi apparatus

CD300C No Plasma membrane, Golgi apparatus, vesicles, mitochondria

EFNA3 No Plasma membrane

SCARB2 No Plasma membrane, cytosol

GAS1 No Nuclear speckles

GNS No

ASGR1 No Vesicles, cell junctions

PRKAA1 No Nuclear speckles

HIBADH No
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they are a valid model to study SASP, which is the focus
of this study. At a molecular level, two articles by the
Campisi group (7,27) have shown that persistent DNA
damage is able to induce SASP secretion, which means
that p53, pRB, and the senescence proliferative arrest
are not sine qua non requirements for SASP secretion.
Therefore, the secretome of damaged cells can be dis-
sociated from senescence, although they usually occur
simultaneously.

After 48 h of bleomycin treatment, MIN6 cells expressed
higher levels of Cdkn1a (Supplementary Fig. 1B) and in-
creased senescence-associated bgal activity (Supplementary
Fig. 1C). Additionally, treated cells displayed decreased nu-
clear expression of HMGB1, decreased proliferation, and in-
creased nuclear size (Supplementary Fig. 1D–F), all of which
have been correlated with cellular senescence (28) and DNA
damage. To further confirm the validity of MIN6 to study
SASP, we documented increased Cdkn1a in cells after longer
culture times (Supplementary Fig. 1G) and higher bgal1

cells with greater passage number (Supplementary Fig. 1H).
Others (29) have also shown decreased proliferation of
MIN6 cells with higher passages. Based on the literature
(7,27) and our results, we believe that bleomycin-induced
DNA damage in MIN6 cells is a valid model to study SASP.

Senescent β-Cells Exhibited a Unique Secretory
Phenotype, Defined as the β-Cell SASP Signature
We characterized the b-cell SASP proteome using CM gen-
erated from bleomycin-treated MIN6 cells and from senes-
cent (bgal1) primary mouse and human b-cells. For
senescent primary b-cells, isolated islets were dis-
persed and FACS-sorted into bgal1 and bgal� popula-
tions, excluding immune cells through negative
selection of CD451 and CD11b1 cells (Fig. 1A). MIN6
cells were treated with bleomycin to model DNA dam-
age–induced senescence (Supplementary Fig. 1). For

all models, cells were cultured in serum-free media to
generate CM (Fig. 1A and B).

Unbiased CM sample analysis was conducted using the
aptamer-based SOMAscan proteomics platform in which
1,305 different proteins are quantified for concentration.
Initially using these results from the murine cells, we con-
ducted a PCA for dimensionality reduction and found sub-
stantial protein-level differences between nonsenescent
and senescent cells across rodent models. The secretomes
of primary b-cells clustered separately from those of MIN6
cells (Fig. 1C). Differences between the secretomes of both
models may partially be due to different mechanisms in-
ducing senescence: in vivo environmental stressors in the
b-cell model and chemically mediated DNA damage in the
MIN6 model.

In the PCA plots of only MIN6 cells, the DNA dam-
age and nonDNA damage groups differed markedly in
their secretory profiles. For the sorted mouse primary
b-cells, the senescent and nonsenescent clusters exhib-
ited more overlap (Fig. 1C), but when examined as
paired sample sets, senescent cells diverged from their
nonsenescent counterparts in a consistent trajectory
(Fig. 1D). Despite varied starting points, primary
mouse b-cells underwent consistent secretory changes
along the x-axis during the transition to senescence.
We identified 109 overlapping proteins expressed at
significantly higher levels in both rodent models of
b-cell senescence and 34 proteins expressed at signifi-
cantly lower levels (Fig. 1E and Table 1). We defined
the 109 overexpressed proteins as the b-cell SASP pro-
tein signature (Fig. 1F and H).

Using the Human Protein Atlas (https://proteinatlas.
org), we identified subcellular and extracellular localiza-
tions of the proteins upregulated and downregulated in
senescent b-cells. From the mouse b-cell SASP signature,
27% of proteins were commonly identified as secreted,
25% localized to the plasma membrane, 12% to vesicles,

Table 2—Selected factors of mouse β-cell SASP signature

Target Name
Role in senescence, inflammation, and
β-cell function

GSTP1 Glutathione S-transferase P Cell proliferation inhibitor and p53 target
(50,51)

GDF15 Growth differentiation factor 15 SASP factor and involved in aging and
mitochondrial dysfunction (30,43,52,53)

DUSP3 Dual specificity protein phosphatase 3 Regulates cell proliferation and DNA
damage response (54)

HSP90AA1 Heat shock protein 90a family class A
member 1

Senolytic target, released by β-cells
stressed by inflammation (55–57)

ING1 Inhibitor of growth protein 1 Regulator of senescence (58)

KPNB1 Karyopherin subunit β1 Mediates activity of inflammatory
transcription factors (59)

Six top mouse β-cell SASP targets with references to previous publications describing their roles in senescence, inflammation, and
β-cell function.
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35% to the nucleoplasm, and 48% to the cytosol (Table
1). These percentages exceed 100% because many pro-
teins have been identified in multiple extracellular and
subcellular localizations. While many of the b-cell SASP
signature proteins were not previously identified as se-
creted proteins, cytosolic and membrane proteins may
still be exported from the cell through exosomes, as
shown by SASP of other cell types (30). Using gene
ontology analysis, we found that 42% of mouse b-cell
SASP signature proteins were part of the “extracellular
exosome” pathway (31,32). It is unlikely that the iden-
tified SASP proteins were exported due to increased

cell necrosis and lysis of the senescent b-cells because
cell viability was similar in senescent and control pop-
ulations (Supplementary Tables 3 and 4), and only dif-
ferentially secreted proteins in both models were
included in the SASP signature.

Using Metascape (33), we conducted pathway and pro-
cess enrichment analysis to determine the pathways rep-
resented in the b-cell SASP signature. The most highly
represented pathways included interleukin signaling, a6b1
and a6b4 integrin signaling, PI3K-Akt signaling, neu-
rotrophin signaling, cellular response to growth ac-
tors, cellular stress response, and ECM-associated

Figure 2—β-Cell SASP expression levels were heterogeneous, but senescence induced a consistent shift in the β-cell secretome. A:
Workflow of MIN6 senescence time-course experiments. Cells were treated with bleomycin for 2 days and then cultured in regular MIN6
media. Cells were collected at days 0, 2, 5, 9, and 12 for RNA isolation and RT-qPCR. B: Heat map showing expression levels at each time
point of senescence genes (Cdkn1a and Cdkn2a) and top SASP targets in MIN6 cells. Expression of Cdkn1a, Gstp1, and Gdf15 increased
significantly and peaked within 5 days of bleomycin treatment. Dusp3, Hsp90aa1, and Ing1were transcriptionally upregulated to lower lev-
els within 5 days, and expression of Kpnb1 declined by day 5. Expression levels are shown as the Log2 of the fold change (FC) from day 0
expression, and the midpoint of 0 represents a fold change of 1. Results were drawn from five total replicates across three separate ex-
periments. C: Graphs showing expression levels of top SASP targets from individual samples across time points and their correlations
with Cdkn1a expression. Gstp1, Gdf15, Dusp3, and Hsp90aa1 were all significantly associated with Cdkn1a expression. Expression levels
of each gene varied considerably across samples. Lines of best fit are shown, along with dotted lines indicating their 95% CIs. P values
were calculated using the null hypothesis that the slope of the best fit line equals 0. D: Venn diagram showing the number of genes signifi-
cantly upregulated at the transcript level in βgal1 β-cells and the number of genes in the β-cell SASP signature. A total of 22 genes were
upregulated at both the transcript level and protein level in senescent β-cells. Of the top SASP targets,Gdf15, Ing1, and Kpnb1 were upre-
gulated both at the transcript and protein levels. E: Heat map showing transcriptional expression of the 22 genes upregulated in both the
transcriptomic and proteomic analysis of senescent β-cells. βgal1 β-cells expressed these genes at significantly higher levels than βgal�

β-cells. Expression levels are shown as z scores, and the midpoint of 0 represents average expression across all samples. Samples were
paired, and all 22 genes were significantly transcriptionally upregulated in βgal1 cells. F: PCA of the RNA-seq samples using only the data
from β-cell SASP signature genes. Samples varied on their starting point along the x-axis, but senescence generated a consistent right-
ward shift. d, days; qPCR, quantitative PCR; v., versus.
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Figure 3—Acute insulin resistance altered the β-cell secretome, upregulating SASP signature genes. A: Workflow for S961 and recovery
experiments to induce acute insulin resistance in mice. B: Blood glucose levels showed that mice with pumps delivering S961 experienced
persistent hyperglycemia within 6 days of pump insertion. Removing the pumps returned blood glucose to normal levels. C: t-SNE plots of
β-cell clusters in each treatment group. Acute insulin resistance (IR) significantly altered the transcriptional landscape of β-cells, creating
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proteins (Fig. 1G). This suggests an age-related accu-
mulation of senescent b-cells that induce inflamma-
tory stimuli, cellular stress response signals, and ECM
remodeling proteins within the islet microenviron-
ment, which is consistent with the known role of
SASP (30).

We selected several b-cell SASP signature proteins that
represented pathways of interest; most of which had pre-
viously been identified as relevant players in cell cycle
regulation, inflammatory signaling, and b-cell dysfunction
(Table 2 and Fig. 1I). The factors that were upregulated in
both murine proteomics models were also largely upregu-
lated at the transcript level in a model of physiological
senescence (FACS-sorted mouse bgal1 b-cells) and of
chronological aging (from 2-year-old MIP-GFP mice)
(Fig. 1J). Dusp3, Gdf15, Ing1, and Kpnb1 were transcrip-
tionally upregulated in senescent bgal1 b-cells, while
Gstp1, Gdf15, Dusp3, Hsp90aa1, and Kpnb1 were upregu-
lated in b-cells from 2-year-old MIP-GFP. This is consist-
ent with our previous results showing the accumulation
of senescent cells in aging mice (12).

β-Cell SASP Expression Can Be Characterized as a
Heterogeneous Continuum Rather Than a Discrete
Phenotype
To characterize the temporal progression of senescence
and SASP in mouse b-cells, we analyzed the expression
patterns of top b-cell SASP targets and cell cycle arrest
genes Cdkn1a (p21Cip1) and Cdkn2a (p16Ink4a) in bleo-
mycin-treated MIN6 cells on days 2, 5, 9, and 12 after
treatment (Fig. 2A and Supplementary Fig. 2). Cdkn1a ex-
pression increased substantially within 5 days after treat-
ment, whereas Cdkn2a increased by day 2 to a lesser
extent, and expression did not change thereafter (Fig. 2B
and Supplementary Fig. 2). Among the SASP signature
genes, Gstp1, Gdf15, and Dusp3 similarly exhibited sub-
stantial, rapid increases in mRNA expression, with

Hsp90aa1 and Ing1 to a smaller extent. Kpnb1 mRNA ex-
pression declined by day 5, highlighting that some of the
top b-cell–secreted SASP factors were not regulated at the
transcriptional level.

These temporal changes in expression suggest that
b-cell senescence proceeds through multiple stages.
To elucidate any relationship between SASP transcript
expression and cell-cycle arrest genes, we measured
correlations of gene expression across experiments,
time points, and replicates. Multiple mouse SASP sig-
nature genes with widely variable expression were sig-
nificantly correlated with Cdkn1a mRNA expression
(Fig. 2C), suggesting that the mouse b-cell SASP sig-
nature characterized the early stage of senescence.

As further analysis, we collated the mouse protein sig-
nature expression with our previously published RNA-seq
experiment profiling bgal1 (senescent) and bgal� (nonse-
nescent) b-cells (3). A total of 22 out of the 109 b-cell
SASP signature protein factors were upregulated at the
mRNA level in senescent b-cells (Fig. 2D); these included
well-known SASP factors like GDF15 (30), chemokines
(CXCL2 and CXCL3), and laminins (LAMB1 and LAMC1)
(6), along with the newly identified b-cell SASP factors
DUSP3, ING1, and KPNB1 (Fig. 2D and E). Of our pre-
viously described SASP mRNA signature that was
based on core SASP factors derived from fibroblasts
(Supplementary Table 5) (3), some were confirmed by
proteomics, and others reached significance in only
one of the models (bgal1 primary b-cells or bleomy-
cin-treated MIN6 cells). Furthermore, we specifically
queried our proteomic data for three pathognomonic
factors classically described in the literature: interleu-
kin-1A (IL-1A), IL-1B, and IL-6. As reflected in
Supplementary Table 6, the secretion of most of these
factors (except IL-6) consistently increased from sen-
escent b-cells or MIN6 cells with DNA damage. These
commonalities indicate a proinflammatory response
from senescent and damaged cells across tissues, but
the evident differences emphasize the importance of

new subpopulations based on transcriptional changes. Two-week recovery resulted in a transcriptional profile that resembles a mix of the
control and S961 treatment groups. D: Scatterplot showing correlations of genes with Cdkn1a expression in the β-cells of control (x-axis)
and S961-treated (y-axis) mice. Genes that had correlations corresponding to a z score >2 or < –2 in both mouse groups were colored
blue. E: Venn diagram showing the number of genes upregulated in the β-cells of S961 mice and the β-cell SASP signature. Out of 109 β-
cell SASP signature factors, 27 genes, including Gdf15, were also significantly upregulated at the transcript level in the β-cells of mice ex-
periencing acute insulin resistance. Significance was calculated using two-sample t tests. F: Upregulated SASP factors in S961 β-cells.
Heat map showing average expression levels by scRNA-seq of senescence genes Cdkn1a and Cdkn2a, as well as the 27 β-cell SASP sig-
nature genes that were transcriptionally upregulated in the β-cells of S961 mice. For most of the SASP signature genes, expression re-
turned to normal levels in the β-cells of the recovered mice. Expression levels are shown as the log of the fold change (FC) from overall
average (Avg), and the midpoint of 0 represents average expression across all samples. The scale differs for the top and bottom segments
of the heat map. G: Bubble plot average expression of entire β-cell SASP signature in each cluster and treatment. Cluster size is repre-
sented by bubble size. Expression levels of individual genes in each cluster were normalized to average expression across all treatment
groups, and total SASP signature expression was calculated as an average of the normalized expression levels of component genes. H:
Heat map showing expression of top β-cell SASP targets in each cluster as identified by the t-SNE analysis in C. Expression levels are
shown as z scores, and the midpoint of 0 represents average expression across all samples. Cluster 4 did not appear in the control group,
so all control cluster 4 squares are marked in black. Ctrl, control; C, control group; S, S961 mice; S1R, S961 plus recovery mice; v.,
versus.
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Figure 4—Human SASP reveals conserved pathways and a subset of factors that coincide with β-cell transcriptional changes in T2D. A:
Venn diagram showing the number of proteins upregulated and downregulated in each model of β-cell senescence. Five proteins over-
lapped in all three models, while four additional ones were shared between the human and mouse secretomes. B: Pathway analysis of hu-
man β-cell SASP signature proteins. The list of pathways was similar to that of senescent mouse β-cells. Inflammatory and stress-
response pathways were significantly upregulated in human and mouse senescent β-cells; additionally, proliferative inhibition featured
high on the human list. C: Heat maps showing protein expression levels of the 50 top upregulated and downregulated human SASP fac-
tors. Expression levels are shown as z scores, and the midpoint of 0 represents average expression across all samples. Samples were
paired, and all proteins were significantly differentially expressed in βgal1 CM compared with its βgal� counterpart. D: Heat map showing
expression levels of upregulated and downregulated genes in β-cells from donors with and without T2D that coincided with changes of
SASP factors from senescent and nonsenescent human β-cells. Expression levels are shown as z scores. C, control (without diabetes); v.,
versus.
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Table 3—Characteristics of human β-cell SASP signature proteins
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

Upregulated

FCGR2B No

FRZB Yes Locally

CAMK1D No Cytosol, nucleoplasm

TNFSF8 No

CCL3L1 Yes Blood

CD80 No

CD22 No

AFM Yes Blood

CLU Yes Blood

FGF8 Yes Locally

TNFSF18 No

PCSK7 No

CFD Yes Blood

SMAD3 No Cytosol, nucleoplasm

RB1 No Nucleoplasm

BMPR2 No

CD200 No

CKM No

ANGPTL3 Yes Blood

CCL1 Yes Blood

GSK3A No Cytosol

GSK3B No Nucleoplasm

JUN No Nucleoplasm

CPE No Centrosome, nucleoplasm, vesicles

WIF1 Yes ECM

TNFRSF13B No

ENTPD1 No Microtubules

ICOS No Actin filaments, plasma membrane

GPC3 No Plasma membrane

VCAM1 No Cell junctions

ACVRL1 No

TPM2 No

PLA2G7 Yes Blood

ICAM3 No Mitochondria, nuclear membrane, nucleoplasm

ASAH2 No Focal adhesion sites

IL10RB No Cytosol

BIRC5 No Cytokinetic bridge

NOTCH1 No Nucleoplasm

IBSP Yes Locally

SELE No

IL37 Yes Nucleoplasm, vesicles Blood

BCL2L1 No Mitochondria

CST7 Yes Blood

REN Yes Blood

Continued on p. 1111
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Table 3—Continued
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

LTBR No Golgi apparatus

SFRP1 Yes Cytosol, nucleoli Locally

EDA No Lipid droplets, vesicles

FST Yes Blood

CD109 No Plasma membrane

OSM Yes Blood

C8A Yes Blood

C8B Yes Blood

C8G Yes Blood

DSG1 No

PLG Yes Blood

PRLR No

Downregulated

TPSB2 Yes Blood

CAPG No Nucleoplasm

DDR1 No Cell junctions, nucleoplasm

PDXK No Nucleoplasm

NTF3 Yes Vesicles Locally

MPO No Nucleoplasm, vesicles

PGLYRP1 Yes Blood

LYN No Golgi apparatus, plasma membrane, vesicles

THPO Yes Blood

NUDCD3 No Cytosol, plasma membrane, nucleoplasm

RSPO3 Yes Blood

CTSH No Cytoplasmic bodies, cytosol, vesicles

FGF6 Yes Locally

MAPK12 No Cytosol, nuclear speckles

PLA2G1B Yes Digestive system

PGD No Cytosol, intermediate filaments

IL20 Yes Blood

AZU1 Yes Vesicles Blood

VIP Yes Endoplasmic reticulum Blood

UNC5D No

NR3C1 No Cytosol, mitochondria, nucleoplasm

HBEGF Yes Blood

SGTA No Nucleoplasm

FGF8 Yes Locally

MSLN No Nucleoplasm, vesicles

IFNL1 Yes Blood

LTA Yes Blood

LTB No Centrosome

SIGLEC6 No

S100A4 No Plasma membrane

ANGPT4 Yes Blood

CGA Yes Blood

Continued on p. 1112
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an unbiased approach to identifying the SASP of spe-
cific cell types.

PCA analysis of transcriptomic results corroborated
considerable variability among samples of SASP signature
expression in primary b-cells. Yet, across the paired sam-
ples (FACS sorted from the same animals), senescent
b-cells always differed from their nonsenescent counter-
parts similarly at both the transcript level (Fig. 2F) and
the protein level (Fig. 1D). Thus, b-cell progression to
senescence generated consistent transcriptional and secre-
tory expression of the SASP signature.

Acute Insulin Resistance Altered β-Cell Expression of
SASP Signature Genes
To investigate the expression of SASP genes across the
b-cell population, we performed scRNA-seq on a model
of acute insulin resistance (3) in which the insulin re-
ceptor antagonist S961 induced hyperglycemia and ac-
celerated b-cell senescence as previously shown (3).
We used three groups of mice (Fig. 3A): controls,
treated with S961 for 2 weeks, and 2 weeks’ recovery
after 2 weeks of S961. With treatment, mice developed
marked hyperglycemia (Fig. 3B) and hyperinsulinemia
(3) that were completely reversed in the 2-week
recovery.

We used t-SNE for dimensionality reduction cluster
analysis of the mouse b-cells in these three conditions
(Fig. 3C) and identified b-cells based on insulin expres-
sion with respect with other cell-type populations
(Supplementary Table 7).

Strikingly, we found that insulin resistance had a pro-
found impact on b-cell subpopulations (Fig. 3C): clusters
4 and 7 appeared and previously large clusters 3, 5,
and 6 diminished. After recovery, clusters 3, 5, and 6
were increased and clusters 4 and 7 diminished, show-
ing partial reversal of the phenotypes induced by insu-
lin resistance. Cluster 9 remained mostly unchanged.
Clusters 4 and 7 b-cells had upregulated IL receptors
and Bcl2 family proteins, both of which have been
identified as senescence-associated pathways (34,35).
These dynamic changes are consistent with the hetero-
geneity of b-cell aging markers we previously showed
(3,12) and support the existence of distinct stages in
the progression to senescence in b-cells.

Transcriptional expression of Cdkn1a increased in
b-cells from S961 mice (Fig. 3F) but was not limited to a
single subpopulation (Fig. 3H). Transcriptional expres-
sion of Cdkn2a increased in the S961 group and in-
creased even further in the recovery group (Fig. 3F).
These results support the temporal progression of
b-cell senescence (Fig. 2B) in which Cdkn1a is

Table 3—Continued
Protein Secreted? (yes/no) Subcellular localization Extracellular localization

TSHB Yes Blood

ADAMTS1 Yes Plasma membrane ECM

C3 Yes Blood

ALB Yes Endoplasmic reticulum, Golgi apparatus Blood

ARID3A No Cytosol, nucleoplasm

IL20RA No Cytosol

IL4R Yes Centriolar satellite, plasma membrane, nucleoplasm Blood

EPHA3 No Actin filaments, cytosol, nuclear membrane, nucleoplasm, plasma
membrane

ADGRE2 No Cytosol, vesicles

LGALS2 No Mitochondria, nucleoplasm

PLXNB2 No

CCL8 Yes Blood

ADCYAP1 Yes Locally

YWHAQ No Cytosol, nucleoli, nucleoplasm

CSF2 Yes Vesicles Blood

MAPK9 No

LIFR No Golgi apparatus, nuclear speckles

IL23R No

DDC No Actin filaments

HSPB1 No Cytosol, plasma membrane

FCGR2A No Golgi apparatus, plasma membrane
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expressed in early stages and can be reversed, whereas
Cdkn2a persists and could be considered a marker of
established cellular senescence.

To further characterize the progression of senescence
in b-cells, we identified genes that correlated with Cdkn1a
expression in the b-cells of control and S961 mice (Fig.
3D). Cdkn1a expression correlated with the downregula-
tion of genes associated with functional maturity in
b-cells (Ins1, Ins2, Mafa, Pdx1, Neurod1, and Slc2a2)
(36,37) and with the upregulation of Ldha and glycolysis
genes (Gapdh, Pkm, Pfkp, Pfkl, and Pgk1), indicative of
dysfunctional b-cells (38). Cdkn1a expression was also
positively associated with the aging marker Igf1r (12) and
the top SASP targets Gstp1, Dusp3, and Hsp90aa1. These
data support that hyperglycemia-induced repression of
b-cell identity (39) and that senescence was associated
with a loss of b-cell identity (3).

We reasoned that b-cell SASP genes might be upregu-
lated in the b-cells from S961-treated mice (Supplementary
Fig. 3). Of the 109 b-cell SASP signature genes, 27 were sig-
nificantly upregulated in the insulin-resistant mice, includ-
ing the top SASP targets Gstp1, Gdf15, and Hsp90aa1 (Fig.
3E), and 23 were downregulated. The upregulated genes in
S961 b-cells mostly returned to control expression levels
following the recovery (Fig. 3F), consistent with our hy-
pothesis that these genes were associated with reversible
Cdkn1a expression. b-Cell SASP signature expression was
distributed widely across clusters (Supplementary Fig. 4),
and insulin resistance upregulated SASP signature genes in
most clusters, both in magnitude of expression and in the
number of expressing cells. This observation was particular-
ly noticeable in cluster 4, which did not exist under control
conditions, and in cluster 7, for which size greatly in-
creased in the S961 group (Fig. 3G and H). The highest
levels of Cdkn1a levels were in clusters 5 and 7, while
highest Cdkn2a levels were in clusters 3 and 7. The six
top SASP targets were most highly expressed in clus-
ters 3, 4, and 5 (Fig. 3H).

While it is possible to identify the senescent b-cell
population on scRNA-seq analysis based on insulin mRNA
levels (Supplementary Table 7), it could be possible that
decreased expression of insulin mRNA due to senescence
could lead to loss of identity of some b-cells, which would
be missed in the scRNA-seq analysis.

Human β-Cell SASP Is Highly Enriched for
Inflammatory Pathways
Proteomic analysis of CM from human cells without diabetes
was used to generate the human b-cell SASP signature. Hu-
man b-cells were FACS sorted based on senescence-associ-
ated bgal activity as previously described. The senescent
bgal1 subpopulation expressed CDKN2A at 2.3-fold higher
levels than bgal� cells. Additionally, they upregulated the
transcription of some commonly identified SASP factors:
CCL4 (12-fold higher) and IL6 (2-fold higher) as published
(3). While proteomic analysis of CM from primary human

senescent and nonsenescent b-cells revealed minimal overlap
with the mouse b-cell SASP (Fig. 4A), pathway analysis
showed enrichment of similar pathways, including cytokine
and IL signaling pathways, response to growth factors, and
mitogen-activated protein kinase (MAPK) activation (Fig.
4B). Of the top 50 human b-cell SASP factors (Fig. 4C), 42%
were known secreted proteins, out of which 24% are local
and 76% systemic (Table 3). There is also a large number of
SASP factors, which are downregulated in senescence (Fig.
4C); the known secreted proportion of SASP is 48% with
75% going into the blood (Table 3). Pathways uniquely found
in the human SASP included the inhibition of proliferation
and negative cell differentiation, both known hallmarks of
the senescence phenotype.

To explore the potential role of SASP in pathogenesis of
T2D, in which we have shown increased b-cell senescence
(3), we queried three published scRNA-seq studies of hu-
man b-cells of donors with and without T2D for transcrip-
tional regulation of the human b-cell SASP (Fig. 4D).
LSAMP and MDK were transcriptionally upregulated in
b-cells from donors with T2D and secreted from senes-
cent b-cells, and nine factors were downregulated in
both data sets. GAPDH is a particularly interesting ex-
ample, since it is known that a reduction in its activity
creates a bottleneck in glucose responsiveness in func-
tionally immature b-cells (40), which could imply im-
paired insulin secretion in senescent cells (41). These
results highlight the potential role of human b-cell
SASP in health and disease.

DISCUSSION

Cellular senescence has been hypothesized to play a sig-
nificant role in the progression of T2D (42), and the dele-
tion of senescent b-cells was associated with improved
glucose tolerance in mouse models of both T1D and T2D
(3,26). However, the precise mechanism by which senes-
cent b-cells propagate metabolic dysfunction was un-
clear. In this study, we developed a comprehensive
and cell-specific mouse and human b-cell SASP protein
signature using unbiased proteomics. The senescent
b-cell secretome included pathways commonly repre-
sented in the SASP of other cell types, including in-
flammation, ECM remodeling, and signals responding
to growth factor stimulus and cellular stress. These
data indicate a dynamic secretory behavior of b-cells
beyond their well-known insulin secretion and are one
of the first SASP descriptions from a physiological
model of cellular senescence.

There is a growing body of work on the role of b-cell
senescence in disrupting b-cell function and promoting
local inflammation. In a mouse model of T1D (26),
b-cells exhibited higher levels of cellular senescence
and secretion of inflammatory factors. Treatment with
CM from these SASP-expressing b-cells upregulated
senescence markers, highlighting the role of SASP fac-
tors in paracrine induction of senescence. Moreover,
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this CM-induced chemotaxis of immune cells in vitro,
suggesting that a growing burden of senescent b-cells
causes inflammation and immune cell recruitment in
the islet microenvironment.

Similarly, we identified IL signaling and immune cell
activation and recruitment as highly represented path-
ways in our mouse and human b-cell SASP signatures. A
recent proteomic study of blood plasma found inflamma-
tory proteins significantly associated with age-related dys-
function; GDF15, a top mouse b-cell SASP factor, was the
protein most strongly correlated with chronological age
(43). In b-cells, inflammatory pathways diminished glu-
cose-stimulated insulin secretion in b-cells while promot-
ing endoplasmic reticulum stress and disrupting healthy
autophagy (44,45). Furthermore, exposure to inflamma-
tory cytokines downregulated hallmark b-cell identity
markers, transcription factors that maintain insulin secre-
tory function as well as function per se (46,47). In vitro
coculture experiments will be necessary to define the pre-
cise paracrine effects of senescent b-cells on neighboring
cells.

We found significant variability across the secre-
tomes of different b-cell samples; this may be the re-
sult partly from differences in the proportion of
senescent cells, in the inducer of senescence, and in
the multiple stages of senescence. De Cecco et al. (48)
highlighted regulatory and secretory differences be-
tween early and late-stage senescence in human fibro-
blasts, as well as temporal differences caused by
distinct inducers.

Our data support such a temporal progression of
senescence in b-cells. We identified the growth arrest
gene Cdkn1a as an early stage marker of b-cell senes-
cence and dysfunction. In control and insulin-resistant
mice, Cdkn1a expression in b-cells was associated with
downregulation of b-cell identity genes and upregula-
tion of markers of aging and functional immaturity. In
MIN6 cells, transcription of b-cell SASP factors Gstp1,
Gdf15, Dusp3, and Hsp90aa1 was significantly associated
with Cdkn1a expression. Cdkn1a and Cdkn2a are both
known to induce cell cycle arrest but exhibit distinct tem-
poral expression patterns and likely play different roles in
affecting b-cell behavior. Time-course experiments suggest
that Cdkn1a could be an initial driver of b-cell senescence
and that Cdkn2a could maintain this cellular state, which is
also supported by our in vivo insulin resistance model.
However, confirmation of this model will require further
studies.

Senescent b-cells exhibited unique alterations in their
SASP consistent with a dynamic continuum rather
than a discrete phenomenon. While b-cells from dif-
ferent individuals start with varied secretory profiles,
with age and senescence, they upregulate deleterious
SASP factors in the same way. Insulin resistance accel-
erated this trend, inducing proinflammatory changes
in the islet microenvironment that may foster the

progression of T2D. Consistent with this, we found
parallel changes in human SASP secretion and in the
transcriptome from b-cells of donors with T2D, con-
sistent with the participation of b-cell senescence in
the pathophysiology of the disease. It is worth high-
lighting an increased coincidence of factors downregu-
lated with both senescence and T2D, suggesting the
loss of factors might affect the maintenance of b-cell
identity and function.

The distinction between reversible or early senes-
cence (cell cycle arrest) and permanent irreversible
senescence is an intriguing facet of the biology of sen-
escence. Even though we cannot currently distinguish
between these two subpopulations of senescent cells
experimentally, we have looked into the transcription-
al regulation behind it. A recent publication (49) sug-
gests that IL-1 signaling through IL-1 receptor is the
uncoupling pathway between SASP and cell cycle ar-
rest. At an RNA level, senescent b-cells upregulate Il1a
and Il1b (3) gene expression and there is differential
regulation of IL-1 receptor members, both as part of
the SASP and at the RNA-seq level, suggesting that
these two subpopulations could exist simultaneously.

MIN6 cells are a valid model for studying SASP but an
unusual model for studying other aspects cellular senes-
cence, since Rb, an important mediator of growth arrest,
cannot be activated in this cell line. However, it has been
shown (7,27) that SASP secretion correlates with persist-
ent DNA damage (as seen with bleomycin treatment of
MIN6 cells) in multiple cell lines and is not dependent on
p53 or Rb activation, therefore validating the secretory re-
sults obtained with this cell line. At a proteomic level, the
most significant overlap between both human and mouse
b-cell SASP occurred with bleomycin-treated MIN6 cells,
underscoring its validity and value as an in vitro model to
study the b-cell secretome.

Our studies described in this article and previously
(3) identify SASP factors from senescent b-cells and
show their combined effect on propagating further
b-cell dysfunction. Thus, targeted senolytic or seno-
morphic approaches may have potential for improving
glucose tolerance in patients progressing to T2D by
preventing b-cell decompensation. Advancing such
therapeutic approaches will require studies to validate
b-cell SASP factors and their paracrine effects on hu-
man islets.
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