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Cellular senescence induced by different stresses and telomere shortening appears to play an important role in the aging
process. The products of the INK4a/ARF locus — p16INK4a and ARF — arrest cell proliferation at the senescence stage
by exerting their effects on retinoblastoma protein– and p53-mediated responsive pathways. A study in this issue of the
JCI provides experimental evidence of a specific upregulation of these cell cycle inhibitors in a variety of organs during
mammalian aging.
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According to a current hypothesis on 
aging, senescent cells accumulate in the 
organism, and this results in failure of 
organ homeostasis and function (1). Cel-
lular senescence — characterized by the 
permanent arrest of cell proliferation — is 
detrimental to the regenerative capacity of 
organs during aging. However, the senes-

cence checkpoint is also considered to be a 
major mechanism for suppressing tumors, 
protecting the organism from cancer dur-
ing early life (2). A number of stimuli have 
been identified as inducing senescence, 
and these include telomere shortening 
(3), DNA damage (4), oxidative stress (5), 
sustained mitogen stimulation (6), and 
other cellular stresses. Senescence induced 
by telomere shortening has been called 
“replicative senescence” and is a result of 
DNA damage–like signals generated by 
dysfunctional telomeres (3, 4). In addition 
to telomere attrition, several other mecha-
nisms can abruptly induce senescence 
independent of telomere length, termed 
“premature senescence,” including: over-
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activation of mitogenic pathways, such as 
Ras, Raf, or MEK, or overexpression of E2F 
or v-ets erythroblastosis virus E26 onco-
gene (Ets) transcription factors (5–9). The 
mechanisms leading to induction of pre-
mature senescence are less well understood 
compared with those leading to replicative 
senescence. However, the phenotypic char-
acteristics and the molecular signals of pre-
mature senescence and replicative senes-
cence appear to be very similar.

Under normal circumstances, cell 
cycle initiation and progression is coop-
eratively regulated by several classes of 
cyclin-dependent kinases (CDKs), whose 
activities are in turn regulated by CDK 
inhibitors (CDKIs). To allow cell cycle pro-
gression, retinoblastoma protein (pRB) is 
phosphorylated by a holoenzyme complex 
containing cyclin D and a cyclin-dependent 
kinase (CDK4 or CDK6) (10). The INK4 
family of CDKIs comprises a number of 
small (“teenage”) proteins — p16INK4a, 

p14ARF (murine p19ARF), p15INK4b, and 
p18INK4c — all of which have a role in cell 
cycle regulation (10). In this commentary, 
p14ARF (murine p19ARF) will be referred to 
as ARF. Residing on chromosome 9p21 in 
humans and chromosome 4 (42.7) in mice, 
the INK4a/ARF locus encodes 2 different 
proteins, p16INK4a and ARF, via an alter-
native splicing mechanism. Lack of either 
protein predisposes the organism to the 
development of malignancy, though nei-
ther protein is required for normal growth 
and development. ARF and p16INK4a have 
long been recognized as mediators of 
senescence (6–8) (Figure 1). p16INK4a binds 
and induces an allosteric conformational 
change in CDK4/CDK6 that inhibits the 
binding of ATP and substantially reduces 
the formation of the CDK4/6–cyclin D 
interface, which leads to the disruption of 
the interaction with D-type cyclins. This 
antagonizes cyclin binding and activation 
of CDK, thereby maintaining pRB in its 

hypophosphorylated and growth-suppres-
sive state and induces G1 cell cycle arrest 
(10). In contrast to p16INK4a, ARF has a 
major role in the pathway involving p53, a 
transcription factor that regulates several 
genes involved in cell cycle checkpoints, 
stress responses, DNA damage and repair, 
and apoptosis (Figure 1) (2). ARF binds the 
mouse double minute 2 (MDM2) protein 
and inhibits MDM2-mediated degradation 
of p53, which thus results in stabilization 
of p53. One of the important targets of p53 
is the CDKI p21 Cip1/Waf1, which inhibits 
the activity of several cyclin-CDK complex-
es, thus arresting cells in both G1 and G2/M 
stages of the cell cycle (10).

Understanding the role of p16INK4a and 
ARF during senescence has been compli-
cated due to apparent differences between 
the mechanisms of senescence signalling 
induced by telomere dysfunction in mice 
and humans. In humans, telomere dys-
function induces senescence by activation 

Figure 1
Illustration showing possible mechanisms of p16INK4a and ARF induction and the role of these proteins in aging. The accumulation of persistent 
and increasing DNA damage in senescent cells in response to telomere shortening, DNA damage, inappropriate activation of signaling pathways, 
and production of ROS during aging results in transcriptional activation of the INK4a/ARF locus. Mitogen stimulation may amplify the signals of 
DNA damage. Alternative stochastic mechanisms of aging that lead to p16INK4a/ARF induction might also exist. Upregulation of p16INK4a and ARF 
activates pRB and p53 pathways, which in turn lead to cell cycle arrest and regenerative defects. In addition, p16INK4a/ARF upregulation might 
influence cellular functions in mitotically inactive organs during aging. Cyc D, cyclin D; BMI1, B lymphoma Mo-MLV insertion region; ID1, inhibitor 
of DNA binding 1; ETS1, v-ets erythroblastosis virus E26 oncogene homolog 1.
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of p53 and p16INK4a, whereas in mice only 
p53 is activated in response to telomere 
dysfunction (11). In addition, there might 
be differences in regulation of p16INK4a and 
ARF during replicative senescence and pre-
mature senescence. Whereas both genes are 
upregulated during premature senescence, 
only p16 but not ARF is upregulated during 
replicative senescence. During replicative 
senescence, upregulation of p16INK4a occurs 
shortly after the activation of p21, possibly 
to ensure maintenance of the senescence 
phenotype (12). Functional screens have 
shown that downregulation of ARF can res-
cue premature senescence (13). Understand-
ing the regulation of p16INK4a and ARF in 
the different senescence pathways, the inter-
action between the pathways, and the func-
tional role of these proteins during regen-
eration of organs and organismal aging are 
major questions for future research.

p16INK4a and ARF: molecular markers 
of aging?
In this issue of the JCI, Krishnamurthy et al. 
(14) attempted to identify molecular mark-
ers of aging in mice and rats by exploring 
the expression levels of several known cell 
cycle inhibitors. They show that the expres-
sion levels of both p16INK4a and ARF mRNA 
markedly increase with aging in most 
murine tissues, whereas there is no signifi-
cant change in the expression levels of other 
related cell cycle inhibitors such as p15INK4b, 
p18INK4c, p21CIP, and p27KIP with aging. The 
authors substantiated their findings by 
demonstrating increased p16INK4a and ARF 
protein expression in some organ compart-
ments. They found that in several organ 
compartments, the increase in the expres-
sion of p16INK4a and ARF was accompanied 
by an increased number of cells positive for 
senescence-associated β-galactosidase (SA-
β-gal) — a biomarker of cellular senescence. 
While SA-β-gal has been used as a biomark-
er of senescence in vitro and in vivo, its lack 
of specificity has led to debate over the value 
of this method. However, although SA-β-gal 
is activated in response to several cellular 
stresses (15), it is still considered to be one 
of the best markers of senescence available 
today. It remains to be tested whether the 
accumulation of DNA-damage foci is a 
more specific marker for senescence. DNA 
damage foci accumulate in senescent cells 
with shortened telomeres; however, it is not 
yet clear whether they are present during 
premature senescence (16).

Krishnamurthy et al. show that the 
age-associated increase in expression of 

p16INK4a and ARF is attenuated in several 
tissues in response to caloric restriction 
(CR). CR is known to extend life span in 
a variety of species, including rats, mice, 
fish, flies, worms, and yeast. In addition, 
reduction of aging-associated pathology 
is evident in primates fed a calorie-restrict-
ed diet (17). The authors extended their 
studies further by exploring the role of 
p16INK4a and ARF in Igf1-null mice. There 
is experimental evidence that the lack of 
growth hormone–IGF (GH-IGF) signal-
ing increases the lifespan in GH receptor 
(GHR) knockout (Ghr–/–) mice by approxi-
mately 25% (18). Krishnamurthy et al. did 
not see an impairment of p16INK4a or ARF 
expression in aging Ghr–/– mice, which sug-
gests that GHR deficiency and CR extend 
the life span of organisms through distinct 
molecular mechanisms and that p16INK4a 
and ARF expression levels do not always 
correlate with lifespan.

Tangled regulation of p16INK4 and 
ARF during aging
At the level of transcription, the expres-
sion of p16INK4a is modulated by 3 principal 
regulators: ETS1, inhibitor of DNA bind-
ing 1 (ID1), and B lymphoma Mo-MLV 
insertion region (BMI1) (19, 20). The latter 
is also known to regulate ARF expression. 
Krishnamurthy et al. (14) found a strong 
correlation between the expression levels of 
p16INK4a and Ets-1, p16INK4 and ARF, but not 
between ARF and any of these 3 transcrip-
tional regulators. These findings led to the 
speculation that an unknown coregulator(s) 
affects the expression of both p16INK4a and 
ARF with aging and that this coregulator(s) 
must be independent of Ets-1. In addition, 
the authors present what is believed to be 
the first in vivo evidence for a coordinated 
expression of p18INK4c and p19INK4d, possi-
bly regulated by common or related tran-
scriptional elements. With these studies as a 
basis, exploration of transcriptional control 
of the INK4a locus appears to be an interest-
ing area of aging research (Figure 1).

What is the functional role and  
the mechanism of induction  
of p16INK4a and ARF during aging?
The study by Krishnamurthy et al. (14) 
appears to be of general interest, since 
the development of reliable biomarkers of 
aging will certainly be immensely useful in 
various areas of medicine. It is tempting to 
speculate that p16INK4a and/or ARF are not 
only good candidate biomarkers of aging, 
but that they may in fact have a function-

al role in the aging process. p16INK4a and 
ARF have both been linked to the induc-
tion of cell cycle arrest in response to DNA 
damage (21, 22). This finding seems of 
particular interest, since there are several 
connections among the different senes-
cence stimuli that point to DNA damage 
as a major factor inducing senescence: 
(a) telomere shortening induces senes-
cence by activation of the DNA-damage 
response (16); (b) ROS increase the rate 
of telomere shortening and induces mul-
tiple forms of DNA damage (23, 24); and 
(c) mitogen stimulation cooperates with 
telomere shortening to induce a DNA-
damage response (25). It has recently been 
shown that DNA damage accumulates in 
senescent cells and aging murine tissues 
(26). Thus the DNA-damage hypothesis 
of aging could give a plausible explanation 
for the upregulation of p16INK4a and ARF 
during aging. Alternatively p16INK4a and 
ARF upregulation during aging might be 
regulated by an as-yet-unknown counting 
mechanism that differs from accumula-
tion of DNA damage or telomere short-
ening (Figure 1). Understanding the sig-
naling pathways involved in p16INK4a and 
ARF upregulation in organs and tissues 
could eventually point to new therapeu-
tic targets to improve regenerative capac-
ity during aging. Importantly, the experi-
mental evidence for a functional role of 
p16INK4a and ARF in the aging process has 
yet to be established. Studies focused on 
the tumor suppressor p53 have revealed 
diverse results regarding the role of this 
key component of the senescence path-
way during aging. In mouse models, the 
deletion of p53 has rescued the adverse 
effect of telomere dysfunction on organ 
homeostasis (27), whereas transgenic 
expression of a mutant p53 with increased 
protein stability induced premature aging 
(28), which indicates that p53 is indeed a 
mediator of aging phenotypes. However, 
inserting an extra copy of wild-type p53 in 
the mouse genome resulted in increased 
p53 activity in response to DNA damage 
and improved tumor suppression but did 
not enhance aging phenotypes (29). In this 
model, the extremely long telomeres in 
laboratory inbred mouse strains compared 
with house mice or humans might explain 
the lack of premature aging. To date there 
are no reports of improved organ regen-
eration in aging knockout mice lacking 
p16Ink4a or ARF or both genes. In addition, 
it is not known whether transgenic mice 
with increased expression levels of 1 of 
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these proteins would develop premature 
aging phenotypes. However, there is indi-
rect evidence from studies in proliferation 
associated SNF-2–like gene–knockout (PASG-
knockout) mice, which have a defect in 
DNA-methylation. These mice show a 
severe premature aging phenotype accom-
panied by decreased expression of Bmi1 
(a negative regulator of both p16INK4a and 
ARF) and increased levels of p16INK4a (30). 
It is interesting that Krishnamurthy et al. 
(14) observed an upregulation of p16INK4a 
and ARF in a wide spectrum of different 
organs and tissues in aging mice. Many of 
these tissues are mitotically inactive; thus, 
it appears to be important to analyze the 
impact of p16INK4a and ARF on cellular 
functions other than cell proliferation 
to evaluate their role in aging (Figure 1). 
In addition, these findings suggest that 
there might be a secreted factor leading to 
upregulation of p16INK4a and ARF in a vari-
ety of organs during aging.

The constant increase in maximum lifes-
pan of human beings over recent centuries 
is certainly one of the biggest achieve-
ments of humankind. The identification 
and functional analysis of aging-associated 
molecular changes appears to be a prom-
ising area of research and should help us 
continue to make gains in this area.
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