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Summary

Cellular senescence is a defense mechanism in response to molecular damage which accumulates
with aging. Correspondingly, the number of senescent cells has been reported to be greater in
older than in younger subjects and furthermore associates with age-related pathologies. Inter-
individual differences exist in the rate at which a person ages (biological age). Here, we studied
whether younger biological age is related to fewer senescent cells in middle- aged individuals with
the propensity for longevity, using p16INK4a as a marker for cellular senescence. We observed
that a younger biological age associates with lower levels of pl6INK4a positive cells in human
skin.
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Increasing experimental evidence indicates that the accumulation of molecular damage
underlies the aging process and age-related pathologies (Hamilton ez a/., 2001; Stadtman,
2001; Pamplona, 2008). Cellular defense mechanisms that occur in response to molecular
damage include macromolecule repair, apoptosis, and cellular senescence. In tissues, the
prevalence of senescent cells, that is, cells with a permanently arrested cell cycle, has been
shown to increase with chronological age, both in animal models (Herbig et al., 2006;
Janzen et al., 2006; Krishnamurthy et al., 2006; Molofsky et al., 2006) and in humans (Dimri
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et al., 1995; Ressler et al., 2006). Furthermore, increased numbers of senescent cells were
found to associate with age-related pathologies such as atherosclerotic lesions (Minamino et
al., 2002), diabetes (Sone & Kagawa, 2005), and renal disease (Melk ef al., 2005; Sis et al.,
2007). Higher levels of pl6INK4a were associated as well with higher serum creatinine after
renal transplantation (Koppelstaetter et al., 2008; McGlynn et al., 2009).

Within the Leiden Longevity Study (LLS), we have previously shown that middle-aged
offspring from long-lived nonagenarian siblings are biologically younger than their partners,
who are age- and environmentally matched controls (see Schoenmaker et al., 2006 for study
design details). This is reflected in a lower mortality rate (Schoenmaker et al., 2006), a lower
prevalence of cardiometabolic diseases (Westendorp et al., 2009), beneficial glucose and
lipid metabolism, preservation of insulin sensitivity (Wijsman et al., 2011), and resistance to
cellular stress in vitro (Dekker et al., 2009). The cyclin- dependent kinase inhibitor
CDKN2A, commonly referred to as pl6INK4a or p16, has been established as a general
marker of cellular senescence as pl 6INK4a was observed to be expressed in most senescent
cells in other studies (Krishnamurthy ef al., 2004; Campisi Jd’ Adda di, 2007; Baker et al,
2011; Rodier & Campisi, 2011). Here, we compared the frequency of pl16INK4a positive
cells in human skin biopsies from the upper inner arm of 89 middle-aged offspring with
familial longevity (‘better agers’) with those of their 89 partners. We hypothesized that the
younger biological age of the offspring would be reflected in lower numbers of pl16INK4a
positive cells when compared with their partners.

The age of the subjects varied from 46 to 81 years, with an average of 63 years. Further
characteristics of the subjects are given in Table S1. Figure 1 shows representative figures of
p16INK4a staining in both epidermis and dermis. The distribution of tertiles of pl 6INK4a
positive cells differed considerably between offspring and partners in both epidermal cells
and dermal fibroblasts. In the lowest tertile of p16INK4a positive cells, the offspring
significantly outnumbered the partners, whereas in the highest tertile, the partners
significantly outnumbered the offspring (Fig. 2). After adjustment for possible confounders
such as age, gender, and smoking, these correlations remained essentially unaltered.
Although these correlations were present in both epidermis and dermis, the correlation
between the number of pl16INK4a positive cells in the epidermis and those in the dermis was
low (Pearson’s correlation coefficient 0.119, P=0.115).

Next, to confirm that the number of p16INK4a positive cells in human skin is a marker of
biological age, we studied the relationship between the number of p16INK4a positive cells
and age-related pathologies. The number of cardiovascular diseases (CVD) and medication
use was significantly associated with tertiles of pl6INK4a positive cells in epidermal cells
(Fig. 2), also after adjustment for gender and smoking. There was no relationship between
the tertiles of p16INK4a positive dermal fibroblasts and the number of CVD. However, a
trend toward higher p16INK4a positivity in dermal fibroblasts and medication use was
found.

For the first time, we have shown here that a marker of cellular senescence, p16INK4a,
associates with familial longevity. In addition, we were able to reproduce earlier findings
that cellular senescence in situ is associated with age-related pathologies. Although further
evidence for the link between familial longevity and cellular senescence using other markers
of senescence in skin or other tissues would strengthen these findings, the found association
between pl16INK4a and age-related disease is supported by a recent study. Clearance of
pl6INK4a positive cells in a mouse model was observed to delay the onset of age-related
diseases (Baker et al.,, 2011). Smoking, a well-known risk factor for most age-related
diseases, was previously also found to associate with expression of pl6INK4a in peripheral
blood T-cells (Liu et al., 2009). However, adjustment for smoking did not alter the results.
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We have previously shown that skin fibroblasts from the middle-aged offspring respond to
chemical stress 7n vitro with lower cellular senescence and higher apoptosis when compared
with age-matched controls; this was comparable to the fibroblast response of young relative
to old donors (Dekker et al., 2009). Thus, human familial longevity is not only associated
with fewer p16INK4a positive skin cells in situ, and it is also associated with fewer
senescent cells after a cellular stressor in vitro.

It is tempting to speculate based on the evidence presented here that the accumulation of
senescent cells contributes to tissue failure and ill health. A reduced rate of cellular
senescence appears to be a characteristic of offspring from long-lived families both in vitro
and in sity, indicating a role for cellular senescence in the healthy phenotype of familial
longevity. We hypothesize that offspring, enriched for genetic effects on longevity, carry
also other molecular defense mechanisms (such as repair of damage and apoptosis) of better
quality than their partners, resulting in less cellular senescence. Thus, the healthy phenotype
of humans enriched for familiar longevity could be related to cellular senescence. However,
further work is required to determine whether these findings are causative rather than
associative in nature to better understand the role senescent cells have in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
pl6INK4a staining in human skin. (A) Representative p16INK4a staining of the epidermis

from a subject in the middle tertile with one positive cell visible and an image of a section
from a subject in the highest tertile (lower image with five positive cells visible). Epidermal
staining was located along the basal membrane and mainly nuclear/perinuclear in nature
although some cells displayed extensive cytoplasmic staining; note the dendritic nature of
the fourth from right positive cell in the lower image characteristic of a melanocyte. (B)
Representative pl 6INK4a staining of the dermis. (C) Negative control (no primary antibody,
left image) and positive control (right image) of a skin sample used during all staining
because of the consistent positive staining seen throughout the tissue. Line bars represent
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100 um (one dermal counting field was 315 by 315 pm) and black arrows the locations of
positively stained cells.
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Tertiles of p16INK4a positivity in human skin. Left column (A, C, E) presents epidermal

cells, the right column (B, D, F) presents dermal fibroblasts. (A, B) A comparison of
distribution of tertiles of p16INK4a positive cells between offspring from long-lived
families and their partners, N= 178. (C, D) Average number + standard error (SE) of

cardiovascular diseases over tertiles of pl6INK4a positive cells, N= 155. (E, F) Average
number + SE of medicines over tertiles of pl6INK4a positive cells, N= 136. Tertiles of

pl6INK4a positive epidermal cells: lowest <0.30 (median = 0.00), middle 0.30-1.30

(median = 0.55), highest >1.30 (median = 3.09) cells per mm length of the epidermal—
dermal junction. Tertiles of pl16INK4a positive dermal fibroblasts: lowest <0.72 (median =
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0.00), middle 0.72-2.05 (median = 1.29), highest >2.05 (median 3.20) cells per 1 mm?

dermis. P-values are adjusted for age, gender, and smoking in (A) and (B); for gender and
smoking in (C), (D), (E) and (F).
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