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          THE impact of the genome on aging is well established. It 
clearly sets the broad boundaries of life expectancy for a 

species, and it has been repeatedly shown in both animal 
models and humans that even mutations in single genes can 
markedly affect the aging process and longevity. However, 
genomic DNA is by no means the whole story. For example, 
although it is clear that longevity at the individual level has a 
heritable component, that component seems to account for 
only about 25% of an individual ’ s life span. Consequently, 
other nongenomic mechanisms must play the predominant 
role in determining longevity. Moreover, even given an iden-
tical genetic background, aging is a heterogeneous process 
with individual-to-individual (even intraindividual) variation 
in the onset and extent of expression of the common features 
of aging (eg, cataracts, graying of hair, osteopenia, sarcope-
nia). Thus, not only is longevity strongly affected by nonge-
nomic mechanisms but also is the aging process itself. 

 In general, two kinds of nongenomic mechanisms have 
been identifi ed as playing major roles in aging and longev-
ity. One of these is the stochastic behavior observed in all 
biologic processes (and in nonbiologic phenomena as well). 
This behavior refers to the spontaneous and unpredictable 
variations in events that occur at all levels of biologic orga-
nization from molecular to the whole organism. For exam-
ple, at the subcellular level, a stochastic event might mean 
small, chance differences in protein folding leading to al-
tered protein – ligand, protein – protein, or protein – nucleic 

acid interaction with structural and functional consequences 
downstream of the altered interaction. At the cellular level, 
chance may result in one cell receiving greater or lesser ex-
posure to a cytokine or growth factor than a genetically 
identical cell located nearby, resulting in a difference in the 
two cells in subsequent proliferative activity and the path-
ways along which they differentiate or function. Finally, in 
utero or postpartum, one fetus or newborn may happen to 
receive more complete and regular nutrition than his or her 
identical twin leading to differences, in the adult, in meta-
bolic activity, and in the risk in developing obesity and type 
II diabetes. 

 The second kind of nongenomic mechanism that almost 
certainly strongly affects both the aging process and the lon-
gevity is epigenesis. The concept of epigenesis has it origins 
in embryology where Waddington ( 1 ) represented it, graph-
ically, as a landscape where a single channel or groove di-
vides into several branches that descend from top to bottom 
of the slope ( Figure 1 ). A multipotential cell (eg, a stem or 
progenitor cell) located initially at the top of the landscape 
differentiates along a particular developmental pathway de-
pending upon which groove it happens to follow, the  “ lin-
ings ”  of the grooves corresponding to epigenetic signals, 
and events that dictate the future developmental fate of 
the cell. Another way of thinking about epigenesis is as a 
developmental cascade where earlier or concurrent events 
act sequentially during cell proliferation and maturation to 
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infl uence the developmental destiny of the cell. At the time 
this original concept was developed, few epigenetic mecha-
nisms were understood. Now, of course, many possible 
mechanisms have been identifi ed resulting in a more de-
tailed and complex rendering of the landscape with the var-
ious mechanisms shown as interacting with the  “ ball ”  (cell) 
to determine its fate ( Figure 1 ) ( 2 ).     

 Whatever the ultimate details, epigenesis accounts for the 
spectrum of cell types that emerge from the zygote, and for 
the differentiation of stem and progenitor cells in the grow-
ing or renewing tissues of juvenile and adult organisms (eg, 
bone marrow, gut, and surface epithelium). On this basis, it is 
not surprising that alterations or deviations in the epigenetic 
control of the fate of proliferating cells have been linked to 
cancer development (where there is extensive evidence), and 
in aging animals, it has been proposed to account for the 
changing composition of blood cell populations. What is im-
portant to remember here is that epigenesis is an ongoing, 
lifelong process where the epigenetic state can change either 
as a consequence of some stochastic event or by virtue of 
interaction with changes in either or both the internal (eg, 
hormones, growth factors) or external (eg, environmental 
stressors, diet, oxidative agents) environment. The result is a 
change in gene expression and in the future form and func-
tion of the cell, tissue, or organism, or all. A few notable ex-
amples of the latter include the control of the expression of 
the agouti gene by methionine in the diet; the profound im-
pact, both positive and negative, of dietary restriction on the 

physiology; health and risk of mortality in animal models 
and humans; and the effect of maternal grooming of young 
rat pups on the subsequent behavior of the latter as adult ani-
mals, an effect apparently mediated by changes in the DNA 
methylation of neurons in the central nervous system ( 3 ). 

 What are then the mechanisms that account for epigene-
sis? To date, by far most work has focused on two circum-
stances that can dramatically alter gene expression: DNA 
methylation and posttranslational modifi cations (eg, acety-
lation, methylation, phosphorylation) of proteins that are 
part of chromatin structure, notably histones. DNA methy-
lation is generally associated with the silencing of gene ex-
pression. Histone modifi cation, however, can be associated 
with both gene activation and repression. Indeed, the com-
bination of modifi cations within the histone tails, which 
was defi ned as the histone code, determines the open – close 
chromatin status and thus the degree of gene activity in a 
certain DNA region. Globally, but with important excep-
tions, the level of DNA methylation goes down with age. 
The pioneering work by Berdyshev and colleagues ( 4 ) 
showed that genomic global DNA methylation decreases 
with age in spawning humpbacked salmon. Subsequently, 
others also detected a global loss of cytosine methylation 
during aging in mice, rats, and humans. In contrast, a num-
ber of specifi c loci, including ribosomal DNA and tumor 
suppressor genes such as the estrogen receptor and myo-
genic differentiation antigen 1 (MYOD1), become hyperm-
ethylated during aging. 

  

 Figure 1.        This illustration shows the original (left) and a much more contemporary graphic representation (right) of the epigenetic landscape. In both, the essential 
idea is to depict how a cell, without changing its genome, can undergo differentiation along highly diverse pathways. The current vision of the Waddington ’ s epige-
netic landscape proposed by Goldberg and colleagues uses the movement of pinballs to illustrate the complex and bidirectional epigenetic control of cell development 
and differentiation. The movement (representing different developmental stages) of the ball (the cell) in the machine depends on many epigenetic effectors (seen as 
fl ippers, obstacles, etc.) including DNA methyltransferases; histone modifi ers such as acetyltranferases, deacetylases, methylases, and demethylases; and chromatin-
remodeling factors. (Figures with permission of the authors (2)).    
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 In addition to these most extensively epigenetic mecha-
nisms, we now recognize a number of other mechanisms 
that are also likely to play important roles in epigenetic 
regulation, especially if some latitude is given for a more 
direct involvement of the genome itself. These other mecha-
nisms include telomere shortening, variation in gene copy 
number, the involvement of noncoding RNAs in regulating 
translational activity, and the positioning of transposable 
elements that results in changes in the transcriptional activ-
ity of adjacent genes.  

 Model Systems 
 Despite some evidence supporting the role of epigenetics 

in aging and the logic that seems to dictate that the former 
must infl uence the latter, in general there has been relatively 
little progress in the area. Why? It appears that there are a 
number of contributing factors. Part of the answer is to be 
found in the nature of aging itself. As previously noted, ag-
ing is a heterogeneous process characterized by variations 
in the expression of the a variety of phenotypes being evi-
dent both within (at the tissue level) and between individu-
als, even if the latter are genetically identical and are of the 
same age. Thus, one important question is whether there are 
likely to be model systems better suited for assessing the 
epigenetic changes associated with and perhaps responsible 
for at least some components of the aging process. There 
is also the question of which possible elements of epige-
netic control should be measured and are most likely to be 
informative. Invertebrate multicellular organisms like 
 Caenorhabditis elegans  are appealing as models for reasons 
related to their relative structural and functional simplicity, 
short life span, and accessibility to experimental manipula-
tion. However, as adults, nematodes are essentially postmi-
totic, and results obtained from them may or may not be 
informative about epigenetics and aging in animals (includ-
ing humans) where many tissues show cell replicative be-
havior throughout life. In addition,  C. elegans  DNA does 
not get methylated, eliminating one of the most common 
epigenetic modifi ers seen in higher organisms. Finally, 
 C. elegans  also exhibits marked intra- and interindividual 
heterogeneity as it ages, and therefore, electing to use this 
species does not eliminate the problem of which animals, 
tissues, or cells will be most representative and informative 
of the role of epigenesis in aging. 

 Arguably and unfortunately, none of the other models cur-
rently used for aging research are problem free. Consequently, 
there continues to be a search for better alternatives and, per-
haps even more importantly, for increasing the number of 
species studied so that the benefi ts of comparative analysis 
can be applied. In particular, there remains considerable in-
terest in identifying and using vertebrates with relatively 
short life spans, that are amenable to genetic and other kinds 
of experimental manipulation, and exhibit features of aging 
similar to those seen in other vertebrates, including humans. 

A possibility, already in use in a number of laboratories, is 
the use of some species of teleost fi sh can be raised and bred 
in aquaria and may have life spans of less than 1 year ( 5 ). 

 Cells in culture represent another possible option as an 
experimental model to explore the role of epigenesis in the 
aging process. Cultured cells represent a simpler situation 
than the whole organism or even a tissue. They can be ob-
tained from humans and animals of different ages and ge-
netic backgrounds, and can be examined and tested with a 
very large array of techniques. Most importantly, unless 
transformed, such cells undergo a now well-described pro-
cess of replicative senescence as a function of the number 
of cell divisions or in response to oxidative and other 
stresses. However, placing cells in vitro may minimize but 
does not eliminate heterogeneity or the possibility that, 
with time in culture, the cells will change at the genomic 
level (eg, in ploidy). Moreover, there is always the ques-
tion of whether events assessed in culture accurately rep-
resent or mimic their in vivo counterparts, although cellular 
senescence has been documented in vivo in some tissues. 
Nonetheless, even given these limitations, there are com-
pelling arguments for focusing on in vitro models at least 
in the near term, perhaps especially those based on the use 
of cells from human donors and embryonic stem cells. For 
example, early-passage euploid fi broblasts from human 
subjects ranging in age from young to elderly adult are 
available from the Coriell Institute ( http://ccr.coriell.org ). 
These can be maintained in culture through multiple pas-
sages until a senescent state is achieved (or induced) and, 
in the process, be manipulated and assessed by a full spec-
trum of experimental techniques. Similarly, embryonic 
stem cells and committed progenitor cells can be derived 
from human as well as animal sources and can be stimu-
lated to differentiate (or dedifferentiate) along a multiplic-
ity of developmental pathways. Moreover, stem cells in 
particular have already been subject to a number of epige-
netic studies, most directed toward understanding the 
nongenomic mechanisms associated with and perhaps re-
sponsible for cell-type specifi c differentiation, the stability 
of the differentiated state, and its reversibility under some 
circumstances.   

 Technology 
 Technological innovations such as gene expression mi-

croarrays and ultrahigh-throughput sequencing are transform-
ing current research on epigenetics. These new technologies 
permit global assessment of the epigenome, representing the 
totality of epigenetic  “ marks ”  in a given sample. The impor-
tance of these developments is highlighted in a recent article 
that describes the establishment of an international effort to 
expedite the epigenomics decoding effort ( 6 ). The initial work 
will focus on the diagnosis, prevention, and treatment of dis-
ease. However, it is easy to anticipate that human aging will 
sooner rather than later be incorporated into the effort. 

http://ccr.coriell.org
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 In contrast, given that epigenesis is a heterogeneous pro-
cess (and one that ideally needs to be tracked longitudi-
nally), the development or adaptation of techniques that 
allow testing at the level of an individual cell or homoge-
neous group of cells seems imperative. One approach, al-
ready commonly used, is to isolate cells from donors that as 
a class are relatively homogenous and can be fractionated to 
further minimize heterogeneity, for example, peripheral 
white blood cells. However, assessing the epigenetic status 
of one cell type may be informative only of that cell type 
and not refl ect important changes that are ongoing in other 
tissues or the aging organism as a whole. Thus, a much 
needed addition to this ex vivo approach is sampling cells 
from a second tissue from the same donor; something that 
to date appears to be rarely done. However, there are possi-
bilities for obtaining this second sample, even most impor-
tantly, from human donors. These possibilities include 
cheek squamous cell epithelium (easiest to obtain and the 
least invasive), and biopsies of skin fi broblasts and skeletal 
muscle. The latter may be particularly informative because 
relative to the other cell types, muscle cells are essentially 
nonreplicative postdevelopment and show well-described 
and dramatic changes in phenotype with age. 

 Another experimental strategy that has received, thus far, 
very little attention in epigenetics in aging research is the use 
of imaging techniques of living cells and whole organisms; 
techniques that might be adapted to provide information on 
the epigenetic status in situations where cell or organism 
manipulation is also possible. For example, Yamagata ( 7 ) 
very recently reviewed the use of fl uorescence-labeled 
probes in live cell imaging to detail the epigenetic dynamics, 
including DNA methylation, of very early mammalian de-
velopment. Earlier, Neumann and associates ( 8 ) used his-
tone – green fl uorescence protein to assess the effects of 
specifi c siRNAs    (small interfering RNAs) on the expression 
of genes associated with chromatin structure in living HeLa 
cells. Chromatin structure is one of the important epigenetic 
determinants of the availability of a gene for transcriptional 
activity. Finally, there is the possibility of adapting magnetic 
resonance imaging and positron emission tomography scans 

to visualize epigenesis, at least indirectly, in small animal 
models of aging. Whole-animal bioluminescence imaging 
using luciferase activity as an indicator of sites of epigenetic 
change is also an exciting prospect ( 9 ).     
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