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The p16INK4a tumour suppressor accumulates in many tissues as a
function of advancing age1–3. p16INK4a is an effector of senes-
cence4,5 and a potent inhibitor of the proliferative kinase Cdk4
(ref. 6), which is essential for pancreatic b-cell proliferation in
adult mammals7,8. Here we show that p16INK4a constrains islet
proliferation and regeneration in an age-dependent manner.
Expression of the p16INK4a transcript is enriched in purified islets
compared with the exocrine pancreas, and islet-specific expression
of p16INK4a, but not other cyclin-dependent kinase inhibitors,
increases markedly with ageing. To determine the physiological
significance of p16INK4a accumulation on islet function, we
assessed the impact of p16INK4a deficiency and overexpression
with increasing age and in the regenerative response after
exposure to a specific b-cell toxin. Transgenic mice that over-
express p16INK4a to a degree seen with ageing demonstrated
decreased islet proliferation. Similarly, islet proliferation was
unaffected by p16INK4a deficiency in young mice, but was relatively
increased in p16INK4a-deficient old mice. Survival after toxin-
mediated ablation of b-cells, which requires islet proliferation,
declined with advancing age; however, mice lacking p16INK4a

demonstrated enhanced islet proliferation and survival after b-cell
ablation. These genetic data support the view that an age-induced
increase of p16INK4a expression limits the regenerative capacity of
b-cells with ageing.

Mammalian homeostasis depends on the function of reservoirs of
proliferating cells necessary for tissue regeneration, and therefore
regulators of proliferation are thought be involved in ageing4,5. In
particular, p16INK4a, a product of the INK4a/ARF (Cdkn2a) locus,
has been postulated to contribute to ageing. Although its expression
increases with age in most tissues1–3, we chose to study its role in the
pancreatic islet for several reasons. Expression of p16INK4a sharply
increases with ageing in the endocrine pancreas of rodents and
humans2,3. Cultured human islets undergo telomere-independent
senescence in the setting of p16INK4a induction9, suggesting that
p16INK4a can be a principal mediator of proliferation in this cell type.
Mice lacking Cdk4 or cyclin D1/2, which activate Cdk4, are born with
normal islet mass, but develop diabetes in the setting of reduced
proliferation and islet mass as young adults7,8,10. Mice with increased
islet Cdk4 activity, because of p18INK4c deficiency or activating
mutations of Cdk4 (refs 11–13), show an increase in islet mass.
Therefore, the islet seems to be an ideal compartment for determin-
ing the consequences of p16INK4a, as expression increases with ageing
in this tissue, and the principal biochemical target of p16INK4a has a
clear role in b-cell proliferation.

To define the compartmental and age-related expression of
p16INK4a, we isolated islets from total pancreas as described14. Total

RNA was harvested from islets and exocrine pancreas from 12–14-
week-old and 64–80-week-old mice, and the expression of indicated
transcripts determined by quantitative TaqMan analysis (Fig. 1a, b
and Supplementary Fig. 1). Using this approach, we detected
p16INK4a expression in the islets of young animals, which increased
by 14-fold (mean value) with 52–66 weeks of additional ageing.
Expression of p16INK4a was enriched in purified islets, with .30-fold
higher expression than in the exocrine pancreas. As is the case in most
rodent tissues1,2, expression of Arf, the other Ink4a/Arf transcript,
mirrored p16INK4a, with a similar degree of age-induced increase and
islet enrichment. However, the messenger RNA expression of other
cyclin-dependent kinase inhibitors in this compartment changed
only modestly or not all with ageing (Fig. 1b and Supplementary
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Figure 1 | Islet gene expression and proliferation in young versus old
mice. a, Expression of p16INK4a, Arf and Pdx1 as determined by TaqMan on
islets and exocrine pancreas from mice of indicated ages. Relative expression
is shown normalized to islet expression in young mice. ‘ , ’ indicates
expression beneath the lower limit of detection. b, Relative mRNA
expression of the indicated genes in islets with ageing. Values are reported as
mean ratio of expression in old (64–80 weeks) versus young (12–14 weeks)
mice. c, Per cent Ki67-positive cells of pancreatic islets from p16INK4a wild-
type and overexpressing BAC transgenic mice of indicated ages. Error bars
indicate ^ s.e.m.; P-values were determined by Mann–Whitney U-test.
d, Per cent Ki67-positive cells of pancreatic islets from p16INK4aþ/þ and
p16INK4a2/2 mice of indicated ages. Error bars indicate ^ s.e.m.; P-values
were determined by Mann–Whitney U-test.
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Fig. 1). Notably, both products of the Ink4a/Arf locus were more
enriched in the islet than Pdx1 (Fig. 1a), a transcription factor mainly
restricted to b-cells in adults15. These data demonstrate that islet
expression of the Ink4a/Arf locus is comparable to that seen in other
highly expressing tissues such as spleen or lung2 and sharply increases
with ageing. Moreover, although other cell cycle inhibitors such as
p18INK4c and p27KIP1 have a more important role in determining b-
cell proliferation and number during development and young
adulthood13,16, the marked transcriptional increase with ageing
seems to be a unique property among cell cycle inhibitors of the
products of the Ink4a/Arf locus.

We did not detect a difference in either the total number of cells or
the number of proliferating cells per islet in young p16INK4a-deficient
animals compared to controls. To test whether an increase in
p16INK4a level comparable to that seen with ageing (Fig. 1a) would
regulate islet proliferation, we generated p16INK4a bacterial artificial
chromosome (BAC) transgenic mice harbouring a single extra copy
of the p16INK4a gene (Supplementary Fig. 2). We identified a line
(p16 INK4a(Tg)) that demonstrated a mean fivefold increase in
expression of p16INK4a mRNA and protein across a panel of tissues
including the pancreas (Supplementary Figs 2 and 3). In young
transgenic mice, p16INK4a expression was comparable to that in ,60-
week-old wild-type mice. Transgenic animals demonstrated normal
size, fertility and glucose metabolism (not shown). A reduction in
proliferation was noted in islets from p16INK4a(Tg) mice compared to
littermate controls at all ages, but the effect was greatest in young
mice (Fig. 1c). This observation suggests that the level of p16INK4a

expression detected in ,60-week-old animals inhibits islet
proliferation.

To determine the effects of endogenous p16INK4a with ageing, islet
proliferation in young and old p16INK4aþ/þ and p16INK4a2/2 mice
was analysed (Fig. 1d). No evidence of pancreatic neoplasia was

noted in p16INK4a-deficient animals, and germline deficiency of
p16INK4a did not influence weight in mice less than a year of age
(Supplementary Fig. 4). Islet proliferation measured by calculating
the Ki67þ proliferation index significantly decreased with ageing in
p16INK4aþ/þ mice (from 1.21% of islet cells in 20-week-old mice to
0.36% of cells in 94-week-old mice; P , 0.001 for trend, Fig. 1c, d).
Although germline p16 INK4a inactivation did not affect islet
proliferation in young mice, the age-induced decrease in prolifera-
tion was largely rescued by p16INK4a deficiency (Fig. 1d). We believe
that complete rescue of islet proliferation is not noted in p16INK4a2/2

mice because these animals demonstrate unperturbedArf expression,
which also increases with ageing in this tissue (Fig. 1a and not
shown), as well as the possible existence of Ink4a/Arf-independent
mechanisms of ageing. In aggregate, the results from the BAC
transgenic and germline knockout strains demonstrate that with
ageing, p16INK4a expression becomes a significant regulator of islet
proliferation.

The tumour-prone nature17,18 of p16INK4a-deficient animals lim-
ited our ability to determine the functional significance of this
inhibition of proliferation imposed by p16INK4a with ageing. For
example, assays of glucose tolerance even in mice of intermediate age
(40–52 weeks old) were confounded by initially undetected tumours
in the p16INK4a2/2 cohort (Supplementary Fig. 4). Thus, to study the
effect of p16INK4a expression on islet function in young adult animals,
we adopted a model of islet regeneration after treatment with
streptozotocin (STZ). STZ is a specific b-cell toxin that induces
necrosis and diabetes when given as a single dose to adult mice, and
moderate b-cell regeneration after STZ treatment is well
described19–21. After determining a STZ dose (150 mg kg21) that led
to death from diabetes within 100 days of injection in ,75% of
10-week-old C57BL/6 mice, we harvested and analysed pancreata at
indicated times after STZ injection. Islet proliferation was signifi-

Figure 2 | Islet regeneration after STZ treatment. a, Ki67 immunohisto-
chemistry and anti-insulin/DAPI immunofluorescence taken at indicated
times after STZ treatment. Original magnification, £200. b, Survival of
wild-type C57BL/6 mice after STZ treatment by age on the day of STZ
injection. Acute STZ deaths (within 5 days of treatment) are censored from

the analysis. Total numbers of long-term (.100 days after STZ) survivors
over total number of mice treated per age are indicated. c, Per cent Ki67-
positive cells of pancreatic islets from 33-week-old p16INK4aþ/þ and
p16INK4a2/2 mice at indicated time points after STZ treatment. Error bars
indicate ^ s.e.m.; P-values were determined by Mann–Whitney U-test.
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cantly increased 2 days after STZ treatment, and remained elevated
for 2 weeks after STZ treatment (Supplementary Fig. 5). Double-
labelling with Ki67 and insulin demonstrated that .80% of prolif-
erating cells in the islets of untreated mice or after STZ treatment
were b-cells, suggesting that islet proliferation and b-cell proliferation
strongly correlate in this system.

Islets were depleted of b-cells at 2 and 4 days after STZ treatment,
although median cell number per islet did not reach its lowest point
until 8 days after STZ treatment (Fig. 2a and Supplementary Fig. 5).
At this time point, small, insulin-positive islets associated with ducts
were evident, with increasing islet size and insulin expression 14 and
30 days after STZ treatment. Mice surviving more than 30 days after
STZ treatment demonstrated a partial recovery of islet size relative to
pre-treatment levels. All mice surviving 100 days after STZ treatment
showed recovery of b-cell function as demonstrated by resolution of
hyperglycaemia and weight gain in excess of pre-treatment weight

(Fig. 3a–c). Notably, islet regeneration after STZ treatment was age
dependent (Fig. 2b). Greater than 25% of 5–9–week-old wild-type
mice survived more than 100 days after STZ treatment, whereas no
wild-type animal older than 20 weeks demonstrated survival after
STZ (P ¼ 0.026). This does not reflect increased sensitivity to STZ in
older cohorts, as old adult mice have been shown to be less sensitive
to the b-cell-damaging effects of STZ20. These data suggest that
prolonged survival after a single diabetes-causing dose of STZ
requires regeneration of significant numbers of functional b-cells,
an ability that declines with ageing.

To determine whether p16INK4a expression contributes to the
age-dependent decline in b-cell regeneration, we performed STZ
challenge in littermate cohorts of animals of indicated ages. Mice
were treated with STZ, and followed serially for islet proliferation
(Fig. 2c), weight (Fig. 3a), serum glucose levels (Fig. 3b, c) and
diabetes-specific survival (Fig. 4a–c). In 33-week-old STZ-treated
mice, islet proliferation was similar in p16INK4aþ/þ and p16INK4a2/2

mice before and 3 days after treatment. A significant increase in
proliferation, however, was noted in p16INK4a2/2 mice at 20 days
after STZ treatment (Fig. 2c). This effect, only at the later time point
after islet ablation, probably reflects a delayed (.2 weeks) induction
of p16INK4a expression after a DNA damaging stimulus, as has been
described in other systems22–25. These data indicate that p16INK4a

expression limits islet proliferation after b-cell depletion by STZ.
Survival was measured to determine whether differences in islet

proliferation after STZ treatment translated into benefit for
p16INK4a-deficient animals. No effect of p16INK4a deficiency on
STZ toxicity was noted in 5–9-week-old mice (Fig. 4a), but

Figure 3 | Metabolic effects of p16INK4a expression after STZ treatment.
a, Animal weight after STZ treatment normalized to pre-treatment weight of
long-term (.100 days) surviving mice (5–28 weeks of age) by indicated
genotypes. All long-term surviving animals showed improved
hyperglycaemia and began to regain weight within 55 days after STZ
treatment, regardless of genotype. Error bars indicate ^ s.e.m. b, c, Fasting
serum glucose levels after STZ treatment. No difference in fasting serum
glucose or survival was seen in mice less than 9 weeks of age after STZ
treatment (b), but hyperglycaemia was more marked and persistent after
STZ treatment in mice greater than 9 weeks of age (9–15 weeks) (c). Results
are shown ^ s.e.m.; asterisks indicate P , 0.05 on the indicated days as
determined by two-sided t-test.

Figure 4 | Influence of p16INK4a expression on islet regeneration after STZ
treatment. a–c, Diabetes-specific survival after STZ treatment of mice
treated at 5–9 weeks (a), 9–15 weeks (b) or 20–28 weeks (c) of age. Indicated
P-values were determined by log-rank test.
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p16INK4a deficiency afforded resistance to STZ in older animals (Fig.
4b, c). After STZ injection, older p16INK4a2/2 animals exhibited a
more rapid recovery to pre-treatment weight (Fig. 3a), a higher
probability of return to normo-glycaemia (Fig. 3c), and enhanced
survival (Fig. 4b, c) compared with p16 INK4aþ/þ littermates.
Although the greatest survival differences were seen in the oldest
mice, as with islet proliferation, p16INK4a deficiency did not entirely
rescue this age-induced phenotype. Therefore, an age-associated
increase in p16INK4a expression seems to limit the recovery of islet
function after STZ ablation, but p16INK4a-independent mechanism(s)
of islet ageing also seem to exist.

These data suggest that p16INK4a mediates a decline in the
replicative capacity of islets associated with ageing and, in this
compartment, is both a biological marker and effector of ageing.
Several lines of evidence support the notion that p16INK4a expression
also contributes to ageing in additional tissues. The expression of
p16INK4a in most mammalian tissues strongly correlates with ageing1

and in some tissues is attenuated by caloric restriction2, which retards
mammalian ageing. Furthermore, increased expression of p16INK4a

with ageing diminishes the replicative capacities of neural and
haematopoietic stem cells in a cell-autonomous fashion26,27. These
results from diverse systems suggest that p16INK4a contributes to
mammalian ageing by limiting the self-renewal of regenerative cells
in at least the bone marrow, brain and endocrine pancreas.

Although expression of p16INK4a has an age-dependent impact on
islet proliferation and regeneration, the compartment in which
p16INK4a exerts an age-promoting function is not clear. The simplest
model would be that p16INK4a expression in b-cells directly limits
their replication, which has been suggested to be the principal
mechanism of b-cell production in adult mice28. Alternatively,
p16INK4a could regulate the proliferation of putative stem cells
suggested to contribute to b-cell production in adult mice29. It is
also not clear how inhibition of cyclin D/Cdk4 activity by p16INK4a

exerts an age-promoting function. It is possible that p16INK4a induces
an irreversible growth arrest (senescence) of b-cells or their progeni-
tors, as has been suggested previously30. Alternatively, it is possible
that p16INK4a expression decreases the frequency of cell cycle entry
without inducing a permanent growth arrest.

Although insulin resistance is a characteristic feature of type 2
diabetes mellitus, most adults with insulin resistance do not develop
type 2 diabetes mellitus. Similarly, the sharp increase in the incidence
of type 2 diabetes mellitus with age cannot be solely attributed to
increased insulin resistance. Recent evidence has demonstrated a
decrease in b-cell mass of type 2 diabetes mellitus patients relative to
matched non-diabetic controls31,32. Our data indicate that increased
p16INK4a expression with ageing contributes to a relative failure of
islet proliferation. This observation suggests the possibility that type
2 diabetes mellitus, in part, results from a p16INK4a-induced replicative
failure of islets with ageing. Further studies, however, are required to
link formally senescence and type 2 diabetes mellitus in humans.

METHODS
Islets and exocrine pancreas were isolated from C57BL/6 mice (Jackson Labs) of
indicated ages as described14. TaqMan analysis was performed as described2 with
minor modifications described in Supplementary Methods. Single-copy BAC
transgenic mice overexpressing p16INK4a but not Arf or p15INK4b were generated
using a 64-kilobase genomic clone derived from the RPCI-22 (129/SvEv) BAC
library. Eleven independent founder lines were generated, at least two of which
were single-copy integrants (Supplementary Fig. 2). All experiments were
performed using littermate progeny from a single-copy transgenic line
(p16 INK4a(Tg)) demonstrating mean ,5-fold overexpression of p16 INK4a

mRNA and protein across a panel of tissues (Supplementary Figs 2 and 3).
Islet proliferation and STZ survival experiments were performed in littermate
progeny from p16INK4aþ/2 intercrosses in the C57BL/6 and FVB/n backgrounds
(see Supplementary Methods). For survival after STZ treatment, cohorts of
littermate mice of indicated genotypes were treated with STZ (150 mg kg21

body weight). Comparisons of proliferation were performed by calculation of
the Ki67 proliferative index using established methods within the Brigham and

Women’s Hospital Pathology Immunohistochemical Laboratory. Insulin
staining and Ki67/insulin double staining were performed as described in
Supplementary Information. Detailed methodological information is available
in Supplementary Methods.
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Supplemental Methods: 

BAC Transgenics and knockout mice:  An RPCI-22 mouse BAC library 

(http://bacpac.chori.org/mouse22.htm) was screened using a p16INK4a probe (RsaI & AccI 

fragment, 2.5 kb upstream to the ATG site) and a 64 Kb genomic clone containing exon 1α, 

exon 2 and exon 3 (of p16INK4a), but not exon 1β (of ARF) or exons of p15INK4b, was identified. 

For generating transgenic mice, purified BAC was linearised and injected into fertilized 

(C57/Bl6 X C3H) eggs at the UNC Animal Models Core Facility . Transgenic founders were 

detected by PCR primers specific for the vector region and by Southern blotting.  By Southern 

analysis, the transgenic allele (129/SvEv) could be distinguished from the endogenous C57Bl/6 

allele because of a known restriction fragment length polymorphism in the p16INK4a promoter 

region between these two strains, permitting identification of single copy integrants.  Eleven 

independent founder lines were generated, at least two of which were single copy integrants 

(Supplemental Figure 2).  All experiments described in this work were performed using 

littermate progeny from a single-copy integrant transgenic line (p16INK4a TG) demonstrating 

mean ~5-fold overexpression of p16INK4a as determined by TaqMan in representative tissues 

from 26- and 84-week old mice and by IP-Western blotting (Supplemental Figures 2 and 3).  For 

IP-Western blotting, tissues were homogenized and lysed in RIPA buffer (200mM Tris –HCl pH 

7.4, 130mM NaCl, 10% glycerol, 0.5% SDS, 1% Triton-X 100, 0.5% sodium deoxycholate).  

Three mg of total protein was pre-cleared with 50µl Protein A agarose beads (Invitrogen), and 

cleared lysate was incubated overnight at 4oC with 2µg p16INK4a antibody (M-156, Santa Cruz).  

Lysate was incubated with protein A beads for 2 hours at 4oC.  Protein was separated on a 4-12% 

Bis-Tris mini-gel (Invitrogen) and transferred to Immobilon-P membrane (Millipore), then 

probed with α-p16INK4a antibody (M-156).   
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The experimental cohort of p16INK4a TG mice and littermate controls was generated after 

backcrossing two generations to C57Bl/6.  Islet proliferation experiments were performed on 

progeny from p16INK4a+/- intercrosses that had been backcrossed six or more generations to 

C57Bl/6.  As p16INK4a-deficient animals develop tumors with a median latency of 75 weeks1, 

tumor-bearing animals were excluded from the analysis.  All animals were housed and aged in 

the UNC barrier facility on standard diet.  All animal work was approved and done in accord 

with the UNC Institutional Animal Care and Use Committee. 

RNA preparation from islet and exocrine pancreas and qRT-PCR:   Islets and exocrine 

pancreas were isolated from young (12-14 week) and old (64-80 week) mice by collagenase 

digestion followed by separation through centrifugation on a density gradient, as previously 

described in detail2.  RNA isolation, reverse transcription and TaqMan Real-time PCR were 

performed as described elsewhere3  with the exception that reverse transcription was performed 

using random hexamer rather than oligo-dT primer and more sensitive primer/probe sets specific 

for p16INK4a and Arf were used (Supplemental Table 1).  TaqMan analysis was performed on 

RNA isolated from islets and exocrine pancreas from four mice per indicated age group (Fig 1a, 

b; Supplemental Figure 1b,c).  

Streptozotocin (STZ) treatment, glucose and insulin measurement:  Cohorts of littermate 

mice of indicated ages and genotypes were weighed and treated after overnight fasting.  STZ 

survival experiments were initially done in a cohort of FVB/n mice (backcrossed four 

generations); and were then repeated in two larger cohorts of C57Bl/6 mice (backcrossed 6 or 

more generations).  Results did not differ between strains and were pooled for Kaplan-Meier 

analysis.  STZ was dissolved in 10 mM ice cold sodium citrate buffer (pH 4.5) and immediately 

injected intraperitoneally as a single 150 mg/kg dose.  Consistent with its known cytotoxic 
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effects, acute toxicity from STZ injection was observed prior to the onset of diabetes.  Fifteen of 

103 treated mice died within 5 days of injection.  These acute deaths occurred independent of 

p16INK4a genotype but were more frequent in animals aged 20-28 weeks than in younger animals.  

As these deaths occurred prior to the onset of hyperglycemia, they were censored from the 

analysis of diabetes-specific survival indicated in Figures 2b and 3a-c, although their inclusion 

does not alter the conclusions.  Additionally, one p16INK4a-/- mouse developed a soft tissue 

sarcoma at 25 weeks of age (96 days post-STZ) and was censored from the analysis.  Weights 

and blood glucose concentrations were measured at weekly intervals after overnight fasting. 

Blood samples were taken from tail vein and blood glucose concentrations were measured with a 

home glucometer (Medisense Precision Xtra, Abbott Laboratories).  For IP-GTT, cohorts of 

littermate female p16INK4a +/+ and -/- mice 17 to 52 weeks of age were fasted overnight followed 

by glucose injection (2 gm/kg body weight) as described2,4.  Serum glucose was measured at 

indicated times after the injection.   

Immunohistochemistry and immunofluorescence:  Assistance in sample processing was 

provided by the UNC Center for Gastrointestinal Biology and Disease and a commercial 

pathology lab (SR VetCheck).  Comparison of proliferation between genotypes was performed 

by calculation of the Ki-67 (MIB1) proliferative index using well-established methods within the 

clinical laboratory at the Brigham and Women's Hospital Pathology Immunohistochemical 

laboratory.  In brief, paraffin samples from indicated genetic backgrounds were fixed and 

processed in a uniform fashion. Five micron sections were cut and IHC staining for Ki-67 

(Rabbit polyclonal, NCL-Ki67p, Novocastra) was performed using highly sensitive DAKO 

EnVision polymerized HRP detection methods. The proliferative index was calculated on a per 

islet basis as (Total Ki67+ islet cells)/(Total # of islet cells) per islet for each sample. Co-labeling 
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for insulin was performed on a subset of samples and demonstrated that >80% of proliferative 

Ki-67+ cells counted within islets were insulin+ β-cells. Positive (human tonsil) and negative 

controls (primary antibody omission on human appendix) were performed during all analyses.  

Pancreatic β-cells were identified by immunofluorescent staining for insulin (DAKO) with DAPI 

counterstain.  For Ki-67/Insulin double labeling, sequential immunoperoxidase staining with 

mouse anti-human Ki-67 antibody (BD Pharmingen) and then guinea pig anti-bovine insulin 

antibody (Linco Research Inc.) was done with ABC kit.  Color development was done as per the 

manufacturer’s suggestions using Vector VIP substrate (Vector Laboratories Ltd) and DAB 

respectively. 

Islet Analysis:  To determine the kinetics of islet regeneration after STZ treatment, 10- to 12-

week old C57/Bl6 mice were treated.  To determine the influence of p16INK4a expression on islet 

regeneration after STZ, littermate cohorts of 33-week old C57/Bl6 p16INK4a +/+ and -/- mice were 

treated.  Islet size was determined by photographing 15 to 30 islets from two mice for each time 

point after STZ treatment, and analyzing with Image-Pro express software.  For analysis of islet 

proliferation with aging or post-STZ, pancreata were harvested and Ki-67 staining was 

performed as described on littermate pairs (either p16INK4a+/+ and -/- or p16INK4a TG and WT). 

For WT/TG young vs. old cohort N=6000 to 15,000 total islet cells comprising 31 to 127 islets 

were counted from 2 to 4 mice per genotype per age.  For p16INK4a +/+ and -/- young vs. old 

cohort, N=8,500 to 40,000 total islet cells comprising 18 to 157 islets counted from 2 to 4 mice 

per genotype per age.  For STZ-treated 33 week old p16INK4a +/+ and -/-  cohort of mice, 

N=2300 to 11,100 islet cells comprising 31 to 58 islets counted from 3 to 5 mice per genotype 

per time point. As islet proliferation and islet size were not normally distributed, statistical 

comparisons were made using a non-parametric (Mann-Whitney) test. 



MS # 2005-10-11690B     Krishnamurthy et al., Supp. Information, Page 5 

   

Legend to Supplementary Figures:  

Supp. Figure 1:  Real-Time quantitative PCR of islets and exocrine pancreas. 

a. Representative TaqMan tracings of p16INK4a mRNA in purified islets of old 

(12weeks) vs. young (64 weeks) mice (left).  Representative TaqMan tracings of islet 

vs. exocrine pancreas of p19ARF (middle) and pdx (right) from old (64 week) mice.  

Thresholds for CT determination are indicated. 

b. mRNA expression data of Figure 1a, graphed +/- standard error of the mean (SEM) 

on log2 scale. 

c. mRNA expression data of Figure 1b, graphed +/- standard error of the mean (SEM) 

on log2 scale. 

Supp. Figure 2:  p16INK4a BAC transgenic design and characterization. 

a.   Map of BAC transgene and Southern probe. 

b.   Southern blot of two representative founder lines:  There is a variable 

microsatellite region near exon 1α, producing a size difference in the C57Bl/6 (lane 

3) and 129/SvEv (lanes 4 and 5) EcoR1 fragments.  In the transgenic lines, the lower 

band represents the two-copy endogenous alleles from C57Bl/6, while upper band is 

from the 129/SvEv transgene.  As the upper band is 50% the intensity of the lower 

band, both lines are single copy integrants.  

c.   TaqMan analysis:  Nine representative tissues were harvested as described from 

littermate pairs of 26 and 84 week old mice (2 littermate pairs per age). The ratio of 

expression in p16INK4a TG mice to wild-type littermates is plotted +/- SEM on a log2 

scale.  The geometric mean across nine tissues is also indicated.  As shown, p16INK4a 

expression was a mean 5.3 fold higher in p16INK4a TG mice compared to wild-type 
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littermates, while Arf expression was unaffected by the presence of the transgene.  

Difference in expression between TG and WT mice was similar in young and old 

mice. “>” indicates expression in the WT allele below the level of detection. 

Supp. Figure 3: p16INK4a protein expression in BAC transgenic mice:  Indicated tissues were 

harvested from a littermate pair of 75 week old p16INK4a wild-type and BAC 

transgenic (TG) mice and analyzed for p16INK4a expression by immunoprecipitation 

with α-p16INK4a antibody followed by immunoblotting for p16INK4a.  Increased 

expression of p16INK4a in tissues from transgenic mice compared to wild-type mice 

can be noted. 

Supp. Figure 4:  Weights and glucose tolerance in p16INK4a+/+ and -/- mice by age. 

a. Weights of overnight fasted age- and sex-matched littermate p16INK4a+/+ versus -/- 

mice by age.  N=10 to 14 mice per genotype per age.  Results shown are +/- SEM. 

b. Glucose tolerance in young and intermediate age p16INK4a+/+ and -/- mice:  

Glucose tolerance was assayed through intraperitoneal glucose tolerance test (IP-

GTT) in littermate p16INK4a+/+ and -/- mice of indicated ages.  No effect of p16INK4a 

nullzygosity was seen in 17-20 week animals (left graph).  When a cohort of 40-52 

week mice was tested, however, healthy p16INK4a -deficient animals demonstrated a 

slight but significant (p=0.019, paired t-test) improvement in glucose tolerance 

relative to littermate controls (middle graph), but this effect was obscured by 

p16INK4a-/- “outlier” animals that demonstrated persistent, severe hyperglycemia after 

IP glucose injection (right graph). Outlier animals were subsequently shown to harbor 

large splenic lymphomas which had not been evident on the day of IP-GTT.  

Therefore, functional analysis of the glucose-insulin axis in p16INK4a-deficient mice 
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was limited by the tumor-prone condition of these animals, even in intermediate age 

(40-52 week old) mice.  

Supp Figure 5: Islet regeneration post-streptozotocin 

a. Percent Ki-67 positive cells (dotted line, right y-axis) and islet size (box-whisker 

plot, left axis) on indicated day post-STZ.  Islet size is shown indicating median, 25th 

to 75th percentile (boxes) and entire range (whiskers).  *indicates p<0.02 for Ki-67 

staining at indicated time points compared to day 0 time point.  # indicates p=0.038 

for islet size at day 8 compared to day 0. 

b. Ki-67 (purple) and Insulin (brown) double labeling on treated and untreated islet 

at indicated time point post-STZ.  Original magnification X400. 

Supp. Figure 6: Ki-67 immunohistrochemistry positive and negative controls: As a measure 

of Ki-67 staining, positive and negative controls were included in each batch.  

Representative controls are shown: tonsil, a highly proliferative tissue, as a positive 

control (left) and appendix, a non-proliferative tissue, as a negative control (right).  

To maximize reproducibility, Ki-67 staining was performed using equipment and 

reagents that were certified for human clinical testing.  Original magnification X200. 

Supplementary Table:   

List of newly designed primers and probes used for TaqMan Real-time quantitative PCR.  

Murine Pdx-1 primer and probe sets were purchased from ABI.  For all other primer sets, see 

Krishnamurthy et al3. 

 

Murine 
Gene Forward primer Reverse primer Probe (5’-FAM, 3’-Non 

Fluorescent Quencher) 
Reference 
sequence 

p16INK4a CGGTCGTACCCCGATT
CAG 

GCACCGTAGTTGAGCAGA
AGAG AACGTTGCCCATCATCA AF044336 

Arf TGAGGCTAGAGAGGAT
CTTGAGAAG 

GTGAACGTTGCCCATCAT
CATC ACCTGGTCCAGGATTC NM_009877 
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