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SUMMARY

We hypothesized that the known heterogeneity of
pancreatic b cells was due to subpopulations of
b cells at different stages of their life cycle with
different functional capacities and that further
changes occur with metabolic stress and aging. We
identified new markers of aging in b cells, including
IGF1R. In b cells IGF1R expression correlated with
age, dysfunction, and expression of known age
markers p16ink4a, p53BP1, and senescence-associ-
ated b-galactosidase. The new markers showed
striking heterogeneity both within and between islets
in both mouse and human pancreas. Acute induction
of insulin resistance with an insulin receptor antago-
nist or chronic ER stress resulted in increased
expression of aging markers, providing insight into
how metabolic stress might accelerate dysfunction
and decline of b cells. These novel findings about
b cell and islet heterogeneity, and how they change
with age, open up an entirely new set of questions
about the pathogenesis of type 2 diabetes.

INTRODUCTION

Reduced b cell mass and function are fundamental to the path-

ogenesis of type 2 diabetes (T2D) (Weir and Bonner-Weir, 2013).

The loss of b cell mass is poorly understood, but the demands of

insulin resistance are presumed to contribute to an accelerated

loss of b cells. b cell function as determined by insulin secretion

is also markedly impaired in T2D; this dysfunction is thought to

result from b cells being in a diabetic environment, and strong

evidence indicates that increased plasma glucose levels them-

selves result in major secretory abnormalities, hence the use of

the term glucotoxicity. Type 2 diabetes (T2D) increases with

age, with the majority of patients being above the fifth decade

of life (Koopman et al., 2005).

Proposed mechanisms responsible for the loss of b cells in

T2D include amyloid formation (Westermark and Westermark,

2013) and endoplasmic reticulum stress (Kaufman, 2011), but
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their relative contributions are not known. The pathology of

the islets in T2D (Gepts and Lecompte, 1981) seems to provide

major clues that should lead to novel ways to examine the

problem. For instance, islets in T2D are strikingly heteroge-

neous: many look completely normal, some contain large

deposits of amyloid and others none. To understand how

the pathology reached that point, it seems important to under-

stand islet and b cell heterogeneity and how they change

with aging.

It has been known for years that there is considerable b cell

heterogeneity, which has been mostly characterized by differ-

ences in secretion (Pipeleers et al., 1994). A variety of different

parameters that vary among b cells have been examined in ro-

dents: secretory function (Salomon and Meda, 1986), insulin

expression (Katsuta et al., 2012), and telomere length (Guo

et al., 2011; Peng et al., 2009). The concept of functional hetero-

geneity among b cells is bolstered by findings that they differ in

sensitivity to glucose (Van Schravendijk et al., 1992) and can

be recruited by higher glucose levels into both active biosyn-

thetic (Bosco and Meda, 1991; Kiekens et al., 1992; Schuit

et al., 1988) and secretory states when there is demand for

more insulin secretion (Hiriart and Ramirez-Medeles, 1991; Hir-

iart et al., 1995; Karaca et al., 2009; Ling et al., 2006; Pipeleers,

1992).

New insights into heterogeneity have emerged with the

recent report of four subtypes of human b cells defined by cell

surface markers that are proportionally altered in T2D (Dorrell

et al., 2016). One subtype found more often in T2D had higher

basal insulin release and less response to glucose stimulation.

Also, specialized hub cells, identified as 1%–10% of b cells

with more active mitochondria and less insulin, have been

recently reported to synchronize b cell oscillations (Johnston

et al., 2016).

We hypothesized that b cells at each life stage have different

markers and functional characteristics and that both age and

environmental factors can shift the composition of the b cell

population contributing to T2D development (Weir and Bon-

ner-Weir, 2013). There is some understanding of the maturation

of newly born b cells and some markers of old (‘‘senescent’’)

b cells. However, relatively little is known about the aging of

b cells and how this influences cellular function and the rate

of cell death. Cellular senescence, the phenomenon by which

cells cease to divide and remain metabolically active, occurs
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Figure 1. Development of Insulin Resistance, Loss of Glucose Tolerance, and Changes of Insulin Secretion as C57BL/6J Mice Age

(A–E) Elevation of fasting blood glucose (A), glucose intolerance (B), hyperinsulinemia (C), peripheral insulin resistance as determined by an insulin tolerance test

(D), and weight gain (E) were observed in 2-year-old mice compared to 1.5-month-old mice. n = 6 for 1.5 months; n = 11 for 2 years; *p < 0.05 when compared to

1.5-month-old mice.

(F) By static incubation, glucose stimulated insulin secretion (GSIS) increased with age. n = 3 independent experiments in triplicate, *p < 0.01 when compared to

12-week-old mice.

(G) By RHPA, aged mice had decreased proportion of cells secreting at high glucose, particularly those secreting medium and large plaques (arrows). n = 495–

1,008 cells counted/condition, 600–700 fields/condition from two independent experiments.

Mean ± SEM. Table 1 shows the aggregate data and the applicable statistics.
in response to different forms of stress and aging (Campisi and

d’Adda di Fagagna, 2007). A known marker of senescence is

p16Ink4a, a cyclin-dependent kinase inhibitor encoded by the

Cdkn2a locus. In b cells, its level of expression correlated

with increased age and decreased proliferation (Krishnamurthy

et al., 2006, 2004) and yet the marked cells were heteroge-

neously distributed in adult mouse and human islets (Chen

et al., 2009; Dhawan et al., 2009; Köhler et al., 2011; Tschen

et al., 2009).

Ways to identify new, young, middle-aged, old, and pre-

morbid b cells on tissue sections and with flow cytometry

should greatly enhance our understanding of b cells in the path-

ogenesis of diabetes. In this study we identified and validated

markers of b cell aging and found marked heterogeneity of

both islets and b cells that correlated with age-related functional

decline. Moreover, increased secretory demand induced by in-

sulin resistance led to the appearance of aging markers in

b cells accompanied by functional changes. These novel find-

ings about b cell and islet heterogeneity, and how they change

with age, open up an entirely new set of questions about the

pathogenesis of T2D.
RESULTS

b Cell Dysfunction during Normal Aging in Mice
Aging of C57BL/6J mice is accompanied by increased fasting

glucose and worsening glucose tolerance (Figures 1A and 1B)

as well as increased peripheral insulin resistance as reflected

by hyperinsulinemia (Figure 1C), decreased glucose clearance

during an insulin tolerance test (Figure 1D), and increased

body weight (Figure 1E). Our data are consistent with that

previously published showing these mice, carriers of the Nnt

mutation, have glucose intolerance and reduced insulin

secretion as early as 6 months of age (Freeman et al., 2006)

(www.jax.org).

To evaluate the functional changes that accompany aging

and insulin resistance in C57BL/6J mice, we assessed both

static glucose-stimulated insulin secretion (GSIS) of isolated

islets and the secretion of individual b cells with reverse hemo-

lytic plaque assay (RHPA). Compared to islets from 3-month-

old mice, islets from 1.4-year-old mice had increased insulin

secretion at 2.6 mM glucose but no further increase at

16.8 mM (Figure 1F). A similar age-related increase in basal
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Table 1. RHPA Secretion Summary from b Cells Obtained from Different Aged C57BL/6 Mice

2.6 mM Glucose 16.8 mM Glucose

Area (mm2) Secreting Cells (%) Secretion Index (Area 3 %) Area (mm2) Secreting Cells (%) Secretion Index (Area 3 %)

1.5 Months 1,246 ± 30b 26 ± 8b 312 ± 8b 1,704 ± 45 63 ± 1 1,074 ± 29

1.5 Years 1,712 ± 42a,b 30 ± 3 513 ± 12a,b 1,246 ± 31a 26 ± 4a 312 ± 8a

n = 495–1008 cells counted/condition, from 600–700 fields/condition, from two independent experiments.
ap < 0.0001 with respect to 1.5 months.
bp < 0.0001 with respect to 16.8 mM glucose.
insulin secretion was observed using INK-ATTAC mice, which

do not develop glucose intolerance with age (Figures S1A–

S1C). With RHPA, the immunoplaque area is directly propor-

tional to the amount of insulin secreted by that cell (Salomon

and Meda, 1986) (Figures S2A–S2D). Using dispersed islets

from 1.5-month and 1.5-year mice, b cells from young mice

increased their insulin secretion in response to 16.8 mM

glucose 5.5-fold, as reflected by the secretion index (SI) as

well as recruitment of non-secreting b cells at 2.6 mM glucose

(where only 26% secrete insulin) to 63% secreting cells

at 16.8 mM glucose. With age, b cell recruitment from

2.6 mM to 16.8 mM glucose was lost, and cells secreted

more insulin at low glucose concentration with no further in-

crease at high glucose (Table 1). In a cumulative frequency

graph (Figure 1G) in which the average secretion (immunopla-

que area) and the percentage of secreting cells at 16.8 mM

glucose are plotted, it can be seen, as previously described

(Aguayo-Mazzucato et al., 2011, 2006), that b cell function is

heterogeneous with several functional subpopulations that

secrete varying amounts of insulin in response to a given stim-

ulus. Interestingly, with aging (1.5 years) these subpopulations

changed, with many fewer b cells responsive to glucose (Fig-

ure 1G; Table 1).

b Cell Heterogeneity as Mice Age
Using C57BL/6J MIP:GFP mice in which GFP expression is

driven by the insulin promoter, we previously reported changing

populations of b cells from perinatal to 7 months of age based on

GFP brightness, cell size, and granularity (Katsuta et al., 2012).

Three subpopulations of pancreatic cells were identified and

sorted according to GFP fluorescence levels. The proportions

of these subpopulations changed markedly with age: the GFPlow

subpopulation was large in young animals and decreased greatly

by 4 months, whereas the GFPhigh subpopulation was very small

in the youngest mice and markedly increased by 4 months (Fig-

ure 2A). These results suggest that GFPlow cells may represent a

younger, more newly formed b cell subpopulation while the

GFPmedium and GFPhigh subpopulations were older and con-

sisted of both mature and senescent cells. To assess this, we

sorted GFP+ b cells from young (embryonic day 15.5 [E15.5]–

5 weeks), 2.5- to 7.5-month-old, and 1- to 2-year-old MIP:GFP

mice for gene expression by qPCR. Expression of the b cell

senescence marker Cdkn2a (p16Ink4a) mRNA was not detected

in any population of the young animals but increased with

age in the GFPhigh and GFPmedium subpopulations (Figure 2B);

only at 1–2 years was it detectable in the GFPlow population.

These data suggest simultaneous existence of differently aged

subpopulations.
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Age-Dependent Changes in b Cell Gene Expression
Represent Both a Maturation and an Aging Process
We performed Affymetrix microarrays (n = 3–4 per age) on RNA

from FACS-purified MIP:GFP b cells from different aged mice:

(1) 3.5–9 week young; (2) 1 year old; (3) 2 years old. Analysis

revealed age-related differential gene expression, with the great-

est changes in expressed probe sets between young and 1 year

old (p < 0.05) but with further changes between 1 and 2 years

(Figure 2C; Figure S3). These changes show both the processes

of maturation (less than 9 weeks old versus older) and of aging

(1 year versus 2 years). The expression of p16Ink4a and the senes-

cent signature genes in b cells from agedMIP-GFPmice support

our expectation that islets from older mice are enriched with

senescent b cells.

Identification of Cell Surface Markers of Aged b Cells
Surface markers that allow identification and isolation of aged

b cells could be a powerful tool to study the different b cell pop-

ulations. Mining our microarray data for differential expression of

plasma membrane genes (Figure 2D and Table S1), we selected

potential markers of b cell age for evaluation, including Kcnq5

and Fgfr1, which seemed higher in young mice, and Igf1r,

CD99, and Bambi, higher in old mice (p value and FDR < 0.05).

Similar to what we found for p16Ink4a mRNA (Figure 2B), Igf1r

mRNA levels were increased in the GFPhigh and GFPmedium sub-

populations of b cells from oldest animals compared to those

of younger (Figure 2E). To validate these candidate genes as

aging markers, we measured their expression in independent

samples of islets using expression of p16Ink4a as a benchmark

for aging. With increasing age, p16ink4a, Igf1r, and Bambi

mRNA increased, whereas Kcnq5 and Fgfr1 decreased and

CD99 was unchanged (Figure 2F; Figure S4). Taken together,

phenotypically different b cell subpopulations are present at

the different ages.

Heterogeneity of Aging Markers in b Cells
To extend our results to the protein level, paraffin sections

were stained and analyzed in parallel such that differences in

staining intensities reflect differences in protein. There was

marked heterogeneity between islets and between the cells

within an islet. IGF1R showed enhanced staining in islets of

6.5-month-old and 1.5-year-old mice (Figures 3A and 3B),

whereas consistent with it being a marker of younger b cells,

KCNQ5 protein was expressed at higher levels at 2 months

than at older ages (Figures 3A and 3C). Intensity of insulin

staining showed marked variability at each age with a decrease

in the 1.5-year-old group (Figure 3D). The membrane location

of IGF1R and KCNQ5 was confirmed with costaining with



Figure 2. Heterogeneity Patterns of b Cells Change with Age as Seen with FACS Analysis of GFP+ Cells and Measurement of Aging Markers

(A) Based onGFP intensity, there are subpopulations of b cells that change with age. 5–9 weeks, n = 3; 4–10months, n = 7; 1–2 years, n = 8. *p < 0.04 compared to

previous age group; +p < 0.04 to 5–9 weeks. Mean ± SEM.

(B) With age, these subpopulations have increasing expression of p16Ink4a, supporting the notion of aging heterogeneity. E15.5–5 weeks, n = 7; 2.5–7.5 months,

n = 3; 1.5–2 years, n = 3. For p16Ink4a: ANOVA < 0.0001; *p < 0.0001 to youngest group. ND, not detected. Mean ± SEM.

(C) Heatmaps of expression data from microarrays of b cells of MIP:GFP mice showing changes in key b cell and senescence signature genes (see

Figure S3).

(D) Volcano plot of differentially expressed cell surface genes (see Table S1).

(E) Expression of Igf1rmRNA increased in GFPhigh/medium cells at 1.5–2 years. Same samples as for p16ink4a. (F) Potential aging surface markers verified by qPCR

on isolated islets: p16Ink4a, Igf1r, Bambi, Kcnq5, and Fgfr1. Samples were from individual mice; n = 10–18 per age; *p < 0.05 with respect to previous age.

Mean ± SEM.
E-Cadherin (Figure S5). Using the INKATTAC model, costaining

of IGF1R and the reporter of p16 expression FLAG was seen in

a subset of b cells in 4- to 6-month-old mice (Figure S1F).

Importantly, age-dependent increases in IGF1R immunostain-

ing intensity were seen in human islets (Figure 3F; Figure S6A).

Notably, no staining of IGF1R was found in fetal islets (19- to

22-week gestation).
b Cells Expressing IGF1R Are Senescent and Have
Dysfunctional Secretion
To evaluate potential functional differences between b cells ex-

pressing IGF1R and those that do not, we used FACS to sort

IGF1Rpositive andnegative populations (Figure 3F) The percentage

of IGF1Rpositive increased as the age of the animal increased (Fig-

ure 3G). By qPCR, p16Ink4a mRNA levels were 50-fold higher in
Cell Metabolism 25, 898–910, April 4, 2017 901



Figure 3. Islet Heterogeneity for Markers of Aging in Mouse and Human Pancreas

(A) By immunostaining, increased IGF1R and decreased KCNQ5 were found in islets from older mice compared to young.

(B–D) Magnification bar, 25 mm. Intensity of individual islet staining quantified for IGF1R (B), KCNQ5 (C), and insulin (D). n = 3 animals per age. *p < 0.05 with

respect to previous age.

(E) Age-dependent IGF1R expression in human islets supports the validity of this marker. Pancreas from 2 donors per decade (aged fetal to 68 years); 15–92

islets/cell clusters per donor; total of 400 human islets. Quantification is given in Figure S6A. Magnification bar, 25 mm.

(F) FACS plot showing sorting by IGF1R for b cells.

(G) Percentage of IGF1R+ b cells per age. n = 7 independent cell preparations.

(legend continued on next page)
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IGF1Rpositive cells than in either IGF1Rnegative or unsorted sub-

populations (Figure 3H); both Ldha and Flattop were also higher

in IGF1Rpositive cells. Functionally, IGF1Rpositive cells secreted

less insulin at 16.8 mM glucose than IGF1Rnegative cells even

when from 4-month-old mice (Figure 3I; Figure S7C), much as

seen in older b cells (Figure 1G; Table 1).

Given the expression of p16Ink4a in IGF1Rpositive cells, we

knocked down the expression of each in the b cell line MIN6 to

test for possible interaction (Figure 3J). When siP16Ink4a was

used, Igf1r mRNA was decreased. However, the knockdown of

Igf1r had no effect on p16 mRNA levels. These data suggest

that p16Ink4a expression may lead to IGF1R expression, support-

ing the notion that IGF1R truly marks senescent b cells.

Aging Heterogeneity within b Cells
To further examine the simultaneous presence of differentially

aged b cells at any given time, we tested two known senescence

markers. First, using nuclear localization of p53BP1 protein

(Campisi and d’Adda di Fagagna, 2007; Tornovsky-Babeay

et al., 2014), we found as mice aged b cells increased p53BP1

protein (Figure 4A), with 50% b cells costaining for IGF1R and

p53BP1 at 6.5 months increasing to 100% at 2 years (Figure 4B),

a further validation of IGF1R as a b cell aging marker. Then to

correlate the GFP subpopulations identified by FACS (Figure 2)

with these aging markers, pancreatic sections of MIP-GFP

mice at different ages were stained for GFP, P53BP1, and

IGF1R (Figure 4C; Figures S7A and S7B). In 6-month-old mice,

most, if not all, b (insulin+) cells expressed GFP but showed het-

erogeneous expression when the antibody concentration was

not saturated. With age there was an increased proportion of

GFPlow insulin + cells. These GFPlow b cells tended to have

nuclear p53BP1+ b cells and high IGF1R, suggesting that in

old animals GFPlow b cells included a senescent subpopulation.

Second, we used senescence-associated acidic b-galactosi-

dase activity to identify and isolate senescent b cells. FACS sort-

ing (Figure 4D) showed b-Gal activity to be a continuum; the

active subopulation was smaller in 6-month-old compared to

1.5-year-old mice (Figure 4E). Nonetheless, B-Galpositive b cells

from both ages had increased expression of both Igf1r and

p16Ink4a mRNA compared to the negative b cells from the

same animals (Figure 4F).

Aging Heterogeneity between Islets
Heterogeneity of aging marker among b cells within an islet was

greatest in the 6- to 9-month-old mice. What was surprising was

the heterogeneity between islets: within the same section, adja-

cent islets could be positive or negative for IGF1R, CD99, or

KCNQ5 (Figures 5A–5D). To better characterize this heterogene-

ity between individual islets, we characterized single islets

handpicked for similar size (150 mm diameter) from 1.5-year-

old mice. Even though these single islets had insulin content

varying by less than 10% (Figure 5E), their Igf1r and Kcnq5

mRNA levels varied 800% (Figures 5F and 5G). This finding
(H) IGF1R+ b cells express higher p16Ink4a, Ldha, and Flattop mRNA as comp

mice. #p < 0.05.

(I) GSIS profiles comparing IGF1R� and IGF1R+ subpopulations from 4 indepen

(J) Knockdown experiments in MIN6 cells transfected with p16Ink4a, Igf1r, or scra

experiments in triplicate. Mean ± SEM.
indicates that b cells of differentially aged islets can maintain

their insulin stores.

Acceleration of the Appearance of Aging Markers in
b Cells by Insulin Resistance
To evaluate whether metabolic stress could induce cellular aging

independent of chronological age, 7-month-old C57BL/6J mice

were treated for a week with insulin receptor antagonist S961

and as previously described (Yi et al., 2013) showed hyperglyce-

mia and hyperinsulinemia (Figures 6A and 6B). Islets from S961-

treated mice had significantly increased p16Ink4a and Bambi

mRNA levels (Figure 6C), and Igf-1rmRNA had a tendency to in-

crease. With only 1 week of treatment and 2 weeks recovery,

these changes reversed. Then using a model of chronic ER

stress, Ins2Akita(Akita) mice (20-week-old heterozygotes), we

found Igf1r mRNA increased and both p16Ink4a and Bambi

mRNA tended to increase in isolated islets compared to wild-

type controls (Figure 6D). Together these results indicate that

the appearance of aging markers in b cells can be induced by

metabolic stress.

Yet, hyperglycemia or glucose toxicity was not solely respon-

sible for the appearance of the aging marker IGF1R. We exam-

ined INK-ATTAC mice in which a fragment of the p16Ink4a gene

promoter that is transcriptionally active in senescent but not in

non-senescent cells drives both GFP reporter and Flag-tagged

protein products allowing the identification of senescent cells

within a heterogeneous population (Baker et al., 2016; Baker

et al., 2008; Baker et al., 2011). These mice remain glucose

tolerant even at 1 year (Figures S1A and S1B). In insulin secretion

studies, islets from old (1.7–2 years) mice showed increased

basal insulin release with equal stimulated release compared

to islets from those at 4 months old (Figure S1C). Even so, at

10 months there was heterogeneity of both GFP and FLAG (Fig-

ure 6E) expression as well as age-related changes in Igf1r and

Kcnq5 mRNA and protein (Figure 6F; Figures S1D and S1E).

Moreover, costaining of IGF1R and FLAG in a subset of b cells

could be identified in pancreas from 4- to 6-month-old mice.

Thus, aging itself is responsible for the changing phenotype

but metabolic stress, whether insulin resistance or chronic ER

stress, can accelerate the aging process.

Increased IGF1R and P53BP1 in Human b Cells in T2D
To extend our findings to human, we first examined our previ-

ously published microarray data on laser capture microdis-

sected b cells from 10 T2D and 10 age-matched non-diabetic

controls (Marselli et al., 2010). IGF1R mRNA was significantly

higher (p = 0.007) in b cells from T2D than from controls. Using

an in silico approach on recently published papers, IGF1R

mRNA was significantly correlated with HbA1c in the Fadista

(Fadista et al., 2014) PNAS study on islets from 89 human

donors. Bambi was significantly upregulated in b cells from

patients with T2D when compared with non-diabetic donors

(Segerstolpe et al., 2016; Xin et al., 2016). In our own work, we
ared to unsorted. n = 5 samples, each pooled from 3–7 1.5- to 2-year-old

dent cell preparations of 4-month-old mice.

mbled siRNA (siSc) show p16ink4a affects Igf1r expression. n = 3 independent
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Figure 5. Islet Heterogeneity at Both Protein and mRNA Levels

(A–G) Adjacent islets showed heterogeneous staining of aging markers CD99 and IGF1R (merged channels, A and B; split channels, C) and KCNQ5 (D) indicating

islet heterogeneity in adult pancreas. Magnification bar, 50 mm.Heterogeneity of islets was further supported by similar insulin content (E) andmarked differences

in single islet mRNA content for Igf1r (F) and Kcnq5 (G). Handpicked 150 mM diameter islets: for RNA, 8 islets from same 1.5-year-old mouse; for insulin content,

12 islets, 4 from each of 3 1.5-year-old mice. Individual islet values are shown.
found consistently greater immunostaining intensity of IGF1R in

b cells in sections from 3 T2D than from age-matched non-dia-

betic controls (Figure S6B). In a panel of nPOD samples of T2D

and age-matched controls, most donors by age 20 had a consid-
Figure 4. Senescent b Cells Increase in Proportion through Adulthood

(A) Representative images for the senescence marker nuclear P53BP1 in b cells

(B) Cellular co-localization of IGF1R and p53BP1 increased with age.

(C) Representative images of adjacent sections of islet from 1-year-old MIP:GF

polypeptide or for GFP, p53BP1, and DAPI showing p53BP1+ cells are mostly G

(D) FACS plot showing sorting criteria for b cells stained for acidic b-galactosida

(E) Proportion of B-Galpositive b cells increased with age. n = 5 independent prep

(F) B-Galpositive and B-Galnegative subpopulations frommature (3–6months, n = 3) a

B-Gal+ cells at both ages. Data normalized to negative cells. #p < 0.05. Mean ±
erable number of b cells expressing nuclear p53BP1 without dif-

ferences in the number of negative cells (Figures 6C and 6D);

with age, the percentage of high-intensity nuclei increased (Fig-

ure 6E). While it seems that obesity and diabetes are associated
across ages. Magnification bar, 25 mm.

P mouse costained for GFP, insulin, and glucagon/somatostatin/pancreatic

FPlowinsulin+. Magnification bar, 30 mm.

se (B-Gal) activity.

arations, each pooled of 3–5 mice.

nd aged (1.8–2 years, n = 4) mice show higher Igf1r and p16Ink4amRNA levels in

SEM.
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Figure 6. Acceleration of the Appearance of Aging Markers in b Cells by Insulin Resistance and Metabolic Stress

(A and B) In 7-month-old C57BL/6J mice, 7 days of S961 administration induced hyperglycemia (A) and hyperinsulinemia (B), which were reversed by a 2-week

recovery period.

(C) Islets of thesemice had increased expression of p16Ink4a, Igf1r, andBambimRNA that reversed in a 2-week recovery period. Data are related to control values.

n = 4–12 mice/group; #p < 0.01.

(D) In islets from Ins2Akita (Akita) mice, amodel of ER stress, Igf1rmRNA increased and both p16Ink4a andBambimRNA tended to increase, compared to wild-type

(WT). n = 4 mice/group; #p < 0.005.

(E and F) Islets from INK-ATTAC mice show heterogeneity of both GFP and FLAG protein at 10 months (E) as well as age-related changes in Igf1r and Kcnq5

mRNA (F). n = 4 mice/age. *p < 0.02. Magnification bar, 40 mm. Mean ± SEM.
with an increased proportion of high-intensity P53BP1 staining,

the great variability among human donors will necessitate a far

larger study with groups of similar age and BMI.

DISCUSSION

In the present study we have identified new age markers of

b cells. As expected, there was considerable heterogeneity

among individual b cells in the expression of these markers,

but very surprisingly, there were also remarkable differences

among islets. Additionally, we found that the aging process
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can be accelerated by increased insulin demand. We conclude

that the varying age of the individual b cells could be the basis

for their heterogeneity.

b cells are known to have slow turnover and a relatively long

lifespan (rodents 2–3 months) (Finegood et al., 1995), but this

low rate of growth is sufficient to allow sustained b cell mass

expansion over the first 7 months in rats (Montanya et al.,

2000). There are several mechanisms, such as proliferation, hy-

pertrophy, and neogenesis (Bonner-Weir, 2000) that increase

b cell mass to meet the secretory demand as well as adaptations

that increase the function of individual b cells (Liu et al., 2000).



Since the b cell population is dynamic, there must be the simul-

taneous presence of young, adult, senescent, and dying b cells

at any adult age (Weir and Bonner-Weir, 2013). These differing

populations may have different functional characteristics that

impact overall glucose homeostasis. One of the characteristics

of functional immaturity is high insulin secretion at low glucose

levels as well as diminished ability of the b cell to increase insulin

secretion in response to high glucose levels (Blum et al., 2012).

Intriguingly, Flattop, the newly identifiedmarker of mature b cells,

was not expressed in 20% of b cells of adult mice (Bader et al.,

2016), the same percentage of rodent adult b cells reported to be

non-responsive to glucose (Salomon and Meda, 1986; Van

Schravendijk et al., 1992).

As shown in the present study, as C57BL/6J mice age,

impaired glucose tolerance develops as well as changes in

b cell function. These functional changes are characterized by

an increase in basal insulin secretion, impaired glucose-stimu-

lated insulin secretion, along with functional loss of subpopula-

tions of cells that respond to high glucose concentrations. This

age-related change in function was accompanied by an increase

in p16Ink4a, a knownmarker of b cell aging and by a newmarker of

b cell aging found in this study, Igf1r. By immunostaining, islets

that expressed IGF1R had higher expression of p53BP1. When

these presumed older cells expressing IGF1R were selected

by flow cytometry, their insulin secretory response to high

glucose levels was impaired, suggesting that aged b cells are

dysfunctional compared to their younger (IGF1Rnegative) counter-

parts from the same mice. It is also worth mentioning that the

IGF1Rpositive subpopulation was particularly vulnerable to com-

bined stress of dispersion and FACS, such that a 17% of the

population appeared to die selectively in response to the pro-

cedure. From our microarray analysis, the apoptosis pathway

and p53 signaling pathway were ranked 7 and 3, respectively,

when comparing b cells isolated from 2-year-old mice with those

obtained from young or 1-year-old mice. These results support

the idea that older b cells are more fragile and therefore more

likely to die in response to a variety of insults or stimuli.

Further support of IGF1R as an aging marker comes from our

siRNA experiments that indicate that p16Ink4a expression may

lead to IGF1R expression. Using another well-recognizedmarker

of senescent cells, b-galactosidase activity to FACS sort sub-

populations, we found that the proportion of b-GALpositive b cells

increased from 6months to 1.5 years, and at both ages, the pos-

itive cells had higher Igf1r and p16 mRNA expression than the

negative cells from the same animals.

Our findings are in contrast to a recent study inwhich induction

of p16Ink4a for 10 days in b cells of 3- to 4-week-old transgenic

mice resulted in both markers of senescence and increased

function of b cells (Helman et al., 2016), leading to their conclu-

sion of a novel functional benefit of senescence in b cells. How-

ever, the b cells of 5- to 6-week-old mice are not yet fully mature;

islets from 3-week-old rats are glucose responsive but without

the robustness of a 2- to 3-month-old rat (Bliss and Sharp,

1992). Another study on epigenome changes in b cells from

adolescent (4–6 weeks) and old (16–20 months) also found

age-related changes in function and increased Igf1r mRNA in

old b cells but without significant changes in Cdkn2a (p16ink4a)

(Avrahami et al., 2015). They concluded that the left shift in

glucose sensitivity in old mice (46.2% of old b cells versus
13.3% of young responding to 5 mM glucose) indicated

improved function of old b cells. However, it may be that the

perceived increased sensitivity of the ‘‘old’’ cells was due to their

being compared to a population of immature cells.

With these newly identified markers coupled with known

markers of cell senescence, p16Ink4a, p53BP1, and acidic

b-galactosidase, we have shown the presence of subpopula-

tions of differentially aged b cells at any given time in adult

mice. These markers accumulated as the age of the mice

increased, and this was similarly found for b cells in human

pancreases. This is not unexpected given that the replicative

capacity of b cells decreases with age in both rodents (Scaglia

et al., 1997) and humans (Gregg et al., 2012; Kushner, 2013),

which likely results in the overall population being older and

having more senescent cells. Even so, the high frequency of

nuclear p53BP1 in islets of humans even as young as 20 was

surprising. Moreover, this change in proliferative capacity of

murine b cells fits nicely with our microarray results in which

we saw the greatest changes in gene expression between

b cells isolated from young and 1-year-old mice. The changes

between b cells from 1- and 2-year-old mice were less pro-

nounced and may reflect the increasing accumulation of senes-

cent cells.

The heterogeneity seen in expression of the markers within in-

dividual islets as well as among islets within the same pancreas

was striking. The finding of b cell heterogeneity was not unex-

pected since various aspects of heterogeneity have been previ-

ously demonstrated (Pipeleers et al., 1994); in the present study,

secretory heterogeneity was again seen, and it was clear that

both newly identified and known aging markers are present

only in some cells.

We conclude that the varying cellular age of the b cells may be

one factor for the basis for their heterogeneity. Heterogeneity of

b cells may be influenced by other factors; some of the functional

and gene expression changes are reminiscent of immature or

dedifferentiated b cells. b cell dedifferentiation has many mean-

ings in the field. We have previously reported (Jonas et al., 1999;

Weir et al., 2013) that hyperglycemia can lead to a change in

b cell phenotype and function, often called glucotoxicity. Here

we see many changes occurring with age in both the glucose-

intolerant C57BL/6J and the normoglycemic INKATTAC mice,

such that these changes are unlikely to be dependent on glyce-

mic levels. One could consider both the immature and the senes-

cent b cell as dedifferentiated as compared to the archetypical

mature b cells, but our interpretation is that b cells at different

life stages do not have identical phenotypes. Recently, a sub-

population of b cells (1%–10%) called ‘‘hub’’ cells were identified

in young adult mice; they were highly metabolic but with many

characteristics of immature b cells (Johnston et al., 2016). While

in the young MIP:GFP mice, GFPlow b cells may be immature, in

older mice most of the GFPlow b cells are likely, rather, to be

senescent as seen by their preponderance of being nuclear

p53BP1+ b cells. This is clearly supported by our microarray

analysis of b cells obtained from young mice that are still under-

going maturation, and a subsequent aging population that accu-

mulates. Even though some changes might seem similar

between the immature and the senescent cells that could point

to dedifferentiation (Mafb, Ins1, NeuroD, Nkx6.1, and Glut2),

the overall gene expression profile is very different between
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these two groups as shown by other b cell hallmark genes (Pdx1,

Ins2, Pcsk1) as well as by the cellular senescence gene set.

These data support the presence of different phenotypes at

different life stages of a b cell.

The heterogeneity of islets was very surprising. We have long

known that there are a variety of histological differences among

islets in normal and T2D pancreases; however, here we found

marked differences in islets with both immunostaining of pancre-

atic sections and gene expression measurements of individual

islets. It is tempting to attribute these differences to variations

in the age of these islets; however, there could be other possibil-

ities, including the concept that gene and protein expression in

all b cells of a particular islet might change in a coordinated

way over time. Perhaps there are islets in humans that are

temporarily functionally active or inactive, as has been described

in rats in a provocative study (Olsson and Carlsson, 2011) sug-

gesting that under normal conditions, up to 25% of pancreatic

islets were functionally dormant, but that these ‘‘sleeping’’ islets

could be activated in response to demand for more insulin

secretion.

Our new markers of aging were selected without regard to

their possible function to identify the differently aged subpopula-

tions of b cells within a pancreas. Yet, the markers of age identi-

fied in this study may be involved in the mechanisms related to

the age-associated functional decline of b cells. IGF1R is of

particular interest since the insulin/IGF-1 signaling pathway

has a major influence on lifespan across species (Barbieri

et al., 2003). Having multiple markers is important to provide a

‘‘senescent b cell signature’’ since senescence is seen not as a

static endpoint but as, a multi-step evolving process (van

Deursen, 2014).

Our findings that aging and the development of diabetes are

associated with the appearance of markers for aging in b cells

fit with generally held concepts. In an acute insulin resistance

model induced by the insulin receptor antagonist S961, the

development of both hyperglycemia and hyperinsulinemia

after 7 days of treatment coincided with increased islet expres-

sion of the aging markers. Similar increases in the aging

markers were seen in both 5-month-old diabetic Akita mice

and aging or diabetic human pancreases. Importantly, these

data show that the increased metabolic stress of insulin resis-

tance resulted in accelerated aging of b cells, thus providing

insights as to how increases in b cell apoptosis might be

occurring before glucose levels start to rise during progres-

sion to diabetes. This fits well with the finding that the

state of impaired fasting glucose is associated with a 40%

reduction in b cell mass (Butler et al., 2003). A related important

question is whether old b cells have less insulin secretory

capacity than younger b cells; our findings provide support

for this concept.

In summary, the present study has identified new markers of

aging in b cells, whose pattern of expression suggests that the

varying life cycle stage of the b cells is the basis for their hetero-

geneity. Additionally, we found that the expression of these and

other markers can be accelerated by metabolic stress. This

finding provides insight into how insulin resistance might accel-

erate the decline of b cells. In addition, striking heterogeneity

among islets was found, which opens up new ways to think

about islet biology and the pathogenesis of T2D.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IGF1r 1:100 IF; 1:10 FACS Santa Cruz rabbit; sc-713

IGF1r 1:100 Abcam chicken; ab32823

CD99 1:1000 Bioss rabbit; bs-2523R

Kcnq5 1:500 Alomone Labs rabbit;APC-155

p53BP1 1:400 Bethyl rabbit; A300-272A

GFP 1:3000 Aves Lab chicken;GFP-1020

FLAG 1:500 Sigma Aldrich mouse; F1804

Insulin 1:500 Dako guinea pig; A0564

IgG (rabbit) 1:200 Jackson Immunoresearch donkey; Alexa 488, �594, Cy5

IgG (chicken) 1:200 Abcam goat; dylight-488

IgG (Guinea pig) 1:200 Jackson Immunoresearch donkey; Alexa 488, �594

IgG (rabbit) 1:200 IF: 1:100 FACS Jackson Immunoresearch donkey; Biotin-SP

Streptavidin 1:200 Jackson Immunoresearch AMCA

Propidium iodide 1:10^7 eBioscience 00-6990

Biological Samples

Non diabetic; 22 years; M; 21.9 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6001

Non diabetic; 22 years; F; 20.7 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6179

Non diabetic; 38 years; M; 30.5 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6254

Non diabetic; 42 years; M; 31 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6019

Non diabetic; 59 years; F; 24.8 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6017

Non diabetic; 68 years; F; 23.7 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

NPOD 6012

T2D; 13 years; F; 34.1 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6308

T2D; 18.8 years; F; 39.1 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6059

T2D; 21 years; F; 40 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6110

T2D; 20 years; M;37.8 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6252

T2D; 33 years; M; 30.2 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6028

T2D; 45 years; F; 30.4 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6127

T2D; 49 years; F; 36.1 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6189

T2D; 59 years; M; 34.1 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6206

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

T2D; 61 years; F; 33.7 BMI; formaldehyde-fixed, paraffin-

embedded sections of human pancreas (organ donor)

NPOD 6221

Non diabetic; 65 years; F; 45.6 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H06-02

Non diabetic; 44 years; F; 26.7 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H02-03

Non diabetic; 55 years; F; 25.2 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-03

Non diabetic; 54 years; F; 36 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H06-10

Non diabetic; 43 years; F; 35.8 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H05-14

Non diabetic; 45 years; F; 21.5 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H03-17

Non diabetic; 45 years; F; 37.4 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H06-23

Non diabetic; 46 years; F; 34.8 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H02-23

Non diabetic; 62 years; F; 22.4 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H05-03

Non diabetic; 65 years; F; 34 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H03-16

Non diabetic; 67 years; F; 38.3 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H03-13

Non diabetic; 68 years; F; 23.8 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H03-14

Non diabetic; 17 years; M; 23.7 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-12

Non diabetic; 19 years; M; 27 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-04

Non diabetic; 23 years; M; 23.7 BMI; formaldehyde-

fixed, paraffin-embedded sections of human

pancreas (organ donor)

Joslin Clinical Islet Isolation Core H01-18

Non diabetic; 28 years; F; 24.9 BMI; formaldehyde-

fixed, paraffin-embedded sections of human

pancreas (organ donor)

Joslin Clinical Islet Isolation Core H04-09

Non diabetic; 33 years; M; 24.6 BMI; formaldehyde-

fixed, paraffin-embedded sections of human

pancreas (organ donor)

Joslin Clinical Islet Isolation Core H01-14

Non diabetic; 44 years; M; 23.2 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H03-04

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Non diabetic; 47 years; F; 23.2 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-06

Non diabetic; 53 years; M; 25.9 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-16

Non diabetic; 56 years; F; 21.1 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H01-17

Non diabetic; 60 years; M; 24.7 BMI; formaldehyde-fixed,

paraffin-embedded sections of human pancreas

(organ donor)

Joslin Clinical Islet Isolation Core H02-19

fetal 18- to 20-week gestation Advanced Bioscience Resources, Inc Y92A

fetal 18-week gestation Advanced Bioscience Resources, Inc Y93B

Chemicals, Peptides, and Recombinant Proteins

S961 was a generous gift from Dr. Lauge Schaffer Novo Nordisk, Denmark N/A

Critical Commercial Assays

Cellular Senescence Live Cell Analysis Assay Kit

(SA-b-gal, Fluorometric)

Enzo Life Sciences enz-kit 130-0010

SMARTpool: ON-TARGETplus Cdkn2a siRNA Dharmacon L-043107-00-0005

SMARTpool: ON-TARGETplus Igf1r siRNA Dharmacon L-056843-00-0005

ON-TARGETplus Non-targeting Pool Dharmacon D-001810-10-05

Deposited Data

Raw microarray data This paper GSE72753

Experimental Models: Cell Lines

MIN6 beta cell line Dr. Jun-ichi Miyazaki, Osaka

University Medical School

N/A

Experimental Models: Organisms/Strains

C57BL/6J Jackson 000664

MIP-GFP, bred onto C57BL/6J as in Katsuta et al., 2012 Dr. Manami Hara, Univ Chicago N/A

INK-ATTAC line 3 congenic, C57Bl6J background Dr. Jan van Deursen, Mayo Clinic N/A

Oligonucleotides

Beta-actin, mouse Eurofins 50ACCGTGAAAAGATGACCCAG-30

50GTACGACCAGAGGCATACAG-30

IGF1r, mouse Eurofins 50ATTCTGATGTCTGGTCCTTCG-30

50AGCATATCAGGGCAGTTGTC-30

CD99, mouse Eurofins 50CGTGGTTTTGGCCCTGG-30

50GGTTGGCTTCATGTTGGG-30

Kcnq5, mouse Eurofins 50TGTTTTCTACCATCCCTGAGC-30

50CCTTGCCATCCTCTATAACGAC-30

Insulin-1, mouse Genosys 50CCTGTTGGTGCACTTCCTA-30

50TCTGAAGGTCCCCGGGGCT-30

p16Ink4a, mouse Eurofins 50CCCAACGCCCCGAACT-30

50GCAGAAGAGCTGCTACGTGAA-30

Ldha, mouse Eurofins 50GGATGAGCTTGCCCTTGTTGA-30

50GACCAGCTTGGAGTTCGCAGTTA-30

Fltp, mouse Eurofins 50CTGAAGATCCCACCTGCTAAG-30

50CCCATTACAGGCGTTGAGTAG-30

Software and Algorithms

Prism 7 software GraphPad software https://www.graphpad.com/scientific-

software/prism/
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Dr. Susan

Bonner-Weir (susan.bonner-weir@joslin.harvard.edu). Requests to use INK-ATTAC mice should be directed to Dr. Jan van Deursen

(vanDeursen.Jan@mayo.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All experiments were conducted at Joslin Diabetes Center with approval of its Animal Care and Use Committee; mice were kept on a

12-h light/12-h dark cycle with water and food ad libitum. Both male and female mice were used except when noted, and the age of

the mice is specified for each experiment. All mice (wild-type, MIP:GFP and INK-ATTAC) were from our colonies: mouse insulin

promoter:GFP (MIP-GFP) mice (Hara et al., 2003) were bred onto C57BL/6J background (Katsuta et al., 2012); breeding pairs of

INK-ATTAC mice(C57BL/6) were the gift of Dr. Jan van Deursen (Baker et al., 2011). C57BL/6J were from Jackson Labs.

Human tissue
Pancreases from adult brain-dead donorswere obtained by the Harvard/Joslin Islet Resource Center; a small piece for quality control

assessment was fixed in 4%PFA overnight and embedded in paraffin; additional sections from these blocks were used for this study.

Cases were selected to represent different age decades from available tissues. Additional sections of type 2 diabetes and age-

matched control donors were obtained from nPOD. Anonymously donated 18-20 wk old fetal pancreas (Advanced Biosciences

Resources, Inc) were fixed for 2 hr in 4% PFA for paraffin embedding. All tissues were consented for research and had IRB exempt

status (Joslin Diabetes Center IRB). Details of donors are given in Key Resources Table.

Cell lines
For transfection experiments murine beta cell lineMIN6 cells were used andmaintained in high-glucose Dulbecco’s modified Eagle’s

medium (DMEM-H) supplemented with 15% FBS and 0.05% b-Mercaptoethanol (99% Cell culture tested). These were originally

received from Dr. Jun-ichi Miyazaki, Osaka University Medical School.

METHOD DETAILS

Assessment of glucose homeostasis in animals
Body weight and morning fed glucose levels were monitored longitudinally. Blood glucose values were measured using One-Touch

glucometer (LifeScan, Milpitas, CA) on blood from tail snip. For intraperitoneal glucose tolerance tests, blood samples from mice

fasted overnight (15 h) were collected at 0, 15, 30, 60, 90, and 120 min after an intraperitoneal injection of glucose (2 g/kg body

weight). For insulin tolerance tests, mice were fasted for 4 hr, insulin (Humulin R; Eli Lilly, Indianapolis, IN; 0.75 units/kg body weight)

injected intraperitoneally, and blood glucose measured at 0, 15, 30, and 60 min.

Pancreas was excised under anesthesia and either fixed in 4% (para)-formaldehyde (PFA) 2h and embedded in paraffin for histol-

ogy or islets were isolated by collagenase digestion (Gotoh et al., 1987) for 17-18 min, followed by a Ficoll gradient and handpicked

for RNA or secretion. Between steps, islets were washedwithM199 + 10%NCS. Insulin wasmeasuredwith amouse insulin ELISA kit

(ALPCO, Salem, NH).

FACS
Isolated islets were dispersed in a solution of 1 mg/ml trypsin (Sigma, St. Louis, MO) and 30 mg/ml DNase (Roche, Mannheim, Ger-

many) andwere resuspended in FACS buffer (2% fetal bovine serum (FBS) (Cellgro, Manassas, VA) in PBS). Using a DakoCytomation

MoFlo Cytometer (Dako, Ft. Collins, CO), cells were gated according to forward scatter and then sorted as b cells on the basis of

higher endogenous fluorescence as shown in Figure S2G (King et al., 2007). Propidium iodide was used to exclude dead cells.

For sorting based on surface markers, previous to cell sorting, cells were incubated for 1 hr at 4�C first in blocking solution (normal

goat serum in FACS buffer), then with primary antibody (Key Resources Table), followed by 30 min at 4�C in secondary antibody.

Sorted cells were collected in FACS buffer and resuspended in culture media (RPMI 10% FBS, 1% Pen/Strep) for attachment

and secretion studies or in 100 mL RNA extraction buffer and stored at �80�C. For sorting based on acidic b-galactosidase activity,

a fluorescent substrate was used (Enzo Life Sciences enz-kit 130-0010): dispersed islet cells were pretreated with 2 mL of 1x cell

pretreatment solution and incubated at 37�C for 2 hr. 10 uL of 200x SA-beta-Gal substrate solution were added to cells in the pre-

treatment solution and incubated for 1h at 37�C.Cells were thenwashedwith PBS, resuspended in sorting buffer (PBS+ 2%FBS) and

FACS sorted.

Microarray
b cells from dispersed islets of differently-aged C57BL/6J MIP-GFP mice were purified by FACS (Katsuta et al., 2012) for gene

expression profiles using GeneChip Mouse Genome 430 2.0 Array microarrays (Affymetrix, Santa Clara, CA) with n = 3 for Young
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(3-9 wk); 4 for 1 y, and 3 for 2 y. The arrays were normalized using robust multi-array average (RMA) and analyzed using a custom

script employing the limma (Ritchie et al., 2015) and sigPathway (Tian et al., 2005) packages in the R software (www.r-project.org).

Insulin secretion in vitro
Insulin secretion was measured by sequential static 1 hr incubations in 2.6 and 16.8 mM glucose in Krebs-Ringer bicarbonate buffer

(KRB, 16 mM HEPES and 0.1% BSA, pH 7.4)(Schuppin et al., 1993). This was preceded by a 1h incubation of the islets at 2.6mM at

37�C. Between each incubation, islets were washed with KREBS 2.6mM. Supernatants and cells were frozen until assayed.

IGF1Rpositive and negative subpopulations were FACS sorted, and incubated overnight for attachment and recovery before static

GSIS. Alternatively, we measured insulin secretion of single b cells using the reverse hemolytic plaque assay (RHPA) in which

secreted insulin is revealed by the presence of hemolytic plaques around secreting cells. After overnight culture, isolated islet cells

were completely dispersed and mixed with protein A-coated sheep erythrocytes (18% suspension) and introduced into a poly-L-

lysine-coated glass Cunningham chamber. They were stimulated with 2.6 or 16.8 mmol/l glucose in KRB for 2 hr in the presence

of guinea pig anti-insulin antiserum (1:40, generated in our laboratory). This was followed by 30 min incubation with guinea pig com-

plement (1:40; Calbiochem, San Diego, CA, USA) and fixation with glutaraldehyde 2.5%. Secreted insulin was revealed as hemolytic

plaques around secreting cells. The percentage of insulin-secreting cells forming plaques and the area of the plaquesweremeasured

and multiplied to calculate the secretion index, a measure of the overall secretory activity of b cells under a given condition.

Quantitative real-time PCR (QPCR)
Total RNA isolated with PicoRNA extraction kit (Arcturus) or RNEasy Plus Mini Kit (QIAGEN) was reverse transcribed (SuperScript

reverse transcriptase, Invitrogen). QPCR used SYBR green detection and specific primers (Key Resources Table). Samples were

normalized to b-actin, and the comparative CT (threshold cycle) method used to calculate gene expression levels.

Immunostaining and morphometric evaluation
Paraffin sections were incubated overnight with primary antibody (Key Resources Table). For each antibody, sections were stained

and imaged in parallel such that the staining intensity reflects the protein expression. For quantification, images were captured

systematically covering the whole section in confocal mode on a Zeiss LSM 710 microscope. Every cluster of insulin-stained cells

(3-7 cells) or islet (8 or more cells)/section was evaluated; sections were coded and read blindly. For each age, 3-4 animals were eval-

uated for each staining. For human samples, sections from one block from the body of the pancreas from donors as listed in Key

Resources Table.

S961 treatment
S961 was a generous gift from Dr. Lauge Schaffer (Novo Nordisk) (Sch€affer et al., 2008). Vehicle (PBS or NaCl 0.9%) or 10 nmol S961

was loaded into Alzet osmotic pump 2001 and implanted subcutaneously on the back of mice (Yi et al., 2013) for 7 days. At the end of

this period the pump was extracted, and the islets were isolated for analysis immediately or the mice were followed for two weeks

before their islets were isolated.

Knockdown Experiments
siRNA against mouse p16Ink4a, Igf1r and RNA interference-negative control were purchased from Thermo Scientific/Dharmacon

(Lafayette, CO). MIN6 cells were plated at 200,000 cells/ well in a 24 well plate. After overnight attachment, they were transfected

using DharmaFECT (2.5uL per reaction) and siRNA concentration of 100 nM. After 48 hr transfection, the cells were harvested for

RNA and qPCR analysis. Results are presented as fold change to MIN6 cells treated with nonspecific siRNA (siSc).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean ± SEM. Statistical parameters (numbers, p value, etc.) are included in each figure legend. For statistical

analysis, unpaired Student’s t tests were used to compare two groups, and one-way ANOVA followed by post hoc test for more

than two groups. A p value < 0.05 was considered significant. Prism software was used for graphs and statistical analysis (signifi-

cance and distribution).

DATA AND SOFTWARE AVAILABILITY

The accession number for the genomic data reported in this paper is Gene Expression Omnibus: GSE72753.
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SUPPLEMENTAL INFORMATION 

Supplementary Figure 1. Changes of β-cell aging markers occur even in 

aged mice that remain normoglycemic. Related to Figures 1 and 3. INK-

ATTAC mice at 1y show neither a decline in glucose tolerance after IPGGT (A) 

nor fasting hyperglycemia (B). Yet with age there is an increase in basal insulin 

secretion (C). Data presented for each of the triplicate samples (10 islets) of 7 

individual mice/age. Additionally with age IGF1R protein levels increased (D) and 

KCNQ5 protein decreased (E). n=4 animals/age. F. Co-localization of IGF1R and 

p16 reporter FLAG in a subset of cells from 4-6 m INK-ATTAC mice. Data are 

Means ± SEM. Magnification bar=25 µm (D, E); 50 µm (F). 

 

Supplementary Figure 2. Individual β-cell insulin secretion and β-cell FACS 

sorting criteria. Related to Figure 1 and STAR methods. In reverse hemolytic 

plaque assay (RHPA), the immunoplaque area is directly proportional to the 

amount of insulin secreted by individual β cells. Representative pictures of non-

secreting (A), small plaques (B), medium plaques (C) or large plaques (D); this 

image has been previously published in (Aguayo-Mazzucato et al., 2011). 

Magnification bar= 100 µm Insulin secretion is comparable using static incubation 

(insulin pg/ngDNA) (E) or the reverse hemolytic plaque assay (secretion index=% 

secreting cells X plaque area) (F). G. FACS sorting criteria for a purified fraction 

of β cells based on autofluorescence (King et al., 2007).  Data are Means ± SEM. 

 

Supplementary Figure 3. Age-induced changes in β-cell and senescence 

gene sets. Related to Figure 2C. Heatmaps of gene expression from 

microarray data of purified β-cells from young, 1y and 2y old mice showing 

changes in expression of Hallmark β cell (A) and GO Cellular senescence (B) 

gene sets. Comparison of young to 1 y shows increased maturation of β-cell 

identity whereas comparison of 1y and 2 y show increase in cellular senescent 

genes. These data show that some characteristic  β-cell genes are turned off with 

aging however, the overall gene expression profile is very different between 



young and 2 year old supporting the presence of different phenotypes at different 

life stages of a  β-cell.  

 

Supplementary Figure 4. CD99 mRNA and protein timecourse. Related to 
Figure 2F. Timecourse expression of CD99 mRNA (A) and quantification of 

protein expression by densitometry(B). Same samples as used in Figure 2F and 

3A. At 2m there are two subpopulations, a high and low; the low disappears with 

age. Data are Means ± SEM. 

 

Supplementary Figure 5. Plasma membrane expression of aging markers. 
Related to Figure 3. IGF1R and KCNQ5 colocalize with cell membrane marker 

E-Cadherin. Plasma membrane staining of IGF1R is more clearly seen in ducts 

(D) and acinar cells, which have lower levels of cytoplasmic expression than β 

cells. Merged and then single channels shown. Magnification bar=10 µm 

 

Supplementary Figure 6. Expression of  β-cell aging markers in human  β-

cells and changes induced by T2D. Related to Figures 3F and 6. β-cells of 

human donors express higher levels of IGF1R protein with age (A) and with T2D 

(B) protein as seen by immunostaining. Magnification bar=50 µm C. The 

presence of T2D in young donors appears to induce P53BP1 and IGF1R 

expression. Quantification of β-cells that were negative (D) or highly positive (E) 

for nuclear P53BP1 in pancreas from donors with and without T2D over a range 

of ages. Details of the human donors are given in Key Resources. Data are 

values for individual donors.  
 

Supplementary Figure 7. Expression of IGF1R in β-cells from MIP-GFP mice 

and insulin secretion from IGF1R positive and negative  β-cells obtained 

from old mice. Related to Figures 3I and 4C. Representative pictures of insulin, 

IGF1R and GFP co-expression from 6 m (A) and 2 y (B) MIP:GFP mice showing 

the decline of GFP expression with age. Merged and separated channels. 

Magnification bar=50 µm. GFP antibody had been optimized to show differential 



expression whereas that of insulin was not. Even GFPlow were stained for insulin. 

C. Both IGF1R+ and IGF1R- β-cells from 1.5 y C57Bl/6J mice lack glucose-

stimulated insulin secretion. n=3 independent cell preparations. Data are Means 

± SEM    

 

Supplementary Table 1. Top 550 cells surface genes differentially expressed 

between young and aged β cells as shown in the volcano plot (Related to Fig. 

2D). 
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