
1 

 

p21-Senescent Cells Drive Pancreatic Islet Dysfunction Through Targetable 1 

Paracrine Signaling in Type 2 Diabetes 2 

Kanako Iwasaki1+, Priscila Carapeto1+, Cristian Abarca1, Francesko Hela1, Stephanie 3 

Sanjines1, Sebastian Peña1, Sandra Le1, Hui Pan1, Maya Jackson1, Christopher Cahill1, 4 

Ayush Midha1, Juliana Alcoforado Diniz2, Dylan Baker2, Sergii Domanskyi2, Sara 5 

Espinoza3, Alejandro Pena4, Francisco G. Cigarroa4, Jillian L. Woolworth4, Jeffrey H. 6 

Chuang2,5, Vesna D Garovic6, James L. Kirkland7, Tamar Tchkonia7, Nicolas Musi3, 7 

George A. Kuchel8, Paul Robson2, Cristina Aguayo-Mazzucato1* 8 

 +These authors contributed equally to this work 9 

1. Joslin Diabetes Center/Harvard Medical School. Boston, MA 10 
2. The Jackson Laboratory for Genomic Medicine, Farmington, CT 11 
3. Center for Translational Geroscience, Department of Medicine, Cedars-Sinai 12 

Medical Center, Los Angeles, CA 13 
4. UT Health San Antonio Transplant Center, San Antonio, TX 14 
5. Department of Genetics and Genome Sciences, UConn Health, Farmington, CT 15 
6. Division of Nephrology and Hypertension, Department of Medicine, Mayo Clinic, 16 

Rochester, MN  17 
7. Center for Advanced Gerotherapeutics, Department of Medicine, Cedars-Sinai 18 

Medical Center, Los Angels, CA 19 
8. UConn Center on Aging, UConn Health, Farmington, CT 20 

 21 

*Corresponding author: cristina.aguayo-mazzucato@joslin.harvard.edu 22 

Cristina Aguayo-Mazzucato MD PhD 23 

Joslin Diabetes Center 24 

Center for Life Sciences 5th floor 25 

3 Blackfan Street, Boston, MA, 02215  26 



2 

 

ABSTRACT 27 

Cellular senescence is an irreversible stress response, which leads to loss of cellular 28 

function and remodelling of the cellular secretory profile. In humans, pancreatic β-cells 29 

undergo cellular senescence during the progression to type 2 diabetes (T2D). However, 30 

the mechanism linking β-cell senescence to islet dysfunction remains unknown and thus, 31 

the therapeutic potential of targeting senescent cells in T2D is not established. Herein, 32 

we identified a subpopulation of senescent β-cells expressing p21, which emerged early 33 

in the progression of T2D in humans and mice. Spatial transcriptomics, and proteomics 34 

analyses confirmed senescence and loss of cellular identity in this subpopulation in 35 

humans. Functional analysis revealed lack of glucose responsiveness, high basal insulin 36 

secretion, and transcription of senescence-associated secretory phenotype (SASP) 37 

factors. SASP factors from p21+ β-cells induced secondary senescence in neighbouring 38 

cells, characterized by dysfunction and loss of identity. Janus kinase inhibitors (JAKi) 39 

counteracted the induction of secondary senescence and restored b-cell function in islets 40 

from humans with T2D and in high-fat diet-fed mice. These findings reveal the critical role 41 

of p21+ β-cells in T2D pathogenesis and the therapeutic potential of targeting this 42 

pathophysiological process.  43 

  44 
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INTRODUCTION 50 

As cells age or experience stress, they can enter a state of cellular senescence 51 

characterized by stable cell-cycle arrest, cellular dysfunction, resistance to apoptosis, and 52 

continued metabolic activity accompanied by secretion of senescence-associated 53 

secretory phenotype (SASP) factors. Beyond cell-autonomous effects, the SASP can 54 

induce secondary senescence in neighboring cells, thereby amplifying tissue dysfunction 55 

(1) and driving age-related diseases.  56 

Insulin resistance and type 2 diabetes (T2D) are associated with increased senescence 57 

markers in mouse and human pancreatic β-cells (5, 6). Senescent β-cells are 58 

dysfunctional and a secrete a distinct SASP enriched in inflammatory and extracellular 59 

matrix remodeling factors (6–9). In mouse models, senolytic interventions improved 60 

insulin sensitivity, glucose homeostasis, and β-cell identity and function while reducing 61 

SASP gene expression (6, 10). However, whether β-cell SASP factors propagate 62 

secondary senescence within pancreatic islets remains unknown. An alternative strategy 63 

to targeting senescent β-cells is suppression of the SASP itself.  64 

Notably, β-cell senescence may not be uniformly detrimental. Some studies suggest 65 

senescence-associated programs can promote immune surveillance, cell survival, 66 

differentiation, and insulin secretion (14, 15). These apparently conflicting observations 67 

may reflect underlying heterogeneity among senescent β-cells, consistent with the 68 

heterogeneous distribution of senescence markers within pancreatic islets (5). However, 69 

the identity, functional properties, and non-cell autonomous effects of distinct senescent 70 

β-cell populations remain poorly understood. Defining this heterogeneity will be essential 71 
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for developing effective and safe therapeutic approaches for chronic diseases associated 72 

with β-cell senescence, including T2D. 73 

The cyclin-dependent kinase inhibitors p21 and p16 are major mediators of senescence 74 

across multiple cell types. These pathways, encoded by Cdkn1a and the Cdkn2a locus, 75 

respectively, are activated by diverse stressors including oncogene activation, telomere 76 

shortening, DNA damage, protein aggregation, and reactive oxygen species (ROS) (2).  77 

Herein, senescent β-cell heterogeneity is hypothesized to be driven by differential 78 

activation of the cell-cycle arrest pathways mediated by Cdkn1a (p21) and Cdkn2a (p16). 79 

We identified distinct senescent β-cell subpopulations based on expression of these cell-80 

cycle inhibitors. In C57BL/6 mice, Cdkn1a-expressing β-cells represented the 81 

predominant senescent population and were characterized by canonical SASP activation, 82 

impaired β-cell function, and loss of β-cell identity. Spatial transcriptomic and proteomic 83 

analyses of human pancreas tissue revealed that CDKN1A/p21+ INS+ cells 84 

downregulated key β-cell genes and transcription factors. Factors secreted by Cdkn1a+ 85 

β-cells induced secondary senescence in neighboring islet cells, leading to impaired 86 

glucose-stimulated insulin secretion and loss of β-cell identity. JAK1/2 inhibition 87 

prevented SASP-mediated secondary senescence and restored β-cell function. In human 88 

islets from donors with and without T2D, JAK1/2 inhibitors reduced p21 expression, 89 

suppressed SASP secretion, and improved glucose responsiveness. Together, these 90 

findings identify senescent β-cell heterogeneity as a critical determinant of islet 91 

dysfunction and demonstrate that specific targeting of SASP signaling mitigates 92 

secondary senescence and restores β-cell function in both mice and humans.  93 
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RESULTS 94 

p21+ senescent b-cells in mice are dysfunctional and lose transcriptional identity 95 

We used previously published scRNASeq data (1) to analyze gene expression in 96 

pancreatic islets from 6- to 9-month-old male mice following acute induction of insulin 97 

resistance with the insulin receptor antagonist S961, with and without a two-week 98 

recovery period (Fig. 1A) completely reversing hyperglycemia and hyperinsulinemia 99 

(Suppl. Fig. 1A). β-cells, identified by the expression of Ins2, represented 64% of the 100 

total islet population in the control group (Fig. 1B). Other islet cell types were represented 101 

in the following proportions: α-11%, δ-9% PP-2%, ductal-2%, and endothelial-5% (Suppl. 102 

Fig. 2). Density estimates for the expression of p21 (encoded by Cdkn1a) or p16 103 

(encoded by Cdkn2a) using a Gaussian finite mixture model identified at least two 104 

subpopulations of senescent β-cells: Cdkn1a+ and Cdkn2a+, as well as a third non-105 

senescent of double-negative Cdkn1a-/Cdkn2a- cells. Non-senescent (Cdkn1a-/Cdkn2a-) 106 

b-cells represented 75% of the total population of control islets. The remaining senescent 107 

cell subpopulations included 29% Cdkn1a+ cells and 0.3% Cdkn2a+ cells (Suppl. Fig. 3). 108 

These proportions align with reported values of 20-40% of CDKN1A+ β-cells from adults 109 

over 60 years old (2). The frequency of the senescent subpopulation in other islet cell 110 

types is shown in Suppl. Table 1. 111 

To determine whether the upregulation of Cdkn1a and Cdkn2a represented true 112 

senescence identities, co-expression with other senescence markers in the various 113 

subpopulations was evaluated (Fig. 1C). The Cdkn1a+ subpopulation co-expressed cell 114 

proliferation regulator, Jun and the SASP factors Il6 and Il1b while the Cdkn2a+ 115 
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subpopulation co-expressed Glb1, which encodes senescence marker b-galactosidase, 116 

and senescence marker Hmgb1. These results support the notion that these two 117 

subpopulations are in a state of senescence and are distinct from each other. 118 

With insulin resistance, both the Cdkn1a+ and Cdkn2a+ senescent β-cell subpopulations 119 

increased (Suppl. Fig. 3). The Cdkn1a+ subpopulation decreased during recovery, while 120 

the number of Cdkn2a+ cells continued to increase (Suppl. Fig. 3), indicating distinct 121 

dynamics and discrete populations. Principal Component Analysis (PCA) of the z-scores 122 

revealed significant clustering by treatment (Suppl. Fig. 4); therefore, results are shown 123 

for all three treatments in each senescent subpopulation. Trajectory analysis of 124 

scRNASeq from non-senescent to senescent mouse b-cells revealed 5 stages based on 125 

transcriptional similarity, three of which appear to be alternate senescence fates, which 126 

we have named Stages 3A, B, and C, with stages 1 and 2 being non-senescent (Fig. 1D). 127 

Characteristically, in b-cells from all metabolic conditions, Stage 3A had the highest 128 

Cdkn1a levels, Stage 3B was characterized by Cdkn2a expression while Stage 3C had 129 

high Trp53 levels, suggesting a stressed cell fate. (Fig. 1E). Cdkn1a+ β-cells in all 130 

metabolic conditions, had downregulated expression of hallmark β-cell genes, including 131 

Ins1, Ins2, and Pdx1, as well as functional genes under all metabolic conditions (Fig. 1F, 132 

G, Suppl. Fig. 5A). Interestingly, this set of functional genes was not downregulated in 133 

senescent Cdkn2a+ β-cells (Fig. 1F, G, Suppl. Fig. 5A), revealing potential functional 134 

differences between subpopulations of senescent β-cells and reconciling previous reports 135 

of increased functionality after p16 (Cdkn2a) overexpression in β-cells (3). Distinct 136 

Cdkn1a+ and Cdkn2a+ subpopulations have also been identified in other tissues, including 137 

adipose tissue, liver, and heart (4). 138 
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Expression of SASP factors in different senescent subpopulations included genes 139 

published in the SenMayo panel (5). To minimize artifacts introduced by specific gene 140 

dropout, only genes with quantifiable reads in all three subpopulations were included in 141 

the analysis and reported as β-SenMayo (Fig. 1H, I , Suppl. Fig. 5B). Compared with 142 

non-senescent and Cdkn2a+ cells, the Cdkn1a+ subpopulation had a significantly higher 143 

β-SenMayo score with increased transcripts of Il1b, Plaur, Gdf15 and Fgf1 (Fig. 1I, Suppl. 144 

Fig. 5B), further corroborating its senescent phenotype. 145 

Validation of the senescent p21 cell subpopulation at the protein expression level included 146 

the development of a p21-tdTomato (p21-tdTom) reporter mouse model. p21-tdTom mice 147 

were generated by CRISPR/Cas9-mediated knock-in of a P2A-tdTomato cassette into 148 

the 3’-end of the endogenous p21 gene in a bicistronic fashion, leading to the production 149 

of two different proteins, P21 and tdTomato, from the same transcript (Fig. 2A). Metabolic 150 

evaluation of p21-tdTom reporter showed no difference between genders and with 151 

respect to wild type mice in glucose clearance (Suppl. Fig. 6 A, B). Doxorubicin treatment 152 

increased Cdkn1a expression and decreased Pdx1 expression in both islets from reporter 153 

and non-reporter mice (Suppl. Fig. 5 C, F) showing that gene expression was not affected 154 

by the transgene construct (Suppl. Fig 5 H, I). Insulin content was also not affected by 155 

the reporter (Suppl. Fig. 5 J). Pancreatic islets isolated from these mice had detectable 156 

tdTom-expressing β-cells, as shown by immunohistochemistry (Fig. 2B) and live 157 

fluorescence microscopy (Fig. 2C, C’), confirming effective protein translation. There was 158 

a 67% overlap between p21 protein by immunostaining and tdTom red signal by flow 159 

cytometry (Fig. 2D, Suppl. Fig 7).  160 
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To test the age dependency of the p21 subpopulation, islets from young (3 months old) 161 

and aged (18 months old) p21-tdTomato mice were dispersed into single cells. p16 was 162 

detected by immunostaining and p21 was detected by endogenous Tomato fluorescence. 163 

All three subpopulations detected in the scRNAseq data were also detected at the protein 164 

level in islets from 3-month-old mice (Suppl. Fig 8) in the following proportions: 18% p21+ 165 

and 4% p16 +, supporting the scRNASeq results. The p21+ subpopulation significantly 166 

increased with age to 28%. 167 

The function of the p21+ subpopulation was evaluated by isolating and dispersing islets 168 

from aged adult male and female p21-tdTomato mice (51-72 weeks of age). Flow 169 

cytometry was used to separate cells into p21-tdTOM- and p21-tdTOM+ subpopulations, 170 

and the response to glucose was evaluated with glucose-stimulated insulin secretion 171 

(GSIS) (Fig. 2E). Senescent p21-tdTOM+ cells had impaired glucose responsiveness, as 172 

shown by a decreased insulin secretion index (insulin secretion at 16.8 mM 173 

glucose/insulin secretion at 2.6 mM glucose) (Fig. 2F) due to increased basal insulin 174 

secretion (Fig. 2G), a feature typical of dysfunctional β-cells (6-8). 175 

To assess whether the decreased expression of genes related to β-cell identity and 176 

function observed in the Cdkn1a+ subpopulation was reflected at the protein level, 177 

pancreatic sections from p21-tdTomato mice were stained for the following antigens and 178 

their intensity quantified: MAFA, PDX1, and NKX6.1. The results showed a significant 179 

decrease in the protein levels of these b-cell transcription factors in islets with high levels 180 

of tdTOM compared with islets with low levels of tdTOM, as assessed by semi-181 

quantitative immunofluorescence (Fig. 2H, J), confirming loss of cellular identity. 182 

Furthermore, HMGB1, another marker of cellular senescence, showed predominant 183 
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nuclear exclusion in islets with high tdTOM levels (Fig. 2I, 2J) supporting its senescent 184 

identity.  185 

In summary, these analyses identified a Cdkn1a+ (encoding p21) b-cell subpopulation 186 

that exhibited low glucose responsiveness, loss of b-cell identity, and increased 187 

expression of well-known senescence and SASP genes. 188 

Non-cell autonomous effects of the β-cell SASP induce secondary senescence 189 

To assess whether SASP factors from senescent b-cells had non-autonomous effects on 190 

non-senescent β-cells and contribute to senescence, a series of experiments were 191 

conducted using complete conditioned media (CM) containing either the full SASP from 192 

senescent cells, a selection of 4 SASP factors or individual SASP factors.  193 

For complete CM experiments, a mouse insulinoma cell line, (MIN6) was treated with CM 194 

from senescent and non-senescent cells. CM from senescent cells was generated by 195 

treating MIN6 cells, with the DNA-damaging agent, bleomycin, which induces senescence 196 

and SASP secretion in vitro (1). Conditioned media from vehicle-treated cells (CCM) or 197 

bleomycin treated cells (BCM), were collected and used to treat naïve MIN6 cells for 24 198 

h. Five days after exposure to CCM or BCM, cells were collected and expression of 199 

senescence markers and proliferation were analyzed (Fig. 3A). Exposure to BCM 200 

resulted in increased p16 expression (Fig. 3B) and a marginal increase in β-gal activity 201 

(Fig. 3C), both of which are senescence markers (9).  202 

Proliferative arrest, an additional indicator of senescence, was analyzed by measuring 203 

Ki67 staining intensity in individual nuclei using ImageJ. A frequency distribution graph of 204 

Ki67 intensity revealed two main subpopulations: a non-proliferative cells (Ki67 intensity 205 
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<10 AU, as measured with image analysis software) and proliferative cells (Ki67 206 

intensity>100 AU) (Fig. 3D, E). MIN6 cells treated with conditioned media obtained from 207 

cells previously treated with bleomycin (BCM), had a greater percentage of 208 

nonproliferating cells and a lower percentage of proliferating cells, suggesting induction 209 

of senescence. These findings support a non-cell autonomous effect of the SASP, 210 

capable of inducing secondary senescence. 211 

To analyze non-cell autonomous effects of individual SASP in β-cells, four factors were 212 

selected based on the following criteria: 1) previously published as a senolytic target 213 

and/or SASP factor; 2) identified as a SASP factor secreted by β-cells in our proteomic 214 

analysis (1); 3) common factor between mouse and human SASP and/or reported 215 

increase in β-cells from donors with T2D (1); and 4) measured concentration in plasma 216 

by immunoassay as reported in the Human Protein Atlas (Table 1 and Suppl. Table 2). 217 

The following SASP factors met these criteria and were preferentially transcribed by 218 

Cdkn1a+ cells: LSAMP, IDE, DUSP3, GDF15.  219 

To test the dependency of these SASP factors on p21, a conditional siRNA knockdown 220 

was developed. At the protein level, conditional downregulation of p21 led to significant 221 

decreases in IDE and LSAMP (Fig. 3F). At the transcriptional level, a significant positive 222 

correlation was observed between Lsamp, Dusp3, Gdf15, and Ide, and the mRNA levels 223 

of p21 (Fig. 3G-J). These patterns show that the chosen SASP factors directly correlated 224 

with the CDK inhibitor, p21, thereby supporting subpopulation specificity. 225 

To test the non-cell autonomous effects of p21-SASP factors, islets were isolated from 226 

male and female p21-tdTOM mice and incubated with a combination of Cdkn1a+ SASP 227 

factors (LSAMP, DUSP3, GDF15, and IDE) for 5 days before assessing senescence and 228 
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function (Fig. 3K). Protein concentration levels were determined by reported circulating 229 

levels in humans in the Human Protein Atlas, however, the paracrine concentrations are 230 

likely higher than those reported in plasma but impossible to measure with currently 231 

available technology. SASP from Cdkn1a+ cells significantly increased the p21 232 

subpopulation as measured by flow cytometry (Fig. 3L, Suppl. Fig. 7) and upregulated 233 

p21 mRNA (Fig. 3M) while downregulating the key b-cell genes: Mafa, Pdx1, and Ins1. 234 

At the functional level, p21-SASP factors impaired b-cell function, as reflected by a lack 235 

of glucose responsiveness (Fig. 3N), characterized by increased basal insulin secretion 236 

(Fig. 3O). 237 

To test whether individual p21-SASP factors were able to induce secondary senescence, 238 

MIN6 cells were treated with individual proteins for 4 days. All four proteins upregulated 239 

expression of 6 senescence and SASP genes (p21, p16, Igf1r, Il1a, Il6, and Lsamp) (Fig. 240 

3P-S); LSAMP was the individual factor that induced the greatest increases in expression 241 

of senescence genes (Fig. 3Q). 242 

These results indicate that SASP factors induced secondary senescence in islet cells in 243 

a pathway-specific way: SASP released from p21+ cells increased the p21 subpopulation. 244 

SASP factors induced senescence both in combination and individually, implying that a 245 

small percentage of senescent p21+ β-cells can induce secondary senescence and loss 246 

of b-cell identity. Based on these findings, the β-cell SASP can be considered an 247 

additional therapeutic target for restoring β-cell identity and functionality. 248 

siRNA-mediated p21 knockdown improves insulin secretion  249 
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To evaluate the temporal patterns of p21 and p16 expression in b-cells, mouse pancreatic 250 

islets were isolated, and a time-course expression was delineated during 12 days in 251 

culture (Fig. 4A). In control (Scr-siRNA) conditions (Fig. 4B), p21 increased from days 6-252 

10 while p16 peaked later, at day 10. When p21-siRNA was used to keep levels down, 253 

the p16 peak occurred earlier, at day 6 (Fig. 4B). This timeframe is consistent with loss 254 

of identity and function in p21+ b-cells, since the conditional knockdown improved b-cell 255 

function (Fig. 4C) and increased expression of key b-cell genes at Day 6 (Fig. 4D). To 256 

examine the role of p21 and p16, in the induction of secondary senescence, these genes 257 

were knocked down with siRNA in islet cells exposed to p21-SASP factors 258 

(LSAMP+DUSP3+GDF15+IDE) (Fig. 4E, Suppl. Fig. 9A). From a functional perspective, 259 

p21-siRNA improved b-cell function under basal conditions but did not rescue the 260 

functional loss induced by SASP (Fig. 4F) Ins1 nor Mafa transcription (Fig. 4L, M), 261 

suggesting additional p21-indedpendent pathways leading to functional and identity loss 262 

in secondary senescence. From a transcriptional perspective, knocking down p21 263 

significantly decreased p21-SASP induced expression (Fig. 4G) with no significant 264 

changes in p16 expression (Fig. 4H). Instead, Mdm2 (p53 negative regulator) (Fig. 4N) 265 

and Casp3 (apoptosis) (Fig. 4K) were upregulated. Proliferation genes Mki67 and Pcna 266 

(Fig. 4O, P). Overall, these changes suggest that in the absence of p21, SASP factors 267 

induce alternate cell fates such as apoptosis and/or proliferation. These possibilities 268 

should be explored further.  269 

When p16 was knocked down in islets exposed to p21-SASP factors (Suppl. Fig 9A, B) 270 

there was an increase in p21 expression (Supl. Fig 9C), with no significant changes in 271 

other senescence markers: p53, Bcl2 and Mdm2 (Suppl. Fig. 9D, E, F). These results 272 
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suggest that in the absence of p16, senescence might be induced through the p21 273 

pathway.  274 

JAK inhibitors restored β-cell function, transcriptional identity, and cell 275 

subpopulations in mouse islets 276 

SASP secretion and action are known to be regulated by several pathways (10), including 277 

the Bromodomain and Extra-Terminal domain (BET) pathway, whose regulation was 278 

queried in mouse senescent b-cells (6). A significant and prominent upregulation of the 279 

JAK/STAT pathway (Fig. 5A, Suppl. Fig. 10) was identified compared with non-280 

senescent b-cells, and JAK inhibitors (JAKi) were tested in vitro and in vivo (Fig. 5B) to 281 

assess their efficacy in maintaining b-cell function and identity while decreasing SASP 282 

and secondary senescence. 283 

In vitro, JAK1/2i attenuated the effects of p21-SASP factors by decreasing the p21 and 284 

p16 subpopulations of senescent cells measured by flow cytometry (Fig. 5C, Suppl. Fig. 285 

7). At the transcriptional level, JAK1/2i decreased all tested senescence and SASP genes 286 

in islets treated with p21-SASP factors (Fig. 5D), while upregulating Mafa, a key 287 

transcription factor for β-cell function. These positive transcriptional and subpopulation 288 

changes were reflected at the functional level. Concurrent treatment of mouse islets with 289 

p21-SASP factors and JAK1/2i restored the secretion index, indicating improved b-cell 290 

functionality (Fig. 5E). 291 

The effects of JAK inhibitors were also evaluated in vivo with a model of insulin resistance 292 

in which mice were fed a high-fat diet (HFD) that increases senescence in b-cells (6) and 293 

other metabolically relevant tissues (11). Young (8-week-old) C57Bl/6N male mice were 294 
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fed a HFD during 6 weeks. They received an osmotic pump containing vehicle or a 295 

JAK1/2i for the last 4 weeks (Fig. 5B). Downregulation of the JAK pathway was confirmed 296 

at a transcriptional level (p<0.02), with no differences in the SMAD/Activin pathway, which 297 

can be modulated by JAKi. Bulk RNA-Seq of islets isolated from animals in the different 298 

treatment groups showed Cdkn1a induction by HFD (Fig. 5F). Also, HFD increased p21 299 

protein levels, which were suppressed by treatment with JAK1/2i (Fig. 5G, H). At the 300 

transcriptomic levels, increased expression of senescence and SASP genes (Fig. 5I) and 301 

decreased expression of β-cell hallmark identity and functional genes (Fig. 5J) were 302 

observed with HFD, which were restored by JAK1/2i. Functionally, JAK1/2i restored 303 

glucose responsiveness lost after HFD in vivo, as evaluated during an intraperitoneal 304 

glucose tolerance test (IPGTT) (Fig. 5K) and increased circulating insulin levels (Fig. 5L). 305 

The peripheral effects of JAK1/2i were evaluated using qPCR in the following 306 

metabolically relevant tissues: liver, visceral adipose tissue, and skeletal muscle (Suppl. 307 

Fig. 11). JAK 1/2i did not have a significant effect on the expression of senescence or 308 

SASP genes at the doses used (12.5 mg/kg/day), suggesting a preferential effect on b-309 

cells. 310 

These results showed that JAKi decreased senescence genes and subpopulations while 311 

restoring b-cell function and transcriptional identity in mouse b-cells, both in vitro and in 312 

vivo. 313 

Human 21+ b-cells are dysfunctional and lose transcriptional identity  314 

Analysis of the relevance of the p21+ b-cell population to human islets and disease 315 

included data from the Human Islets Database (12). CDKN1A transcript levels were 316 
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significantly increased in islets from donors with type 2 diabetes (T2D) compared to islets 317 

from donors without diabetes (Fig. 6A). Additionally, there was a negative correlation 318 

between P21 protein levels and insulin secretion index (Fig. 6B), suggesting that human 319 

p21+ b-cells are also dysfunctional. 320 

To further profile and map p21+ b-cells in human islets, whole pancreas and human islets 321 

were obtained as part of the SenNet KAPP-Sen Tissue Mapping Center (Fig. 6C). 322 

Isolated islets from donors without diabetes across the lifespan underwent scRNASeq for 323 

transcriptomic analysis, Xenium for spatial transcriptomic and CODEX for spatial 324 

proteomic analysis. The proportion of p21+ b-cells in samples from donors without 325 

diabetes was 37% per scRNASeq (10 donors, aged 34-64 years), 15% by Xenium and 326 

7% by CODEX (13 donors, aged 21-71 years). These differences might reflect different 327 

sensitivity per platform as well as higher senescence induction due to the islet isolation 328 

procedure prior to scRNASeq.  329 

Key b-cell identity and functional genes (INS, NKX6.1) were significantly downregulated 330 

in the CDKN1A+ b-cell subpopulation when compared to non-senescent and CDKN2A+ 331 

b-cells (Fig. 6D, E). To understand whether these senescent subpopulations may have 332 

originated from independent lineages or from a single population that expresses these 333 

markers in a temporally distinct fashion, as previously suggested by us and others (1, 13, 334 

14), pseudotime analysis of scRNASeq was performed in human b-cells. Seven states 335 

were identified during the progression of a human non-senescent b-cell to a senescent 336 

state (Fig. 6F, G), with states 5, 6, and 7 showing upregulation of key senescent genes: 337 

TP53, CDKN1A, and CDKN2A (Fig. 6G). State 5 expressed higher levels of TP53, state 338 
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6 of CDKN1A and state 7 of CDKN2A, suggesting a temporal progression of b-cells 339 

through these three senescent stages. In support of these being senescent states, 5, 6, 340 

and 7 had significantly higher senescence scores using the GO term (Fig. 6H) and 341 

senescence Fridman (Fig. 6I) gene data sets. 342 

Given the correlation between p21 with T2D and islet dysfunction in humans, spatial 343 

proteomic (CODEX) and transcriptomic (Xenium) analysis focused on CDKN1A/p21+ b-344 

cells from fixed whole pancreas. P21 expression was divided into quartiles (Q), with Q1 345 

having the lowest levels and Q4 the highest. At the protein level, b-cells with higher levels 346 

of P21 also had higher levels of other senescence markers: HMGB1, and XP53BP1 (Fig. 347 

6J). Consistent with their loss of identity, this same population had lower levels of key b-348 

cell proteins: INSULIN and C-PEPTIDE (Fig. 6M). At the transcriptomic level, b-cells with 349 

the highest levels of nuclear CDKN1A had the lowest levels of INSULIN and MAFA, a key 350 

functional transcription factor (Fig. 63K, L). These correlations were maintained when b-351 

cells were selected based on nuclear protein P21 levels and their transcriptional mapping 352 

revealed lower levels of INSULIN and MAFA mRNA transcripts (Fig. 6N). 353 

These results demonstrate that a senescent and dysfunctional subpopulation of p21+ b-354 

cells can be identified in human islets. These cells are more abundant in tissues from 355 

individuals with T2D and thus may contribute to b-cell dysfunction and T2D pathogenesis. 356 

 357 

Pharmacological JAK inhibition restored function of human β-cells 358 
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To analyze the relevance of JAK inhibition in human b-cells as a potential regulator of 359 

secondary senescence, data from the Human Islet Program was used (12). JAK1 protein 360 

levels were increased in islets from donors with T2D compared to islets from donors 361 

without diabetes (Fig. 7A). Additionally, there was an inversely negative correlation 362 

between JAK1 protein levels and secretion index (Fig. 7B), suggesting that human JAK1 363 

might be a potential target to restore b-cell function in islets with higher levels of P21+.  364 

Several JAK inhibitors are approved for clinical use for different diseases (e.g., 365 

rheumatoid arthritis). Deidentified A1c levels were obtained from the Joslin Adult Clinic 366 

from a limited number of adults with T2D who were also prescribed a JAKi (Fig. 7C). 367 

Analysis of the longitudinal A1c of each patient, revealed that individuals taking JAK1i 368 

and JAK1/2i had a 1% decrease in A1c levels compared to levels before the drug was 369 

prescribed (Fig. 7D).  370 

Based on this rationale, the role JAK1/2i was tested in human islets. 371 

Islets from human donors (Suppl. Table 3) were treated in vitro with JAK1/2i for 4 days, 372 

after which CM was collected for aptamer-based proteomic analysis of the SASP (Fig. 373 

7E). The top upregulated (Fig. 7F) human SASP proteins identified in human b-cells (1) 374 

were compared between CM from control human cells to CM from human cells treated 375 

with JAK1/2i. Treatment with JAK1/2i resulted in a significant decrease in the secretion 376 

of SASP proteins (Fig. 7F, G), demonstrating its effectiveness in targeting human SASP. 377 

To analyze the effects of SASP inhibition on senescent subpopulations, islets from donors 378 

without diabetes (were P21+ cells and a functional SASP are also found (1)) were treated 379 

as described above and analyzed for the expression of P21 mRNA, which was decreased 380 
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by JAK1/2i (Fig. 7H). This was accompanied by an increase in the secretion index in 381 

islets from donors without T2D (Fig. 7I). Due to limited islet supply and the presence of 382 

senescent b-cells in islets from donors of all ages, we have included a range of ages and 383 

metabolic conditions to support the pathophysiological importance of this population. 384 

To test whether the JAK pathway was also relevant in a diseased state, islets from donors 385 

with T2D were treated with JAK1/2i for four days. P21 transcription was significantly 386 

decreased (Fig. 7J). From a functional perspective, JAK1/2i restored insulin secretion 387 

dynamics in the islets from two donors with T2D (58, 55 years old with BMI 38, 42 388 

respectively) (Fig. 7K,L). This can be seen as a restoration of first-phase insulin secretion 389 

and an enhanced response to the secretagogue, IBMX. Furthermore, improvement in 390 

insulin secretion was observed not only in perifusion but also in static GSIS, and similar 391 

effects were observed with two JAK1/2i drugs (Fig. 7M). 392 

In conclusion, the human b-cell SASP is a therapeutic target to restore function during 393 

progression and in established T2D. 394 

 395 

DISCUSSION 396 

The importance of heterogeneity in cellular senescence is increasingly being recognized 397 

as a key factor in developing better-targeted interventions for various diseases. p21 398 

(encoded by Cdkn1a) and p16 (encoded by Cdkn2a) are well-established markers and 399 

effectors of senescence, and their expression patterns have been used to define three 400 

different subpopulations of β-cells. We found that p21+ cells are the predominant 401 

senescent subpopulation of b-cells in models of metabolic stress, T2D, and aging. 402 
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Interestingly, the gene expression profile of these cells differed from that of p16+ cells: 403 

Cdkn1a+ β-cells were characterized by reduced expression of hallmark genes associated 404 

with β-cell identity and function, along with increased expression of commonly described 405 

SASP genes (6). 406 

The co-expression of other markers of senescence and increased transcription of SASP 407 

factors support this is a bona fide senescent population rather than a population 408 

undergoing transient stress. The expression dynamics observed in islets from mice 409 

treated with S961 for two weeks suggested that Cdkn1a could be an initial driver of b-cell 410 

senescence, while Cdkn2a would increase at a later stage, a process that has also been 411 

previously proposed by us and others (1, 14). This concept was further supported by 412 

pseudotime analysis of mouse and human scRNASeq of b-cells, by Cdkn2a+ cells 413 

distinctly separating from Cdkn1a+ and the non-senescent cells in the PCA plot, and by 414 

the conditional knockdown of p21 in mouse islets. Even though these populations are 415 

temporally asynchronous, their specific control should be studied further. 416 

Our data support the induction of secondary senescence in b-cells by Cdkn1a+ cells. This 417 

effect was shown with full SASP in conditioned media, with a subset of selected SASP 418 

factors and by each factor individually. In these different conditions, naïve cells exposed 419 

to SASP exhibited increased expression of senescence genes (particularly p21) and 420 

became dysfunctional, consistent with secondary senescence being an important effector 421 

of b-cell dysfunction in models of insulin resistance and progression to T2D. The role of 422 

the  β-cell SASP as an inducer of secondary senescence underscores the importance of 423 

therapeutically targeting the secretome of senescent cells through pharmacological 424 

interventions. Treatment of β-cells with the JAK1/2i decreased the expression of 425 
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senescence markers and improved cell function in models of early T2D. JAK1/2i, compete 426 

with Janus tyrosine kinases 1 and 2 to reduce the intracellular signalling of cytokines and 427 

growth factors, thereby mitigating their transcriptional effects (15, 16). In human b-cells, 428 

JAKi significantly decreased secretion of SASP factors and, based on RNASeq data, it 429 

also significantly decreased signalling by interleukins (IL2, 6, 9, 20, 21 27, 28, 35), 430 

IFNg, and TP53 activity in mice. Similar inhibition by JAKi has been reported in the 431 

adipose tissue (17). The specific roles of each of these pathways in restoring the function 432 

and identity of b-cells will be subject of future studies. 433 

If JAK inhibitors are considered as an additional strategy to restore β-cell function during 434 

progression to T2D, several points deserve reflection given their multiple downstream 435 

effects. The JAK/STAT pathway plays a dual role in β-cells, underscoring the need for 436 

selective modulation. Prolactin-induced JAK2/STAT5 activation promotes β-cell survival 437 

by increasing the expression of anti-apoptotic protein BCL-XL and protects against 438 

glucolipotoxicity-induced cell death in rodent and human β-cells (22, 23). This suggests 439 

that enhancing JAK2/STAT5 signaling may maintain β-cell mass, but therapeutic 440 

strategies must avoid excessive activation that could promote inflammation. 441 

Additionally, the JAK/STAT pathway mediates pro-inflammatory effects in response to 442 

extracellular cytokines and chemokines. The IL-6/JAK2/STAT3 pathway has been shown 443 

to promote inflammation and endoplasmic reticulum stress in diabetic β-cells (24). 444 

Conceptually, it can’t be ruled out that JAKi in our models, modulate inflammation given 445 

its known effects on the immune system. Consistent with the effects of JAK signaling on 446 

the immune system, the main reported side effects of JAKi are infections, particularly viral 447 

infections, which can be mitigated with vaccination (25). Increased risk of cardiovascular 448 
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and thromboembolic events are reported side effects- these could be avoided by 449 

specifically targeting these drugs to b-cells through chemical manipulation. Also, some of 450 

these effects might be dose dependent. 451 

Supporting the use of JAK inhibitors to protect human β-cells, daily administration of 452 

JAK1/2i in low doses to people, including children, with recent onset Type 1 diabetes, 453 

preserved β-cell function (26), and was well tolerated. 454 

In conclusion, senescent β-cell heterogeneity provides the biological basis for 455 

differentially targeting specific subpopulations and counteracting their effects on 456 

neighbouring cells during diabetes progression. Considering that multiple 457 

pharmacological targeting strategies are available, SASP inhibition with JAK inhibitors 458 

was shown to restore human β-cell function and enhance cell survival in models of early 459 

β-cell dysfunction. These concepts will further our understanding of senescence biology 460 

and support the rational development of novel therapeutic strategies for diabetes.  461 
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MATERIALS AND METHODS 462 

Sex as a biological variable 463 

Our study examined male and female animals and human samples. Similar findings are 464 

reported for both sexes.  465 

Animals 466 

Male C57BL/6J mice (8-week-old or 6-9-month-old-retired breeders) obtained from 467 

Jackson Labs were used for islet isolation and conditioned media generation. Male mice 468 

were chosen at this stage because they are more susceptible to develop insulin 469 

resistance after dietary or pharmacological interventions. All experiments were performed 470 

in the animal facilities at the Joslin Diabetes Center with approval from its Animal Care 471 

and Use Committee. Mice were kept on a 12-hr light/dark cycle with water and food 472 

provided ad libitum. A housing temperature of 22.2-22.7°C was maintained. 473 

p21-tdTomato Mice 474 

To generate a mouse in which dTomato expression was driven by the p21 gene, the P2A-475 

dTomato transgene was inserted in place of the stop codon at the 3’ end of the coding 476 

region. The Easi-CRISPR design methodology was followed as previously published (27, 477 

28). Bioinformatic analysis of the gene for gRNA identification was performed by 478 

crispor.tefor.net. Microinjection was performed into embryos from 4-week-old C57 Bl6 479 

female donors (Jackson), which were subsequently implanted into 6-week-old Swiss 480 

Webster females (Charles River). Junction sequencing was performed to verify the 481 

construct. 482 
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IPGTT showed no significant differences among p21-tomato reporter vs non-reporter 483 

mice with both sexes in glucose levels (Suppl. Fig. 5A, B).  484 

Cell Lines 485 

Murine MIN6 cells were originally provided by Dr. Jun-ichi Miyazaki from Osaka University 486 

Medical School, and the sex of the cell line was not available. The cell line was maintained 487 

in Dulbecco’s modified Eagle’s medium (HG, w/4500 mg/L glucose, L-glutamine, sodium 488 

pyruvate, and sodium bicarbonate) from Sigma‒Aldrich® supplemented with 15% fetal 489 

bovine serum (FBS) from Summerlin Scientific©, 1% penicillin‒streptomycin (5,000 490 

U/mL) from Gibco™, and 0.05% β-mercaptoethanol (99% cell culture tested) from 491 

Sigma‒Aldrich®. The cells were incubated at 37°C with 5% CO2. 492 

Mouse Primary Islets 493 

p21-tdTomato and C57BL/6N mice were used for islet isolation. Isolation was performed 494 

according to the protocol described by Gotoh, M., et al. (29). The islets were then hand-495 

picked under a StereoZoom® 7 microscope and plated in Petri dishes with islet media. 496 

The media were composed of RPMI 1640 (1x, [+] L-glutamine) (Gibco™) supplemented 497 

with 10% fetal bovine serum (FBS; Summerlin Scientific) and 1% penicillin‒streptomycin 498 

(5,000 U/mL; Gibco). For the dispersion of islets, we used TrypLE™ Express Enzyme 499 

(1x, [-] Phenol red) (Gibco). The islets were incubated at 37°C with 5% CO2. 500 

Human Primary Islets 501 

Human islets were obtained from donors through IIDP and Prodo Labs (Suppl. Table 3). 502 

Immediately upon arrival, the islets were cultured in CMRL Medium 1066 (1x, [-] 503 

glutamine) from Gibco™ containing 10% FBS (Summerlin Scientific) and 1% penicillin‒504 



25 

 

streptomycin (5,000 U/mL) (Gibco). For the dispersion of islets, we used TrypLE™ 505 

Express Enzyme (1x, [-] Phenol red) (Gibco). The islets were incubated at 37°C with 5% 506 

CO2. 507 

Whole Pancreas Preparation 508 

Whole pancreata were obtained from the University of Texas Health San Antonio from 509 

IRB-exempt brain-dead organ donors and shipped to Joslin Diabetes Center under 510 

approved protocols. Donors were screened by the Texas Organ Sharing Alliance (TOSA) 511 

according to established criteria, including age 20–60+ years, and excluded for conditions 512 

such as type 2 diabetes, pancreatic malignancy, pancreatitis, use of agents with senolytic 513 

activity, or infection. Pancreata were sectioned into head, body, tail, and regions along 514 

the pancreatic margin, with samples processed as both formalin-fixed paraffin-embedded 515 

and frozen tissues for downstream histological and molecular analyses. Tissue 516 

preservation and shipping procedures were standardized to ensure sample integrity prior 517 

to analysis at Joslin Diabetes Center. 518 

JAK Inhibitor Treatment in vitro 519 

The following drug concentrations were used for treatment and were diluted in CMRL 520 

Medium 1066 1X (See Human Primary Islets): 1 µM JAK1/2i (momelotinib) and 100 nM 521 

JAK1/2i (baricitinib). The concentration of momelotinib was based on published data (17), 522 

which showed effective decreases in the transcription of specific SASP factors. Human 523 

and mouse cells were incubated for 4 days in wells previously treated with PEI and 524 

Geltrex. 525 

JAK Inhibitor Treatment in vivo 526 
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After two weeks of HFD feeding (60% v/v), the animals (8-week-old male C57BL/6N mice) 527 

were subdivided into three groups: saline, JAK1/2i momelotinib, vehicle (HFD, 0.9% 528 

NaCl), or JAK1/2i (HFD+momelotinib, 12.5 mg/kg/day) administered through an osmotic 529 

pump in 8-week old animals. All control animals received vehicle via oral administration 530 

(NaCl 0.9%). Blood glucose levels in the mice in all groups were monitored biweekly, and 531 

the mice were sacrificed after treatment (4 weeks for HFD). The pancreatic islets were 532 

then isolated for qPCR analysis or bulk RNA-seq. Heart blood was collected through 533 

cardiac puncture to measure circulating insulin in the mice. 534 

Intraperitoneal Glucose Tolerance Test (IPGTT) 535 

Intraperitoneal glucose tolerance tests (IPGTTs) were performed before and after 536 

senolytic or senomorphic treatment, as well as in p21-tdTomato–positive and –negative 537 

littermate mice. Following a 6-hour fast, mice received intraperitoneal glucose (2 g/kg 538 

body weight), and blood glucose levels were measured at baseline and multiple time 539 

points up to 120 minutes post-injection using a glucometer. Blood samples collected at 0 540 

and 15 minutes were additionally used for serum insulin quantification by ELISA.  541 

Generation of SASP-Conditioned Media 542 

MIN6 cells were cultured in T175 flasks and treated with either 50 μM bleomycin or DMSO 543 

control for 48 hours to induce senescence. Following treatment, cells were recovered in 544 

normal medium for 72–96 hours and subsequently incubated in serum-free medium for 545 

24 hours to generate conditioned media. The collected media were used in downstream 546 

experiments as bleomycin-conditioned media (BCM) or control-conditioned media 547 

(CCM). 548 
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Conditional Knockdown with siRNA 549 

MIN6 cells were transfected with Opti-MEM–based siRNA (50 nM) mixtures using 550 

Lipofectamine RNAiMAX and incubated for 48 hours before downstream analyses. For 551 

primary mouse islet experiments, dispersed islet cells were cultured overnight and 552 

transfected with scrambled or p21-targeting siRNA using similar conditions. Following 553 

transfection, media were replaced and cells maintained for 4, 6, 8, 10, and 12 days post-554 

transfection. Functional assessment included glucose-stimulated insulin secretion (GSIS) 555 

assays, and RNA was isolated from harvested cells for reverse transcription and 556 

quantitative PCR analysis of gene expression. 557 

In vitro Recombinant Protein Treatment 558 

Approximately 300,000 MIN-6 cells were plated into 24-well plates with 500 µL of 559 

Dulbecco’s modified Eagle’s medium supplemented with 15% FBS. The cells were 560 

incubated at 37°C with 5% CO2 for 24 hrs to allow attachment. The concentrations of the 561 

following recombinant proteins were compared to those detected in plasma by 562 

immunoassay (https://www.proteinatlas.org): DUSP3 (1.3 µg/L), GDF15 (1.3 µg/L), IDE 563 

(0.31 µg/L), LSAMP (150 µg/L), HSP90 (71 µg/L), and GSTP1 (69 µg/L). The recombinant 564 

proteins were diluted RPMI 1640 media without FBS supplemented with 1% bovine serum 565 

albumin (BSA). Details are provided in Supplementary Table 2. The cells were treated 566 

for 48 hrs, followed by incubation for 48 hrs in normal media. After treatment, the cells 567 

were subjected to qPCR.  568 

Glucose-Stimulated Insulin Secretion (GSIS) in vitro 569 
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Static glucose-stimulated insulin secretion assays were performed using Krebs-Ringer 570 

HEPES buffer containing defined concentrations of salts, glucose, and BSA. Islets and/or 571 

FACS-sorted cells from P21-tdTom mice were preincubated in low-glucose conditions, 572 

followed by sequential low- and high-glucose incubations. Supernatants and 573 

corresponding cells were collected after each step for normalization to RNA or DNA 574 

content and stored for downstream analyses. Insulin secretion was quantified using 575 

ELISA or ultrasensitive HTRF insulin assays.. The raw insulin secretion values at low and 576 

high glucose are summarized in Suppl. Table 7.  577 

Quantitative Real-Time PCR 578 

RNA extraction was performed using the RNeasy Micro Kit, followed by reverse 579 

transcription of RNA to cDNA using SuperScript IV Reverse Transcriptase. Gene 580 

expression was quantified by qPCR using PowerUp SYBR Green Master Mix, with β-actin 581 

used for normalization. Primer sequences used in the study are provided in the Suppl. 582 

Table 4.  583 

Immunostaining, Image Acquisition, and Morphometric Analysis 584 

The cells were fixed with 10% formalin and permeabilized with 0.3% Triton X-100 (Alfa 585 

Aesar). The cells were blocked with normal donkey serum at a 1:50 dilution in PBS. The 586 

sections were incubated overnight at 4°C with anti-Ki67 antibody. The next day, they were 587 

incubated with anti-insulin and then with fluorochrome-conjugated secondary antibodies 588 

and mounted with Fluoroshield™ with DAPI (Sigma Aldrich). 589 
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The antibodies used are listed in Suppl. Table 5. For each stain, all images were taken 590 

with the same settings in confocal mode using a Zeiss LSM 710 microscope such that 591 

comparisons across conditions could be made. 592 

The intensity for proliferation analysis and the area for cell density were quantified using 593 

ImageJ. 594 

Quantification of fluorescence intensity was performed through FIJI. TdTOMATO 595 

fluorescence was quantified, followed by classification into higher or lower signalling 596 

categories based on the mean integrated density. Lower signalling corresponded to 597 

values in the lower half of the distribution, whereas higher signalling represented values 598 

in the upper half. To address islet heterogeneity, immunostaining was adjusted using the 599 

corresponding tdTomato integrated density values. This method facilitated the 600 

comparison of the impact of increasing tdTOMATO intensity and, consequently, P21 601 

expression and other marker b-cell markers: INSULIN, MAFA, NKX6, and PDX1. Staining 602 

details are provided in the Supplementary data. 603 

Bulk RNA-Seq 604 

Islet isolation was performed according to the protocol described by Gotoh, M., et al. RNA 605 

was extracted from isolated islets using a RNeasy Micro Kit and sent for sequencing to 606 

DNA Link (Los Angeles, CA). Data analysis was performed by the Bioinformatics and 607 

Biostatistics Core at Joslin Diabetes Center. 608 

Single-Cell RNA Sequencing (scRNASeq): Mouse Islets 609 

Our previously published (1) scRNASeq database (GSE149984) was reanalyzed with b-610 

cells clustered into subpopulations using the expression of Cdkn1a and Cdkn2a. Briefly, 611 
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ALZET mini-pumps with the insulin receptor antagonist S961 or PBS were surgically 612 

inserted into mice for 2 weeks as described by Aguayo-Mazzucato et al.4. Three groups 613 

of mice (n=4 animals per group) were used: control (PBS pumps), S961 (20 nmol/L/week 614 

for 2 weeks), and recovered (mice with S961 removed for 2 weeks) groups. For single-615 

cell RNA sequencing (scRNAseq), islets were isolated from all mice in each group on the 616 

same day, cultured overnight, and dispersed. There were 2939 β-cells in the control 617 

group, 2896 cells in the S961 group, and 2513 cells in the recovery group. 618 

For βSenMayo, the list of genes described in (5) was assessed in different senescent 619 

subpopulations of b-cells from the control condition. Only those genes with quantifiable 620 

gene reads in all 3 subpopulations were included in the analysis to exclude those with 621 

extremely low expression in b-cells. 622 

A detailed description of the bioinformatic analysis of the scRNAseq data can be found in 623 

the Supplementary Methods. The accession number for the scRNAseq data is 624 

GSE149984. 625 

scRNASeq, CODEX and Xenium of Human Islets 626 

A full description is provided in Supplementary Data. 627 

β-Gal Activity Assay 628 

To measure senescence-associated β-galactosidase (SA-βGal) activity, we used the 629 

Dojindo Cell Count Normalization Kit (C544) combined with the Cellular Senescence 630 

Plate Assay Kit – Spider-βGal (SG05) following the manufacturer’s protocol for combined 631 

analysis. 632 
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Flow Cytometry  633 

1. β-Gal- and β-Gal+ Human and Mouse Cells. Human and mouse β-cells were sorted 634 

using flow cytometry based on β-Gal activity to divide them into senescent (β-Gal+) and 635 

nonsenescent (β-Gal-) populations. Β-Gal activity was measured using an Enzo cellular 636 

senescence live-cell senescence assay kit (ENZ-KIT130-0010) following the 637 

manufacturer’s instructions while optimizing the substrate incubation time to 1 hr. Sorting 638 

was performed using a DakoCytomation MoFlo Cytometer or FACSAria in the Joslin DRC 639 

Flow Cytometry Core. Primary islets were incubated with antibodies against CD45 and 640 

CD11b to eliminate immune cells.  641 

2. p21-tdTom mice. Islets from p21-tdTomato mice were isolated, dispersed into single 642 

cells, and sorted using a MoFlo Cytometer based on Tomato Red fluorescence. The cells 643 

were collected in media, plated in 96-well plates overnight, and assessed for glucose-644 

stimulated insulin secretion the following day. The results were normalized to the DNA 645 

quantity. A detailed protocol for staining for p16Ink4+ in FACS is provided in the 646 

Supplementary Methods and Suppl. Table 6. The gating criteria are shown in Suppl. 647 

Fig. 7, and 90% enrichment of b-cells was achieved, as previously published (6). 648 

Proteomics of Human Conditioned Media From β-Gal-/β-Gal+ Human Cells and 649 

Control and JAK1/2i-Treated Islet Cells 650 

After sorting, β-Gal+ and β-Gal- cells were plated, and conditioned media were generated 651 

to compare the SASP secreted by either cell type. Conditioned media from control and 652 

pharmacologically treated cells were generated as described above. The generated 653 

conditioned media were analysed using SomaScan proteomics at the BIDMC Genomics 654 



32 

 

Proteomics Core. Proteomic data were normalized, log2-transformed, and analyzed by 655 

principal component analysis (PCA) to assess differences among samples. Differentially 656 

secreted proteins were identified using Limma, and statistical significance was 657 

determined using moderated paired t tests. 658 

Quantification and Statistical Analysis 659 

The data are shown as the mean ± SEM, and p values < 0.05 were considered significant. 660 

For statistical analysis, unpaired or paired two-tailed Student’s t tests and 2-way ANOVA 661 

were used to compare groups. Normality and log normality analyses were performed, and 662 

nonparametric statistics (Kruskal‒Wallis test, Mann‒Whitney test, and Wilcoxon test) 663 

were performed when samples did not meet the criteria for a normal distribution. Prism 664 

software was used for graphs and statistical analysis (significance and distribution). Data 665 

outliers were determined using the Grubbs outlier test or a deviation of more than 2 SDs 666 

from the mean. 667 

Study approval 668 

All experiments were conducted at Joslin Diabetes Center with approval of its Animal 669 

Care and Use Committee under protocol number 063-2024. Studies involving human 670 

pancreas were determined “Not Human Research” (STUDY 00000152) by Joslin’s 671 

Committee on Human Studies based on lack of access to any identifying information and 672 

specimen collection at other institutions. 673 

Data Accessibility 674 

Human proteomic βGal data are available in the GSE150285 dataset, and human data 675 

for the control, JAK1/2i datasets are available in the GSE162521 dataset. Also, mouse 676 



33 

 

S961 treated scRNAseq data are available in the GSE149984, bulk RNASeq HFD +/- 677 

JAKi data are available in the GSE294866. Human scRNAseq, CODEX (phenocycler), 678 

Xenium and H&E raw datasets are made available for the public via the SenNet 679 

Consortium portal (https://data.sennetconsortium.org/). Code associated with processing 680 

and analysis will be made available via the SenNet GitHub page 681 

(https://github.com/sennetconsortium). 682 

Supporting data values associated with the main manuscript and supplement material, 683 

including values for all data points shown in graphs and values behind any reported 684 

means are provided as “Supporting Data Values” excel files.  685 
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Figure 1. Subpopulations of senescent β-cells with different functional and SASP 854 
transcriptional profiles. (A) Reanalysis of scRNASeq data (GSE149984) of islets 855 
isolated from C57Bl6/J male mice (7- to 8-month-old retired breeders) under three 856 
conditions: control (C), S961-induced insulin resistance for 2 weeks (S) and S961-857 
induced insulin resistance followed by a 2-week recovery period (SR); (B) UMAP plot 858 
displaying the major islet-cell cluster of mouse b-cells based on Ins2 expression; (C) 859 
Heatmap of senescence marker genes with individual z-scores. (D) Trajectory analysis 860 
scRNASeq from non-senescent to senescent mouse b-cells showing different stages 861 
along a pseudo-timecourse and (E) specific senescent gene expression per metabolic 862 
condition; (F) Scatter plots of average z-score expression levels of hallmark and 863 
functional genes in each subpopulation; Mean+/- SEM; expression levels analyzed by 864 
Wilcoxon matched-pairs signed rank test (F); *p<0.01, **p<0.001, ***p<0.0001 and 865 
****p<0.00001. Data are results from 2939 β-cells in C, 2896 β-cells from S961R 866 
conditions and 2513 cells from SR; islets were isolated from four mice per condition as 867 
previously published (1). The midpoint of 0 represents average expression across all 868 
samples. (G) Heatmap of β-cell hallmark and function genes. The graph shows the 869 
expression of the genes in three different cell subpopulations of non-senescent β-cells 870 
(Cdkn1a-/Cdkn2a-) and Cdkn1a+, Cdkn2a+ under the three different metabolic 871 
conditions described. (H) Scatter plots of average z-score expression levels of b-cell 872 
SenMayo score. Mean+/- SEM; expression levels analyzed by Wilcoxon matched-pairs 873 
signed rank test; *p<0.01, ***p<0.001 and ****p<0.0001. (F) β SenMayo: Heatmap of 874 
selected genes related to senescence and SASP in the same three cell subpopulations 875 
under the different metabolic conditions.  876 
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Figure 2. The p21+- β-cell subpopulation was dysfunctional and lost its identity. 894 
(A) P2A-dTomato transgene used in the generation of p21-tdTomato mice, inserted at 895 
the end of the coding region using CRISPR; (B) Panels of different confocal microscopy 896 
channels reveal co-expression of insulin and p21 in islet cells; inset shows its nuclear 897 
localization. Representative image shown from n=7 mice; (C) Live fluorescence with 898 
bright field microscopy of dispersed islets isolated from 3-month-old p21-tdTomato, bar 899 
20 µm (C’) Bright field channel only showing live islet cells; (D) The proportion of 900 
tdTomato and p21 in islets analyzed by FACS from 6 tdTomato mice (male and female, 901 
40-65 weeks). Each dot represents one mouse. ****p<0.0001, one-way ANOVA. (E) 902 
Islet isolation, dissociation and sorting based on tdTomato signal to purify P21-tdTOM+ 903 
and P21-tdTOM- for functional analysis; (F) Secretion Index = Ratio of insulin secreted 904 
at 16.8 mM glucose compared to 2.8 mM glucose; n=3 biological replicates; *p<0.05 by 905 
two-way paired t-test (G) Basal insulin secretion in P21-tdTOM+ and P21-tdTOM- cells 906 
separated by flow cytometry; n=2-5 technical replicates from 3 biological replicates. 907 
Mean +/- SEM; islets isolated from 4 Male mice (53-70 weeks) and 3 Female mice (51-908 
72 weeks). *p<0.05 by two-way unpaired t-test. (H) Loss of b-cell identity at the protein 909 
level. Semiquantification of protein intensity in confocal immunofluorescent images from 910 
tdTOMHIGH islets respect to tdTOMLOW. Each point represents an individual islet from 911 
three P21-tdTOM+ female mice (17-22 weeks). (I) HMGB1 nuclear exclusion frequency 912 
in INSULIN+ cells in islets from tdTOMHIGH and tdTOMLOW. Each point represents an 913 
individual islet from three P21-tdTOM+ female mice (17-22 weeks). (J) Representative 914 
images of Figure 2H and 2I comparing protein expression of β-cell hallmark genes in 915 
islets from tdTOMHIGH and tdTOMLOW . tdTomato (red), b-cell related genes and HMGB1 916 
in green. Mean fluorescence intensity (MFI) for red channel intensity.  917 
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Figure 3. Secondary senescence: β-cell SASP has non-cell autonomous effects 934 
on neighboring cells. (A) Workflow to test the effects of SASP on naïve MIN6 cells. 935 
(B) Effects of BCM on p21 and p16 mRNA expression of naïve MIN6 cells (n=13-14 936 
technical replicates from 3 biological replicates) *p<0.05, analyzed by non-parametric 937 
Wilcoxon test; (C) β-Gal+ activity normalized per cell number (n=4 biological replicates); 938 
(D) Cumulative frequency graph of Ki67 staining of MIN6 cells reflecting proliferating 939 
subpopulations (Cells counted: n=2911 for CCM, n=3000 for BCM (4 two technical 940 
replicates from 2 biological replicates); (E) Protein quantification by Western Blot of 941 
selected Cdkn1a+ SASP factors after treatment with p21 siRNA at 50 nM in MIN6 cells 942 
(n=3 biological replicates). Mean +/- SEM **p<0.005 and ***p<0.0005; (F-I) Expression 943 
levels of Cdkn1a-SASP factors from individual samples and their correlations with 944 
Cdkn1a expression. Lines of best fit are shown, along with dotted lines indicating 95% 945 
confidence intervals. p-values were calculated using the null hypothesis that the slope 946 
of the best fit line equals 0; (J) Treatment of islets from p21-tdTom mice with Cdkn1a 947 
SASP factors (LSAMP+DUSP3+GDF15+IDE) during 5 days (female and male, 12-20 948 
weeks old); (K) Cellular subpopulations as determined by flow cytometry of dispersed 949 
islets after treatment; (L) Effects of Cdkn1a+ SASP factors on transcription of selected 950 
senescence and key β-cell genes; (M) Secretion index of islets treated with Cdkn1a+ 951 
SASP factors; (N) Basal insulin secretion (n=4 biological replicates). Mean+/- SEM; 952 
expression levels analyzed by two-way t-tests; *p<0.01, **p<0.001 ***p<0.0001 and 953 
****p<0.00001. (O-R) Radar plots of qPCR results for the mean expression of 954 
senescence and SASP genes. MIN6 cells treated with an individual SASP. Mean+/-955 
SEM; n= 2 biological replicates with 2-3 technical replicates each. Concentrations of 956 
SASP proteins used in culture media are shown in Table 1. Mean+/- SEM; expression 957 
levels analyzed by two-way t-tests; *p<0.01, **p<0.001 ***p<0.0001 and ****p<0.00001.  958 
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 974 

Figure 4. Cdkn1a+ SASP factors induce secondary cellular senescence in mouse 975 
pancreatic islets in vitro. (A) Experimental design of the conditional p21 knock down 976 
timecourse on mouse islets to assess effects on transcription and function. (B) 977 
Timecourse expression levels of p21 and p16 mRNA under control (Scr-siRNA) and 978 
conditional p21 knock down (p21-SiRNA, 50nM); (C) Timecourse of b-cell function as 979 
reflected by secretion index at different days after conditional knockdown of p21; (D) β-980 
cell hallmark and function genes after p21 conditional knockdown (p21-siRNA) at day 6. 981 
100 islets per condition from retired male breeders n = 7 biological replicates; data 982 
shown as heatmap of z-score for panels B, D and of secretion index for C. (E) 983 
Experimental design for the evaluation of p21-SASP factors after p21 conditional 984 
knockdown (p21-siRNA) in mouse islets (F) Secretion index from static GSIS from p21-985 
siRNA or Scr-siRNA with/without   SASP factors (LSAMP+DUSP3+GDF15+IDE) during 986 
5 days. Islets from 33 male C57Bl/N mice were used (6-9 months). (G-P) 987 
Transcriptomic gene levels from same experiment design using islets from 24 female 988 
and male C57Bl/N mice (17 weeks to 9 months). Mean+/-SEM, One-way ANOVA, 989 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 990 
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Figure 5. Secondary senescence induced by Cdkn1a+ SASP factors is 1011 
counteracted by JAK1/2 inhibitors (JAK1//2i) in mouse islets in vitro and in vivo. 1012 
(A) Pathway analysis of SASP-regulating pathways in RNA-seq data from mouse 1013 
senescent b-cells (6) reveals upregulation of the JAK/STAT pathway. (B) Experimental 1014 
design In vitro: Treatment of islets from p21-tdTom mice with Cdkn1a SASP factors 1015 
(LSAMP+DUSP3+GDF15+IDE) in combination with JAK1/2 inhibitor (JAK1/2i). In vivo: 1016 
male C57Bl/6N mice were fed a high-fat diet (HFD) for 6 weeks and treated for 4 weeks 1017 
with JAK1/2i. n=9 control, n=11 HFD group, n=13 HFD + JAK1/2i; (C) Flow cytometry 1018 
analysis of dispersed islets treated with Cdkn1a SASP factors with or without JAK1/2i; 1019 
(D) Transcriptional analysis of islets treated with Cdkn1a SASP factors with or without 1020 
JAK1/2i; (E) Functional analysis of islets treated with Cdkn1a SASP factors with or 1021 
without JAK1/2i. n=4 independent experiments. Mean+/- SEM; expression levels 1022 
analyzed by two-way t-tests respect to control; *p<0.01, **p<0.001 ***p<0.0001 and 1023 
****p<0.00001. (F) Heatmap showing expression of key senescent genes in islets 1024 
isolated from different treated groups; (G) Percentage of p21 (red) positive cells in 1025 
INSULIN (green) positive cells determined by semiquantitative immunohistochemistry in 1026 
3 groups; Control, HFD, and HFD+JAK1/2i. Four 16-24 weeks of female p21-tdTom 1027 
mice were used in each group, and 933-1245 islets were counted/group. (H) 1028 
Representative images of islets immunostained for p21 (red) positive cells in INSULIN 1029 
(green) in different treatment groups. Scale bar 50 µm. (I) Z-score expression of 1030 
senescence and SASP genes; (J) Z-score expression of b-cell hallmark and functional 1031 
genes. (K) GSIS by sampling plasma at minutes 0 and 15 during IPGTT. Mean +/- 1032 
SEM; *p<0.01, **p<0.001 two-way paired t-test (L) Fed plasma insulin in mice. Mean +/- 1033 
SEM; *p<0.01, **p<0.001 by two-way unpaired t-test.  1034 
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Figure 6. Loss of function and identity in human p21+ β-cells. (A) CDKN1A mRNA 1051 
levels in islets from human donors without (ND) and with Type 2 Diabetes (T2D); (B) 1052 
Linear correlation between p21 protein levels in human islets and their function as 1053 
expressed by the secretion index; (C) KAPPSen study design aimed at mapping and 1054 
profiling senescent cells in both whole and dispersed human pancreas; (D-E) Heatmap 1055 
and dot plot of human β-cell scRNASeq data for selected β-cell functional genes across 1056 
three cell subpopulations: non-senescent β-cells (CDKN1A-/CDKN2A-), CDKN1A+, and 1057 
CDKN2A+; (F) Pseudotime trajectory analysis of scRNASeq from non-senescent to 1058 
senescent human β-cells; (G) Heatmap showing expression levels of key senescence 1059 
genes at various stages during the senescence trajectory; (H) scRNASeq expression 1060 
levels of genes in the senescence Gene Ontology (GO) category and (I) Fridman gene 1061 
senescent scores. Data shows individual cells in each trajectory state, mean ± SEM; 1062 
expression levels analyzed via 2-way ANOVA. Quartiles of nuclear P21 protein 1063 
expression derived from spatial proteomic (CODEX) data, only from β-cells. (J) Co-1064 
expression of senescence proteins within cells exhibiting quartile distribution of nuclear 1065 
P21. (K) Co-expression of β-cell transcripts within cells exhibiting quartile distribution of 1066 
nuclear P21. (L) Representative image of integrated CODEX (INSULIN (red) and p21 1067 
(green) protein) with Xenium (MAFA (orange) transcript). (M) Quartiles of nuclear 1068 
CDKN1A mRNA expression from Xenium and co-expression with hallmark β-cell genes. 1069 
(N) Heatmap showing overlapping co-expression of nuclear P21 with β-cell hallmark 1070 
genes. 1071 
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Figure 7. Effects of JAK1/2i on secretion of human b-cell function. (A) JAK1 protein 1090 
levels in human islets from non-diabetics (ND) and Type 2 diabetes (T2D) donors; (B) 1091 
linear regression of JAK1 protein levels and secretion index from human islets; (C) 1092 
Analysis of data from Joslin Diabetes Center's adult clinic. Longitudinal glycated 1093 
hemoglobin (A1c) levels from Individuals with T2D and who had been prescribed JAK 1094 
inhibitors for medical indications independent from diabetes. The effect of the JAK 1095 
inhibitors treatment was measured by the change of A1c. δA1c = (Average A1c Post) – 1096 
(Average A1c Pre) (D) Mean A1c change before and after starting treatment with a 1097 
specified JAK inhibitor in people with Type 2 Diabetes. (E) Workflow of human islets 1098 
from ND and T2D donors treated with JAK1/2i or JAK1/3i for 4 days.  (F-G) Heatmap 1099 
and dotplot of SASP (log2-protein abundance) secretion in conditioned media collected 1100 
from human untreated (control) or treated (JAK1/2i). Top upregulated human b-cell 1101 
SASP proteins were selected. Paired analysis per analyte was performed between 1102 
conditions. Cell numbers varied from one donor to another but were maintained 1103 
constant across treatments. Donor 1- 526,000 cells/treatment; donor 2-192,000 1104 
cells/treatment; donor 3- 231,000 cells/treatment; donors 4&5- 87,500 cells/treatment. 1105 
(H) p21 mRNA levels in human islets from ND donors. (I) b-cell function evaluated by 1106 
GSIS in human islets from ND donors with 1-3 replicates per donor. (J) Effects of 1107 
JAK1/2i in p21 mRNA in islets from T2D donors; (K) b-cell function evaluated with islet 1108 
perifusion in islets from two donors with T2D, BMI 38.3 and 42.2, age 58 and 55 years 1109 
old, respectively. (L) Static GSIS from two T2D female donors using JAK1/2i 1110 
(momelotinib: dark green, and baricitinib: light green), both BMI 42.2, age 49 and 55 1111 
years old.  1112 
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Table 1. Selected SASP factors and their role according to senescence cell 1114 
subpopulation 1115 

Factor Name Subpopulation Concentration in 
plasma and used 
in culture 

Role in senescence or T2D Ref 

LSAMP Limbic system 
associated 
membrane 
protein 

Cdkn1a+ 150 µg/L β-cell function and insulin 
resistance 

(33) 

IDE Insulin degrading 
enzyme 

Cdkn1a+ 0.31 µg/L Impaired insulin secretion (34, 35) 
 

DUSP3 Dual specificity 
phosphatase 3 

Cdkn1a+ 1.3 µg/L Cell proliferation and DDR (36-38) 

GDF15 Growth 
differentiation 
factor 15 

Cdkn1a+ 1.3 µg/L SASP, mitochondrial 
dysfunction 

(39-44) 

For the DDR-DNA damage response, plasma concentrations were taken from the 1116 
Human Protein Atlas and determined by immunoassay 1117 
(https://www.proteinatlas.org). 1118 
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