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Preface

Numerous studies have indicated that epigenetic mechanisms may play a major
role in both cellular and organismal aging. These epigenetic processes not only
include DNA methylation and histone modifications but also extend to many other
epigenetic mediators such as the polycomb group proteins, chromosomal position
effects, and noncoding RNA. The topics of this seminal book on aging epigenetics
range from fundamental changes in DNA methylation in aging to the most recent
research on intervention into epigenetic modifications to modulate the aging pro-
cess and age-associated disorders. The major topics of aging epigenetics covered
in this book are (1) DNA methylation and histone modifications in aging, (2) other
epigenetic processes and aging, (3) impact of epigenetics on aging, (4) epigenet-
ics of age-related diseases, (5) epigenetic interventions and aging, and (6) future
directions/perspectives in aging epigenetics.

The most studied of epigenetic processes, DNA methylation, has been associated
with cellular aging and aging of organisms for many years. It is now apparent that
both global and gene-specific alterations occur not only in DNA methylation during
aging but also in several types of histone modifications. Many epigenetic aberrations
may have an impact on aging processes through control of telomerase, modifications
of telomeres, and epigenetic drift. The latter is evident in the recent studies of aging
monozygotic twins.

Numerous age-related diseases are affected by epigenetic mechanisms. For
example, recent studies have shown that DNA methylation is altered in Alzheimer’s
disease and autoimmunity. Other prevalent diseases that have been associated with
age-related epigenetic changes include cancer and osteoarthritis. Epigenetic alter-
ations appear to have an effect on several of the progeroid syndromes of premature
aging as well. Moreover, the impact of dietary or drug intervention into epigenetic
processes as they affect normal aging or age-related diseases is becoming increas-
ingly feasible.

This book is intended for those with interests ranging from the fundamental basis
of aging to interventions in slowing the aging process or treating age-related disor-
ders. The study of epigenetics as it relates to aging and age-related diseases is a
relatively new field that is showing considerable promise in revolutionizing how the
aging process is viewed. The purpose of this book on aging epigenetics is to provide
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coverage of not only established aspects of epigenetics as applied to the aging pro-
cess but also new approaches and perceptions in this important area of research.

Trygve O. Tollefsbol
Birmingham, AL, USA
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Epigenetics and the Aging Process

Trygve O. Tollefsbol

Abstract Although there has been considerable interest in the aging process for
quite some time and in epigenetics for over two decades, it is relatively recent that
we have witnessed a surge in interest in aging epigenetics. Epigenetic processes are
vast and influence many genes and other processes related to aging that impact the
physiological decline that characterizes the aging process. This ranges from changes
in DNA methylation and histone modifications that control genes such as the telom-
erase regulatory gene, h'TERT, to modes of modulating environmental factors that
affect epigenetic processes and aging. The potential for advances in aging epige-
netics seems limitless and the purpose of this book is to convey the cutting-edge
research that is rapidly driving the field of aging epigenetics to the forefront of med-
ical science.

Keywords Epigenetic - Aging - DNA methylation - Histone modification

Introduction

Epigenetics involves effects carried out by a vast array of chromatin modifica-
tions, DNA methylation, noncoding RNA and other processes that are heritable
and reversible. There is no change in DNA or protein sequence that occurs dur-
ing epigenetic processes. Aging of course is an even broader field that encompasses
the decline in the physiological capacity of an organism over time due to a num-
ber of changes at the molecular, cellular and organismal levels. While both the
study of epigenetics and aging have developed rapidly in the past two decades, the
field of aging epigenetics is relatively new. Despite this, however, it has become
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increasingly clear that epigenetic processes play a major role in aging (Liu et al.,
2003; Sedivy et al., 2008; Fraga and Esteller, 2007).

DNA methylation is the mainstay of epigenetics and in most eukaryotes is char-
acterized by the addition of methyl groups to the cytosine-5 position and this usually
occurs in CpG dinucleotides. The DNA methyltransferases (DNMTs) catalyze DNA
methylation and three DNMTs are responsible for most of the DNA methylation
that occurs in the genome. The patterns of methylation that are inherited with each
DNA replication are carried out by DNMT1 and this represents the vast majority of
DNA methylation. However, methylation patterns are constantly subject to modifi-
cations and DNMT3A and DNMT3B catalyze most of the de novo methylation in
the cell that involves the addition of new methyl moities at cytosines that were not
previously methylated. DNA methylation influences numerous biological processes
such as genomic imprinting, cellular differentiation and X-chromosome inactiva-
tion. However, perhaps the most significant biological effect due to DNA methyla-
tion is the control of gene expression where hypermethylation in a gene regulatory
region is usually associated with transcriptional repression and hypomethylation
is generally associated with transcriptional activity with some notable exceptions
(Lai et al., 2005).

Gene expression can also be controlled by another major epigenetic process,
chromatin changes, that are characterized by posttranslational modifications such as
acetylation and methylation of histones. These site-specific modifications result in
regulation of the binding and activities of other proteins that interact with DNA and
the histones. The major enzymes that carry out histone modifications are the histone
acetyltransferases (HATSs) and histone deacetylases (HDACs) and these enzymes
allow for dynamic changes in chromatin while also serving to maintain chromatin
configurations to allow stable inheritance of epigenetic traits. Most histone modifi-
cations occur in the amino terminal regions of these nucleosomal proteins and his-
tone acetylation is generally associated with increased transcriptional activity while
histone methylation has variable effects on gene activity depending upon the specific
residue that is methylated and the nature of the methylation. For example, methy-
lation of lysine 4 (K4) on histone H3 is often found in active chromatin regions
while methylation of H3-K9 usually leads to transcriptional repression (Groth et al.,
2007). The processes of DNA methylation and chromatin modifications often inter-
act together to impact epigenetic changes. Methylation at K3-K9 can promote
cytosine methylation while methylation of cytosines can foster changes at H3-K9
involving histone methylation and deacetylation (Fuks et al., 2000).

Recent advances have merged the broad fields of epigenetics and aging. For
instance, global hypomethylation of the genome and regional hypermethylation
of specific genes occur during the aging of cells and tissues (Liu et al., 2003).
May age-related diseases such as cancer, Alzheimer’s disease, autoimmunity, and
osteoarthritis are associated with epigenetic alterations and changes in the epi-
genetic machinery have also been reported in premature aging diseases such as
progeria. While epigenetics impacts many different biological processes other than
aging and aging involves numerous mechanisms other than epigenetics, it is clear
that these two processes are linked and it seems likely that epigenetics will be
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proven to have a major role in aging not only in the aging of cells, but also in
organismal aging.

DNA Methylation and Histone Modifications in Aging

Hypomethylation of aging cells and tissues has been documented in numerous stud-
ies and likely plays a major role in the aging process. As described in Chapter 2 of
this book, although many different mechanisms have been proposed to lead to the
genomic hypomethylation that occurs during aging such as a decline in DNMT1,
this reliable characteristic of aging remains an enigma and the causes for decreased
methylation during aging are still unresolved. DNA hypomethylation is observed
in many different age-related diseases such as cancer, atherosclerosis, Alzheimer’s
disease, autoimmunity and macular degeneration. Therefore, genomic hypomethy-
lation may not only be involved in the basic mechanisms of aging, but it also is a
major risk factor in the development of chronic age-associated pathologies. Besides
genomic hypomethylation, DNA methylation is also important in aging due to gene-
or region-specific hypermethylation (Chapter 3). Many different genes have been
shown to undergo hypermethylation of their control regions during aging such as
the tumor suppressor genes that play an important role in cancer. Moreover, age-
related hypermethylation has been estimated to involve up to half of the genes that
are hypermethylated in colon cancer and other tissues such as breast, kidney and
lung have been shown to undergo age-related hypermethylation of key genes such
as those encoding estrogen receptor o, E-cadherin, and p16. Therefore, hyperme-
thylation of genes may also play a role in the mechanism of aging and serve as a
risk factor for selected pathologies that are associated with aging.

Histone modifications change during the aging process and often occur together
with changes in DNA methylation. For example, with increasing age of an organism,
gene expression is altered in part due to an aberrant balance between the activity of
the HATs and HDACs (Chapter 4). The altered histone acetylation in concert with
aberrant DNA methylation can lead to changes in gene expression that contribute
to the progression of aging and processes such as neurodegeneration. Moreover, the
sirtuins are a large group of protein deacetylases that have been extensively stud-
ied during the aging process (Chapter 5). These enzymes regulate lifespan in part
through modulating calorie restriction pathways and the sirtuins have therefore been
the subject of intense interest for the discovery of prolongevity compounds such as
resveratrol. In Chapter 6, the role of chromatin structure in senescent cells is ana-
lyzed, especially as it relates to Wnt-signaling. The authors suggest that elevated
Whnt-signaling can suppress some aspects of tissue aging through its ability to regu-
late chromatin structure as cells approach senescence.

One of the most versatile compounds in a cell is S-adenosylmethionine (SAM)
that serves as the methyl donor for most of the methyltransferases. In Chapter 7,
a role of SAM in aging is proposed whereby deregulation of its metabolism can
occur during the aging process through environmental or hereditary factors, folate
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or dietary deficiency, alcohol abuse and other factors. The collective effects of
aberrations in SAM metabolism may lead to cancer, autoimmune disease, neuro-
logical disorders and other processes that contribute to longevity and aging.

Therefore, many alterations in DNA methylation and histone modifications occur
during the aging process that are expressed at the cellular level and ultimately in
aging of the organism itself. Gene-specific alterations occur in DNA methylation
and histone modifications as well as genome-wide changes such as the extensively
documented decline in DNA methylation of the genome in aging cells, tissues
and organisms. These aberrations in epigenetic processes during aging contribute
to the development of a number of age-associated diseases and intervention into
these age-related epigenetic aberrations through prolongevity compounds that act
on DNA methylation or histone modifications may have considerable utility in not
only extending longevity, but also in combating the many diseases that accompany
the aging process.

Other Epigenetic Processes and Aging

Besides changes in DNA methylation and histone modifications during aging, other
epigenetic mediators such as the polycomb group of genes, chromosomal position
effects and noncoding RNA also contribute to aging. In Chapter 8, the age-related
alterations in the polycomb group proteins that are involved in regulation of a num-
ber of loci and thereby influence aging are discussed. The polycomb group proteins
can repress loci involved in cell cycle control that facilitates normal cell mitosis. The
polycomb group of genes may undergo changes with aging that influence longevity
and they have also been proposed to be responsive to environmental signaling as
well as calorie restriction. Likewise, DNA rearrangements can occur during aging
in response to exogenous stress or other factors leading to a redistribution of epige-
netic factors. This redistribution process has been proposed to alter the chromatin
environment thereby affecting gene expression through chromosomal position effect
(Chapter 9). In fact, a global reprogramming of gene expression associated with
position effect mechanisms may contribute to aging as well as the premature aging
characteristic of the Werner syndrome.

Noncoding RNAs have recently attracted considerable attention and may have a
role in aging and age-dependent diseases (Chapter 10). For example, micro-RNAs
are important epigenetic factors that control the expression of numerous genes
through a negative regulatory mechanism. The microRNAs can degrade the mRNA
of specific genes by binding to their coding regions or they can inhibit translation
of genes by binding at the 3’-untranslated region. Recent developments have sug-
gested the existence of longevity microRNAs since these noncoding RNAs con-
trol DNA repair, oxidative defense and other processes that are likely important in
determining the lifespan of individuals. Slowing or reducing mid-life dysregula-
tion of microRNAs may have an important impact on the molecular degeneration
processes that increase especially late in life. Thus, molecular aberrations in non-
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traditional epigenetic processes such as the polycomb group genes, chromosomal
position effects and noncoding RNAs as well as potentially other epigenetic
processes may have a major role in aging and age-associated disorders.

Impact of Epigenetics on Aging

Besides the underlying fundamental basis of epigenetics and aging, there is also
considerable interest in the impact of these processes. In Chapter 11, the role of epi-
genetics in controlling telomerase, the enzyme that maintains chromosomal ends,
is discussed especially as this pertains to aging. Since the absence of telomerase
leads to telomeric attrition in normal cells which contributes to cellular senescence
(Lai et al., 2005), the regulation of the major gene of telomerase, TERT (telomerase
reverse transcriptase), has been of major interest to biogerontologists. Although the
epigenetic control of the TERT gene is not yet fully resolved, it is clear that cellular
modifications especially in DNA methylation and histone modifications affect the
TERT promoter region which lead in part to regulation of this important gene in
cellular aging. If the regulation of the TERT gene can be controlled, this could have
a tremendous impact on the aging process. Epigenetic mechanisms are also impor-
tant in the control of the telomeric ends of chromosomes. For example, age-related
changes occur in DNA methylation and histone modifications during cancer devel-
opment that affect telomere length (Chapter 12). Conversely, telomere shortening
during aging may impact the heterochromatic state of many telomeres in the cells
and influence gene expression which is often altered in aging cells.

The tumor suppressors impact chromatin structure and epigenetic processes dur-
ing aging through various mechanisms that affect enzymes such as the HATs and
HDACSs (Chapter 13). These effects on heterochromatin may lead to the formation
of heterochromatic foci that contribute to cellular senescence. These tumor suppres-
sors, such as p53 and Rb, appear to provide a crucial link between aging and cancer
not only through tumor suppressive mechanisms, but also through their control of
chromatin modifications.

Many of the epigenetic changes that occur during aging are stochastic or depen-
dent upon environmental factors that lead to a phenomenon referred to as epigenetic
drift that may have a major impact on the progression of aging (Chapter 14). The
loss of DNA methylation during aging is an example of epigenetic drift and changes
in histone modifications, such as trimethylation of H4-K20, occur during aging as
well. In fact, studies of monozygotic twins have illustrated epigenetic drift during
aging where young monozygotic twin pairs had few epigenetic changes while some
elderly monozygotic twin pairs had substantial variations in DNA methylation and
chromatin modifications of many genes in a number of tissues.

Epigenetic mechanisms also likely impact neurological functions such as long-
term memory. The loss of DNMT1 expression during aging could have a major
effect on long-term memory formation given that DNMTI is highly expressed
in brain tissue (Chapter 15). Hypomethylation of key genes such as the gene
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that encodes protein phosphatase 1 (PP1) could lead to an up-regulation of PP1
expression and decrease long-term potentiation involved in the memory process dur-
ing aging. Therefore, many epigenetic mechanisms are thought to have an impact
in the aging process and age-related diseases. The control of the telomerase regu-
latory gene (TERT) and telomere length may be under epigenetic control and the
tumor suppressors appear to influence epigenetic processes and aging. Epigenetic
drift may play a major role in impacting the expression of aging and epigenetic
mechanisms have also been implicated in affecting features of aging such as the
decline in long-term memory capacity.

Epigenetics of Age-Related Diseases

Epigenetic processes affect many of the diseases that accompany aging. Chief
among these age-related diseases is cancer. It has long been known that alterations in
DNA methylation and chromatin contribute to cancer and Chapter 16 details a num-
ber of mechanisms involved in this process as well as model diseases for age-related
epigenetic changes and cancer such as acute lymphoblastic leukemia. This disease
covers the entire lifespan and a number of age-related differences are observed indi-
cating that acute lymphoblastic leukemia may serve as an excellent model to deci-
pher age-related impacts on disease. As mentioned above, epigenetic processes such
as DNA methylation play a role in Alzheimer’s disease. The decreased DNA methy-
lation status with aging appears to affect several genes related to the expression
of Alzheimer’s disease such as the amyloid precursor protein (APP) gene leading
to higher levels of amyloid B protein in Alzheimer’s disease (Chapter 17). Other
genes important to Alzheimer’s disease such as the presenilin 1 (PS1) gene may also
undergo epigenetic changes that contribute to Alzheimer’s disease. DNA methyla-
tion has also been proposed to have a major role in the epigenetic regulation of
adaptive responses of the immune system and genes important in T-cell differenti-
ation have been found to be differentially expressed through epigenetic processes
during aging (Chapter 18). Moreover, age-related demethylation appears to impair
immune competence and the frequency of autoimmunity in the elderly and may
contribute to diseases such as rheumatoid arthritis.

Epigenetic mechanisms have also been implicated in the premature aging dis-
eases such as the Werner syndrome and progeria. For example, the WRN gene
that leads to the Werner syndrome is epigenetically silenced in a wide variety of
tumor types leading to speculation that epigenetic control of this gene may play
a role in the pathogenic features of the Werner syndrome (Chapter 19). Lastly,
it is likely that DNA methylation is important in osteoarthritis, a debilitating dis-
ease with a strong age-associated expression. The aberrations in DNA methylation
that occur with increasing age may affect the expression of a number of genes that
contribute to osteoarthritis (Chapter 20). Thus, epigenetic mechanisms appear to
not only influence the fundamental aspects of aging, but to also contribute signifi-
cantly to a number of age-associated diseases such as cancer, Alzheimer’s disease,
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autoimmunity and osteoarthritis as well as potentially premature aging diseases
and many other disorders.

Epigenetic Interventions and Aging

Besides learning more about the role of epigenetics in aging and age-related dis-
eases, we are also very interested in elucidating modes through which we can exploit
this knowledge to intervene into aging or age-related diseases by modulating epi-
genetic mechanisms. For instance, modulation of SIRT1, an important sirtuin his-
tone deacetylase involved in the aging process, has been shown to mimic calorie
restriction which is the most consistent and currently the most effective mode of
influencing longevity (Chapter 21). Additional studies are underway to assess the
utility of other members of the sirtuin family in potential intervention into the aging
process.

Dietary factors are also receiving considerable attention in terms of their con-
trol of epigenetic factors and their influence on aging and age-associated diseases
(Chapter 22). Several lines of study are currently underway but especially promis-
ing are studies on caloric restriction, epigenetics and aging as mentioned above. Of
equal interest are the nutritional modulation of DNA methylation by the green tea
component, EGCG (epigallocatechin-3-gallate) and the soybean product, genistein.
The use of histone deacetylase inhibitors such as butyrate, diallyl disulfide and sul-
foraphane found in many foods is also gaining considerable interest in intervening
into aging and age-related disorders. Moreover, environmental factors such as stress
and toxic metal exposure as well as maternal nurturing can influence epigenetic
modifications that change with aging (Chapter 23). It is also likely that environ-
mental factors have a major impact on epigenetic drift that is gaining increasing
attention in the field of biogerontology. Therefore, there is optimism that we may
eventually be able to intervene into the epigenetic processes so important to aging
and the diseases that accompany aging.

Future Directions/Perspectives

With the exponential rise in interest in epigenetics in general and epigenetics as
it applies to aging and age-related diseases such as cancer, the question that now
comes to the forefront is “Where do we go from here?”. Clearly there are many
fruitful avenues of investigation that will address not only the role of epigenetic
processes in aging mechanisms but also the role of epigenetics in the many disor-
ders associated with aging. Further improvements in high-throughput technologies,
bioinformatics, genome-wide analyses of epigenetic patterns, treatment strategies,
and new epigenetic modifiers as applied to the epigenetics of aging are several areas
identified for future research in aging epigenetics in Chapter 24. The development
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of new NIH initiatives in these areas will almost certainly stimulate advancements
in the study of the epigenetics of aging.

Lastly, in Chapter 25, a pioneer not only in epigenetics but also in aging epigenet-
ics, Robin Holliday, provides numerous interesting perspectives into the epigenetics
of aging. He begins with a discussion of the term “epigenetics” and analyzes the
multiple causes of aging and the biological reasons for aging. Other topics of con-
siderable interest to aging epigenetics that are covered are the role of development
in aging, DNA methylation, cell-signaling, X-chromosome reactivation and epige-
netic and non-epigenetic events during aging. His perspectives provide a fascinating
conclusion to a topic that is gaining increasing attention among many investigators
ranging from basic molecular biologists to physicians.

Conclusion

For quite some time it has been thought that genetic causes for cancer were much
more important than epigenetic process that not so long ago were given a relatively
minor role in cancer etiology and progression. However, investigations into cancer
epigenetics have now overturned this dogma and we are currently in a revolutionary
period of understanding cancer epigenetics and its importance. Many now feel that
cancer may be more an epigenetic than a genetic disease. We may see a similar
future for aging epigenetics. For decades aging has been largely associated with
traditional genetic mechanisms. However, the contents of this book suggest that
epigenetic processes also play an essential role in aging. It cannot be said at this
point whether we will view aging as largely an epigenetic condition as has occurred
with cancer, but mounting evidence indicates that this could be the case. Future
investigations will reveal the true role of epigenetics in aging but for now it is indeed
an exciting and rapidly emerging field that deserves considerable more attention as
we attempt to fully understand and assume better control over aging and the many
diseases the accompany aging.
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Age-Related Genomic Hypomethylation

Igor P. Pogribny and Boris F. Vanyushin

Abstract Aging is a multi-factorial process of the progressive gradual decline of
cellular functions with the passage of time. It is clear that aging affects the mam-
malian epigenome, including hypomethylation of DNA. DNA methylation is a
crucial biological process that controls maintenance of genomic integrity and an
accurate expression of genetic information. The accurate status of DNA methylation
is balanced in mature cells, but with age this balance is strongly shifted in favor of
DNA demethylation. Therefore, DNA hypomethylation that occurs during normal
aging appears to be a critical risk factor contributing to the development of chronic
age-related human pathological states. This review describes the involvement of
DNA hypomethylation in the pathogenesis of several major age-related human dis-
eases, including cancer, atherosclerosis, Alzheimer’s disease, psychiatric disorders,
and autoimmune pathologies.

Introduction

Aging can be defined as a multifactorial process of the accumulation of molecular
alterations driven by genetic and epigenetic events in the organism that lead to a
loss of phenotypic plasticity over time. Epigenetic modifications, including DNA
methylation and histone modification, are essential for normal development and
for the maintenance of cellular functions in an adult organism (Allis et al. 2007,
Tost 2008). The significance of epigenetic alterations, especially changes in DNA
methylation, in the pathogenesis of a number of human diseases has been well estab-
lished and studied extensively (Egger et al. 2004; Feinberg 2007; Jones and Baylin
2007; Feinberg 2008). Unfortunately, their role in aging has received less attention
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(Fraga and Esteller 2007; Feinberg 2008). There is, however, growing evidence that
DNA methylation changes, both hypo- and hypermethylation of DNA, arise with
age (Holliday 1985, 1987; Ahuja and Issa 2000; Issa 2003; Bandyopadhyay and
Medrano 2003; Fraga and Esteller 2007).

Aging and Genomic Hypomethylation

DNA hypomethylation signifies one of the major DNA methylation states and in
most cases refers to a relative situation that indicates a decrease from the “nor-
mal” methylation level (Dunn 2003). The first experimental evidence of the
age-dependent loss of genomic methylation was provided by Berdishev
et al. (1967) and Vanyushin et al. (1969), who found that the content of
5-methylcytosine (SmeC) in DNA isolated from the various organs of
humpback salmon was significantly decreased during ontogenesis (Vanyushin
et al. 1970). These findings were confirmed in later studies that documented
age-dependent DNA hypomethylation in many mammalian tissues (Vanyushin
et al. 1973; Romanov and Vanyushin 1981). The maximal amount of 5SmeC was
observed in DNA isolated from tissues of embryos and newborn animals and
gradually decreased upon aging. For instance, Fig. 1 shows the age-associated
changes in the DNA methylation status in the brain, heart, spleen, and liver tissues
of rats. Interestingly, the brain and heart tissues are characterized by the most
notable loss of genomic methylation, especially in old animals.
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Fig. 1 Age-related DNA methylation changes in the brain, heart, spleen, and liver tissues of rats.
The 5meC contents in DNA of 1-month-old rats are presented as 100%
* Significantly different from 1-month-old rats.

Further evidence confirming the loss of DNA methylation during the aging
process was obtained in in vitro studies that demonstrated that a marked decrease
in the 5SmeC content in DNA is associated with a number of cell divisions in
normal diploid mouse, hamster, and human cells, in contrast to the immortal cell
lines (Wilson and Jones 1983). Based on these findings, it has been proposed by
Holliday (1985) that changes in DNA methylation patterns may have significance
in the aging process. Since that time, a number of in vivo and in vitro findings
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have established that normal aging mammalian cells (mice, rats, and humans) show
a progressive loss of SmeC content in DNA (Wilson et al. 1987; Singhal et al.
1987; Ono et al. 1993; Drinkwater et al. 1989; Richardson 2002). Furthermore, the
measurement of the SmeC content in DNA isolated from the tissues of various ages
of mice characterized by different durations of natural life has demonstrated that
the rate of loss of 5SmeC content in DNA is inversely related to life span (Wilson
et al. 1987).

Another piece of evidence clearly indicating the intimate link between DNA
hypomethylation and the aging process was obtained in the studies on effects of the
demethylating agent 5-aza-2'-deoxycytidine (5-aza-dC) on the life span of normal
MRC-5 human diploid cells in vitro. Treatment of human fibroblasts with 5-aza-
dC induced demethylation of DNA and substantially shortened the cell life span
(Holliday 1986; Fairweather et al. 1987).

It is well known that the majority of cytosine methylation resides within
GC-rich repetitive DNA sequences (Gama-Sosa et al. 1983b; Yoder et al. 1997,
Rollins et al. 2006). Because of this, a progressive loss of DNA methylation during
the aging process is primarily associated with demethylation of those DNA repet-
itive elements (Mays-Hoopes et al. 1983; Ono et al. 1989; Hornsby et al. 1992;
Barbot et al. 2002). However, in addition to demethylation of repetitive DNA
sequences, the methylation status of numerous single-copy genes decreased with
age in the brain, liver, spleen, mammary glands, and other tissues (Ono et al. 1989a;
Yenbutr et al. 1998; Zhang et al. 2002; Ravindran and Ticku 2005). Specifically, age-
related hypomethylation and activation of c-myc and NR2B genes were detected in
the mouse spleen and brain, respectively, as well as an increased loss of estrogen
receptor I gene methylation in normal rat mammary glands.

Mechanism of DNA Hypomethylation During Aging

The mechanism of DNA hypomethylation is still unclear, and there is very likely no
universal mechanism that ascribes demethylation of DNA alone. However, it is well
established that upon aging, several factors including the activity and expression of
DNA methyltransferases, the status of one-carbon metabolism, and the integrity of
the genome may trigger and contribute to the loss of genomic methylation.

DNA Methyltrasferases and Age-Dependent DNA Hypomethylation

The addition of methyl groups from the universal methyl donor, S-adenosyl-
I-methionine (SAM), to cytosines at CpG sites in mammalian cells is cat-
alyzed by the enzymatic activity of the DNA methyltransferase (DNMT)
family, which includes the maintenance DNA methyltransferase DNMT1 and
the de novo DNA methyltransferases DNMT3A and DNMT3B (Bestor 2000;
Goll and Bestor 2005). DNA methylation is initiated and established during
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embryonic development by means of DNMT3A and DNMT3B (Okano et al.
1999) in the presence of their regulator DNMT3L (Gowher et al. 2005)
and maintained during DNA replication by a complex cooperative inter-
play of the maintenance DNMT1 with methyl-CpG-binding protein MeCP2
(Kimura and Shiota 2003) and the ubiquitin-like, containing PHD and
RING finger domains 1 (UHRF1) protein (Arita et al. 2008; Avvakumov
et al. 2008; Hashimoto et al. 2008). Therefore, the function of DNMTTI is con-
sidered essential for maintaining genomic methylation patterns. Indeed, a large
body of evidence clearly demonstrates the importance of DNMT1’s proper func-
tion in the maintenance of the faithful status of DNA methylation (Li et al. 1992;
Loriot et al. 2006). For instance, the reduction of Dnmtl expression by gene tar-
geting to 10% in mice caused a significant hypomethylation of centromeric and
endogenous retroviral intracesternal A particle (IAP) repetitive sequences (Gaudet
et al. 2003). Similarly, the loss of DNA methyltransferase through the inhibition
of its activity by 5-aza-dC (Creusot et al. 1982), homocysteine, or its metabolite
S-adenosyl-I-homocysteine (SAH) resulted in rapid demethylation of DNA
(Yi et al. 2000).

The results of several studies have demonstrated that the activity of DNMT1
substantially decreases with aging (Lopatina et al. 2002; Casillas et al. 2003).
In light of this, it is believed that genomic hypomethylation during aging
is a result of passive demethylation, especially of highly methylated GC-rich
DNA domains caused by the functional inability of DNMTI to maintain a
normal DNA methylation pattern. This observation was further supported by
the results of in vivo and in vitro studies demonstrating that expression of
Dnmtl and Dnmt3a decreased with aging (Zhang, et al. 2002; Ray et al.
2006) and by the fact that the deletion of Dnmt3a gene substantially short-
ens the mouse life span (Nguyen et al. 2007). Proper DNMT activity is also
crucial for the maintenance of the normal methylation pattern and the func-
tion of single-copy genes during aging. For example, methylation and activation
of the killer Ig-like receptor (KIR2DL4) gene, whose upregulation contributes
to age-related diseases, is sensitive to the inhibition of DNMT activity
(Li et al. 2008).

The accurate maintenance of DNA methylation, in addition to DNMTs, depends
on function and cooperation with other factors. Specifically, recent studies have
demonstrated that lymphocyte-specific helicase (LSH) and proliferation-associated
SNF-2-like gene (PASG) are major regulators of DNA methylation (Dennis et al.
2001; Sun et al. 2004; Myant and Stancheva 2008). The disruption of LSH or PASG
not only causes genomic hypomethylation in mice but also leads to their premature
aging (Sun et al. 2004; Sun and Arceci 2005).

However, several lines of evidence have demonstrated that loss of DNA methyla-
tion is not always associated with altered DNMT function and may be independent
of DNMT levels (Arnaud et al. 1985; Ehrlich et al. 2006). This may be explained by
the fact that DNMT' is incapable by itself of maintaining the normal level of DNA
methylation status, especially of GC-rich domains when the DNA methylation sta-
tus is compromised (Liang et al. 2002).
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One-Carbon Metabolism and Age-Dependent DNA
Hypomethylation

One-carbon metabolism, a network of cellular interrelated biochemical reactions, is
essential for de novo nucleotide biosynthesis, methionine biosynthesis, and cellu-
lar methylation reactions (Mason 2003). The methyl groups that are needed for all
cellular biological methylation reactions, including DNA methylation, are acquired
from SAM, the primary universal donor of methyl groups in mammals derived
from methionine in the one-carbon metabolic pathway (Chiang et al. 1996). This
indispensably connects the status of epigenetic modifications to the functioning of
the one-carbon metabolic pathway. Indeed, it is well established that the level of
cellular one-carbon metabolism has a great impact on the DNA methylation status
(Niculescu and Zeisel 2002; Ulrey et al. 2005).

During recent years, interest in the one-carbon metabolism noticeably expanded,
driven by the growing evidence of the significance of its improper functioning
upon aging and in the pathogenesis of a number of age-related human pathologies
(Selhub 2002; Morris 2003; Refsum et al. 2006; Schulz 2007). The fundamen-
tal effect of a compromised one-carbon metabolic pathway is hypomethylation of
DNA that is associated with an accumulation of homocysteine and SAH, two major
inhibitors of cellular methylation reactions (Yi et al. 2000; James et al. 2002). There
are two types of risk factors that may compromise the normal functioning of the one-
carbon metabolic pathway and subsequently alter the cellular epigenetic profile. The
first group consists of nonmodifiable genetic risk factors, such as genetic variations
in genes encoding enzymes involved in the cellular one-carbon metabolism (Rozen
2000; Chen et al. 2001; Refsum et al. 2006). The second group consists of poten-
tially modifiable factors, specifically essential nutrients (methionine, choline, folic
acid, and vitamin Bj;) involved in the metabolism of methyl groups (Oomen et al.
2005; Nijhout et al. 2006), and the supply and the availability of methyl groups are
considered the most significant factors affecting DNA methylation (Chiang et al.
1996; Niculescu and Zeisel 2002; Ulrey et al. 2005). Therefore, the proper mainte-
nance of the one-carbon metabolism is critical for healthy aging and may prevent
or slow the development of age-related pathologies (Kuo et al. 2005). However, a
number of studies have demonstrated that loss of DNA methylation may occur in
the environment of the uncompromised status of one-carbon metabolism and the
normal SAM and SAH levels (Arnaud et al. 1985; Seivwright et al. 1993; Pogribny
et al. 2008).

DNA Integrity and Age-Dependent DNA Hypomethylation

The integrity of the genome is another critical factor that impacts the normal sta-
tus of DNA methylation. Every living organism is exposed to various genomic
insults on a daily basis caused by many endogenous and exogenous factors (Chen
et al. 2007; Vijg 2008). The results of several studies have demonstrated that the
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presence of unrepaired lesions in DNA substantially alters the methylation capacity
of DNA methyltransferases, leading to DNA hypomethylation (Cerda and Weitz-
man 1997; Valinluck and Sowers 2007; Pogribny et al. 2008). The significance of
this mechanism of DNA hypomethylation progressively increases with age due to
an age-dependent decrease in DNA repair proficiency (Gorbunova et al. 2007; Spry
et al. 2007; Bertram and Hass 2008).

The above-provided evidence emphasized the importance and interdepen-
dence between the function of DNA methyltransferases, the status of one-carbon
metabolism, and the integrity of the genome in the maintenance of a normal level of
DNA methylation. Thus, disruption of any of these mechanisms during aging may
result in a subsequent loss of DNA methylation.

Age-Related Diseases and DNA Hypomethylation

The loss of DNA methylation upon aging correlates with a number of adverse
outcomes, among which the link of DNA hypomethylation to the development
of age-related pathologies such as cancer, atherosclerosis, neurodegeneration, and
autoimmune diseases is the most significant.

Cancer

Advancing age is the most potent risk factor for human tumors, especially for epithe-
lial breast, prostate, lung, colon, and basal and squamous cell carcinomas (DePinho
2000). Importantly, global DNA hypomethylation is a central feature, one of the
most common molecular alterations, and the first epigenetic abnormality identified
in human cancer cells (Gama-Sosa et al. 1983; Feinberg and Vogelstein 1983; Flatau
et al. 1983; Bedford and van Helden 1987; Feinberg et al. 1988; Fraga et al. 2004;
Wilson et al. 2007; Agrawal et al. 2007). A substantial loss of DNA methylation
has been demonstrated at very early stages of human cancer and even at premalig-
nant stages of cancer development. Because of that, the loss of DNA methylation
has been suggested to be an important event in carcinogenesis (Feinberg and Tycko
2004; Hoffman and Schulz 2005; Ehrlich 2006; Wilson et al. 2007). Furthermore,
recent evidence has documented a causative role of DNA hypomethylation in cancer
development (Gaudet et al. 2003).

The mechanistic significance of DNA hypomethylation in cancer is associated
with the instability of the genome induced by the loss of methylation. Several lines
of evidence have demonstrated that activation and transposition of repetitive DNA
sequences (Howard et al. 2008), increased mutation rate (Chen et al. 1998), and
chromosomal aberration (Eden et al. 2003; Karpf and Matsui 2005; Rodriguez et al.
2006) are causally linked to hypomethylation of DNA. The fundamental role of
these events, as an integral part of neoplastic cell transformation, is now commonly
accepted (Coleman and Tsongalis 2006).
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In addition to global genomic hypomethylation, cancer-linked promoter
hypomethylation has been shown in many primary human cancers (Sato et al. 2003;
Laner et al. 2005; Wu et al. 2005; Grunau et al. 2008). More importantly, detection
of cancer-linked genome- and gene-specific hypomethylation can be used as sen-
sitive molecular markers for cancer detection (Laner et al. 2005; Guerrero-Preston
et al. 2007; Moore et al. 2008).

Atherosclerosis

Atherosclerosis and its complications are a major cause of mortality, morbidity, and
disability in developed Western countries (Worthley et al. 2001; Mensah and Brown
2007). The disease is characterized by infiltration of lipid particles into the arterial
wall, accompanied by the recruitment of inflammatory and immune cells, migration
and proliferation of smooth muscle cells, synthesis of the extracellular matrix, and
development of fibrocellular lesions (Raines and Ross 1997; Ross 1999). In con-
trast to cancer research, the involvement of DNA hypomethylation in the context of
atherosclerosis was first formulated by Newman (1999), which is only less than a
decade ago. The hypothesis was based on evidence suggesting that elevated plasma
homocysteine is a risk factor for atherosclerosis (Nehler et al. 1997; Fallest-Strobl
et al. 1997) and the fact that homocysteine and SAH efficiently inhibit DNA methyl-
transferases, causing hypomethylation of DNA (Yi et al. 2000). Currently, the sig-
nificance of the loss of DNA methylation in atherosclerosis is widely documented
(Dong et al. 2002; Hiltunen and Yld-Herttuala 2003; Zaina et al. 2005). Substantial
global DNA hypomethylation has been found in peripheral white blood cells (Castro
et al. 2003), smooth muscle cells (Hiltunen and Yld-Herttuala 2003; Yideng et al.
2007), and atherosclerotic lesions (Hiltunen et al. 2002) in patients with atheroscle-
rosis. These correlative studies, without undermining the underlying role of homo-
cysteine as a risk factor for atherosclerosis, suggested that hypomethylation during
atherosclerosis may be a consequential secondary passive event induced by elevated
homocysteine. However, the result of a recent study has clearly demonstrated the
significance of DNA hypomethylation in the pathogenesis of atherosclerosis and in
the susceptibility to the disease. This was evidenced by the occurrence of global
DNA hypomethylation prior to the formation of atherosclerotic lesions in geneti-
cally atherosclerosis-prone Apoe™~ mice (Lund et al. 2004). Furthermore, transcrip-
tional upregulation of 5-ipoxygenase and 15-lypooxygenase genes, key enzymes
implicated in the pathogenesis of atherosclerosis (Zhao and Funk 2004), is medi-
ated by promoter hypomethylation (Uhl et al. 2002; Liu et al. 2004).

Alzheimer’s Disease
Alzheimer’s disease is an age-related progressive neurodegenerative disorder char-

acterized by the presence of amyloid plaques and intracellular tangles in the brain
(Hardy and Selkoe 2002; Pastorino and Lu 2006). The biogenesis and accumulation
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of amyloid plaques, which primarily consist of 40- to 42-residue PB-amyloid
peptides (AP40 and AB42) derived from amyloid precursor protein (APP) mediated
by sequential proteolic processing by p-secretase (BACE1) and y-secretase com-
plex (Wolfe 2007; Verdile et al. 2007; Das 2008), is a key event in Alzheimer’s
disease. The fact that the brain along with the heart is characterized by the most
pronounced age-associated loss of DNA methylation (Fig. 1) suggests that DNA
hypomethylation in the brain upon aging may have significance in the pathogenesis
of the disease. Indeed, this suggestion is supported by findings showing hypomethy-
lation of the APP gene in an Alzheimer’s brain (West et al. 1995) and by sub-
stantial age-dependent APP promoter demethylation in the human cortex (Tohgi
et al. 1999). Specifically, the frequency of methylation of cytosine residues at
—207, —204, —200, and —182 in the APP promoter region in subjects younger
than 70 years was substantially greater (55%) compared to subjects older than
70 years (5%) (Tohgi et al. 1999). Additionally, expression of the presenilin 1
(PSI) gene, a key component of the y-secretase complex, is regulated by methy-
lation (Fuso et al. 2005, 2007). In light of these considerations, we propose the
following model of pathogenesis of Alzheimer’s disease driven by the age-related
DNA hypomethylation events (Fig. 2). First, the age-related hypomethylation of
APP promoter provokes an overexpression of APP gene, leading to greater lev-
els of APP. Second, the age-associated hypomethylation and upregulation of the
PSI gene consequently induces the activity of y-secretase complex and stimu-
lates the proteolytic cleavage of APP, leading to the accumulation of AB40 and
AP42. Importantly, this model allows us to bring together the two most widely
accepted, the amyloid and the presilin, hypotheses of Alzheimer’s disease into one
mechanism.
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Fig. 2 Proteolytic processing of the amyloid precursor protein (APP) driven by DNA hypomethy-
lation events. The age-related hypomethylation of the APP and PS/ promoters (arrows) provokes
an overexpression of APP and PSI genes, leading to greater levels of APP and enhanced pro-
teolytic cleavage of APP, respectively, resulting in the accumulation of AB40 and AP42. Interest-
ingly, genes encoding nicastrin, Aph-1, and Pen-2, three other components of y-secretase complex,
contain CpG island according to http://cpgislands.usc.edu
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Autoimmunity

The age-associated changes in DNA methylation, in particular, DNA hypomethyla-
tion, have emerged as an attractive mechanistic link between aging and autoimmu-
nity (Prelog 2006; Yung and Julius 2008). Evidence from in vitro and in vivo models
has indicated that DNA hypomethylation might be implicated in the development of
autoimmunity (Richardson 2002; Richardson 2003a). The treatment of T cells with
5-aza-dC demethylated DNA induced autoreactivity that correlated with overex-
pression of lymphocyte function-associated antigen-1 (LFA-1) (Richardson 2003a).
Likewise, the T cells from patients with active lupus are characterized by decreased
DNA methylation and increased expression of LFA-1. It has been demonstrated
that overexpression of LFA-1 is mediated by promoter hypomethylation-induced
upregulation of ITGAL (CD11a) gene, which encodes CD11a — a subunit of LFA-1
(Lu et al. 2002). Interestingly, the ITGAL promoter hypomethylation and increased
expression of LFA-1 has been documented upon aging (Zhang et al. 2002). Addi-
tionally, the results of recent studies have documented that the age-related over-
expression of perforin and KIR2DL4 genes in T cells is associated with promoter
demethylation (Kaplan et al. 2004; Li et al. 2008). The upregulation of perforin
and KIR2DL4 genes has been implicated in a number of autoimmune diseases and,
therefore, may explain the increasing incidence of these inflammatory diseases with
age (Goronzy and Weyand 2003).

Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of an irreversible
blindness in people 50 years and older and has no effective cure (Jager et al.
2008). The disease is characterized by the focal deposition of acellular polymor-
phous debris, called drusen, between retinal pigment epithelium (RPE) and Bruch’s
membrane (Jager et al. 2008). One of the major proteins accumulated in drusen
is clusterin, whose expression is regulated by promoter methylation. Recent findings
showing that treatment of the RPE cell line, ARPE-19, with 5-aza-dC potentiates
the clusterin induction and secretion to medium provided an additional evidence
regarding the involvement of DNA hypomethylation in the pathogenesis of AMD
(Suuronen et al. 2007).

Concluding Remarks

The mechanism of aging is a complex multifactorial process characterized by
many biologically significant changes. One of these changes is the alteration of
DNA methylation. It is clear that aging can impact DNA methylation, including
hypomethylation of DNA. However, the loss of DNA methylation can also have an
impact on aging (Richardson 2003b). Thus, aging and DNA undermethylation go
hand in hand.
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DNA methylation is a crucial biological process that programs an accurate
expression of genetic information in vertebrates. Recent evidence indicates that
DNA methylation in cells is very dynamic and depends on a combination and
precise balance of methylation and demethylation reactions (Métivier et al. 2008;
Kangaspeska et al. 2008). These processes are nicely balanced in mature cells,
but with age this balance is strongly shifted in favor of DNA undermethylaion
and demethylation. This may be due to the passive age-dependent decline in DNA
methylation, the increase of the active DNA demethylation, or both. In aging cells,
DNA undermethylation may be essentially linked to the age-dependent decrease in
the activity of DNA methyltransferases and/or the decreased methylation capacity
of DNA methyltransferases caused by compromised genome integrity. Additionally,
global loss of DNA methylation may be a result of an active demethylation caused
by the age-specific activation of specific enzymes, demethylases, described recently
(Hamm et al. 2008).

Therefore, epigenetic changes, including DNA hypomethylation, that occur dur-
ing normal aging are critical risk factors contributing to the development of chronic
age-related pathological states. As long as global DNA demethylation with age is
strong enough, it seems that it is mostly due to demethylation of highly repetitive
DNA sequences that are highly methylated in young cells. This may compromise
the integrity of genome via alteration of chromatin architecture and function. It has
been suggested that the degree of global DNA methylation may serve as a sort of
biological clock indicating the life span. The important unanswered questions are
(a) how to slow this clock down or even, possibly, turn it back? and (b) how can
we restore the DNA methylation profile of aging cells to that of young or mature
cells and prevent significant age demethylation? These are very complicated tasks
that rely on our ability to learn (a) how to modulate chromatin structure and make
it available for respective DNA methylation and unavailable for its demethylation
and (b) how to maintain the proper DNA methyltransferase and inhibit demethy-
lase activities. However, considering the fact that the remarkable future of epi-
genetic abnormalities is their potential reversibility, it is clear that correction of
epigenetic abnormalities, including hypomethylation of DNA, is a promising avenue
to prevent, to some extent, the premature aging and the development of age-related
diseases.
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Gene-Specific Hypermethylation in Aging

Adebayo D. Akintola and Alan R. Parrish

Abstract Aging is linked to a number of changes in gene expression that are asso-
ciated with ‘normal’ or ‘pathologic’ aging (reviewed in Weindruch and Prolla, 2002;
Toescu et al., 2004; Park and Prolla, 2005; Englander, 2005). As such, a number of
studies have focused on the mechanism(s) underlying these changes in an attempt
to identify conserved pathways altered during aging. Methylation of DNA is a crit-
ical epigenetic mechanism regulating gene expression that has received increased
attention as a pathway affected by aging (reviewed in Issa, 2000; Attwood et al.,
2002; Richardson, 2002, 2003). In this chapter, we will provide an overview of
the regulation of gene expression by DNA methylation, the current methods used
to investigate these changes, and specific genes that have been demonstrated to be
regulated by methylation during aging.

Keywords Aging - Cancer - Methylation-specific PCR - CpG island

Hypermethylation of Promoter Elements: Regulation of Gene
Expression

DNA methylation is an important epigenetic mechanism associated with the reg-
ulation of gene transcription. In mammalian cells, DNA methylation involves the
postsynthetic transfer of a methyl group, donated by S-adenosyl-L-methioinine, to
the 5" position of the cytosine (C) present within cytosine—guanine dinucleotides
(CpG). The reaction, catalyzed by DNA methyltransferases, results in the forma-
tion of 5-methylcytosine (m>C). Importantly, DNA methylation does not occur in
a random pattern in the mammalian genome (reviewed in Suzuki and Bird, 2008).
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About 60-90% of the C residues located within CpG dinucleotides of mammalian
DNA are constitutively methylated, whereas most of the unmethylated cytosines are
found within CpG islands — regions with clusters of CG sequences in higher propor-
tion than would be expected (Bird, 1986) — located near the coding sequences and/or
downstream of transcription initiation sites within the transcribed region (Ponger
and Mouchiroud, 2002; Murakami et al., 2004; Yamashita et al., 2005). A CpG
island is found at the 5 end of nearly all housekeeping genes, and in many individ-
ual genes including murine MHC class I and II genes (Tykocinski and Max, 1984),
B-globin gene (Waalwijk and Flavell, 1978), and N-cadherin (Akintola et al., 2008).
In most cases, methylation of the individual genes occurs in a tissue-specific manner
(Yamashita et al., 2005).

The CpG islands in the promoter regions of mammalian DNA contain multiple
consensus sequences for binding of transcription factors (Murakami et al., 2004),
thus making methylation modification of the CG dinucleotides in these regions criti-
cal for gene transcription. While DNA hypomethylation correlates with gene expres-
sion/activation, hypermethylation of the CpG island within the promoter region
strongly correlates with transcriptional repression; in fact, DNA hypermethylation
is a hallmark of gene silencing (Lu et al., 2006). There are at least three mechanisms
by which hypermethylation of CG sequences in the promoter region leads to gene
suppression. The most direct mechanism is to prevent the binding of basal transcrip-
tional machinery or ubiquitous transcription factors by the presence of methylated
cytosines at the recognition sites within the promoter regions or other cis regulatory
elements (Bird and Wolffe, 1999). Such transcription factors may require contact
with cytosine in the major groove of the double helix of promoter DNA for activ-
ity (Bird and Wolffe, 1999). For example, AP-2 binding to its recognition sequence
on the promoter region of the pro-enkephalin gene is inhibited by methylation of a
CCGG site within its recognition sequence, leading to suppression of expression of
a pro-enkephalin—CAT fusion gene (Comb and Goodman, 1990). The transcription
factor Sp1 has also been shown to be affected by hypermethylation of CG sequences
(Clark et al., 1997); and more recently, Zhu et al. (2003) demonstrated the inhibi-
tion of Sp1/Sp3 binding and activity in the p21 promoter by the methylation of
adjacent CG sites. Similarly, direct interference with transcription factor binding
on the promoter region by methylated cytosine has been reported for the binding
of ATF/CREB to the cyclic AMP (cAMP)-responsive element (Iguchi-Ariga and
Schaffner, 1989) and for c-myc (Prendergast and Ziff, 1991).

A second mechanism of promoter hypermethylation-induced gene suppression
is the exclusion of the transcriptional machinery from the promoter region by
methylcytosine-binding proteins including MeCP2 and MBD-1, -2, -3, and -4
that are recruited to the methylated cytosine within or near the promoter region
(Bird and Wolffe, 1999). Finally, the methylcytosine-binding proteins can in turn
recruit large protein complexes containing corepressors and histone deacetylases to
the CpG island on the promoter region (Lorincz et al., 2001). Both the MeCP2
and the MBD family of proteins contain a transcriptional repression-binding
domain, and upon binding to methylcytosine-containing DNA facilitate the sup-
pression of gene transcription through interaction with the corepressors and histone
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deacetylases that are chromatin inactivation complexes. The binding of these large
complexes promotes a change in chromatin structure from an open active form
accessible to transcriptional machinery, to a condensed, inactive form that is inac-
cessible to basal transcriptional machinery resulting in the repression of genes at a
distant from the methylated region (Bird and Wolffe, 1999). The change in chro-
matin structure is accompanied by histone deacetylation, and both DNA methyla-
tion and histone deacetylation may act in a synergistic manner in the regulation of
gene expression (reviewed in Attwood et al., 2002; Richardson, 2003). Demethy-
lation of the methylcytosine can also occur either by passive demethylation during
DNA replication or via the action of demethylases that occurs independent of DNA
synthesis. In fact, it has been suggested that DNA methylation may be the default
state and that either active or passive demethylation may be the key determinant of
methylation patterns.

Methods to Detect Methylation Status

A wide range of techniques are available for detecting the methylation status of
DNA, with each technique having its own advantages and limitations; the use of
these methods to examine age-dependent methylation has previously been reviewed
(Fraga and Esteller, 2002; Wojdacz and Hansen, 2006). The methylation techniques
can be classified into two groups depending on the scope of investigation — genome-
wide analysis of DNA methylation or the investigation of methylation of specific
genes. Further, the available methods for detecting DNA methylation can also be
grouped according to the type of techniques and the specific information revealed
(Table 1).

Table 1 Common methylation assays

Method Description

RLGS-M Restriction landmark genomic scanning for methylation. Restriction digest
and electrophoresis allows for genome-wide screening; can identify
multiple targets in tissue

CpG microarray  Allows for high-throughput gene-specific analysis; can use limited starting
material to identify multiple targets in tissue

MSP Methylation-specific PRC. Rapid gene-specific analysis using limited starting
material

Methods available for detecting genomic methylation include high-performance
means liquid chromatography (HPLC) and capillary electrophoresis (HPCE),
restriction landmark genomic scanning for methylation (RLGS-M), and CpG island
microarray (Sulewska et al., 2007). The first two methods permit the quantifi-
cation of overall methylcytosine in genomic DNA, the latter allow for genome-
wide screening of methylation status. The problem with these methods is that the
application requires access to sophisticated and expensive equipment. As such, the
RLGS-M and microarray methods are increasingly utilized for studies. Other meth-
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ods for studying global DNA methylation are in situ hybridization methods based
on the accessibility of methylcytosine to specific antibodies (Adouard et al., 1985).
The in situ method has the advantage that it can be carried out on a cell to cell basis
rather than in a heterogeneous population (Fraga and Esteller, 2002).

The first available methods for the examination of single gene methylation
involve digestion of the DNA samples with a pair of methylation-sensitive and
insensitive restriction enzymes (Fraga and Esteller, 2002), such as Hpall/Mspl. Fol-
lowing digestion with the enzyme pair, the methylation status of a particular gene
is examined by southern blot hybridization or by PCR when the amount of tissue is
limiting (Fraga and Esteller, 2002). Both methods rely on the length of the digested
fragment, with the inability to digest methylated sequences resulting in longer
fragments (Derks et al., 2004). The limitations of these methods include the fact that
they identify methylation only in the sequences containing methylation restriction
sensitive sites, and at times it may be difficult to differentiate between completely
cut unmethylated DNA from a low quantity of methylated alleles (Sulewska
et al,, 2007). In addition, large amount of DNA is required for the southern
hybridization method. However, this method has been used to examine methylation
status during aging in multiple organs, including the brain, liver, and spleen
(Ono et al., 1993).

An improved method for mapping methylcytosines in specific DNA sequences
designed to overcome the limitations associated with the methylation restriction
method is the bisulfite-based technique (Frommer et al., 1992; Clark et al., 1994).
The method, which involves the sodium bisulfate modification of unmethylated
cytosines to uracil is extensively used (Sasaki et al., 2003). Treatment with sodium
bisulfite results in differences between unmethylated and methylated DNA, and the
induced difference is accurately detected by a variety of methods including quali-
tative PCR (methylation-specific PCR, MSP), as well as several quantitative PCR
methods; however, MSP is clearly the most commonly used method to investigate
alterations in methylation in single genes. The quantitative PCR-based methods
include PCR combined with MALDI-TOF MS, fluorescence-based real-time PCR
(Methyl Light), and quantitative analysis of methylated alleles (QAMA) (Lehmann
and Kreipe, 2004; Swift-Scanlan et al., 2005; Wong, 2006). Others are methylation-
sensitive high-resolution melting (MS-HRM), methyl-binding (MB)-PCR, bisulfite
sequencing of PCR products (BSP), analysis of deoxyribonucleoside monophos-
phates (ANMP), and methylation-dependent fragment separation (MDFS). The
combined bisulfite restriction digestion analysis (COBRA) method is based on
the creation or detection of a target for restriction endonuclease after bisulfite
treatment, and the COMPARE-MS combines methylated-DNA precipitation and
methylation-sensitive restriction enzymes techniques (Fraga and Esteller, 2002;
Sulewska et al., 2007). These bisulfite-based methods are very sensitive and
some are quick, such as MSP; however, the limitations include possible introduc-
tion of potential artifacts by incomplete denaturation before bisulfite modification
(Fraga and Esteller, 2002).



Gene-Specific Hypermethylation in Aging 33
Aging: Global Methylation

It has been established in number of studies that, in general, the levels of
total deoxymethylcytosine decrease with aging as evidenced by a decrease
in total 5-methylcytosine levels over passage number in fibroblasts (Wilson and
Jones, 1983; Holliday, 1985). This finding also occurs in vivo in a number of verte-
brate species in multiple organs (Vanyushin et al., 1970, 1973; Mays-Hoopes et al.,
1986; Wilson et al., 1987; Singhal et al., 1987; Golbus et al., 1990). Interestingly,
repetitive DNA sequences are the primary target of age-related hypomethylation
(Romanov and Vanyushin, 1981; Mays-Hoopes et al., 1986). There are, however,
notable exceptions to these findings — rat lung genomic DNA does not undergo sig-
nificant demethylation during aging, while total methylcytosine content increases
in the rat kidney during aging (Vanyushin et al., 1973). Total DNA methylation is
also proposed to increase, based on the incorporation of labeled methylmethionine,
in the aging rat brain and to a lesser extent the liver (Kanungo and Saran, 1991,
1992). While these studies were among the first to suggest that alterations in DNA
methylation are a component of aging, they offer little mechanistic insight into the
specific genes that underlie cell- and organ-specific changes associated with aging.

Aging: Gene-Specific Methylation

Over the past decade, identification of gene-specific alterations in methylation status
during aging has become an increasing focus of research, primarily as a mechanism
that may underlie age-dependent tumor formation. Although methylation of CpG
islands in human and mice during aging is an infrequent event and is confined to
small number of genes (Tra et al., 2002), a number of genes that are regulated by
methylation during aging have now been identified (Table 2).

Table 2 Hypermethylated genes identified in multiple organs during aging in humans

Gene Organ Pathophysiology
ESR1 Colon, breast, heart, arterial SMC Cancer, atherogenesis
GSTP1 Liver, prostate Cancer

HIC-1 Colon, liver Cancer

RASSF1A Liver, breast, kidney, prostate Cancer

SOCS1 Colon, liver Cancer

Liver

Proto-oncogenes, including c-myc and c-fos, were first identified as methylation
targets during aging. Using methylation-sensitive restriction enzyme sites, Ono and
colleagues demonstrated hypermethylation of c-myc in the liver of aged mice (Ono
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et al., 1986). These changes were both gene and organ specific; methylation sta-
tus of actin and dihydrofolate reductase genes was not significantly changed dur-
ing age, and methylation status of c-myc was not affected by aging in the brain,
but was hypomethylated in the spleen. Subsequent studies confirmed these results
and demonstrated a decrease in c-myc mRNA levels in aging mice, although these
methylation changes occur at distant locations from the promoter (Ono et al.,
1989). Interestingly, hypermethylation of c-myc is attenuated by caloric restriction
(Miyamura et al., 1993). The extent of DNA methylation of c-fos was also shown
to increase with age in the mouse liver (Uehara et al., 1989). The finding that c-fos
methylation increased in liver during aging in mice has been confirmed in humans,
specifically that methylation from intron 1 to exon 4 increases with age (Choi et al.,
1996). More recently, other genes that are affected by age-related methylation have
been identified in the human liver. Using bisulfite modification, promoter methy-
lation of hypermethylated in cancer 1 (HIC-1), caspase-8 (CASPS), glutathione
S-transferase pi (GSTP1), suppressor of cytokine signaling 1 (SOCS1), RAS asso-
ciation family 1 (RASSF1A), pl6, and adenomatosis polyposis coli (APC) are
increased in aged patients (over 65 years) (Nishida et al., 2008).

Gastrointestinal Tract

A series of parallel studies by Issa and coworkers identified genes affected by methy-
lation during aging that are also linked to carcinogenesis in the gastrointestinal
tract. Using methylation-sensitive restriction digestion analysis, the estrogen recep-
tor (ER) gene was methylated as a function of age in the human colon and paral-
leled the loss of expression (Issa et al., 1994). Interestingly, the methylation of the
ER gene increased in a linear fashion over age (Issa, 2000). Since the initial finding,
this group has identified a number of genes that are targets of methylation during
aging, including insulin-like growth factor II (Issa et al., 1996), N33, and MYOD
(Ahuja et al., 1998). These findings are gene specific as p16, thrombospondin 1
(THBS1), HIC-1, and calcitonin/calcitonin-related polypeptide (CALCA) are not
hypermethylated with age (Ahuja et al., 1998). In colon, age-related hypermethyla-
tion involves 50% of genes hypermethylated in colon cancer; this may underlie the
age-related risk of cancer development (Ahuja and Issa, 2000). More recent studies
have used MSP analysis to demonstrate age-dependent methylation of a number of
genes in the human duodenum, including helicase-like transcription factor (HLTF),
suppression of tumorigenicity 14 (ST14), P-cadherin (CDH3), LIM homeobox pro-
tein 1 (LHX1), ubiquitin carboxy-terminal esterase L1 (UCHL1), serum depriva-
tion response factor-related gene product that binds to c-kinase (SRBC), SOCSI,
0-6-methylguanine-DNA methyltransferase (MGMT), and HPP1 (Matsubayashi
et al., 2005). Again, these effects were gene specific, as the methylation of pl6,
E-cadherin, serine/threonine kinase 11 (STK11), VHL, and human mutLL homolog
1 (hMLH1) was not affected by age. Cyclin D2 methylation is also increased in the
duodenum as a function of age, as well as in the pancreas and gallbladder (Matsub-
ayashi et al., 2003). In addition, stem cell crypts in human small intestine have a
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distinct age-related methylation pattern (Kim et al., 2005); while these studies did
not focus on specific genes in relation to disease development, they are interesting
given the role of stem cells in tumor development (reviewed in Gostjeva and Thilly,
2005; Pinto and Clevers, 2005).

Other Organs

Age-dependent methylation is also proposed to be important in other organs sus-
ceptible to tumor development in the elderly. Tumor suppressor gene (TSG) methy-
lation increased in breast with age, specifically RASSF1A (Euhus et al., 2008).
RARbeta2, RASSF1A, GSTP1, NKX-2 and -5, and estrogen receptor o (ESR1)
methylation increased with age in human prostate cancer (Li et al., 2004; Kwabi-
Addo et al., 2007). MSP revealed that promoter methylation of a number of
genes (AP, DAP-kinase, E-cadherin, GSTP1, hMLHI, p16, RASSF1A, RUNX3)
increased in a number of organs, including the liver, lung, and kidney (Waki et al.,
2003). RASSF1A promoter methylation also increases with age in human kidney
(Peters et al., 2007).

Age-dependent hypermethylation of genes may also be important in other age-
related pathologies, although studies in this area are relatively sparse. Collagen a1(I)
promoter is hypermethylated in periodontal ligament in humans and may be related
to age-dependent degeneration of periodontal tissues (Takatsu et al., 1999). Simi-
lar to the studies cited above in human colon, the ERa promoter is methylated in
the right atrium and arterial smooth muscle cells as a function of age (Post et al.,
1999). Based on the finding that methylation is increased in coronary atherosclerotic
plaques when compared to normal proximal aorta in the same study, it is suggested
that inactivation of ERa by methylation is important in atherogenesis. In a study
of peripheral blood harvested from Alzheimer’s patients, telomerase reverse tran-
scriptase (hTERT) methylation increased with age, but not SIRT3, SMARCAS, or
E-cadherin (Silva et al., 2008). Our laboratory has shown that N-cadherin is lost in
aging rat kidney due to promoter methylation, an effect that is attenuated by caloric
restriction which suggests that this may be important in age-dependent alterations
in renal structure and function (Akintola et al., 2008). Finally, an interesting study
demonstrates that age-dependent methylation may differentially affect transcription
factor-binding sites. In a study of human cerebral cortex, Tohgi et al. (1999) used
MSP to demonstrate that AP-2-binding sites were not methylated, while methyl-
cytosines in Spl-binding sites increased with age; those in GCF-binding sites, a
repressor of GC-rich promoters, decreased with age.

Conclusions
It is well established that aging is associated with global and gene-specific changes

in DNA methylation. While an association between methylation-mediated silenc-
ing of tumor suppressor genes and the development of age-related tumors can be
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deduced, we still know very little about the cause-and-effect role of DNA methy-
lation in age-dependent pathophysiologies. It is clear that these studies represent
an exciting area of research and our knowledge will be facilitated by the con-
tinued development of techniques to assess gene-specific DNA methylation in a
high-throughput manner. More important, however, will be the dissection of the
mechanistic contribution of these changes to both normal and pathologic aging
and to determine if this represents a point of therapeutic intervention in the
latter.
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Aging and Non-sirtuin Histone Modifications

Inga Kadish

Abstract Histones, once thought of as static structural elements, are now known to
be dynamic and integral elements of the machinery responsible for regulating gene
transcription. Modification of histones and/or DNA can alter the strength of their asso-
ciation and thus, together, modulate transcriptional activity. Acetylation of histones
neutralizes their positively charged, lysine-rich amino-terminal tails, loosening the
histone—-DNA contacts, thus making DNA more accessible at these specific sites for
transcription. It is widely accepted that there is a direct correlation between histone
acetylation and transcriptional activity for a given segment of chromatin. Histone
acetyltransferases (HATSs) facilitate histone acetylation and are thus believed to act as
transcriptional activators. In contrast, histone deacetylases (HDACSs) remove acetyl
groups from histones and thereby repress transcription by compacting DNA. The bal-
ance between the activity of HATs and HDACs regulates transcription, but with aging
this balance is lost, leading to either gene overactivity (e.g., in cancer cells) or gene
repression that can lead to neurodegeneration during the aging process.

Keywords Aging - Histone acetyltransferases - Histone deacetylases - Chromatin
modification

In eukaryotic cells, DNA is associated with proteins (histones) that together form
a complex known as chromatin. Together, this DNA—protein complex is packed
compactly such that chromatin of all chromosomes is packed inside the nucleus
of living cells. The first level of compaction is wrapping DNA around nucleo-
somes. Each nucleosome core consists of two molecules each of histones H2A,
H2B, H3, and H4. A 146-bp segment of acidic DNA is wrapped around the out-
side of this core of basic histones, forming a 10-nm nucleosome fiber. The ability of
transcription factors to access nucleosome-bound DNA at this level is largely con-
trolled by the packaging of the chromatin and, thus, the DNA (Fig. 1). Chromatin
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Fig. 1 Schematic illustrating the alteration in the nucleosome structure due to acetylation
by histone acetyltransferases (HATs) and deacetylation by histone deacetylases (HDACSs). The
nucleosome is composed of eight core histones (i.e., two each of H2A, H2B, H3, and H4; cylinder)
and DNA (line around the cylinders). In addition to acetylation, histones can be posttranslation-
ally modified through methylation, phosphorylation, ubiquitination, and ADP-ribosylation; most
of these modifications take place on their “tail” domains (not shown in Fig. 1.)

is further compacted into higher order structures known as 30-nm chromatin
fibers, requiring the addition of histone H1 in many chromosomal regions (e.g.,
Marmorstein 2004).

Histones, once thought of as static structural elements, are now known to
be dynamic and integral elements of the machinery responsible for regulating
gene transcription, replication, repair, recombination, and chromosome segregation.
Modification of histones and/or DNA can alter the strength of their association
and can thus modulate transcriptional activity. Histones are basic proteins with a
large proportion of positively charged amino acids, mainly arginine and lysine, and
they can be posttranslationally modified through methylation, acetylation, phospho-
rylation, ubiquitination, and ADP-ribosylation. Most of these modifications take
place on their “tail” domains (Bannister and Kouzarides 2005; Mai et al. 2005).
The histone tails, which protrude from the surface of the chromatin polymer and
are protease sensitive, compromise ~25-30% of the mass of individual histones
(Wolffe and Hayes 1999), thus providing an exposed surface for potential interac-
tions with other proteins. Modifications, performed by histone acetyltransferases
(HATs), histone deacetylases (HDACs), histone methyltransferases (HMTs), and
histone kinases (HKs), offer a mechanism through which upstream signaling path-
ways can converge on common targets to regulate gene expression.

Of the modifications listed above, histone acetylation has been the most
studied. Acetylation of histones neutralizes their positively charged, lysine-rich
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amino-terminal tails, loosening the histone—-DNA contacts, thus making DNA more
accessible at these specific sites for transcription (e.g., Wolffe and Pruss 1996; Roth
et al. 2001). It is widely accepted that there is a direct correlation between his-
tone acetylation and the observed transcriptional activity for a given segment of
chromatin. Histone acetyltransferases (HATS) facilitate histone acetylation and are
thus believed to act as transcriptional activators. In contrast, histone deacetylases
(HDAC:Ss) remove acetyl groups from histones and thereby repress transcription by
compacting DNA (de Ruijter et al. 2003; Annunziato and Hansen 2000). Whereas
this is a common pathway of gene regulation, in some cases, however, acetylation of
histone tails can result in transcriptional repression and, similarly, decreased acety-
lation can lead to transcriptional activation (Deckert and Struhl, 2001). Thus, it is the
interplay between HAT and HDAC activities that primarily governs local chromatin
structure and, thus, gene expression. Likewise, the methylation status of histones
can result in both transcriptional activation and repression of a particular genetic
target depending on cellular conditions and signals (Lachner and Jenuwein 2002).
Hyperacetylated histones are linked to transcriptionally active domains, whereas
hypoacetylated histones are generally associated with transcriptionally silent loci
(Strahl and Allis 2000) (Fig. 1). For example, many repression factors have been
shown to operate by recruiting HDACs that alter the local chromatin structure to
a more condensed organization (Moazed 2001). However, HDACs do not directly
bind to the DNA sequence and require additional factors for target gene recognition
(de Ruijter et al. 2003; Pazin and Kadonaga 1997). For instance, a linkage between
some sequence-specific DNA-binding transcriptional repressors (e.g., Mad:Max,
unliganded nuclear receptors, and Ume6) and the deacetylases is needed (de Ruijter
et al. 2003). Factors that appear to establish the protein—protein link between the
DNA-bound repressors and the deacetylases are SIN3 and NCoR-SMRT, which are
related proteins that were originally identified as corepressors of unliganded nuclear
receptors. Other proteins that are found to be associated with SIN3 proteins include
SAP18 (SAP-mSIN3-associated polypeptide), SAP30, RbAp46, and RbAp4S8. Sig-
nificantly, RbAp48 is associated with HDAC1 (Taunton et al. 1996) and it is also a
subunit of chromatin assembly factor 1 (Roth and Allis 1996).

HDAC:S have additional activities that are not directed at histones: many HDACs
are partially found in the cytoplasm (Fig. 2) and some have been shown to act on
nonhistone substrates, such as the cytoskeletal protein tubulin and the transcrip-
tion factors pS3 and YY1 (Yao et al. 2001; Hubbert et al. 2002; Ito et al. 2002).
Acetylation/deacetylation might thus be a widespread type of posttranscriptional
modification, acting in a manner similar to phosphorylation/dephosphorylation in
the regulation of protein activity (Kouzarides 2000).

Recent phylogenetic studies (Gregoretti et al. 2004) classify the non-sirtuin
HDACS into three families: class 1 (including yeast RPD3, Drosophila RPD3,
human HDACs 1, 2, 3, and 8), class 2 (including yeast HDA1, human HDACs
4-7, 9, and 10), and an additional class 4 defined by the recently identified human
HDAC 11 (Gao et al. 2002) (Table 1). Class 1 HDACs, with the possible excep-
tion of HDACS3, are predominantly nuclear in localization (Taplick et al. 2001).
Class 2 HDACs have a high degree of homology to the yeast HDAC Had-1, and



44 I. Kadish

nuCleyg

HDAC4 HDAC4
HDAC5 / HDAC1 HDAC5
HDAC6 . HDAC2 \
HDAC3 HDAC7 | HDAC3 HDAC7
HDACS HDACY | HDAC8 HDACY
HDACID | HDAGIO

human cell

Fig. 2 Schematic illustrating the predominant localization of the non-sirtuin mammalian HDACs
in the nucleus and the cytoplasm

they are larger in size compared to class 1 HDACs (Grozinger et al. 1999; Bertos
et al. 2001) and are expressed in a tissue-specific manner. HDAC4 is expressed
in brain, heart, and skeletal muscle tissues, HDACS expression partially overlaps
with HDAC4, and HDACS6 has the highest expression levels in heart, liver, kidney,
and pancreas. The differences in tissue expression may reflect the tissue-specific
function of these enzymes. Class 2 HDACs exist in both the nucleus and the cyto-
plasm (Fig. 2), and the shuttling of class 2 HDACs 4, 5, 7, and 9 in and out of
the nucleus is a major mechanism by which their activity is thought to be regu-
lated (Bertos et al. 2001). These HDACs associate with 14-3-3 proteins, and this
binding is absolutely dependent on phosphorylation of the conserved N-terminal
serine residues of HDACs, and the association results in sequestration of HDACs
to the cytoplasm. HDAC6, present predominantly in the cytoplasm, is capable of
nucleocytoplasmic shuttling like most class 2 HDACs. Although HDAC6 does not
bind to 14-3-3 proteins, the subcellular localization of HDACG6 also appears to be
regulated, as cell-cycle arrest results in partial translocation of the protein into the
nucleus (Verdel et al. 2000). In order to deacetylate histones and, thus, to repress
transcription, HDACs must reside in the nucleus. Therefore, signals that enhance
HDAC nuclear localization positively regulate HDAC activity. In contrast, signals
that increase the cytoplasmic localization of HDACs negatively regulate their activ-
ities. Since HDACI, 2, and 8 are predominantly nuclear proteins, it appears that
the activity of these three class 1 HDACsS is not regulated by subcellular local-
ization. In contrast, HDAC3 can be found in both the nucleus and the cytoplasm,
and the nuclear/cytoplasmic ratio depends on the different cell types. Class 1 and
2 HDACS share significant homology at the deacetylase domain but differ in their
N-terminal sequence. Different HDACsS recruit various types of cofactors and form
distinct nuclear complexes that bring transcription factors to a local region in the
chromatin to act as a transcriptional repressor (Khochbin et al. 2001). As a result,
diverse gene expression patterns and physiological outcomes can be regulated by
different HDACs and their binding partners. For example, class 1 HDACs such
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Table 1 Names of the

different class 1 and class 2 Species Class 1 Class 2
histon 1 in th
P Yeast RPD3 HDAI
species HOS1
HOS2
HOS3
Drosophila RPD3 dHDAC4
dHDAC3 dHDAC6
Human HDACI1 HDAC4
HDAC2 HDAC5
HDAC3 HDAC6
HDACS HDAC7
HDAC9
HDACI10

as RPD3 and HDAC1 make complexes with SIN3 to alter the transcription of
their target genes (Pile and Wassarman, 2000). Class 2 HDAC:s, instead of bind-
ing to SIN3, bind to MEF2 family of transcription factors through the MEF2-
binding domain in the amino-terminal of the enzymes to inhibit MEF2-dependent
transcription.

Epigenetic regulation of gene expression is recognized as an important mech-
anism during the developmental phase, and plays a role in some diseases, such
as cancer. Correct development and cellular homeostasis are linked to the proper
balance between histone acetylation (i.e., HAT activity) and histone deacetylation
(i.e., HDAC activity) to regulate transcription (Fig. 1). In addition, DNA methyla-
tion and histone modifications are major players of epigenetic regulation in normal
mammalian aging. For example, the status of histone acetylation plays an important
role in senescence; studies using high-throughput screening of age-dependent chro-
matin remodeling, semirandom genome sampling, and chromatin immunoprecipi-
tation revealed changes in histone H4 acetylation patterns spanning up to megabase
distances when comparing young and old donor-derived fibroblasts (Russanova
et al. 2004). Senescent cells display several characteristics, including histological
changes, shortened telomeres, increased expression of pl6™K+ and p21Cipl/Wafl
and increased activity of senescence-associated f3-galactosidase (Sasaki et al. 2008).
Studies by Ocker and Schneider-Stock (2007) provide the evidence that the expres-
sion of p16™K42 and cycline-dependent kinase inhibitor p21CP/Wafl jg at least par-
tially controlled through histone acetylation within promoter regions. For example,
increased p21“iP1/Watl transcription through HDAC inhibition is linked to increased
H3 acetylation in that region.

Most of the current understanding of the role of HDACs in regulating aging
comes from studies using the budding yeast as a model organism, and there SIR2,
an NAD*-dependent HDAC, is thought to regulate cellular senescence. However,
the importance of HDACsS in regulating longevity is also demonstrated by the role
of RPD3, a class 1 HDAC. The deletion of yeast rpd3 increases the budding yeast
life span and leads to transcriptional silencing at several loci, including HM and
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RDNI1 (Kim et al. 1999). Deletion of another HDAC, HDA1, however, had no effect
on longevity although an increase in subtelomeric silencing was observed. These
results suggest that telomeric silencing alone is not sufficient to cause aging and
that silencing at HM and RDNI loci is important for regulating longevity. Thus, it
has been proposed that different acetylation patterns of the core histones determine
the intensity of heterochromatic silencing. Gene expression profile studies in yeast
showed that rpd3 deletion caused a twofold downregulation of 264 genes and upreg-
ulation of 170 transcripts (Bernstein et al. 2000). The sir2 deletion, on the other
hand, led to a twofold downregulation of 10 genes and upregulation of 57 genes.
Bernstein and colleagues (2000) therefore propose that histone deacetylation by
either RPD3 or SIR2 can alter the global gene expression pattern by both enhancing
and repressing the transcription of numerous genes, not just genes in the telomeric,
HM, and RDN1 loci. The gene expression studies also showed an interesting differ-
ence in the class of genes upregulated by sir2 and rpd3 deletions, suggesting that
SIR2 and RPD3 normally affect genes of distinct physiological functions. A study
on the effect of a general HDAC inhibitor, phenylbutyrate (PBA), on the extension
of yeast life span also supports the idea that specific alteration of gene expression
pattern is important for longevity.

So far, little is known about how aging changes epigenetic regulation of specific
genes, especially histone acetylation. One problem in studying age-related epige-
netic mechanisms is that there are, at this point in time, few well-established models
of epigenetic changes in normal mammalian aging.

After the developmental phase, nearly all cells probably undergo chromatin
remodeling that permanently prevents their reentry into the mitotic cycle. How-
ever, this stable chromatin repression has been suggested to be destabilized by
age-related increases in HDAC activity. Thus, it has been postulated that senes-
cence is mediated by a competition between histone acetyltransferases (HATS)
and histone deacetylases (HDACs) to bind to promoters of cell-cycle genes, and
thus increased HAT or HDAC levels can each trigger senescence. For instance,
recently Bandyopadhyay et al. (2007) showed that the senescence response in cul-
tured human melanocyte cells is likely due to the chromatin modifications because
the retinoblastoma complexes from senescent melanocytes contained increased lev-
els of HDAC activity and altered HDAC1. The authors demonstrated that HDAC1
was prominently detected in p16™K42_positive, senescent intradermal melanocytic
nevi but not in the proliferating, recurrent nevus cells that localize to the epidermal—
dermal junction. Based on the results, they propose a model by which upregula-
tion of pl6™K4 triggers retinoblastoma (RB) dephosphorylation and recruitment
of increased levels of HDACI1. Changes in the stoichiometry and dynamics of RB
macromolecular complexes, by upregulation of HDACI via increased transcrip-
tion or by increased use of the cell’s steady-state HDAC1 pool, in turn initiate a
chain of events leading to chromatin remodeling and silencing of growth-promoting
genes.

Further experimental evidence suggests that the HDAC1 deacetylase plays sig-
nificant roles in aging and cancer. For example, HDACI1 stimulates angiogenesis
both in vitro and in vivo; more specifically, it is hypoxia inducible and the HDAC
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inhibitor trichostatin A has a potent antiangiogenic effect, indicating that HDAC1 is
closely involved in angiogenesis through suppression of hypoxia-responsive tumor
suppressor genes (Kim et al., 2001).

The concept of a molecular “memory” regulating the pattern of gene expres-
sion has been very well characterized in the study of imprinting and inheritance
of parental traits (Bantignies and Cavalli 2006). For instance, Shen et al. (2005)
reported that for oligodendrocytes, “epigenetic memory” is established in two steps:
the first step characterized by deacetylation of lysine residues in the tails of nucle-
osomal histones followed by a second step of more stable histone methylation. In
a recently published study, Shen et al. (2008) have studied the age-related changes
of the intrinsic properties of oligodendrocyte lineage cells, and they have identified
the progressive loss of the “epigenetic memory” that is stored in the chromatin of
oligodendrocytes (and that thus modulates gene expression). Namely, the authors
show that the activity of histone methylation and histone deacetylation, which are
required for the establishment and maintenance of the oligodendrocyte epigenetic
memory, is defective in aged mice. They demonstrate that lack of histone methy-
lation and increased acetylation in mature oligodendrocytes in the mouse corpus
callosum are associated with global changes in gene expression, which include
the reexpression of transcriptional inhibitors and persistent expression of precursor
markers. The authors also demonstrate that reactivation of gene expression is not a
random event, but rather it is selective for those genes whose levels progressively
decrease during development, due to the establishment of the “epigenetic memory”
in oligodendrocytes. The pattern of gene expression observed in oligodendrocytes
in the aging brain, characterized by decreased Olig2 expression concomitant with
Nkx2.2 upregulation, is reminiscent of the pattern detected in ventral glial progen-
itors of the zebra fish (Cunliffe and Cassacia-Bonnefil 2006), which lack a critical
enzymatic activity (i.e., HDAC1) for the establishment of the epigenetic memory
of gene expression in developing oligodendrocytes. Recently though, we made the
unexpected finding that class 1 histone deacetylases show major downregulation in
rat hippocampus and other brain regions with aging. This effect is especially strong
in oligodendrocytes in white matter tracts such as the corpus callosum. Because
HDACSs are important molecules in epigenetic regulation (repressing transcription
by deacetylating histone lysine residues), the study of the factors that regulate the
activity of HDACs in oligodendrocytes in the aging brain appears to be a model
system that is currently available for studying the role of epigenetics in normal
aging.

In addition, HDACs have recently attracted considerable attention because chem-
ical inhibitors of HDACSs induce growth arrest, differentiation, and/or apoptosis
of cancer cells and may thus represent a new class of antitumor agents (Marks
et al. 2003). At present the application of HDAC inhibitors for the therapy of
cancer (or other diseases) is mainly directed to class 1 and 2 HDACs (Table 1).
HDAC inhibitors (HDACI) have been categorized in four different groups based on
their chemical structures including hydroxamates (trichostatin A, suberoylanilide
hydroxamic acid — SAHA), cyclic peptides (depsipeptide), aliphatic acids (sodium
butyrate, valproic acid, phenylbutyrate), and benzamides. Of these, the most widely
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studied are sodium butyrate, phenylbutyrate, trichostatin A, and SAHA. These
inhibitors of class 1 and 2 HDACs are in phase I/II trials for cancer therapy and
potential cancer prevention. In the nervous system, the anticonvulsant and mood-
stabilizing drug valproic acid has been identified as an inhibitor of HDACI, thereby
linking its antiepileptic effects to changes in histone acetylation. More recent work
has revealed that inhibitors of class 1 and 2 HDACs also represent novel therapeutic
approaches to treat neurodegenerative disorders (Gardian et al. 2005; Kontopoulos
et al. 2006; Fischer et al. 2007), depression and anxiety (Schroeder et al., 2007),
and possibly cognitive deficits that accompany many neurodevelopmental disor-
ders. For example, Kontopoulos and colleagues (2006) using a Drosophila model
of Parkinson’s disease demonstrated that nuclear targeting of a-synuclein promotes
its toxicity and that the sequestration of a-synuclein to the cytoplasm is protec-
tive. It was further shown that a-synuclein binds directly to histones, reduces lev-
els of acetylated histone H3, and inhibits HAT-mediated acetyltransferase activity.
Administration of HDACi in vivo or in vitro rescued a-synuclein-induced toxicity.
A recent study by Faraco et al. (2006) demonstrated a role for HDAC:i in ameliora-
tion of neuronal death and cognitive deficits in postischemic neurons. The authors
report that the potent HDACi SAHA administered intraperitoneally to mice at 0 and
6 hours after induction of stroke by middle cerebral artery occlusion prevented H3
deacetylation, promoted expression of neuroprotective proteins Bcl-2 and Hsp70,
and reduced infarct volume, indicating a neuroprotective action of SAHA. Further-
more, although no direct demonstration of amelioration of synaptic plasticity or
cognitive impairments has been documented for Alzheimer’s disease, recent stud-
ies from Fischer and colleagues (2007) show that HDAC inhibitors restore histone
acetylation status and learning and memory in a mouse model of neurodegener-
ation. This group conditionally and inducibly expressed p25, a cell-cycle protein
implicated in neurodegenerative disease, under the control of the CaMKII promoter.
The increased expression of p25 reduces learning and memory in this mouse line
due to neuronal loss, but the treatment with an HDACI1 rescued these cognitive
deficits. Furthermore, they demonstrated that environmental enrichment similarly
improved these deficits and that this was correlated with chromatin modifications
(i.e., increased histone-tail acetylation).

Since there are many different HDACsS, it will be important to design therapies
that can target individual enzymes and thus increase the precision of this approach.
As discussed above, reduced histone acetylation is a final common endpoint in
many neurodegenerative (including aging) and psychiatric disorders but may arise
via diverse means including reduced HAT activity, increased HDAC activity, or
increased DNA methylation. Further, combinations of drugs that inhibit DNMTs
as well as HDACs may result in synergistic effects because DNA methylation and
histone modifications can interact (Abel and Zukin 2008).

In conclusion, histone modifications have a defined profile during develop-
ment, aging, and cell transformation. As organisms age, there is a general, marked
decrease of histone acetylation, which in concert with altered methylation of DNA
leads to changes in gene expression that together contribute to the progression of

aging.
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Sirtuins and Aging

Yuqing Dong and Sige Zou

Abstract Sirtuins are a family of highly conserved genes widely distributed in
organisms ranging from bacteria to humans. Mounting evidence has revealed the
important role of sirtuins in a variety of biological processes, including tran-
scription regulation, apoptosis, DNA repair, metabolism, and more prominently,
aging. Sirtuins regulate lifespan in evolutionarily diverse species partly through
modulating calorie restriction pathways. Sirtuins link the nutritional status of the
cell to transcription regulation through their nicotinamide adenine dinucleotide
(NAD™")-dependent deacetylase and/or ADP-ribosyltransferase. The unique features
of sirtuins make them ideal targets for discovery of prolongevity compounds or
aging interventions. This chapter will review the functions of sirtuins in aging and
aging interventions related to sirtuins.

Keywords Sirtuins - Life span - Metabolism - (NAD")-dependent - Protein
deacetylase - ADP-ribosyltransferase - Gene regulation

Introduction

It has been known for years that histone/protein deacetylases (HDACSs) deacetylate
lysine residues on histones and other proteins and epigenetically modify the activi-
ties and functions of their substrates (Marmorstein and Roth 2001; Roth et al. 2001).
To date, four classes of HDACs have been defined in eukaryotes. The members in
class I, II, and III are distinguished by their homology to yeast proteins, reduced
potassium dependency 3 (Rpd3, class I), histone deacetylase 1 (Hdal, class II), and
silent information regulator 2 (Sir2, class III) (Blander and Guarente 2004; Sengupta
and Seto 2004). Human HDAC11 is the sole member of class IV, which carries traits
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of both class I and class II. HDACI11 protein is conserved only in fly, mouse, and
higher organisms but not in yeast and nematode (Gao et al. 2002).

The Sir2 family consists of many evolutionarily conserved genes distributed in
a broad range of organisms from yeast to mammals, collectively termed sirtuins. In
comparison to other classes of HDACSs, sirtuins are unique as their activity requires
nicotinamide adenine dinucleotide (NAD™) as a cofactor (Denu 2003; Blander and
Guarente 2004). Sir2, the founding member of sirtuins, was originally found to reg-
ulate silencing at the silent mating-type loci in the budding yeast Saccharomyces
cerevisiae (Klar et al. 1979). Sir2 has also been well documented to function in
telomere silencing, ribosomal DNA (rDNA) recombination, and genome integrity
maintenance (Gottschling et al. 1990; Bryk et al. 1997; Smith and Boeke 1997,
Gasser and Cockell 2001; Rusche and Rine 2001). Notably, in addition to silenc-
ing, studies of aging by Guarente and colleagues a decade ago led to the discov-
ery of Sir2 as a key regulator of replicative lifespan in S. cerevisiae (Kaeberlein
et al. 1999). Since then, increasing interest has focused on the function of sirtuins
in aging and aging-related biological processes in multiple organisms. This chap-
ter will review these progresses and the effects of aging interventions linked to
sirtuins.

Distribution of Sirtuins in Model Organisms

Sirtuins belong to a highly conserved gene family widely distributed in organisms
from single-cell organisms to humans (Table 1) (Brachmann et al. 1995). Studies on
the biochemistry of sirtuins indicate that they exhibit enzymatic activity as protein
deacetylases and/or ADP-ribosyltransferases (ART) (Frye 1999; Liszt et al. 2005).
Both of these activities are dependent on NAD* (Fig. 1). Since NAD* is an indica-
tor of metabolic status, these findings suggest that sirtuins are part of the nutritive
sensing system in the cell.

Sir2, the founding member of sirtuins, was first discovered in S. cerevisiae when
a spontaneous sterile mutation was found to cause silencing defects at the silent
mating-type loci HMRa and HML« (Klar et al. 1979). To date, a total of five
yeast sirtuins, Sir2 and four homologs of Sir2 (Hst1-Hst4), have been identified in
S. cerevisiae (Derbyshire et al. 1996). All these sirtuins are involved in silenc-
ing at the silent mating loci, rDNA, and telomeric regions but in different ways.
Overexpression of Hstl can suppress transcription silencing defects caused by sir2
deletion, while hstl deletion appears to have no effect on rDNA recombination
and silencing at the silent mating-type loci (Brachmann et al. 1995; Derbyshire
et al. 1996). Hst2 overexpression disrupts silencing at the telomere but enhances
silencing in rDNA (Perrod et al. 2001). Hst3 and Hst4 work together to participate
in cell-cycle progression, genomic integrity, and telomeric silencing (Brachmann
et al. 1995; Derbyshire et al. 1996; Smith et al. 1997). Although Sir2 functions as a
transcription silencer through its protein deacetylase and/or ADP-ribosyltransferase
activities, the predominant enzymatic activity of Sir2 is as a protein deacetylase.
This notion is supported by findings that subtelomeric sequences (generally less
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Table 1

Organism Gene Sub-cellular localization Enzymatic activity

S. cerevisiae Sir2 Nucleus Deacetylase/ART
Hstl Nucleus Deacetylase
Hst2 Cytoplasm Deacetylase
Hst3 Nucleus Unknown
Hst4 Nucleus Unknown

C. elegans Sir-2.1 Nucleus Deacetylase
Sir-2.2 Unknown Unknown
Sir-2.3 Unknown Unknown
Sir-2.4 Unknown Unknown

D. melanogaster dsir2 Nucleus Deacetylase
dsSirt2 Unknown Deacetylase
dsSirt4 Unknown Unknown
dsirt6 Unknown Unknown
dsirt7 Unknown Unknown

Mammals SIRT1 Nucleus Deacetylase
SIRT2 Cytoplasm Deacetylase/ART
SIRT3 Mitochondria Deacetylase/ART
SIRT4 Mitochondria ART
SIRTS Mitochondria Unknown
SIRT6 Nucleus Deacetylase/ART
SIRT7 Nucleus Unknown

Note: ART, ADP-ribosyltransferase
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Fig. 1 Enzymatic activities of sirtuins. Sirtuins can function as protein deacetylase and/or ADP-
ribosyltransferase to modulate activities of target proteins through post-translational and covalent
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than 4 kb to the telomeric ends), the silent mating-type loci HMRa and HMLw, and
the rDNA loci are hyperacetylated in the absence of sir2 (Strahl-Bolsinger et al.
1997; Moazed 2001; Robyr et al. 2002). In the fission yeast Schizosaccharomyces
pombe, there are three Sir2-like genes, Sir2, Hst2, and Hst4 (Ghidelli et al. 2001).
Like those in the budding yeast, these sirtuins are involved in transcriptional silenc-
ing via NAD*-dependent protein deacetylase at the silent mating loci, telomeres,
centromeres, and the rDNA loci through different mechanisms (Shankaranarayana
et al. 2003; Durand-Dubief et al. 2007).

Based on homology to yeast Sir2, four sirtuins, sir-2.1 to sir-2.4, have been iden-
tified in the nematode Caenorhabditis elegans. SIR-2.1 appears to possess protein
deacetylase activity based on an in vitro deacetylation assay (Wood et al. 2004).
However, if and how the nematode sirtuins generally regulate gene expression is far
less clear. SIR-2.2 appears to function in genomic stability and DNA repair since
knockdown of sir-2.2 by RNA-mediated interference (RNAi) results in increased
spontaneous mutagenesis (Pothof et al. 2003). Among the C. elegans sirtuins, sir-2.1
is the best studied and its biological function in longevity modulation has been well
documented. Increasing SIR-2.1 activity with extra copies, but not sir-2.2, sir-2.3,
or sir-2.4, extends lifespan in C. elegans (Tissenbaum and Guarente 2001).

In Drosophila melanogaster, five sirtuins, dSir2, dSirt2, dSirt4, dSirt6, and
dSirt7, have been identified. Of these, dSir2 is most similar to the budding yeast
Sir2. In vitro assays indicate that dSIR2 can act as a protein deacetylase to deacety-
late acetylated histone peptides or full-length histone H4 protein (Barlow et al.
2001; Rosenberg and Parkhurst 2002). In vivo, dSir2 is implicated in regulating
both euchromatic and heterochromatic silencing, which is known as position-effect
variegation in D. melanogaster (Rosenberg and Parkhurst 2002). Consistent with
other eukaryotic organisms, the Drosophila dSir2 gene is nonessential. Deletion of
dsir2 subtly affects position-effect variegation, but has no influences on viability and
development (Astrom et al. 2003). Notably, however, Drosophila dsir2 homozygous
mutants have shortened lifespan (Astrom et al. 2003).

In mammals, the sirtuin family has seven members, Sirtl to Sirt7. Each sirtuin
is defined by a conserved catalytic core domain and its flanking sequence at the
N- or C-termini. These flanking extensions of core domains are thought to promote
target-binding specificity (Cuperus et al. 2000). Based on their sub-cellular local-
ization, mammalian sirtuins can be classified into three groups. Group I consists of
Sirtl, Sirt6, and Sirt7, which predominately localize in the nucleus. In the nucleus,
Sirtl is predominantly associated with euchromatin, Sirt6 mainly associates with
heterochromatin and telomeres as a histone H3 lysine 9 deacetylase, while Sirt7
is predominantly found in the nucleolus (Michishita et al. 2005; Michishita et al.
2008). Group II has Sirt3, Sirt4, and Sirt5, which mainly reside in the mitochondria
(Lombard et al. 2007; Ahuja et al. 2007; Haigis et al. 2006). Sirt2 is the sole member
in group III and is located in the cytoplasm (Frye 1999; North et al. 2003).

Sirtl has been found to deacetylate a growing number of protein targets,
including tumor suppressor p53, forkhead transcription factor FOXO, and fat
metabolism regulator PPARy (Vaziri et al. 2001; Langley et al. 2002; Brunet
et al. 2004; Rodgers et al. 2008). Sirt2 has been implicated in deacetylation of



Sirtuins and Aging 55

a-tubulin and FOXO3a (North et al. 2003; Wang et al. 2007). Sirt2 also shows
mono-ADP-ribosyltransferase activities (Frye 1999; North et al. 2003). Sirt3 is
another mammalian sirtuin with activities of both deacetylase and mono-ADP-
ribosyltransferase (Frye 1999; Shi et al. 2005). As a protein deacetylase, Sirt3 is
capable of deacetylating acetyl-coenzyme A in the mitochondria to regulate the tri-
carboxylic acid cycle (Hallows et al. 2006). Sirt4 seems not to be active as a histone
deacetylase in vitro (North et al. 2003; Haigis et al. 2006). However, Sirt4 pos-
sesses activity of mono-ADP-ribosyltransferase to inhibit the mitochondrial gluta-
mate dehydrogenase (GDH), which mediates amino acid-stimulated insulin secre-
tion by regulating glutamine and glutamate oxidative metabolism (Haigis et al.
2006). Sirt5 is the most distant homolog of yeast Sir2, and little is known about
its function (Frye 1999; North et al. 2003). Sirt6 has both deacetylase and mono-
ADP-ribosyltransferase activities (Liszt et al. 2005; Mostoslavsky et al. 2006). As a
protein deacetylase, Sirt6 deacetylates histones and DNA repair enzymes to modu-
late genomic DNA stability and DNA repair (Mostoslavsky et al. 2006; Michishita
et al. 2008). Sirt7 resides in the nucleus and interacts with RNA Polymerase I (Pol I)
and histones, as an activator of the RNA Pol I transcriptional machinery (Ford et al.
2006). Overexpression of Sirt7 increases Pol I-mediated rDNA transcription in the
presence of NAD*, whereas reduction of SIRT7 decreases the association of Pol
I with rDNA (Ford et al. 2006). Depletion of Sirt7 inhibits cell proliferation and
triggers apoptosis, for example, in cardiomyocytes due to hyperacetylation of p53,
suggesting that SIRT7 regulates Pol I transcription and p53 and is required for cell
viability in mammals (Ford et al. 2006; Vakhrusheva 2008).

Functions of Sirtuins

In the past few years, a growing number of studies have uncovered many important
roles of sirtuins in a variety of biological processes, such as transcription, apoptosis,
DNA repair, cellular response to stress, neurodegeneration, development and ener-
getic metabolism. Notably, most of these biological processes are critical in aging
and linked to regulation of lifespan in multiple model organisms.

Sirtuins and Lifespan

The function of sirtuins in regulating lifespan was first demonstrated in S. cerevisiae
(Kaeberlein et al. 1999). Lifespan of S. cerevisiae can be measured by two methods
(Jazwinski et al. 1989; Fabrizio and Longo 2007). One is the replicative lifespan
measured by counting the total number a mother cell can divide asymmetrically to
generate daughter cells. The other is the chronological lifespan, which is defined
by counting the survival rate of yeast cells in the stationary phase over the time. In
1995, Guarente and colleagues conducted a genetic screen in an effort to identify
longevity genes in S. cerevisiae and found that a mutation in Sir4 (sir4-42) signifi-
cantly increased replicative lifespan (Kennedy et al. 1995). Sir4 is known to interact
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with Sir2 and Sir3 to form a silent chromatin complex at the telomeres and silent
mating-type loci in S. cerevisiae. Homologs of Sir2, not Sir3 and Sir4, have been
identified in evolutionarily divergent organisms (Guarente 2007). Subsequent stud-
ies have found that deletion of sir2 decreases, and an extra copy of Sir2 extends,
replicative lifespan, which indicates that Sir2 is the key lifespan regulator (Kennedy
et al. 1997; Kaeberlein et al. 1999). Given the role of Sir2 in rDNA recombination
and based on a series of further genetic analyses, Guarente and colleagues have pro-
posed that replicative lifespan in yeast is regulated by the accumulation of extrachro-
mosomal rDNA circles (ERCs) within a mother cell (Sinclair and Guarente 1997).
ERC:s are formed during homologous recombination between rDNA repeats, and an
extra copy of ERCs in daughter cells is sufficient to cause premature aging. Sir2
is capable of inhibiting rDNA recombination (Rusche et al. 2002). Deletion of sir2
increases the rate of ERC formation and, in turn, shortens lifespan, while Sir2 over-
expression reduces ERCs and extends the replicative lifespan by up to 30% (Sin-
clair and Guarente 1997; Kaeberlein et al. 1999). This indicates that Sir2 activation
is beneficial to replicative lifespan. The influence of Sir2 on chronological lifespan
in yeast, however, appears to be different. Deletion of sir2 extends chronological
lifespan under an extreme calorie restriction growth condition in S. cerevisiae (Fab-
rizio et al. 2005). It appears that chronological lifespan is mediated by the yeast
AKT and S6 kinase homolog, Sch9, and the Ras pathways (Longo 2008). The role
of ERC formation in chronological lifespan is not clear. These results suggest that
Sir2 is a double-edged sword in regulating lifespan.

Subsequently, sirtuins in metazoans, especially sir-2./ in worms and dSir2 in
flies, have been investigated for their role in modulating lifespan (Tissenbaum and
Guarente 2001; Rogina and Helfand 2004). In contrary to yeast, loss-of-function
mutations of sir-2.1 do not appear to shorten the lifespan (Wood et al. 2004). How-
ever, extra copies of sir-2.1 induce a lifespan extension by up to 50% in C. elegans
(Tissenbaum and Guarente 2001). This extension requires daf-16, the downstream
target of the insulin/IGF (insulin-like growth factor)-1 signaling pathway. DAF-16
is the ortholog of mammalian forkhead transcription factors, FOXOs (Forkhead
box type O), and regulates lifespan by modulating transcription of many target
genes (Lin et al. 1997; Ogg et al. 1997; Lee et al. 2003). Moreover, Berdichevsky
and colleagues showed that the 14-3-3 protein FTT-2 acts as a scaffold to direct
the interaction of DAF-16 and SIR-2.1 under heat shock stress in C. elegans
(Berdichevsky et al. 2006). Taken together, a potential mechanism of gene expres-
sion regulation by SIR-2.1 involves modification of the transcription factor, DAF-
16. In D. melanogaster, ubiquitous overexpression of dSir2 increases lifespan in
females and males by an average of 29 and 18%, respectively (Rogina and Helfand
2004). Similar to yeast, loss-of-function dsir2 mutations result in lifespan shortening
in D. melanogaster. Although increasing Sir2 orthologs extend lifespan in worms
and flies, there is no evidence linking ERCs to aging in metazoans. The mechanism
by which Sir2 orthologs retard aging is largely unknown and merits further study.

Findings from lower organisms have generated considerable interest in the effects
of mammalian sirtuins on lifespan regulation. To date, at least seven mammalian sir-
tuins Sirt1-Sirt7 have been identified (Blander and Guarente 2004). Unfortunately,
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we do not know yet whether these proteins modulate aging. A number of studies,
however, have demonstrated that mammalian sirtuins are implicated in many aging-
related diseases and cell defense mechanisms (de Nigris et al. 2002; Cheng et al.
2003; van der Horst et al. 2004; Kume et al. 2007). These findings have led to the
speculation that sirtuins can modulate healthspan, if not longevity, in mammals.

Sirtuins and Calorie Restriction

A key to understanding lifespan regulation by sirtuins may center on their
NAD™-dependent protein deacetylase and/or ADP-ribosyltransferase activity (Guar-
ente 2007; Jiang 2008). Sirtuins appear to be sensors of cellular energetic or nutri-
tional status indicated by the level of NAD* or the ratio of NAD*/NADH. Calorie
restriction (CR) or dietary restriction (DR) in invertebrates is a well-known non-
genetic and dietary intervention that has been shown to extend lifespan in almost all
the species tested (Masoro 2003; Ingram et al. 2006). The known beneficial effects
of CR are extensive. In mammals, CR increases insulin sensitivity and improves glu-
cose tolerance, reducing the incidence of diabetes (Chen and Guarente 2007). CR
significantly reduces cancer and delays the onset of age-related functional decline
through modulating the expression of many genes (Weindruch et al. 2001; Masoro
2003). Intensive investigation has been directed at defining the mechanistic basis of
CR effects. Perhaps the most pronounced cellular phenotype is that CR induces a
dramatic shift in energetic status relative to organisms maintained under the ad libi-
tum (AL) conditions (Masoro 2003). Compelling evidence has shown that sirtuins
play an important role in CR response at least partly through sensing NAD* lev-
els or the NAD*/NADH ratio (Chen and Guarente 2007). In S. cerevisiae, moderate
CR, implemented by reducing the glucose concentration in the culture medium from
2 to 0.5%, significantly increases lifespan, and this extension is abolished by sir2
deletion (Lin et al. 2000; Lin et al. 2004). In addition, moderate CR fails to further
extend lifespan in yeast constructed to overexpress Sir2. These observations, com-
prising the first to demonstrate the connection between CR and sirtuins, have been
verified in higher organisms (Chen and Guarente 2007).

In C. elegans, DR can be modeled using genetic mutants with defects in feed-
ing, including the widely studied ear-2 mutant (Lakowski and Hekimi 1998).
eat-2 encodes a nicotinic acetylcholine receptor subunit that mediates pharyn-
geal muscle function (Raizen et al. 1995). These mutants display a significantly
longer lifespan than wild-type worms, an effect that is attributable to a reduc-
tion of food intake, measured by the pumping rate of the pharynx (Lakowski and
Hekimi 1998). Importantly, sir-2./ mutations block the lifespan extension observed
in eat-2 mutants under standard dietary conditions (Wang and Tissenbaum 2006). In
D. melanogaster, acommon means of implementing DR, by comparison, consists of
diluting the concentrations of key food ingredients, mainly sugar and yeast extract
(Tatar 2007). Under these conditions, most studies report that lifespan is increased
by more than 30% (Magwere et al. 2004; Partridge et al. 2005). Mutation of dSir2
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blocks these prolongevity effects, while overexpression of dSir2 does not further
extend the lifespan of flies maintained under DR (Rogina and Helfand 2004). Thus,
parallel results from multiple species converge on the conclusion that sirtuins are
key mediators of the response to common dietary interventions.

Nonetheless, considerable debate surrounds the potential involvement of sirtuins
in the effects of CR. It is clear, for example, that several CR paradigms effectively
increase lifespan in multiple organisms but that sirtuins are not required in all of
these conditions. In contrast to the results seen with moderate CR in some studies
mentioned above, Sir2 does not suppress lifespan extension induced by greater CR
(reducing glucose from 2 to 0.05%) and, in some other cases, even not by mod-
erate CR in S. cerevisiae (Kaeberlein et al. 2005; Kaeberlein and Powers 2007).
The Sch9 and TOR pathways have been implicated in mediating this effect (Kae-
berlein et al. 2005; Longo 2008). Another extreme CR condition studied in C. ele-
gans, termed dietary (DD) or food deprivation, extends lifespan by approximately
40% when applied to sterile adult worms (Kaeberlein et al. 2006; Lee et al. 2006),
and this effect is also independent of Sir-2.1. The heat shock response pathway
mediated by heat shock transcription factor 1 (Hsfl) appears to be critical for DD-
induced lifespan extension in C. elegans (Steinkraus et al. 2008). Whether or not
sirtuins are required for lifespan extension induced by CR in mammals remains to
be determined. These results highlight that sirtuins are not the only critical factors
mediating the response in CR, and the functions of sirtuins in CR depend on dietary
conditions.

Sirtuins and Transcriptional Regulation

Aging is associated with alterations of transcript levels for many genes (Weindruch
et al. 2001; McCarroll et al. 2004; Melov and Hubbard 2004; Zhang et al. 2008).
In eukaryotes, genomic DNA is packaged into chromatin, which is comprised of
repeating units of nucleosomes. The nucleosome core consists of approximately
147 base pairs of DNA wrapped around a histone octamer consisting of two copies
each of the core histones H2A, H2B, H3, and H4 (Jenuwein and Allis 2001). Chro-
matin structures are altered by covalent but often reversible modifications of free
histone tails through acetylation, phosphorylation, methylation, and ubiquitination.
The acetylation status of histone proteins is critical in epigenetic regulation of gene
transcription. Removal of acetyl groups from lysine residues of histones results
in heterochromatin and thus, gene repression. In contrast, transcriptionally active
euchromatin is typically hyperacetylated (Grant et al. 1999; Fouladi 2006). There-
fore, sirtuins may mediate transcription regulation through their protein deacetylase
and/or ADP-ribosyltransferase activities, exerting a repressive on either transcrip-
tion activators or repressors involved in transcription (Chen and Guarente 2007,
Jiang 2008; Longo 2008).

Sir2, the first member of sirtuins, was initially identified as a transcription regu-
lator in the silencing chromatin (Klar et al. 1979). Sir2-mediated silencing involves
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two distinct protein complexes: SIR complex and RENT (regulator of nucleolar
silencing and telophase) complex (Gottschling et al. 1990; Aparicio et al. 1991;
Gasser and Cockell 2001). The core SIR complex consists of Sir2, Sir3, and Sir4,
which recognizes yeast mating-type loci and telomeric repeats and thus, represses
the gene expression in these regions. RENT is a Sir2-containing protein com-
plex, primarily located at the rDNA locus and involved in rDNA silencing. Sir2-
compacted chromatin is characterized by hypoacetylation of lysine residues on the
N-terminal tails of histones H3 (K9 and K14) and H4 (K16) (Guarente 1999; Suka
etal. 2001; Robyr et al. 2002). This partly explains why the sir4 mutant sir4-42 lives
longer. The mutation in sir4-42 disrupts the SIR complex and results in release of
Sir2 from the silent mating-type loci and telomeres, which may increase the dosage
of Sir2 at rDNA locus and, in turn, reduce ERC formation by enhancing rDNA
silencing and reducing rDNA recombination (Kennedy et al. 1997; Sinclair and
Guarente 1997). Similar to yeast Sir2, mammalian Sirt] has been found to facilitate
heterochromatin formation by histone hypoacetylation, particularly deacetylation of
lysine residues of histones at positions 9/14 of H3 and 16 of H4 (Imai et al. 2000).
Little is known about the sirtuin-containing protein complexes and their functions
in transcription regulation in mammals.

Although the members of HDAC III class (sirtuins) were originally characterized
as histone deacetylases, more and more non-histone targets of sirtuins have been
described. Among these, transcription factors/cofactors are prominent as a group of
proteins modified by sirtuins. For instance, numerous studies have demonstrated that
p53, the tumor suppressor protein, and the forkhead transcription factors FOXOs are
directly deacetylated by sirtuins in various biological processes (Luo et al. 2001;
Vaziri et al. 2001; Langley et al. 2002; Brunet et al. 2004; Daitoku et al. 2004;
van der Horst et al. 2004; Wang et al. 2007). TAF(I)68, a TATA-box binding pro-
tein (TBP)-associated factor, is the second largest subunit of the transcription initi-
ation factor IB/SL1, which promotes transcription controlled by RNA polymerase I
(Pol I) (Muth et al. 2001). Deacetylation of TAF;68 by SIRT1 decreases its binding
to the rDNA promoter, thereby repressing RNA Pol I-mediated rDNA transcription
in vitro (Muth et al. 2001).

Sirtuins and Apoptosis

Apoptosis is a well-characterized biological process of cell death and an intrinsic
part of the aging process. Several key apoptotic genes have been identified as sir-
tuin substrates (Fig. 2) and some are implicated in aging (Langley et al. 2002). One
such substrate, p53, is a central apoptotic gene and acts as a tumor suppressor in
mammals. Following DNA damage, the functions of p53 are regulated in a very
complex manner by reversible phosphorylation, ADP-ribosylation, and acetylation.
Acetylation of p53 at multiple sites is thought to stabilize the molecule, preserve its
active function, and thereby trigger apoptosis and cell-cycle arrest (Li et al. 2002;
Gostissa et al. 2003; Li et al. 2003). Sirtl has been found to physically interact
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Cellular and Physiological Cues

Lifespan
Aging

Fig. 2 Sirtuins modulate a number of biological processes. Sirtuins are highly conserved genes
present from single cellular organisms to humans. Sirtuins modulate functions of many proteins
through post-translational modifications and participate in various essential biological processes,
such as aging, degeneration, metabolism, and apoptosis. Representative sirtuin targets are listed.
Several activators (STACs) and inhibitors (Sirtinol) have been identified to at least partially affect
the biological processes modulated by sirtuins

with p53 and repress DNA-damage-induced apoptosis (Luo et al. 2001; Vaziri
et al. 2001). Deletion of Sirtl, or overexpression of truncated Sirtl lacking part
of the catalytic domain, results in hyperacetylation of pS3 in embryo fibroblasts and
a dramatic increase in pS3-dependent apoptosis in thymocytes in mice (Cheng et al.
2003; Kamel et al. 2006; Solomon et al. 2006), suggesting that Sirt1 negatively reg-
ulates p53. Sirtl also controls the pS3-dependent apoptotic program through tran-
scriptional regulation of the transcription factor, E2F1, which acts positively on p53
through the ARF/MDM?2 pathway (Hershko and Ginsberg 2004; Chua et al. 2005).
E2F1 is also capable of regulating Sirt] expression, and interactions between E2F1
and Sirt] may coordinate the apoptotic response to DNA damage (Wang et al. 2007).
However, recent reports indicate that class I/II histone deacetylases, not just sirtuins
(class III deacetylases), also attenuate p53 acetylation (Kamel et al. 2006; Solomon
et al. 2006). These findings suggest that the regulation of p53 acetylation clearly
extends beyond input from Sirtl.

Transcription factor FOXOs are also involved in apoptosis through regulating
transcription of their target genes, such as the death receptor ligand FasL and
proapoptotic BH3-only protein Bim3 (Gilley et al. 2003). The activities of FOXOs
are regulated by phosphorylation and acetylation (Kenyon 2005). Growth factor-
induced activation of phosphatidylinositol 3-kinase (PI3K) leads to an increase in
the activity of the serine/threonine kinase AKT/protein kinase B (Anderson et al.
1998; Stephens et al. 1998), which in turn leads to phosphorylation and inactivation
of FOXOs by preventing their translocation from the cytoplasm into the nucleus
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(Cahill et al. 2001; Rena et al. 2001; Tzivion et al. 2001; Brunet et al. 2002). FOXOs
function as transcription factors only after nuclear translocation. To a lesser extent
than phosphorylation, the transcriptional activity of FOXOs is also regulated by
acetylation/deacetylation. For instance, acetylation mediated by protein acetyltrans-
ferases PCAF and p300/CBP block the transcriptional function of FOXOs (Brunet
et al. 2004), whereas deacetylation by Sirtl and other class I and Il HDACs restore
this activity (Motta et al. 2004; van der Horst et al. 2004). Mammalian FOXOs
include FOXO1 (FKHR), FOXO3 (FKHRL1), FOX04 (AFX), and FOXO6. Among
these, Sirtl is known to deacetylate FOXO1, 3 and 4 (Brunet et al. 2004; Daitoku
et al. 2004; van der Horst et al. 2004), and Sirt2 deacetylates FOXO3 (Wang et al.
2007). Thus, sirtuins are positioned to regulate apoptosis through the specific and
bidirectional modulation of FOXOs.

Mitochondrial cytochrome ¢ plays a major role in triggering apoptosis (Liu
et al. 1996). Blc-2 and related proteins potently control the release of cytochrome
¢ from mitochondria, thus regulating the apoptotic program (Wang 2001). Bax is
a proapoptotic protein in this regulation complex. Ku70 is able to interact with the
deacetylated form of Bax and sequester Bax from mitochondria. In this context it is
noteworthy that Sirtl deacetylates Bax, promoting the interaction of Bax and Ku70
to suppress Bax-mediated apoptosis (Cohen et al. 2004a).

Sirtuins and Metabolism

Growing evidence points to the importance of metabolism in the modulation of
aging (Masoro 2003). As discussed in a previous section, sirtuins mediate the
response of various organisms to at least a subset of CR paradigms that extend
lifespan. To date, sirtuins have been shown to play key roles in metabolic con-
trol by deacetylating proteins involved in metabolism, such as PGC-1a and acetyl-
CoA synthetase (AceCS) (Nemoto et al. 2005; Hallows et al. 2006; Schwer et al.
2006; Rodgers et al. 2008). PGC-1a is a member of a small family of transcrip-
tional cofactors that possess a common function in mitochondrial biogenesis. As a
transcriptional cofactor, PGC-1a initially was found to interact with peroxisome
proliferator-activated receptor gamma (PPARy). PGC-1a modulates target gene
expression mainly through interaction with DNA-binding proteins and serves as a
key regulator of adipogenesis and fat storage through controlling expression of many
adipocyte-specific genes (Puigserver et al. 1998; Spiegelman et al. 2000; Picard
and Auwerx 2002). Sirtl physically binds to and deacetylates PGC-1a and thus
maintains the interaction of PGC-1a and certain transcriptional factors (Nemoto
et al. 2005; Rodgers et al. 2008). Notably, CR or fasting induces Sirtl expression in
liver, facilitating activation of PGC-1a to regulate genes involved in gluconeogenic
and fatty acid oxidation and stimulating hepatic glucose output (Cohen et al. 2004b;
Rodgers et al. 2008). AceCSs comprise another route of metabolic modulation reg-
ulated by sirtuins. Acetyl-CoA is a small molecule which enters fatty acid synthesis
and tricarboxylic acid cycle. The synthesis of Acetyl-CoA in mammals is mediated
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by AceCS1 and AceCS2 predominantly in the cytoplasm and mitochondria, respec-
tively. CR and fasting increase the activity of Sirtl and Sirt3, which deacetylates,
and in turn activates, AceCS1 and AceCS2 (Frye 1999; Tanny et al. 1999). Thus,
elevated sirtuin levels induced by low blood glucose may regulate the rate of fatty
acid synthesis and control carbon input for ATP production in the tricarboxylic acid
cycle.

Sirtuins and Genomic Integrity

Human premature aging disorders, or progeroid syndromes, are associated with defi-
ciency in DNA repair caused by mutations in a number of DNA damage response
genes, such as RecQ helicases (Brosh and Bohr 2007). In S. cerevisiae, Sir2 along
with other histone deacetylases are recruited to the double-strand DNA breaks
(DSB) to mediate homologous recombination repair directly or indirectly by induc-
ing deacetylation of histones (Lewis and Resnick 2000; Fernandez-Capetillo and
Nussenzweig 2004; Jazayeri et al. 2004; Tamburini and Tyler 2005). In mammals,
Sirt6 has been suggested to function in DNA repair as Sirt6-deficient cells exhibit
elevated genomic instability and sensitivity to genotoxins. These deficiencies can be
rescued by expression of DNA polymerase p (Pol f), a key enzyme involved in DNA
repair (Mostoslavsky et al. 2006). However, the precise mechanism by which SIRT6
influences DNA repair is not clear yet. One possibility is that Sirt6 modulates the
activity of DNA repair factors by deacetylation and/or ADP-ribosylation, consistent
with the observation that Sirt6 weakly deacetylates Pol p in vitro (Mostoslavsky
et al. 2006). Alternatively, Sirt6 may be indirectly involved by altering chromatin
structure to allow access of repair factors to sites of DNA damage. Sirt6 has been
shown to modulate telomeric chromatin by deacetylation of histone H3 lysine 9
(Michishita et al. 2008). The role of sirtuins in DSB repair also stems from the obser-
vation that DNA breaks activate poly-ADP ribose polymerase-1 (PARP-1), which
competes with sirtuins for the cofactor NAD* and produces nicotinamide, a potent
inhibitor of sirtuins (Anderson et al. 2003; Malanga and Althaus 2004). Activation
of PARP-1 at the sites of DNA strand breaks may lead to local increases in nicoti-
namide concentration, inhibiting sirtuins precisely at the site of damage, enabling
histone acetylation-mediated chromatin decondensation and recruitment of repair
enzymes.

Sirtuins and Degenerative Diseases

Neurodegeneration and muscular degeneration are commonly associated with aging
in many multiple-cellular organisms including humans. Emerging evident suggests
that sirtuins play an important role in the progression of these disorders. CR has
been shown to protect neurons against degeneration at least partly through mod-
ulation of Sirtl as shown in transgenic mouse models of Alzheimer’s (AD) and
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Parkinson’s disease (Luchsinger et al. 2002; Maswood et al. 2004; Patel et al. 2005;
Wang et al. 2005). One of the pathological hallmarks of AD is the presence of
amyloid plaques (Hardy 2006), which are composed of amyloid-f (AP) peptide
derived from sequential process of the amyloid precursor protein by p-secretase and
y-secretase (Masters et al. 1985; Selkoe 2001; Haass 2004). Although the subject
of continuing debate, the accumulation of aggregated Af is hypothesized to initiate
the pathophysiological progression of AD (Hardy 2006). Ap peptides induce NFkB
activity and inflammation, while Sirt] activation dramatically decreases NFkB sig-
naling (Chen et al. 2005). These findings raise the possibility that Sirtl activation
may attenuate AP-stimulated neurotoxicity and AD-related inflammatory responses
(Qin et al. 2006). Another neurodegenerative disease, Huntington’s disease (HD), is
accompanied by mitochondrial insufficiency. These mitochondrial impairments are
coupled with dysregulation of PGC-1a by the mutant huntingtin (Cui et al. 2006;
St-Pierre et al. 2006; Weydt et al. 2006). It has been reported that Sirtl regulates
mitochondrial metabolism by modulating PGC-1a (Lagouge et al. 2006; Rodgers
et al. 2008). Taken together, available data suggest that activation of sirtuins may
comprise a novel therapeutic approach for a variety of neurodegenerative diseases
(Parker et al. 2005).

In the context of the present discussion it is important to recognize that suppres-
sion of sirtuin activity is not uniformly detrimental. Polyalanine expansion in poly
(A)-binding protein, nuclear 1 (PABPN1), is associated with human oculopharyn-
geal muscular dystrophy (OPMD) (Fan et al. 2001; Abu-Baker and Rouleau 2007).
An invertebrate model of OPMD has been established by introducing the mutant
human PABPNI1 in C. elegans (Catoire et al. 2008). In contrast to the outcome in
AD and HD models, a sir-2.1 loss-of-function mutation delays, while extra copies
of sir-2.1 exacerbate, muscle cell degeneration and abnormal motility in PABPN1
worms. This function of sir-2.1 also requires the coordinated functions of the tran-
scription factor daf-16/ FoxO and nutrient sensor aak-2/AMPK. It remains to be
determined whether sirtuins can modify the pathogenesis of muscular dystrophy in
mammals.

Sirtuin Activators and Suppressors

Considerable effort is being directed at the identification of compounds or drugs
that can extend lifespan, increase healthspan, and mitigate aging-related functional
decline. The unique features of sirtuins make them ideal as targets for such pro-
longevity interventions (Chen and Guarente 2007). First, sirtuin activation can
increase lifespan and delay the onset of age-related functional decline in organ-
isms as diverse as yeast, worms, flies, and fish, as well as mice under a high-fat diet
(Kaeberlein et al. 1999; Wood et al. 2004; Baur et al. 2006; Valenzano et al. 20006;
Guarente 2007). In some cases, sirtuin inhibition also has beneficial effects on aging
(Longo 2008). Second, sirtuins have been shown to have NAD*-dependent protein
deacetylase or ADP-ribosyltransferase activity (Chen and Guarente 2007). There
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are established and reliable methods of high throughput screening for activators
and inhibitors of proteins or enzymes employing NAD™ as a cofactor (Pallas et al.
2008). Therefore, active efforts to identify sirtuin-activating compounds (STACs)
were launched not long after their discovery as NAD*-dependent enzymes.

In 2003, Sinclair and colleagues published the first study to screen for activa-
tors of the protein deacetylase activity of Sirtl using a number of small molec-
ular libraries (Howitz et al. 2003). Although the reliability of the deacetylation
assay has been questioned (Kaeberlein et al. 2005), this initial screen identified
several structure-related polyphenolic compounds as STACs. Polyphenols comprise
a large family of plant secondary metabolites including flavonoids, stilbene, and
anthocyanidine, which mediate color diversity in fruits and plants (Bravo 1998).
Resveratrol was among the most potent STACs to stimulate deacetylase activ-
ity of Sirtl and Sir2. Resveratrol (3,5,4'-trihydroxystilbene) is present in many
fruits and is especially enriched in grape skins. A growing list of health benefits
of resveratrol has been reported including potent antioxidant activity, anti-cancer,
and anti-inflammatory responses (Sun et al. 2002; Baur and Sinclair 2006). Signifi-
cantly, resveratrol has been found to increase average replicative lifespan by 70% in
S. cerevisiae. This effect is abolished by sir2 deletion, and resveratrol fails to extend
lifespan further in yeast with extra copies of Sir2, suggesting that Sir2 is a target of
resveratrol (Howitz et al. 2003).

The discovery of prolongevity function of resveratrol in yeast immediately
prompted several studies to evaluate whether this longevity effect is evolution-
arily conserved in higher organisms, with an eye toward potential intervention
in human aging. Although some have challenged the finding on methodological
grounds, Wood et al. found that resveratrol can stimulate protein deacetylase of C.
elegans SIR-2.1 and D. melanogaster dSir2, indicating that resveratrol functions
as a STAC in metazoans (Wood et al. 2004; Kaeberlein et al. 2005). Resveratrol
extends lifespan of the nematode by up to 14%, the fly by up to 29%. Consistent
with observations in yeast, these prolongevity effects required the worm and fly sir-
tuins, sir-2.1 and dSir2, respectively. Together, these findings suggest that sirtuin is a
prominent target of resveratrol. In addition, resveratrol fails to increase the lifespan
extension normally seen in flies maintained under DR, i.e., an effect that requires
dSir2. These results suggest that resveratrol extends lifespan in the metazoan partly
through DR pathways mediated by sirtuins. As for higher organisms, Valenzano
et al. demonstrated that resveratrol extends lifespan, delays the onset and age-
related accumulation of damage, and improves cognitive function in a short-lived
fish, Nothobranchius furzeri (Valenzano and Cellerino 2006; Valenzano et al. 2006).
Extending this line of investigation to rodents, Baur et al. found that resveratrol can
extend lifespan and improve motor function in middle-aged mice fed on a high-fat
diet (Baur et al. 2006). In this study, resveratrol increased the deacetylase activity
of Sirtl and likely activated AMPK through increased phosphorylation level. More-
over, this investigation has shown that the genome-wide transcript changes induced
by resveratrol share extensive overlap with those induced by a CR protocol known
to extend lifespan in rodents (Masoro 2003; Baur et al. 2006). Consistent with these
findings, Barger et al. used another standard CR protocol, providing mice 40% of
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daily ad libitum food and reported that supplementation with a low concentration
of resveratrol induced a pattern of gene expression highly similar to the effects of
CR (Barger et al. 2008). Thus, evidence from multiple species suggests that resver-
atrol is a potent prolongevity compound that functions as an effective CR mimetic.
Although the prolongevity effect of resveratrol was originally discovered by screen-
ing for STACsS, it targets a number of genes related to aging and age-related dis-
eases, such as AMPK and cyclooxygenases (Harikumar and Aggarwal 2008; Pirola
and Frojdo 2008). In addition, lifespan extension by CR is mediated by a number
of diverse pathways, including sirtuin, AKT, and TOR pathways (Guarente 2007,
Bartke et al. 2008; Cuervo 2008). On the basis of these findings, it is unlikely that
the prolongevity effects of resveratrol are mediated exclusively by sirtuins.

Alongside this compelling evidence, several studies have failed to detect a pro-
longevity influence of resveratrol. Kaeberlein et al., for example, reported no effect
of resveratrol on lifespan extension or Sir2 activation in three different S. cerevisiae
strain backgrounds (Kaeberlein et al. 2005), and others obtained similarly negative
results (Howitz et al. 2003). Testing a wide range of resveratrol concentrations, Bass
et al. observed no consistent lifespan extension in two wild-type D. melanogaster
strains (i.e., Dahomy and Canton S) or in the nematode N2 strain (Bass et al. 2007).
Indeed the same authors found a slight lifespan extension in certain experiments
using a worm sir-2.1 mutant strain, in striking contrast to evidence that the effects
of resveratrol are SIR-2.1 dependent (Wood et al. 2004; Bass et al. 2007). The
basis of this apparent discrepancy remains to be determined and current specu-
lation centers on possible species or strain specificity of sirtuins and resveratrol.
Extending these negative results, Pearson et al. recently reported that resveratrol
does not extend lifespan in mice fed a standard chow diet, but surprisingly that low-
concentration resveratrol (approximately 8 mg/kg/day) led to modest lifespan exten-
sion in middle-aged mice maintained on an every-other-day feeding CR paradigm
(Pearson et al. 2008). Together, these rodent studies point to potential synergistic,
interactive effects of resveratrol and CR. Nonetheless, consistent with other studies,
resveratrol supplementation has yielded a wide range of health benefits in animals
under all diet conditions, including bone health, motor function, and cardiovascular
function. Further investigations are needed to resolve these discrepancies and fur-
ther evaluate the anti-aging effects of resveratrol. It remains to be determined, for
example, whether resveratrol extends lifespan when treatment is initiated early, in
relatively young animals. Nonetheless, current evidence calls into question the view
that resveratrol will prove to be a magic anti-aging bullet.

Given the importance of sirtuin activation in aging and aging-related diseases,
Milne et al. conducted another screen using a large collection of small molecules
and identified additional STACs that are structurally distinct from resveratrol (Milne
et al. 2007). Three such STACs, SRT1460, SRT 2183, and SRT1720, were found to
be 1000-fold more potent than resveratrol and more selective for activation of SIRT1
versus its closest homologs, SIRT2 and SIRT3. One of these STACs, SRT1720,
significantly improves glucose metabolism, increases insulin sensitivity and glucose
tolerance in two rodent models of diabetes, the genetically obese mice (Lep®”°P)
and diet-induced obesity (DIO). Unpublished results cited in that study indicate
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that analogues structurally related to SRT1460 can activate Sir2 and extend lifespan
in yeast (Milne et al. 2007). Whether these compounds will prove to be effective
prolongevity compounds in other species remains to be determined.

Although compelling evidence indicates that sirtuin activation provides health
benefits, and sirtuin suppression can accelerate aging, data reviewed in previous
sections also suggest that sirtuin suppression is associated with certain protective
functions. Several Sirtl inhibitors have been identified including nicotinamide and
the Sir2 inhibitor napthol (sirtinol) (Grozinger et al. 2001; Anderson et al. 2003).
Sirtinol delays muscular degeneration in a worm model of human muscular dystro-
phy OPMD, and this suppression requires Daf-16 (Catoire et al. 2008). In addition,
sirtinol enhances the survival of mammalian cells expressing mutant PABPN1, a
gene involved in human OPMD. In this degeneration model, the sirtuin activation
activity of resveratrol accelerates muscular cell degeneration. This suggests that the
beneficial effects of sirtuin activators and inhibitors are context dependent.

Conclusion and Future Directions

Sirtuins are evolutionarily conserved proteins and function in a wide range of bio-
logical processes (Guarente 2007). Many of these processes have direct and indirect
effects on aging. Sirtuins function as protein deacetylase or ADP-ribosyltransferase
to post-translationally modify many targets, which in turn regulates a broad con-
stellation of biological processes through the epigenetic control of gene expression.
Sirtuins can regulate lifespan and aging processes in evolutionarily diverse species
partly through modulating CR pathways and linking the nutritional status of the
cell to transcriptional regulation through its NAD"-dependent deacetylase or ADP-
ribosyltransferase.

There are still many questions and unsolved controversies in the sirtuin field.
One of the most important is that the relationship between sirtuin and lifespan, espe-
cially CR-mediated lifespan, needs further clarification. Deletion of sir2 decreases
replicative lifespan but increases chronological lifespan depending on the dietary
condition in S. cerevisiae (Kaeberlein et al. 1999; Lin et al. 2000; Lin et al. 2004;
Fabrizio et al. 2005; Longo 2008). Loss-of-function of sirtuins does not shorten
the lifespan in C. elegans but decreases lifespan in D. melanogaster (Tissenbaum
and Guarente 2001, Wood et al. 2004; Rogina and Helfand 2004). In addition, it
is not yet known whether sirtuin overexpression can extend lifespan in mammals,
although Sirtl overexpressing mice share many features with CR animals (Picard
et al. 2004; Hasegawa et al. 2008; Pfluger et al. 2008). A second significant issue
concerns the tissue-specific function of sirtuins in aging. In mammals, sirtuins are
differentially expressed and regulated by various environmental and genetic factors,
including CR, in different tissues (Chen et al. 2008; Pedersen et al. 2008). Sirt]
expression is induced in brain, liver, and muscle, but suppressed in adipose tissue
under CR. It will be interesting to sort out the role of Sirtl and other sirtuins in
mediating prolongevity effects in different tissues. The third unsolved issue is the
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organelle-specific function of sirtuins in aging. Different members of the sirtuin
family are targeted to different cellular compartments (Frye 1999; North et al. 2003;
Michishita et al. 2005). For example, Sirtl is primarily located in the nucleus, Sirt2
in the cytoplasm, and Sirt3 in the mitochondria (Blander and Guarente 2004). How
these compartment-specific functions and their interaction are involved in aging will
be an important focus for future investigation. Lastly, greater attention should be
directed toward understanding the temporal dynamics of sirtuin function, particu-
larly in an effort to develop STACs as potential drugs against aging-related disease
and functional decline. Ideally, anti-aging drugs should be provided to the elderly
instead of starting interventions at very young ages in humans. Resveratrol improves
age-related functions of middle-aged mice (Baur et al. 2006; Pearson et al. 2008),
suggesting that it retains efficacy when initiated relatively late in life. Nevertheless,
as key epigenetic regulators, sirtuins play an important role in aging through mediat-
ing numerous biological pathways. Dissecting these pathways will no doubt provide
insights into aging, and more importantly, lead to better interventions for promoting
optimally healthy aging.
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Chromatin in Senescent Cells: A Conduit
for the Anti-Aging Effects of Wnt Signaling?

Gowrishankar Banumathy and Peter D. Adams

Abstract Cellular senescence is thought to contribute to tissue aging. The role of
Wnt signaling in aging is little studied and poorly understood, but there is evidence
that Wnt signaling can be both pro- and anti-aging. Here we discuss the idea that, in
at least some cell and tissue contexts, Wnt signaling might antagonize aging through
its ability to regulate chromatin structure in senescent cells.

Keywords Senescence - Chromatin - Senescence-associated heterochromatin
foci - Wnt signaling - Aging

An Overview of Cellular Senescence

Senescence, Aging, and Tumor Suppression

Cellular senescence is characterized by an irreversible arrest of cell proliferation
(Campisi and d’Adda di Fagagna, 2007; Hayflick, 1965). Senescence is caused by
shortened telomeres that result from repeated rounds of cell division, inadequate
in vitro growth conditions, and other cellular stresses (Campisi, 2005; Herbig and
Sedivy, 2006; Ramirez et al., 2001; Wright and Shay, 2002). Because of senes-
cence, most primary human cells have a finite proliferative life span, and evidence
has been presented that senescence contributes to tissue aging in vivo, in part by lim-
iting the proper self-renewal of tissues due to exhaustion and/or functional impair-
ment of renewable tissue stem cell populations (Campisi, 2005; Collado et al., 2007,
Finkel et al., 2007; Herbig and Sedivy, 2006; Serrano and Blasco, 2007; Wright
and Shay, 2002). Specifically, senescent cells and/or molecular markers of the
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senescent phenotype have been reported to increase in some aging tissues (Dimri
etal., 1995; Francis et al., 2004; Herbig et al., 2006; Janzen et al., 2006; Jeya-
palan et al., 2007; Krishnamurthy et al., 2006; Krishnamurthy et al., 2004; Molof-
sky et al., 2006) and are linked to some age-associated tissue pathologies, such as
osteoarthritis, atherosclerosis, and liver cirrhosis (Minamino and Komuro, 2007,
Price et al., 2002; Wiemann et al., 2002). Moreover, manipulation of the cell signals
that initiate senescence can modulate some aspects of organismal aging (Baker et
al., 2008; Blasco et al., 1997; Du et al., 2004; Garcia-Cao et al., 2006; Gonzalez-
Suarez et al., 2005; Gonzalez-Suarez et al., 2001; Herrera et al., 1999; Janzen et al.,
2006; Krishnamurthy et al., 2006; Lee et al., 1998; Molofsky et al., 2006; Rudolph
et al., 1999; Wiemann et al., 2002).

Although not the main focus of this review, senescence in vivo is also thought
to be an important tumor suppression process (Prieur and Peeper, 2008). Cells with
cellular and molecular characteristics of senescence have been observed in several
benign pre-cancerous neoplasms, both in humans and in mouse models (Braig et al.,
2005; Chen et al., 2005b; Collado et al., 2005; Courtois-Cox et al., 2006; Dai et al.,
2000; Dankort et al., 2007; Gray-Schopfer et al., 2006; Ha et al., 2007; Michaloglou
et al., 2005; Sarkisian et al., 2007; Sun et al., 2007). Senescence caused by short-
ened telomeres limits cell proliferation capacity and so suppresses tumor forma-
tion (Cosme-Blanco et al., 2007; Feldser and Greider, 2007; Rudolph et al., 1999).
Activated oncogenes also trigger cell senescence, and this is thought to block pro-
gression to a transformed cell phenotype (Prieur and Peeper, 2008; Serrano et al.,
1997). Importantly, in murine breast epithelium, the proliferation arrest induced by
high-level oncogenic activation appears to be irreversible, in at least a proportion
of the cells (Sarkisian et al., 2007). In mouse models, inactivation of the senes-
cence program frequently allows oncogenes to drive formation of cancerous neo-
plasms, instead of benign ones (Dankort et al., 2007; Ha et al., 2007; Sarkisian
et al., 2007; Sun et al., 2007). Further underscoring the importance of senescence
as a tumor suppression mechanism as well as its therapeutic potential, recent stud-
ies have shown that reactivation of cell senescence in murine tumors causes tumor
regression (Ventura et al., 2007; Xue et al., 2007).

In keeping with the theme of this book, this review will focus mostly on senes-
cence and associated epigenetic changes as they pertain to tissue aging, rather than
tumor suppression. However, many of the molecular mechanisms underlying senes-
cence in the two contexts are similar. Therefore, we will frequently discuss results
from studies of oncogene-induced senescence, because of the light that they shed
on senescence likely to be associated with aging.

Molecular Features of Senescence

Senescence has been most widely studied in fibroblasts in vitro, but is also well
defined in melanocytes and epithelial cells (Denoyelle et al., 2006; Michaloglou
etal.,, 2005; Wright and Shay, 2001). Other cell types suggested to undergo
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senescence include hematopoietic and neural progenitor cells (Geiger and Van Zant,
2002; Palmer et al., 2001). In many human cells, cellular senescence is character-
ized by several molecular and cytological markers, such as a large flat morphol-
ogy; expression of a S enescence-A ssociated B-gal actosidase activity (SA B-gal);
formation of intracellular vacuoles; resistance of proliferation-promoting genes to
mitogenic stimulation; persistent activation of DNA damage signaling pathways
at specific subnuclear sites, called S enescence-Associated DNA D amage F oci
(SDFs) (Campisi, 2005; d’ Adda di Fagagna, 2008; Herbig and Sedivy, 2006; Wright
and Shay, 2002); and formation of punctate highly condensed domains of facultative
heterochromatin, called S enescence-A ssociated H eterochromatin F oci (SAHF)
(Narita et al., 2003).

However, specific senescence markers vary in magnitude depending on the
species, cell type, and the trigger of senescence. For example, although some mouse
cells exhibit a general increase in the amount of nuclear heterochromatin as judged
by histone modifications (Braig et al., 2005), senescent mouse cells do not accumu-
late domains of facultative heterochromatin as pronounced as the punctate SAHF
observed in human cells. Moreover, in mouse cells, SAHF should not be confused
with the highly condensed domains of constitutive pericentromeric heterochromatin
that are present even in growing mouse cells (Guenatri et al., 2004). Of human cells,
WI38 and IMRO90 fibroblasts and primary human melanocytes form pronounced
SAHF, whereas BJ fibroblasts do not, except in response to an activated oncogene
(Denoyelle et al., 2006; Narita et al., 2003). In response to an activated Ras onco-
gene, primary human melanocytes express SA B-gal and assume the classical large,
flat, extensively vacuolarized morphology. In response to an activated BRAF onco-
gene, the same cells express SA p-gal, but the large flat morphology and intracellular
vacuoles are much less apparent (Denoyelle et al., 2000).

The physiological significance of these variations in the senescence phenotype
is unknown. To understand their significance it is necessary to define the impact of
the molecular phenotype, e.g., SA p-gal and SAHF formation, on potential physio-
logical endpoints of senescence, such as tissue aging and tumor suppression. SAHF
formation and how it impacts aging, the major topic of this review, is considered at
the end of the chapter.

Senescence-Inducing Pathways

The pRB and p53 tumor suppressor pathways are master regulators of senescence.
Inactivation of these two pathways typically abolishes senescence in mouse and
human cells, regardless of the initial senescence trigger (Campisi, 2005; Herbig
and Sedivy, 2006; Wright and Shay, 2002). Although human cells lacking pRB
and p53 circumvent senescence, most such cells ultimately still cease proliferation
through “crisis” due to erosion of telomeres to a critically short length (Counter et
al., 1992). The p53 pathway is comprised of at least three proteins whose activ-
ity is altered in human cancer — p53, p19ARF, and hdm2 (Sherr and McCormick,
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2002). This pathway exerts its effects through activation of downstream target genes,
including the cell cycle inhibitor p21CIP1, whose expression is increased in senes-
cent cells. The pRB pathway is comprised of at least four proteins whose activity is
frequently perturbed by genetic mutations or altered level of expression in human
cancers — p16INK4a, cyclin D1, cdk4, and pRB (Nevins, 2001). By inhibiting cyclin
D/cdk4 kinases, pl6INK4a activates pRB. The pRB pathway inhibits cell prolifer-
ation through numerous downstream effectors. For example, pRB inhibits the E2F
family of transcription factors, whose target genes are necessary for progression
through S-phase (Nevins, 2001).

The mechanisms by which activated oncogenes, short telomeres, and cellular
stresses drive senescence through activation of the pRB and p53 pathways have
been extensively reviewed elsewhere (Ben-Porath and Weinberg, 2005; Campisi,
2005; Campisi and d’Adda di Fagagna, 2007; d’Adda di Fagagna, 2008; Herbig
and Sedivy, 2006) and will only be briefly summarized here to emphasize the major
points, recent findings, and some outstanding questions. The p53 pathway is acti-
vated by DNA damage, in response to either short telomeres or activated oncogenes.
The free DNA ends of short telomeres are sensed by the cell as a form of DNA
damage and activate p53 via the ATM and Chk2 DNA damage signaling cascade
(d’Adda di Fagagna et al., 2003; Herbig et al., 2004). Activated oncogenes cause
a proliferative burst and rounds of error-prone DNA synthesis. The DNA damage
that accumulates during these rounds of unscheduled DNA synthesis also activates
pS3 via the ATM and ATR damage signaling pathways (Bartkova et al., 2006; Di
Micco et al., 2006; Mallette et al., 2007). In mouse cells, activated oncogenes also
activate p53 by upregulation of pl4ARF. However, this pathway is apparently not
conserved in human cells (Brookes et al., 2002; Ferbeyre et al., 2000; Wei et al.,
2001). Activation of the p53 pathway contributes to activation of the pRB pathway.
The p53 target gene, p21CIP1, inhibits cyclin/cdk2 complexes, thereby activating
PRB.

The pRB pathway is also activated by upregulation of pl6INK4a. The mecha-
nism by which expression of pl6INK4a is increased is poorly understood, although
several mechanisms have been implicated (Collado et al., 2007). A likely con-
tributor to aging is reactive oxygen species (ROS) and the cellular damage that
is caused by them (Chen et al., 2007). ROS activate the stress-responsive p38
MAP kinases, and several studies have established that these kinases contribute
to senescence-associated upregulation of pl6INK4a (Bulavin et al., 2004; Deng
et al., 2004; Ito et al., 2006; Iwasa et al., 2003). However, the molecular mecha-
nism linking p38 MAP kinase to pl6INK4a has been unclear. Interestingly, one
target of p38 MAP kinases is another kinase, MAPKAPK3, which is activated by
p38 MAP kinase (Gaestel, 2006; Ludwig et al., 1996). In turn, MAPKAP3 has
been reported to phosphorylate members of the multi-subunit polycomb (PcG) com-
plex of transcriptional repressors that repress expression of pl6INK4a (Bernard
et al., 2005; Gil et al., 2004; Itahana et al., 2003; Voncken et al., 2005). Phos-
phorylation of PcG proteins causes their dissociation from chromatin and dere-
pression of the CDKN2A/INK4a locus that codes for pl6INK4a (Voncken et al.,
2005). Senescence-associated upregulation of pl6INK4a is, in part, a consequence
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of inactivation of PcG proteins (Bracken et al., 2007). Some studies have found
that aging is associated with increased p38 MAP-kinase activity (Abidi et al., 2008;
Hsieh and Papaconstantinou, 2006), suggesting that aging upregulates pl16INK4a
through a ROS/stress-p38 MAPK-MAPKAPK3-PcG-pl6INK4a pathway. Helin
and coworkers also showed that senescence-associated decreased expression of
one PcG protein, EZH2, contributes to upregulation of p16INK4a (Bracken et al.,
2007). Significantly, expression of EZH2 has also been reported to be repressed
in the aging hematopoietic system (Rossi et al., 2007). Thus, age-associated
upregulation of pl6INK4A might be a consequence of age-associated repres-
sion of polycomb activity, by both transcriptional and post-transcriptional mech-
anisms. The mechanisms controlling p16INK4a expression are still areas of active
investigation.

Chromatin Remodeling in Senescent Cells

Description of SAHF

Researchers have frequently considered the possibility that chromatin structure has
a major impact on cell senescence and tissue aging (Han et al., 2006; Howard,
1996; Imai and Kitano, 1998; Oberdoerffer and Sinclair, 2007; Rogakou and Sekeri-
Pataryas, 1999; Sedivy et al., 2008; Villeponteau, 1997; Zhang and Adams, 2007).
However, SAHF were first explicitly described by Scott Lowe and coworkers (Narita
et al., 2003). When stained with 4’-6-diamidino-2-phenylindole (DAPI), normal
human cells exhibit a relatively even, diffuse distribution of DNA through the cell
nucleus. However, in DAPI-stained senescent human cells, SAHF appear as approx-
imately 30-50 bright, punctate DNA foci. The chromatin in these foci appears
much more compact than the chromatin in normal interphase growing cells. Indeed,
chromatin from cells with SAHF is more resistant to nuclease digestion than chro-
matin from growing cells (Narita et al., 2003). Inclusion of proliferation-promoting
genes, such as cyclin A, into these compact chromatin foci is thought to silence
expression of those genes, thereby contributing to senescence-associated cell cycle
arrest.

Remarkably, each SAHF focus in a senescent cell results from condensation of
an individual chromosome (Funayama et al., 2006; Zhang et al., 2007a). SAHF
contain several common markers of heterochromatin, including histones that are
hypoacetylated, methylation of lysine 9 of histone H3 (H3K9Me), and bound H ete-
rochromatin P rotein 1 (HP1) proteins. However, SAHF do not contain some other
markers of condensed chromatin in mitotic and apoptotic cells, such as phospho-
serine 10 of histone H3 (H3S10P), H2BS14P, and H3S28P (Funayama et al., 2006;
Peterson and Laniel, 2004). SAHF are also characterized by their depletion of linker
histone H1 and enrichment in at least two other proteins, namely the histone variant
macroH2A and HMGA proteins (Funayama et al., 2006; Narita et al., 2006; Zhang
et al., 2005).
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MacroH2A is actually a family of three variants, macroH2A1.1, 1.2, and 2
(where 1.1 and 1.2 are splice variants). MacroH2As contain an N-terminal his-
tone H2A-like domain and a C-terminal “macro domain” of more than 200 residues
that is unrelated to other histones. MacroH2A clearly contributes to gene silencing,
since it is depleted from active genes (Changolkar and Pehrson, 2006), inserted
into the inactive X chromosome (Chadwick and Willard, 2002; Changolkar and
Pehrson, 2006; Costanzi and Pehrson, 1998, 2001; Hernandez-Munoz et al., 2005),
and macroH2A-containing chromatin is resistant to ATP-dependent remodeling pro-
teins and binding of transcription factors in vitro and in vivo (Agelopoulos and
Thanos, 2006; Angelov et al., 2003; Doyen et al., 2006). Moreover, genetic inacti-
vation of macroH2A1.1 and 1.2 in mice caused increased expression of some genes
that are normally silenced and enriched in macroH2A1.1 and 1.2 (Changolkar et al.,
2007) and derepressed expression of endogenous murine leukemia viruses (Chang-
olkar et al., 2008).

The HMGA1 and HMGA? proteins (previously called HMGIY and HMGIC,
respectively) are abundant non-histone chromatin proteins (Reeves, 2001; Sgarra
et al., 2004). Paradoxically, the presence of HMGA proteins in chromatin is nor-
mally associated with gene activation, cell proliferation, and cell transformation
(Reeves, 2001; Sgarra et al., 2004). Both proteins are expressed in embryos,
repressed during cell differentiation, and their expression is stimulated by mito-
gens. Mice expressing an HMGA transgene develop tumors (Fedele et al., 2002;
Xu et al., 2004). In human tumors, HMGA proteins are sometimes overexpressed
and the genes coding for these proteins are targets of amplification and translo-
cations (Reeves, 2001; Sgarra et al., 2004). In light of these prior observations, it
was a surprise when SAHF were shown to be enriched in HMGA proteins and
that these proteins contribute to senescence-associated proliferation arrest and trans-
formation suppression in fibroblasts (Funayama et al., 2006; Narita et al., 2006).
However, others have also confirmed that in some contexts HMGA proteins play
a tumor suppression role (Fedele et al., 2006). In sum, HMGA proteins contribute
to senescence-associated SAHF formation and cell cycle exit in fibroblasts, and the
extent to which this role is conserved in other cell types remains to be determined.

Remarkably, although SAHF appear to result from the condensation of almost
entire chromosomes, DNA sequences that are typically contained in constitutive
heterochromatin, such as pericentromeres and telomeres, actually appear to be
excluded from the bulk of the condensed chromosome (Funayama et al., 2006;
Narita et al., 2003; Ye et al., 2007b; Zhang and Adams, 2007; Zhang et al.,
2007a) (Fig. 1A). This suggests that these normally constitutively heterochro-
matic regions are perhaps deheterochromatinized in senescent cells. Consistent
with this idea at least for telomeres, Maria Blasco and coworkers have shown
that the shortened telomeres in mice lacking telomerase have reduced
heterochromatin compared to telomeres from normal cells (Benetti et al., 2007).
Extending this observation, inactivation of SIRT6, a histone deacetylase which
acts at telomeres, causes telomere deheterochromatinization, end-to-end fusions,
and senescence (Michishita et al., 2008). This raises the possibility that dehete-
rochromatinization of telomeres is actually a trigger for senescence and not just
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Fig. 1 Formation of SAHF in senescent human cells is linked to apparent heterochromatin redis-
tribution. (A) Senescent human WI38 cells were stained with DAPI to visualize DNA (blue) and a
telomeric FISH probe (red) to visualize telomeres. Note the predominant localization of telomeres
to less DNA-stained inter-chromatin spaces, consistent with a less compact chromatin structure for
these regions. (B) A schematic to illustrate the concept of heterochromatin redistribution in senes-
cent human cells. Left, chromosome structure in a proliferating cell; Right, chromosome structure
in a senescent cell. In proliferating cells, telomeric and subtelomeric regions are contained in com-
pact heterochromatin, with HP1 proteins bound to methylated lysine 9 of histone H3 (Me). TRF1
and TRF2 proteins (TRFs) are bound to telomeres. In non-repetitive DNA sequences, in less com-
pact acetylated (Ac) euchromatin, expression of proliferation-promoting genes, such as cyclin A,
are driven by transcription factors, such as E2F. In senescent cells, telomeric and subtelomeric
regions are less condensed and less heterochromatic. TRFs remain bound. On the other hand, non-
repetitive DNA sequences become more compact or more heterochromatic. This equates to a direct
or indirect redistribution of heterochromatin from telomeres and subtelomeres to non-repetitive
DNA to form SAHF

a consequence of telomere shortening or senescence. Regardless of the extent
to which telomere deheterochromatinization is a physiological trigger for senes-
cence, cellular senescence appears to be accompanied by a redistribution of hete-
rochromatin from constitutive heterochromatin to other normally euchromatic sites,
specifically to specialized domains of facultative heterochromatin, called SAHF
(Fig. 1B).
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Formation of SAHF Is a Multi-step Process

Two lines of evidence indicate that SAHF form through a cascade of temporally and
mechanistically separable events. First, a kinetic analysis of cells forming SAHF
showed that condensed chromosomes, in the form of DAPI foci, are detectable
before their enrichment with H3K9Me, HP1 proteins, and macroH2A (Zhang et al.,
2005). Second, a dominant-negative HP1 mutant that removes 50-80% of all three
HP1 isoforms from chromatin in primary human cells has no effect on chromosome
condensation or incorporation of macroH2A into condensed chromosomes (Zhang
et al., 2007a). Together, these results indicate that formation of SAHF is a multi-step
process. The earliest detectable event to date is chromosome condensation to form
a SAHF focus that is detectable by DAPI staining of DNA, followed by methy-
lation of lysine 9 of histone H3 to create H3K9Me, binding of HP1 proteins, and
incorporation of macroH2A (Fig. 2).

Short telomeres/activated oncogenes/cell stress
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Fig. 2 A model for formation of SAHF in senescent human cells. Senescence is triggered by short
telomeres, activated oncogenes, and other cell stresses. The HIRA/ASF1a pathway cooperates with
the p16INK4a/pRB pathway to drive chromosome condensation. After chromosome condensation,
HP1 proteins and histone variant macroH2A are incorporated into SAHF. Recruitment of HP1y to
SAHF depends on HP1y phosphorylation. Dashed lines indicate steps that are poorly defined at
present. See text for further details

Remarkably, these studies also indicated that loading of abundant HP1 proteins
onto chromatin is not required for two additional hallmarks of the senescent pheno-
type, expression of SA f-gal and senescence-associated cell cycle exit (Zhang et al.,
2007a). Conceivably, the residual chromatin-bound HP1 proteins in cells express-
ing the dominant-negative HP1 mutant are sufficient to mediate HP1 functions that



Chromatin in Senescent Cells 85

are required for these senescence phenotypes. However, these results raise the pos-
sibility that HP1 proteins do not contribute to acute onset of the senescent phe-
notype. Instead, HP1 proteins might be required for long-term maintenance of
SAHF and the senescent state. Alternatively, HP1 proteins might secure
the senescent state in the face of genetic alterations or cellular perturbations that
compromise other aspects of the senescence program. These ideas remain to be
tested.

Chromosome Condensation Is Driven by Histone Chaperones
HIRA and ASFla

Based on the studies described above, senescence-associated cell cycle exit appears
to be linked to the process of chromosome condensation through SAHF formation.
Two chromatin regulators, HIRA and ASF1a, drive chromosome condensation dur-
ing SAHF assembly in human cells (Zhang et al., 2005) (Fig. 2). HIRA and ASFla
are the human orthologs of proteins known to create transcriptionally silent het-
erochromatin in yeast, flies, and plants (Goodfellow et al., 2007; Kaufman et al.,
1998; Moshkin et al., 2002; Phelps-Durr et al., 2005; Rocha and Verreault, 2008;
Sharp et al., 2002; Singer et al., 1998). Yeast Asflp is required for heterochromatin-
mediated silencing of telomeres and mating loci and has histone deposition activ-
ity in vitro (Krawitz et al., 2002; Sharp et al., 2001; Singer et al., 1998; Tyler
et al.,, 1999). Yeast Asflp is a multi-functional protein that is also required for
histone eviction and subsequent replacement at transcribed genes (Adkins et al.,
2004; Kim et al., 2007; Korber et al., 2006; Rufiange et al., 2007; Schwabish and
Struhl, 2006) and serves as a platform for post-translational modification of histones
(Adkins et al., 2007; Driscoll et al., 2007; Recht et al., 2006; Tsubota et al., 2007).
In yeast and other species, Asfl proteins also play roles in DNA replication and
repair-coupled chromatin assembly (Franco et al., 2005; Grigsby and Finger, 2008;
Groth et al., 2007; Groth et al., 2005; Myung et al., 2003; Schulz and Tyler, 2006;
Tyler et al., 1999).

Yeast Hirlp and Hir2p share several biological and biochemical properties
with Asflp (Rocha and Verreault, 2008). Like Asflp, they are required for
heterochromatin-mediated silencing of telomeres and mating loci and are also
required for formation of proper pericentromeric chromatin (but in an Asflp-
independent manner) (Kaufman et al., 1998; Krawitz et al., 2002; Sharp et al.,
2001; Sharp et al., 2002). The Hir proteins also contribute to suppression of spu-
rious transcripts during transcription elongation, likely by nucleosome re-assembly
in the wake of RNA polymerase transcription (Nourani et al., 2006; Prather et al.,
2005). Consistent with their partially overlapping functions, Asfl and Hir proteins
physically interact and in yeast this interaction is necessary for telomeric silencing
(Daganzo et al., 2003; Green et al., 2005; Sharp et al., 2001).

The role of Asfl and Hir proteins in formation of heterochromatin is conserved
in mammalian cells. Mouse ES cells lacking HIRA have a larger pool of loosely
bound histones than wild-type cells, consistent with a role for HIRA in generation
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of compact, nucleosome-dense, transcriptionally silent heterochromatin (Meshorer
etal., 2006). Recently, both HIRA and ASFla emerged from unbiased whole-
genome screens for genes required for gene silencing and/or nuclear heterochro-
matinization in response to an activated oncogene (Gazin et al., 2007; Wajapeyee
et al., 2008). More specifically, in human cells, HIRA and ASF1a play a key role in
formation of SAHF. Ectopic expression of HIRA or ASFla in primary human cells
accelerates formation of SAHF (Zhang et al., 2005). This activity requires bind-
ing of HIRA and ASF1a to each other, and shRNA-mediated knockdown of ASFla
blocks formation of SAHF triggered by an activated Ras-oncogene (Zhang et al.,
2005).

Consistent with the idea that formation of SAHF depends on histone chaper-
one activity of the HIRA/ASFla complex, formation of SAHF also requires an
interaction between ASFla and histone H3 (Zhang et al., 2007a). Significantly,
many previous reports indicate that transcriptionally active chromatin is depleted
of nucleosomes, at both a genome-wide and local chromatin level (Adkins et al.,
2004; Agalioti et al., 2000; Angermayr and Bandlow, 2003; Angermayr et al., 2002;
Bernstein et al., 2004; Chen et al., 2005a; Lee et al., 2004; Mito et al., 2005; Zhao
et al., 2005). Moreover, a previous study reported that the facultative heterochro-
matin of the inactive X chromosome has higher nucleosome density than most
other regions of the nucleus (Perche et al., 2000). Together, these results suggest
that chromosome condensation associated with SAHF formation may depend, in
part, on increased nucleosome density due to HIRA/ASFla-mediated nucleosome
deposition.

Recently, several groups have described molecular structures of Asfl proteins,
either as free proteins or bound to histones, HIRA, or fragments of either (Agez
etal., 2007; Antczak et al., 2006; Daganzo et al., 2003; English et al., 2006;
Malay et al., 2008; Mousson et al., 2005; Natsume et al., 2007; Tang et al., 2006).
Regardless of the species, the Asfl protein forms an elongated immunoglobulin-like
B-sandwich fold, with three a-helices in the loops between the p-strands. Together,
these studies indicate that HIRA and the histone H3/H4 heterodimer bind to dis-
tinct faces of the Asfl polypeptide (Malay et al., 2008; Tang et al., 2006). HIRA
binds to a shallow hydrophobic groove on ASF1a, perpendicular to the strands of
the B-sandwich, and is anchored at one end of the groove by a cluster of salt bridge
interactions. The histone H3/H4 heterodimer binds largely to the opposite face of
Asfl (Agez et al., 2007; Antczak et al., 2006; English et al., 2006; Mousson et al.,
2005; Natsume et al., 2007). Interestingly, in the Asf1/H3/H4 trimeric complex,
Asfl binds to the C-terminus of histone H4 that normally interacts with histone
H2A in the nucleosome. This suggests that release of histone H3/H4 from Asfl
will facilitate nucleosome assembly by exposing the histone H4 tail to histone H2A
(English et al., 2006).

The specific histone substrate utilized by HIRA/ASFla to make SAHF is not
well defined. Like ASFla, HIRA also binds to histones. HIRA-containing chap-
erone complexes preferentially bind to and deposit the histone variant histone
H3.3, over the canonical histone H3.1, in a DNA replication-independent man-
ner (Green et al., 2005; Loppin et al., 2005; Nakayama et al., 2007; Prochasson
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et al., 2005; Ray-Gallet et al., 2002; Tagami et al., 2004; van der Heijden et al.,
2007). Significantly, histone H3.3 accumulates in fibroblasts approaching senes-
cence and in non-dividing differentiated cells, in some cases to about 90% of the
total histone H3, with presumably the majority being in largely inactive chromatin
(Bosch and Suau, 1995; Brown et al., 1985; Grove and Zweidler, 1984; Krimer
et al., 1993; Pantazis and Bonner, 1984; Pina and Suau, 1987; Rogakou and Sekeri-
Pataryas, 1999; Urban and Zweidler, 1983; Wunsch and Lough, 1987). Unfortu-
nately, because human histone H3.3 and canonical H3.1 only differ by 5 amino
acids, differentiating between them immunologically is challenging, making it diffi-
cult to ask whether endogenous histone H3.3 is specifically enriched in SAHF. The
idea that SAHF contains histone H3.3 may initially seem unlikely, because depo-
sition of histone H3.3 is typically linked to transcription activation (Ahmad and
Henikoff, 2002; McKittrick et al., 2004; Mito et al., 2005; Schwartz and Ahmad,
2005; Wirbelauer et al., 2005), whereas SAHF is thought to be predominantly tran-
scriptionally silent (Narita et al., 2006; Narita et al., 2003; Zhang et al., 2005). How-
ever, although histone H3.3-containing nucleosomes are less stable to high salt and
immunoprecipitation in vitro (Jin and Felsenfeld, 2007), when ectopically expressed
in cells histone H3.3 activates expression of some genes that incorporate histone
H3.3, but represses others (Jin and Felsenfeld, 2006). Although histone H3.3 is
enriched in modifications that correlate with active transcription, a proportion of
histone H3.3 does carry post-translational marks characteristic of transcriptionally
silent chromatin (Hake et al., 2006; Loyola et al., 2006; McKittrick et al., 2004).
Therefore, histone H3.3 is unlikely to be exclusively linked to transcription activa-
tion. Instead, deposition of histone H3.3 may be associated with any major remod-
eling of chromatin, perhaps as a way to “re-set” histone modifications. In principle,
this can be associated with gene activation, repression, or neither. Concordant with
this proposal, after egg fertilization in flies, dHIRA activity is required for replace-
ment of protamines by histone H3.3-containing nucleosomes in decondensing sperm
chromatin (Bonnefoy et al., 2007; Loppin et al., 2005). Also, after treatment of pri-
mary human cells with histone deacetylase inhibitors that disrupt heterochromatin
structure, HIRA and histone H3.3 are required for a chromatin “repair” process that
recruits HP1 proteins to pericentromeres, thereby maintaining structure and func-
tion of the adjacent chromosome kinetochores (Zhang et al., 2007b). Recently, van
der Heijden and coworkers showed that histone H3.3 is incorporated into the X and
Y chromosomes during formation of the transcriptionally silent sex body by mei-
otic sex chromosome inactivation (van der Heijden et al., 2007). Replacement of
canonical histone H3.1 by variant histone H3.3 is linked to HIRA’s localization to
the developing sex body. Thus, the HIRA/ASF1a complex might drive formation of
SAHF by deposition of histone H3.3-containing nucleosomes.

Alternatively, under some conditions, for example, during SAHF formation,
HIRA/ASF1a might utilize histone H3.1 as a substrate. Consistent with this idea,
ASFla interacts with histone H3.1 and histone H3.3 and inactivation of HIRA
in mouse ES cells affects the nuclear mobility of both histone H3.3 and H3.1
(Meshorer et al., 2006; Mousson et al., 2005; Tagami et al., 2004). Although HIRA
is thought to act in a DNA replication-independent manner and histone H3.1 is
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incorporated predominantly in S-phase of the cell cycle, recent studies have shown
that histone H3.1 can be deposited outside of S-phase (Polo et al., 2006). In sum,
the histone H3 variant utilized by HIRA/ASF1a to make SAHF and the key events
in chromosome condensation are still not fully defined.

Activation of the HIRA/ASF 1a Pathway by Wnt Signaling

In proliferating primary human cells, HIRA is evenly dispersed throughout the cell
nucleus (Zhang et al., 2005). However, in cells approaching senescence, regardless
of whether the trigger is an activated oncogene, short telomeres, or cell stress, HIRA
is translocated into a specific subnuclear organelle, the PML nuclear body. Most
human cells contain 20-30 PML nuclear bodies, which are typically 0.1-1 M in
diameter and enriched in the protein PML, as well as many other nuclear regula-
tory proteins (Borden, 2002; Salomoni and Pandolfi, 2002). PML bodies have been
previously implicated in various cellular processes, including tumor suppression
and cellular senescence (de Stanchina et al., 2004; Ferbeyre et al., 2000; Pearson
et al., 2000). Significantly, HIRA is translocated to PML bodies prior to forma-
tion of SAHF and prior to exit of the cells from the cell cycle (Zhang et al., 2005)
(Fig. 2). Two lines of evidence indicate that HIRA’s translocation to PML bodies
is essential for formation of SAHF. First, a dominant-negative HIRA mutant, which
is targeted to PML bodies but does not bind to ASFla and which blocks local-
ization of endogenous HIRA to PML bodies, also blocks formation of SAHF (Ye
et al., 2007b). Second, expression of the PML-RARa fusion protein, that is known
to inhibit the function of PML bodies (Salomoni and Pandolfi, 2002), also blocks
formation of SAHF. At a molecular level, PML bodies have been proposed to serve
as sites of assembly of macromolecular regulatory complexes (Fogal et al., 2000;
Guo et al., 2000; Pearson et al., 2000). Therefore, it seems likely that PML bodies
serve as a molecular “staging ground” for assembly or modification and activation of
HIRA-containing complexes, prior to export of these complexes to sites of nascent
SAHF.

If recruitment of HIRA to PML bodies is a key step in the SAHF assembly pro-
cess, then how is relocalization triggered in pre-senescent cells? Obvious candidates
to control this event are the pRB and p53 tumor suppressor pathways, both mas-
ter regulators of the senescence program. Indeed, Lowe and coworkers originally
showed that formation of SAHF depends on an active pRB pathway (Narita et al.,
2003), and others have confirmed this and demonstrated a requirement for p53 for
formation of SAHF (Chan et al., 2005; Ye et al., 2007b). However, our studies also
showed that translocation of HIRA to PML bodies is independent of pRB and p53
activity (Ye et al., 2007b), suggesting that pRB and p53 act downstream or in par-
allel to HIRA. Significantly, formation of SAHF driven by ectopically expressed
pl16INK4a, an activator of the pRB pathway, also requires ASF1a, suggesting that
the p16INK4a/pRB pathway is not downstream of HIRA. Therefore, these observa-
tions suggest that the HIRA/ASF1a and pRB pathways act in parallel to form SAHF
(Fig. 2).
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Consistent with this idea, the pRB tumor suppressor protein and the HIRA
and ASFla histone chaperones are all well-established regulators of chromatin
structure and function (Blackwell et al., 2004; Braig et al., 2005; Gonzalo et al.,
2005; Greenall et al., 2006; Kaufman et al., 1998; Krawitz et al., 2002; Phelps-
Durr et al., 2005; Sharp et al., 2001; Zhang et al., 2005; Zhu, 2005). There-
fore, one simple model to describe the cooperation of the pRB and HIRA/ASFla
pathways is that pRB initiates heterochromatin formation at the promoters of E2F
target genes, and this heterochromatin acts as a nucleation site for HIRA/ASF1a-
mediated large-scale chromosome condensation. Consistent with this, E2F target
genes, such as cyclin A, are incorporated into SAHF, and pRB has been reported
to partially colocalize with SAHF (Narita et al., 2003). This model is also con-
sistent with the observation that some human cell types, such as BJ cells, and
mouse cells do not form SAHF efficiently (Braig et al., 2005; Narita et al., 2003;
Zhang et al.,, 2005). Senescence in these cell types is less dependent on the
pl6INK4a/pRB pathway (Beausejour et al., 2003; Campisi, 2005; Itahana et al.,
2003).

A likely role for the pRB pathway at the level of chromatin structure is quite satis-
fying, but it does not answer the original question: what is responsible for activation
of HIRA/ASF1a? Recently, we defined a role for Wnt signaling in this event in the
senescence program (Ye et al., 2007a) (Fig. 2). Canonical Wnt signaling is known
to maintain proliferation of a diverse range of tissue progenitor cells by stimulation
of cell division and inhibition of differentiation and apoptosis, for example, in the
intestinal epithelium (Pinto et al., 2003), melanoblasts, and neural and embryonal
stem cells (Cai et al., 2007; Chenn and Walsh, 2003; Cole et al., 2008; Dunn et al.,
2005; Dunn et al., 2000; Ikeya et al., 1997; Kielman et al., 2002; Ogawa et al., 2006;
Sato et al., 2004; Singla et al., 2006). Extracellular Wnt proteins bind to their cog-
nate transmembrane receptors, members of the Frizzled family (Logan and Nusse,
2004). This ultimately results in inhibition of the serine/threonine kinase, GSK3,
via a signaling cascade that depends on the disheveled protein and is antagonized
by two negative regulators of Wnt signaling, axin and the A denomatous P olyposis
C oli (APC) protein. GSK3 phosphorylates the transcription factor f-catenin, caus-
ing its proteolytic destruction. Consequently, Wnt signaling acts to stabilize soluble
B-catenin, which then acts in the nucleus, together with the Lef/TCF family of tran-
scription factors, to drive expression of proliferative genes, such as c-myc and cyclin
D1. Underscoring its role as a promoter of cell proliferation, the Wnt-signaling path-
way is frequently activated in human cancers, by mutations in the proto-oncogene,
B-catenin, or the tumor suppressor genes, APC and axin (Kinzler and Vogelstein,
1996; Reya and Clevers, 2005; Zurawel et al., 1998).

Recently, we found that as primary human fibroblasts approach senescence, trig-
gered by activated oncogenes or extended growth in culture, expression of a spe-
cific Wnt ligand, Wnt2, is repressed in a pRB- and p53-independent manner (Ye
et al., 2007a). This is accompanied by decreased soluble B-catenin and increased
GSK3p kinase activity, indicative of repressed canonical Wnt signaling in senes-
cent cells. GSK3p phosphorylates HIRA on a specific serine residue, serine 697,
which causes its translocation to PML nuclear bodies. As discussed above, HIRA’s
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localization to PML bodies is required for activation of the HIRA/ASFla SAHF
assembly pathway (Ye et al., 2007b; Zhang et al., 2005). Consistent with these
observations, activation of canonical Wnt signaling by addition of the canonical
Wnt ligand, Wnt3a, to growth medium delayed SAHF formation and oncogene-
induced senescence, whereas premature repression of Wnt2 expression by shRNA
knockdown accelerates SAHF formation and senescence (Ye et al., 2007a). In sum,
these results identify repression of Wnt signaling as a novel early step in the onset
of cell senescence, which specifically initiates HIRA’s recruitment to PML bodies
and formation of SAHF.

Whnt Signaling, SAHF, and Tissue Aging

As discussed above, accumulating evidence implicates cellular senescence as a con-
tributor to tissue aging. Therefore, our demonstration that Wnt signaling can antago-
nize senescence in vitro implies that elevated Wnt signaling might suppress aspects
of aging in vivo (Fig. 3). Moreover, formation of SAHF in cells might contribute to
tissue aging. Remarkably, there is evidence to support both of these ideas, although
the emerging story is not yet clear.

Fig. 3 Wnt signaling might ,«»Wnt signaling
be anti-aging. At least under R
certain conditions, elevated R
Wnht signaling can inhibit cell K
senescence. Cell senescence -~ Sen e-s; ance
is thought to contribute to H
aging by impairing tissue ",
function and renewal. Thus, ",
‘Wht signaling might suppress A .
aspects of aging. Specifically, Cell and tissue maintanence or
low Wnt signaling has been renewal
linked to osteoporosis,

coronary disease, metabolic

syndrome, and Alzheimer’s

disease

Aging phenotypes
(e.g. osteoporosis, cardiac disease,
Metabolic syndrome, Alzheimer’s)

Mutations or polymorphic variants that lead to low Wnt-signaling activity are
linked to premature onset of some age-associated phenotypes. One hallmark of the
aging process, and a major public health problem, is declining bone mass, which
in the most extreme cases manifest as osteoporosis. Wnt signaling promotes bone
formation and osteogenesis. Loss-of-function mutations in the human gene LRP5
cause the low bone mass and fragile skeleton syndrome, osteoporosis-pseudoglioma
(OPPG) (Gong et al., 2001; van Meurs et al., 2008). Conversely, mutations in human
LRPS (e.g., G171V) that reduce its affinity for the Wnt-signaling inhibitor, Dkk1,
cause high bone mass (Ai et al., 2005; Boyden et al., 2002). The same is true in mice.
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Lrp5—/- mice have low bone mass (Kato et al., 2002), whereas mice overexpress-
ing LRP5G171V in osteoblasts have high bone mass (Babij et al., 2003). Activated
Wnt signaling promotes bone formation via several molecular mechanisms, acting
at several steps during osteogenic differentiation. First, early during differentiation,
Wnt signaling drives multipotent osteochondro-progenitors into the osteogenic lin-
eage (Day et al., 2005; Hill et al., 2005; Hu et al., 2005; Rodda and McMahon,
2006). Second, Wnt signaling appears to drive proliferation of pre-osteoblasts or
osteoblasts themselves, which is linked to bone formation (Kato et al., 2002). Third,
Wnt signaling has been reported to drive expression of some osteogenic genes, such
as the transcription factor RUNX2 (Bennett et al., 2005; Gaur et al., 2005). Fourth,
Whnt signaling regulates activity of bone-resorbing osteoclasts. For example, Wnt
signaling in osteoblasts drives expression of osteoprotegerin (Glass et al., 2005), an
inhibitor of osteoclast bone-resorbing activity. In addition to being linked to osteo-
porosis, low Wnt signaling is also linked to other age-associated phenotypes, such
as coronary disease (Mani et al., 2007), age-associated metabolic syndrome, and
Alzheimer’s disease (De Ferrari et al., 2007). In sum, low levels of Wnt signal-
ing are linked to various age-associated pathologies, consistent with the idea that
suppression of Wnt signaling might contribute to aging and elevated Wnt signaling
might delay aging. Contrary to this idea, two recent reports linked aging in mice
to high levels of Wnt signaling (Brack et al., 2007; Liu et al., 2007). Specifically,
Brack et al. showed that aging of mice is associated with increased systemic Wnt-
signaling activity and this promotes muscle fibrosis. In this study, the pro-aging
effects of Wnt signaling were due to a muscle to fibrotic cell fate switch, rather
than an effect of Wnt signaling on senescence (Brack et al., 2007). Liu et al. pre-
sented evidence that elevated systemic Wnt-signaling activity contributes to pre-
mature aging of the Klotho mouse. Although it was not shown that inactivation of
Whnt signaling rescues the premature aging in the Klotho mouse, these authors did
show that Wnt signals can promote cell senescence in vitro (Liu et al., 2007). The
specific reconciliation of this work with the work of Ye et al. (2007a) is not yet
clear. On balance, it seems likely that the impact of Wnt signaling on aging, like
its effects on development, is likely to be highly complex and tissue and context
dependent.

As discussed above, formation of SAHF appears to depend on redistribution of
heterochromatin throughout the cell nucleus (Fig. 1). Remarkably, this also seems
to occur in normal tissue aging. In mammals, there is an age-associated decline in
total genomic DNA methylation (Romanov and Vanyushin, 1981; Singhal et al.,
1987; Wilson et al., 1987). This occurs mostly at repetitive DNA sequences, and so
probably occurs predominantly in domains of constitutive heterochromatin. Since
DNA methylation promotes formation of transcriptionally silent heterochromatin
(Kouzarides, 2007), this change will facilitate deheterochromatinization of these
regions. However, although genome-wide levels of methylation decrease with age
in mammals, at specific sites there is a tendency for DNA methylation to increase
(Ahuja et al., 1998; Issa et al., 2001; Issa et al., 1994; Issa et al., 1996; Kim et al.,
2005a, b; So et al., 2006; Waki et al., 2003; Yatabe et al., 2001). This can occur at
CpG islands, CG-rich sequences that are typically unmethylated. Many CpG islands
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are in the promoter regions of genes, and their methylation often silences gene
expression. In addition, the total abundance of histone H4 methylated on lysine 20
(H4K20Me) has also been reported to increase with age in rat liver and kidney (Sarg
et al., 2002). Like DNA methylation, H4K20Me is linked to transcriptional repres-
sion (Berger, 2007), supporting the notion that heterochromatin accumulates with
tissue aging, at least at some sites. Together, these observations suggest that mam-
malian aging is also associated with remodeling of chromatin structure. In particu-
lar, analysis of DNA methylation patterns suggests that mammalian aging is associ-
ated with an overall decrease in heterochromatin, but an increase at specific sites in
the genome. Conceivably, there is a “redistribution” of transcription-silencing het-
erochromatin from repetitive DNA, which is normally packaged into constitutive
heterochromatin, to regions of the genome that are normally transcribed (Imai and
Kitano, 1998; Villeponteau, 1997; Zhang and Adams, 2007). Significantly, the his-
tone chaperone HIRA has been shown to increase in expression or undergo some
level of regulation in aging baboon skin (Herbig et al., 2006; Jeyapalan et al., 2007),
suggesting that the redistribution of heterochromatin in cells of aging tissue might
be mechanistically linked to formation of SAHF in senescent cells in vitro. Thus,
although the story is very preliminary, there is evidence to indicate that both chro-
matin structure and Wnt signaling impact aging of tissues in vivo similar to the
ways that they impact cell senescence in vitro. Even more speculatively, Wnt sig-
naling and chromatin structure impact aging, in part, through a single linear pathway
(Fig. 3).

Summary

In this review, we have described the chromatin changes that occur in senescent
cells and what is known of the molecular mechanisms underlying them. We have
described a role for repression of Wnt signaling in initiation of these changes.
We have also compared the chromatin changes in senescent cells to chromatin
changes that have been described in association with normal tissue aging. Extend-
ing the comparison, we have suggested that elevated Wnt signaling can suppress
some aspects of tissue aging. Synthesizing these findings, we have hypothesized the
existence of a pathway through which Wnt signaling can affect aging, in part, via
chromatin structure (Fig. 3). Whether this pathway is a reality remains to be deter-
mined. In particular, it is important to determine whether the chromatin changes
that have been reported during tissue aging are mechanistically related to SAHF.
We also need to know whether the phenotypes linked to hypomorphic Wnt signal-
ing are just phenocopies of aging or really are premature aging. Finally, we need
to know the molecular mechanism by which low Wnt signaling drives age-like
phenotypes.
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S-Adenosylmethionine: Simple Agent
of Methylation and Secret to Aging
and Metabolism?

Wil A.M. Loenen

Abstract S-adenosylmethionine (SAM) is a sulfur-containing molecule at the heart
of metabolism of all organisms. It is well known as the methyl donor for the major-
ity of methyltransferases that modify DNA, RNA, histones, and many other proteins
such as Tp53, lipids, and a variety of other small molecules including toxic com-
pounds, such as arsenic, whose actions affect replication, transcription, and transla-
tion, DNA repair and chromatin modeling, epigenetic modifications, and imprinting.
Transmethylation by SAM generates S-adenosylhomocysteine, which is converted
back to SAM via the methionine cycle or to the antioxidant glutathione via the
transsulfuration pathway. So far 15 superfamilies of SAM-binding proteins have
been identified with additional vital roles in polyamine synthesis and in the gen-
eration of radicals for difficult chemical reactions such as the synthesis of biotin.
Surprisingly, SAM also serves as an essential cofactor in specific recognition and
cutting of DNA by nucleases, such as EcoKI, and in FeS cluster-containing proteins
such as the transcription elongator Elp3. Finally, on a completely different track,
SAM can bind certain RNA structures called riboswitches that control transcrip-
tion and/or translation. In this way, gene expression can be regulated in a SAM-
dependent manner, a recent finding that opens up new avenues into gene control
by alternative RNA secondary structure formation. Deregulation of SAM through
folate or vitamin shortage and/or radical surplus via dietary insufficiency, alco-
hol abuse, arsenic poisoning, irradiation, and/or other environmental or hereditary
factors leads to a wide variety of human diseases, e.g., autoimmune disease, can-
cer, depression, and other neurological illnesses, and is implicated in longevity and
aging. This review gives an overview of the roles of this small metabolite and dis-
cusses the implications of deregulation of SAM to longevity and aging.
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Introduction

S-adenosylmethionine (SAM, also called AdoMet, Fig. 1) was discovered 55 years
ago by Giulio Cantoni as an important molecule in methylation reactions (reviewed
by Kresge et al. 2005). It is a conjugate of methionine at the sulfur atom with
adenosine (derived from ATP), a reaction catalyzed by methionine adenosyltrans-
ferase (MAT or SAM synthetase). In the 1960s it became clear that the role of
SAM was not confined to methylation when, unexpectedly, the first nuclease was
described that required SAM for activity, the Escherichia coli K-12 restriction
enzyme (Meselson and Yuan 1968; see Murray 2000; Loenen 2003; Loenen, 2006
for reviews). This intriguing enzyme, EcoKI, is a large pentameric complex belong-
ing to the type IA family of ATP-dependent helicase cum nuclease cum methy-
lase proteins. The enzyme binds SAM, which event alters the DNA contacts of the
methylase (MTase or methyltransferase) moiety, and thus distinguishes unmethy-
lated DNA from hemi-methylated DNA. In the case of the latter, EcoKI acts as
an MTase and modifies the second strand. However, if the DNA is unmethylated,
EcoKI acts as an endonuclease in an unusual way. It uses helicase domains to
translocate the DNA past itself and cuts up to 5 kb away from the recognition site.
Some other restriction systems also require SAM as allosteric effector and for spe-
cific cleavage of DNA (Sistla and Rao 2008; http://rebase.neb.com). Interestingly,
the presence of SAM limits cleavage of DNA by EcoP15I to supercoiled DNA,
and linear DNA cannot be cut under these circumstances (Raghavendra and Rao
2005). SAM-dependent nucleases are not confined to bacteria, as one has recently
been identified in wheat (Fedoreyeva et al. 2007; Vanyushin 2007). It is plausible
that such unforeseen SAM-dependent mechanisms for specific DNA recognition,
translocation, and/or nuclease activity dependent on higher-ordered structure of the
DNA are more widespread, though so far no data on this interesting topic have
emerged with respect to evolutionarily related mammalian enzymes.
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Fig. 1 S-adenosylmethionine (SAM) is the universal methyl donor. SAM is the major methyl
donor used for transfer by methylases (methyltransferases or MTases) to DNA, RNA, protein,
lipids, small molecules, arsenic, etc., the methyl group is indicated with a circle
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In this review an overview of the types of SAM-dependent enzymes is given,
followed by a description of important metabolic pathways that involve SAM and
that are all under tight multilayered control to avoid a biochemical tug of war
between methylation and the other jobs of SAM. This is followed by a discussion of
the implications of the central position of SAM to life and proven or potential risks
of alterations in SAM levels to human health, disease, and aging. The chromoso-
mal changes that modify gene expression via methylation of CpG dinucleotides and
post-translational modifications of histone tails that use SAM as methyl donor dic-
tate tissue-specific expression, imprinting, and inactivation of the X chromosome,
which are amply described elsewhere in this book and will not be discussed here
further. Due to lack of space each section lists only few original papers and the
reader is mainly referred to reviews for further reading.

SAM-Dependent Enzymes

Over the past 50 years, it has become obvious that SAM serves not only as a univer-
sal methyl donor as well as allosteric effector but also as other biochemical transfer
reactions, making it perhaps the most frequently used substrate after ATP. A selec-
tion of these reactions in mammalian cells is shown in Table 1. Additional bacte-
rial inventions exist that are currently unknown in mammals (Martin and McMillan
2002; Schubert et al. 2003; Fontecave et al. 2004; Kozbial and Muzhegian 2005;
Grillo and Colombatto 2007).

Fifteen SAM superfamilies have been identified with rather different structural
domains without obvious homology and folds that perform these chemical reac-
tions. It has been claimed that SAM already played these diverse roles in the last
universal common ancestor (LUCA) of bacteria, archaea, and eukaryotes (Kozbial
and Muzhegian 2005). LUCA could probably synthesize SAM de novo, methylate
RNA and proteins, decarboxylate SAM as source for the polyamine pathway, and
generate SAM radicals in order to catalyze difficult chemical reactions in the cell.
Currently, it is estimated that 95% of all SAM is used for methylation of a wide
variety of molecules and 3-5% for the generation of decarboxylated SAM (dcSAM)
(Merali and Clarkson 2004). In humans, 85% of all of these methylation reactions
and 50% of all methionine metabolism takes place in a single organ, the liver (Mato
et al. 2002). A small proportion of SAM is used by perhaps as many as 1000 differ-
ent proteins for formation of 5’-deoxyadenosyl radicals that perform vital reactions
in the cell (Buckel and Golding 2006).

The SAM Domain/Rossmann Fold

The majority of SAM-dependent MTases share a common structure, the Rossmann
fold (see http://rebase.neb.com for details and crystal structures), which is con-
served in evolution, though the residues that contact SAM are not (see Martin and
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Table 1 Selection of chemical reactions occurring in mammalian cells using different parts

of SAM
Transfer
reaction™ Enzymes Target or pathway Conserved structure
Methyl Majority of DNA, RNA, protein, Rossmann fold, MS fold,
MTases ** lipid, small molecules corrinoid-like MTases,
(e.g., arsenic) SPOUT domain, SET
domain
Methylene CFA synthase Unsaturated fatty acids in ~ Rossmann fold
phospholipids
Amino DAPA synthase Biotin synthesis SAM-dependent type I
fold of
aminotransferases
Ribosyl AcpU synthase  Uridine in tRNA Related to TIM barrel
Decarboxylation =~ SAMDC Decarboxylation of SAM  Two half barrels
as substrate for
polyamine pathway
Aminopropyl Spermidine Substrate dcSAM, Rossmann fold
synthase conversion putrescine
to spermidine
(polyamine)
Aminopropyl Spermine Substrate dcSAM, Rossmann fold
synthase conversion spermidine
to spermine
(polyamine)
Methionine + MAT Synthesis methionine Unique fold
ATP
5'- Radical SAM Generation free radicals TIM barrel
deoxyadenosine enzymes with in controlled way for,
radicals SAM- e.g., DNA precursor,
dependent vitamin, cofactor
[4Fe-4S] synthesis;
cluster biodegradation, tRNA
modification, and DNA
repair
Regulatory CBS domain Cystathionine-beta- Small molecule binding
binding of synthase domain in domain
SAM transsulfuration
pathway
Regulatory Transcription MTase family member Rossmann fold
binding of factor mtTFB that has lost catalytic
SAM activity

*Sources: Martin and McMillan 2002; Schubert et al. 2003; Fontecave, Atta and Mulliez 2004;
Kozbial and Muzhegian 2005; Krauetler 2005; Toohey 2006; Grillo and Colombatto 2007. See
text, and these reviews for figures and further details on other organisms.

** Abbreviations: methyltransferase (MTase), methionine synthase (MS), corrinoid-like enzymes
bind metal ions (such as cobalt, iron, magnesium, and nickel), common fold between SpoU and
TrmD RNA MTases (SPOUT), suppressor of variegation 3-9 [Su(var)3-9], enhancer of zest and
trithorax (SET), cyclopropane fatty acid (CFA) synthase, 7,8-diaminopelargonic acid (DAPA),
3-(3-amino-3-carboxypropyl)uridine (Acp®U), SAM decarboxylase (SAMDC), decarboxylated
SAM (dcSAM), SAM synthetase or methionine adenosyltransferase (MAT).



S-Adenosylmethionine 111

McMillan 2002; Schubert et al. 2003; Fontecave et al. 2004; Kozbial and Muzhe-
gian 2005 for reviews). Classification of this large superfamily is based on substrate
specificity (e.g., DNA, RNA, protein, lipid, and small molecules such as arsenic)
and on the atom targeted for methylation (e.g., N, O, C, or S). Several other pro-
teins contain this fold too, despite being inactive as MTases per se, e.g., DNA
MTase 2 (DNMT2) and DNA MTase 3-like (DNMT3L). Another important exam-
ple is spermidine synthase, which is active in the polyamine pathway (see below).
The polyamines (putrescine, spermidine, and spermine) are small positively charged
molecules in the cell that bind tightly to DNA, RNA, proteins, phospholipids, and
many other negatively charged molecules. In this way, they can affect DNA bending
and transition from B to Z DNA, cause frame shifts and other infidelities at the RNA
level, and modulate signal transduction (see Pegg et al. 2003; Thomas and Thomas
2003; Wallace et al. 2003; Wallace and Fraser 2004; Ivanov and Atkins 2007; Pegg
and Feith 2007 for reviews and references therein). Spermidine synthase shares 70%
identity to putrescine N-methyltransferase, but fuses the methionine backbone of
dcSAM to putrescine (Martin and McMillan 2002). Overexpression of enzymes in
the polyamine pathway is heavily implicated in cancer, while homozygous knockout
of the enzymes in mice proves lethal (Pegg et al. 2003).

Other SAM-Binding Domains

A so-called TIM barrel, also known as triose phosphate isomerase-like domain, is
present in SAM radical enzymes, which use SAM to generate methionine and a
5’-deoxyadenosyl radical that can be used to generate further radicals on the same
protein or on a coupled enzyme (Kozbial and Mushegian 2005). One important
example of this class is SAM decarboxylase (SAMDC or AMD), the enzyme that
provides the precursor dcSAM for the synthesis of spermidine and spermine. The
manifold control of SAMDC synthesis and activity reflects the importance of care-
ful regulation of polyamine levels in the cell (see for reviews on this topic Wal-
lace et al. 2003; Pegg et al. 2003; Thomas and Thomas 2003; Wallace and Fraser
2004; Kozbial and Mushegian 2005). A third class of important SAM-dependent
enzymes contains the SET domain. This domain was discovered as a conserved
domain shared by the chromatin remodeling protein suppressor of variegation 3-9
(Su(var)3-9), enhancer of zest and frithorax. These enzymes affect chromatin func-
tion and transcription by methylating lysines in, e.g., histones and p53, the impor-
tance of which is obvious (Kozbial and Mushegian 2005).

The SPOUT fold was originally identified as a domain shared by the SpoU and
TrmD MTases and is present in a superfamily of enzymes that methylate tRNA and
rRNA (Tkaczuk et al. 2007). Some enzymes in the methionine cycle have unusual or
even unique folds (Kozbial and Mushegian 2005). Different MAT proteins, the all-
important enzymes of de novo SAM biosynthesis of ancient LUCA origin, are still
closely related at the sequence level in all kingdoms, with a unique wedge-shaped
structure. Interestingly, a rare fold is present in methionine synthetase (MS), which
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Fig. 2 Simplified diagram of SAM as methyl donor in the methionine cycle. Also called
SAM cycle or one-carbon cycle. The methyl group is derived from food and/or from recycling
in various other ways (see text for details). In the methionine cycle SAM is generated from
methionine by methionine adenosyltransferase (MAT or SAM synthetase). SAM is converted to
S-adenosylhomocysteine (SAH) by many MTases, in which process it donates the methyl group.
SAH is hydrolyzed to homocysteine (HCY). The latter is the substrate for methionine synthase,
which uses a derivative of folate, MTHF, as a methyl donor to regenerate methionine, producing
THF (tetrahydrofolate). HCY is also substrate for the route to glutathione (Fig. 3). About 3-5%
of SAM is diverted to the polyamine pathway after decarboxylation by SAM decarboxylase
(SAMDC) to dcSAM (Fig. 4)

regenerates methionine and derives the methyl group from methylated tetrahydro-
folate (MTHF) (Fig. 2), while the repressor of the methionine operon MetJ, which
uses SAM as a co-repressor, is the only known SAM-binding protein with a RHH
(ribbon-helix—helix) domain, again an evolutionarily ancient class of DNA-binding
proteins (Kozbial and Mushegian 2005). It is tempting to speculate that such cru-
cial enzymes with their rare folds may get priority access to SAM when methion-
ine/SAM levels in the cell become dangerously low.

SAM and Radical Formation: The Iron-Sulfur Cluster

As mentioned above, organisms use SAM to generate radicals for difficult steps
in biochemistry. These enzymes contain FeS clusters, which were originally dis-
covered in electron-transport proteins, but are also present in enzymes involved in
DNA and RNA metabolism, including some base excision repair (BER) enzymes
(Johnson et al. 2005; Lill and Muehlenhoff 2005; Lukianova and David 2005).
An interesting model has been proposed, in which base lesions might be detected
speedily using DNA-mediated charge transfer between BER enzymes located on
different parts of DNA molecules (Lukianova and David 2005; Merino et al. 2008).
More recently, four helicases were identified with FeS clusters that are involved in
genome integrity and transcription, i.e., Xeroderma pigmentosum D (XPD) protein
with a role in nucleotide excision repair (NER), transcription, and aging (discussed
below), the Fanconi J protein (FancJ, which interacts with BRCA1), Chll (also
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called chromosome transmission fidelity 1 (Ctf1), involved in sister-chromatid cohe-
sion in budding yeast), and Rtell with a role in telomere maintenance (Rudolf et al.
2006). Disruption of the FeS cluster led to clinically relevant mutations, which have
been confirmed in yeast (Rudolf et al. 2006). It will be interesting to see whether
any of these helicases with a FeS cluster will prove capable of binding SAM. This is
obviously currently a matter of pure speculation, but such a notion may be fostered
by recent studies on Elp3, a protein in the elongator complex and highly conserved
from archaea to humans (Paraskevopoulou et al. 2006). An archaeal Elp3 was shown
to have a (4Fe-4S) cluster that binds SAM. This is an exciting finding that warrants
further investigation into therole of SAM in human helicases, especially in light of
the story of the SAM-mediated distinction between supercoiled and linear DNA by
nucleases (see Introduction).

Many other FeS-containing enzymes exist, and two cases are worth mention-
ing here: the bacterial oxygen-sensitive cluster (discussed below) and the two FeS
clusters of biotin synthase (BS), which show the extraordinary versatility of SAM-
dependent FeS clusters. The (4Fe-4S) cluster of BS binds three cysteines at the first
three positions, and SAM at the fourth. The reduced cluster donates one electron
to SAM producing a 5’-deoxyadenosine radical, after which a second half clus-
ter (2Fe-2S) is involved in the insertion of a sulfur atom into the biotin precursor
(Lotierzo et al. 2005; Brosnan and Brosnan 2006).

SAM and RNA Riboswitches

In addition to proteins, on a completely different track it has been observed that
SAM is capable of binding RNA (see Corbino et al. 2005; McDaniel et al. 2005;
Winkler and Breaker 2005; Batey 2006; Stoddard and Batey 2006; Sudarsan et al,
2006; Fuchs et al. 2006; Cochrane and Strobel 2008; Montange and Batey 2008;
Wang and Breaker 2008; Weinberg et al. 2008 for reviews). The RNA regions
involved are 5’ leader (untranslated region or UTR) sequences and the principle
rests on the formation of stem loops that either open up or close the ribosome bind-
ing site, or alternatively a transcription termination signal, thus affecting transla-
tion and/or transcription. The latter mechanism is strongly reminiscent of classic
examples of gene control such as attenuation at the tryptophan operon (Oxender
et al. 1979). These metabolite-dependent structures have been named riboswitches
and were first discovered in Bacillus subtilis in certain metabolite-sensing mRNAs,
e.g., for thiamine, purine, glycine, SAM, and vitamin B12. So far four SAM
riboswitches have been identified in bacteria and are involved in methionine synthe-
sis, as expected, but also sulfur metabolism and others (Shivji et al. 2005). Interest-
ingly, riboswitches may also cooperate with each other, e.g., the SAM-I riboswitch
can act in tandem with a coenzyme B12 riboswitch in the B. subtilis metE mRNA
(Stoddard and Batey 2006; Sudarsan et al., 2006). The riboswitch principle has
entered the laboratory to control gene expression (http://aptamer.icmb.utexas.edu),
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e.g., a tetracycline-dependent riboswitch allows expression of a reporter gene in
yeast in a reversible manner (Suess 2005).

Though most data on riboswitches concern bacteria, thiamine riboswitches have
recently been described in plants and fungi (Winkler and Breaker 2005, McDaniel
et al. 2005), suggesting that SAM riboswitches may be just around the corner from
our own human RNA world. With respect to the latter, Batey (2006) compared the
riboswitch with the internal ribosome entry site (IRES), another highly structured
mRNA element present in a number of important mammalian genes involved in con-
trol of life and death (e.g., insulin-like growth factor 2, c-myc, and AML1/Runx1,
but also ODC, the rate-limiting enzyme of the polyamine pathway [see below] and
some viruses [e.g., hepatitis C virus] allowing cap-independent mRNA translation
(Holcik et al. 2000; Vagner et al. 2001; http://www.iresite.org). The question raised
by the story of the riboswitches is inevitable: Will RNA structures that bind SAM
and thus control gene expression appear on the human horizon and dictate the activ-
ity of non-coding and microRNAs?

The Central Role of SAM in Metabolism

The Methionine Cycle

As mentioned earlier, about 95% of SAM is usurped in methylation reactions.
Demethylation of SAM yields S-adenosylhomocysteine (SAH) and SAM is regen-
erated in the methionine cycle (also called one-carbon cycle or SAM cycle [Fig. 2]).
This involves a homocysteine (HCY) intermediate, in turn the substrate for methio-
nine synthase (MS) with methylated tetrahydrofolate (MTHF) as methyl donor,
and the cycle is complete after fusion of methionine and the adenosine part of
ATP by methionine adenosyltransferase (MAT, also called S-adenosylmethionine
synthetase). The name ‘folate,” the precursor for MTHF, describes a family of
related molecules that are capable of one-carbon transfer. Folate-derived tetrahy-
drofolate (THF or vitamin B9) can be synthesized by plants in mitochondria, and
by microorganisms, but must be ingested with food by animals, including humans
(Sahr et al. 2005).

Methionine can also be regenerated in other ways and one route is worth men-
tioning: the conversion of HCY by betaine-homocysteine MTase 1 (BHMT1), indi-
cated as a dotted arrow in Fig. 2. This is an important enzyme in the cell, because,
in contrast to most MTases, BHMT1 is insensitive to feedback inhibition by SAH,
thus preventing increased levels of HCY in, e.g., plasma, which is linked to human
cardiovascular disease and diabetes (Wijekoon et al. 2007). The literature on SAM
levels in these and other diseases warrants an extensive discussion beyond the scope
of this review, but, briefly, low levels of folate in serum and/or a polymorphism in
the MTHF receptor (MTHFR C677T) have been implicated in SAM depletion and
a wide range of diseases in humans (Coppen and Bolander-Gouaille 2005; Purohit
et al. 2005; Pogribny et al. 2005; Davis and Uthus 2004; Lamprecht and Lipkin
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2003a; McCabe and Caudill 2005; Ulrey et al. 2005). SAM supplements may be
helpful in at least some cases, e.g., SAM may protect against deleterious effects
of TNF (tumor necrosis factor) alpha in liver disease (Veal et al. 2005). A folate-
deficient diet leads to decreased amounts of SAM, with the danger of hypomethyla-
tion of promoters of oncogenes and activation of silent transposons, resulting in
chromosome instability and cancer, but also a decrease in folate-derived factors
with concomitant incorporation of uracil in DNA instead of thymine, as well as
futile cycles of DNA repair and chromosome breaks (Ames and Wakimoto 2002;
Lamprecht and Witkin 2003a; Lamprecht and Witkin 2003b).

Due to its central role in methylation, it is understandable that deregulation
of SAM has major developmental and neurological implications, resulting among
others in various well-known imprinting diseases. Interestingly, the autoimmune
disease systemic lupus erythematosus (SLE) has been linked to overexpression of
the ligand of CD27 (CD27L, CD70 or TNFSF7) due to decreased methylation of the
promoter (Lu et al. 2005). CD27 is an important lymphocyte-specific member of the
tumor necrosis factor receptor (TNFR) superfamily (Loenen 1998). The enhanced
CD70 expression is linked to diminished activity of methylation and extracellular
signal-regulated kinase (Sawalha et al. 2008). Such reports make it likely that the
list of human diseases linked to faulty (de)methylation will keep growing.

SAM has been shown to be unstable within the cell and generates a variety of
degradation products (Vinci and Clarke 2007). After synthesis, SAM is present in
an S,S configuration, which is the biologically active form. However, the sulfur is
unstable and forms an R,S form over time, which is inactive. This form may usurp
precious SAM, but there is concern that it is also toxic. This is of importance, as
synthetic SAM sold as dietary supplement may contain up to 20-40% R,S SAM.
Recently, two HCY MTases have been identified in yeast that are capable of recog-
nizing this compound and convert it back to methionine (Vinci and Clarke 2007).

Finally, SAM is also involved in detoxification in tissues exposed to metalloids
such as arsenic (Qin et al. 2006; Reguera et al. 2007; Coppin et al. 2008). Appar-
ently, some bacteria excrete arsenic as soluble and gaseous methylated species,
which leads to global cycling of arsenic. This poison and human carcinogen tar-
gets tissues such as skin, lung, and bladder. The body defends itself by methylating
inorganic arsenic using SAM as methyl donor and excretes dimethylarsenic via the
urine. High levels of arsenic thus deplete the SAM pool, which can be partly res-
cued by stimulating the methionine cycle with a folate-rich diet. However, long-term
exposure to low levels of arsenic results in hypomethylation, enhanced glutathione
production and increased HCY levels, and a progressive reduction in SAM cycling,
with deleterious results.

SAM and the Transsulfuration Pathway

In the methionine cycle HCY is back-converted to methionine by MS, which
uses vitamin B12 as cofactor, but another enzyme, cystathionine beta-synthase



116 W.A.M. Loenen

Methionine

Methionine
SAM

cycle l

/m

Cystathionine

HCY <—— SAH

Cystathionase
Cysteine
GCL
Gamma-L-glutamyl-L-cysteine
GS

Glutathione

Fig. 3 Simplified diagram of the transsulfuration route from the methionine cycle to glutathione.
HCY is the substrate of cystathionine beta-synthase (CBS or cystathionine synthase), which is
converted by cystathionase (or CTH) to cysteine. This amino acid is used to generate the tripeptide
glutathione, an important antioxidant and detoxifier in the cell via glutamate cysteine ligase (GCL).
Other conversion routes are not shown for clarity (see text for further details)

(cystathionine synthase or CBS), generates glutathionine (GSH) via an alternative
route, the transsulfuration pathway with vitamin B6 as cofactor (Prudova et al.
2006; Reguera et al. 2007; Lu 2008) (Fig. 3). GSH is an ubiquitous tripeptide
with antioxidant and detoxification properties that is involved in cell prolifera-
tion. The balance between the two routes is dependent on the level of methio-
nine on the one hand, but also controlled by allosteric activation of CBS by
SAM. When methionine is abundant, the transsulfuration route generates cys-
teine and GSH for diverse cellular functions, while low levels of methionine favor
transmethylation. In the latter case, decreased binding of SAM to CBS desta-
bilizes the protein, and thus CBS affects viability under conditions of oxidative
stress, e.g., in human liver cancer. The SAM-binding domain of CBS (the CBS
domain) is conserved in evolution and can also bind the adenosine moieties of
ATP and AMP, which led to the hypothesis that CBS domains function as sen-
sors of intracellular metabolites. In line with such an important role for CBS-
containing proteins, mutations in the CBS domain are linked to a number of human
diseases, and manipulation of GSH synthesis may relieve symptoms (Ignoul and
Eggermont 2005; Lu 2008). The methionine flux to transsulfuration is involved
in longevity and is enhanced in Ames dwarf mice (Uthus and Brown-Borg 2006),
see below.
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SAM and the Polyamine Pathway

While the majority of SAM is used for methylation purposes, an estimated 3—5%
is used by SAMDC to generated dcSAM, the substrate for another vital bio-
chemical pathway that generates the polyamines spermidine and spermine from
putrescine (Fig. 4) (see, e.g., Coffino 2001; Wallace et al. 2003; Thomas and
Thomas 2003; Gerner and Meyskens 2004; Ikeguchi et al. 2006; Pegg, 2006:
Gilmour 2007 for reviews of the vast literature on these topics). Already observed
by Van Leeuwenhoeck back in 1678 as crystals in semen, the polyamines are
organic cations that can bind to most if not virtually all negatively charged
molecules in the cell, including DNA, RNA, and protein. Polyamines are neces-
sary for growth and development of many tissues and in tissue repair. The rate-
limiting enzyme in this pathway is ornithine decarboxylase (ODC), which con-
verts ornithine (derived from arginine in the urea cycle) to putrescine. While the
enzymes of the urea cycle are expressed primarily in the liver and intestine, the
polyamines are generated in all tissues and are also present in diets containing
cheese and red meat. The next step in polyamine synthesis involves two molecules
of dcSAM, used by spermidine synthase to convert putrescine to spermidine and
by spermine synthase to generate spermine. Donation of the methionine backbone
by dcSAM to putrescine leads to the generation of methylthioadenosine (MTA),
which can also be recycled to methionine (Avila et al. 2004; Merali and Clarkson
2004).

Folate N,

Methionine

Methionine cycle i
SAM

) lSAMDC
Spermine m

synthase Spermidine synthase 4 .GAM

Spermine

Polyamine pathway Putrescine

ODC

backconversion via SSAT

Ornithine

Fig. 4 Simplified diagram of SAM as methionine donor in the polyamine pathway. SAM is
first decarboxylated by SAMDC. The methionine backbone of dcSAM is used by spermidine
synthetase to convert putrescine into spermidine. A second molecule of dcSAM is used by
spermine synthase to convert spermidine into spermine (back-conversion routes to putrescine
involve spermidine/spermine-N1-acetyltransferase SSAT and other enzymes (not shown). De novo
putrescine production requires the activity of ornithine decarboxylase, the rate-limiting step in this
pathway
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The polyamine levels are very tightly regulated at the transcriptional, transla-
tional, and post-translational levels of the ODC and SAMDC genes, as well as
that of spermidine/spermine-N1-acetyltransferase (SSAT), which is involved in the
back-conversion of spermidine and spermine to putrescine. As appears the case with
methylation, polyamine levels may decline during adulthood and in senescent tis-
sues. Deregulation of the activity of any of these genes is poorly tolerated and many
clinical trials target this route in the battle against cancer (see also Keren-Paz et al.
2007; Ivanov and Atkins 2007; Pegg 2008).

Though both putrescine and agmatine are present in food, de novo synthe-
sis of putrescine appears to be limited to the ODC route, and the regulation of
enzymatic activity of ODC is a beautiful example of tight control at many lev-
els, involving, e.g., polyamine-dependent programmed frame shifting, proteasome-
independent degradation, control by transcription factors such as c-myc and NQO1,
the tumor suppressor adenomatous polyposis coli (APC), and an internal ribo-
some entry site (IRES), to name just a few (Gerner and Meyskens 2004; Pegg
2006; Zoumas-Morse et al. 2007; http://recode.genetics.utah.edu). Interestingly, a
link was made in our laboratory by Van der Eb and colleagues between ODC
and cancer in patients with different mutations in Xeroderma pigmentosum (XP)
genes: while the majority of these individuals are highly sensitive to UV-induced
skin cancer, some patients are not cancer prone, and this trait is linked to lack of
ODC activity after UV irradiation (Terleth et al. 1997). Preliminary analysis of
expression profiling data in our laboratory comparing some of these patients reveals
alterations in a number of genes that are linked to SAM in one way or another
(unpublished observations).

Polyamine levels are not only implicated in neoplastic growth but also capa-
ble of stimulating differentiation, e.g., reversing the phenotype of F9 tera-
tocarcinoma stem cells (Frostesjo et al. 1997). Depletion of spermidine and
putrescine leads to differentiation into embryonic endoderm-like cells, which is
associated with alterations in DNA methylation, and, concomitantly, a dramatic
decrease in the levels of dcSAM. Inhibition of SAMDC blocks this differen-
tiation and simultaneously halts the gradual demethylation observed, evidence
for the causal relationship between SAM concentrations, DNA methylation, and
differentiation.

SAM and Aging

The central role of SAM in methylation and the methionine cycle, the transsul-
furation and polyamine pathways, as well as radical formation for difficult chem-
istry, puts this small molecule at the heart of metabolic processes in the cell,
which obviously will have its impact on aging. In this final section, an overview
of several theories of aging will be given in relationship to SAM, followed by
some examples from the literature on aging individuals that emphasize the need
for a proper balance between the methionine cycle for methylation purposes on
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Fig. 5 Yin and Yang of
SAM. About 95% of SAM is
used in methylation reactions
by the majority of methylases
(MTases), while the remainder
is used by a wide variety of
other enzymes. A proper
balance is crucial for a long
and healthy life

Nucleases
Glutathione
Radical enzymes
RNA riboswitch
Polyamines

the one hand, and the availability of SAM to polyamine and transsulfuration path-
ways, and radical enzymes on the other hand in order to live to a healthy old
age (Fig. 5).

Aging appears to be evolutionary conserved, as even bacteria are capable of
asymmetric cell division, in which old material is preferentially located in one of
the two new cells: this results in a damage-enriched and a low-damage population,
the former with reduced division potential (Ackermann et al. 2007; Nystrom 2007).
While aging is a natural time-dependent deterioration, it varies greatly from days to
>100 years and appears to be both genetically and environmentally determined. The
evidence for the necessity for a restricted and balanced diet to enhance longevity
and slow down aging is accumulating (see elsewhere in this book). Interventions in
mice that extend life span and/or delay aging often result in smaller animals and thus
may be the product of fewer cell divisions (de Magalhaes and Faragher 2008). At
least in E. coli K-12 SAM plays an important role in cell division, as the assembly
of the septal ring is prevented by SAM depletion leading to long filaments (Wang
et al. 2005). Whether SAM plays a direct role in the aforementioned asymmetry
itself and/or in higher organisms remains to be investigated.

According to Libert and Pletcher (2007) the ability to sense the total environ-
ment using eyes, ears, nose, tongue, and touch or other sensory systems would
determine longevity and would trigger well-known pathways, e.g., those involv-
ing insulin and Daf-16/FOXO in Caenorhabditis elegans. In bacteria, SAM is
implicated in environmental sensing via a process called quorum sensing, which
involves small diffusible molecules like autoinducer-2 (AI-2) (de Keersmaecker
et al. 2006; Zhu et al. 2008). AI-2 synthase proved to be identical to LuxS and
S-ribosylhomocysteine cleavage enzyme, and thus is comparable to SAH hydro-
lase in the methionine cycle (which converts SAH into HCY, Fig. 2). This directly
links SAM as precursor to extracellular communication and longevity (Libert and
Pletcher 2007).
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SAM, Mitochondria, and Life Span

Several theories have been put forward to explain life span, including the mitochon-
drial and free radical theories of development and aging, which involve the harmful
effects of free radicals such as reactive oxygen species like superoxide and hydro-
gen peroxide (ROS). It is well known that overall DNA repair in mitochondria is
lower than in the nucleus and mitochondrial DNA is not so well protected as nuclear
DNA. The question here is, would mitochondria be more sensitive to oxidation and
aging, and does this involve SAM? First, SAM cannot be made inside these impor-
tant energy-generating organelles, which require rapid exchange of many molecules
with the cytosol. Among a whole series of mitochondrial carriers that transport dif-
ferent molecules, several transporters relate to SAM metabolism, including SAM
itself, ornithine, folate, and ATP/ADP exchange (Del Arco and Satrustegui 2005).
Therefore, mitochondria might be particularly vulnerable to SAM depletion, which
would also affect the production of antioxidants like GSH, and disruption of trans-
port of SAM into the mitochondria would be detrimental.

Second, mitochondria might be more sensitive to DNA damage, as mitochon-
drial polymerase (Pol gamma) and the absence of NER would increase the mutation
rate in the genome of this organelle considerably, thus increasing mitochondrial
instability and limiting mammalian life span (Del Arco and Satrustegui 2005; de
Souza-Pinto et al. 2008; Vermulst et al. 2008).

Third, impaired mitochondrial activity has been linked to the methionine cycle
in the case of human and mouse diabetes type 2, which is characterized by insulin
resistance and high glucose production in the liver. Overexpression of a protein with
an important role in energy metabolism, angiopoietin-like protein 4 (ANGPTLA4), in
diabetic (db/db) mice affected expression of key enzymes in the methionine cycle,
resulting in restoration of the SAM/SAH ratio to normal as well as the activity of
proteins of the mitochondrial respiratory chain (Santamaria et al. 2003; Wang et al.
2007). The SAM/SAH ratio is also important for the flux into the transsulfuration
pathway. In this respect Moosmann and Behl (2008) make a strong argument for
a role of oxygen in longevity due to deleterious effects on mitochondrial proteins.
They hypothesized that proteins of the mitochondrial respiratory chain would be
prime targets for damage by ROS resulting in cross-linking of cysteine residues,
which would either (temporarily or permanently) inactivate the enzymes and/or
target them for degradation. In line with this assumption, they report a strikingly
low level of cysteine residues in, e.g., NADH dehydrogenase (NADHDH) in many
aerobic species, but not in those of anaerobic organisms. Such redox-dependent
cross-links in proteins would reduce the number of free thiol groups, a known fea-
ture of aging. The greatly decreased number of cysteines in NADHDH enzymes
of aerobic species would reduce the risk of such oxidations and slow down cellu-
lar senescence and organ aging. In vivo support for this theory comes from long-
lived mouse strains, which tend to have higher GSH levels in the mitochondria, thus
allowing rescue of oxidized cysteines in proteins, as further discussed below.

In a paper related to this topic called ‘An epigenetic perspective on the free radi-
cal theory of development’ Hitchler and Domann (2007) take the role of oxygen in
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development one step further. They hypothesized that oxygen shapes development
via ROS, which would stimulate transsulfuration and GSH production, thus limiting
SAM availability for methylation of DNA and histones. The discovery of histone
demethylases such as LSDI that require oxygen as a cofactor would directly link
epigenetic processes to oxygen gradients during development, which are dependent
on the distance to blood vessels. According to this theory the redox potential would
become more oxidized during development, which was confirmed in vivo. Overex-
pression in Drosophila of subunit C of glutamate cysteine ligase (GCLC), the rate-
limiting enzyme in the transsulfuration pathway (Fig. 3), results in overproduction
of GSH and delays aging, while overproduction of both subunits (GCLCM) blocks
the development of larvae to adult flies (see Hitchler and Domann 2007). Finally,
on a completely different but important track, the redox state also influences SAM
directly via the activity of two of the three MAT enzymes in an interesting way, as
oxidation of a particular cysteine residue (Cys150) diminishes the activity of MAT
(mentioned in Hitchler and Domann 2007), the importance of which observation
with respect to the regulation of enzymatic activity will be obvious. Taken together
such theories make a strong case for a link between SAM and longevity due to
altered flux through the transsulfuration route and the generation of radicals.

Interestingly, another link between accumulation of reactive oxygen species in
mitochondria, life span, and SAM was discovered 8 years ago in Podospora anse-
rina, when a protein called PAMTHI1 that accumulated during senescence of cultures
of this fungus showed sequence homology to SAM-dependent MTases (Averbeck
et al. 2000). The authors’ hypothesis that post-translationally modified proteins
might play a role in protecting the fungus against oxidative stress during aging was
recently confirmed, when PAMTHI1 was shown to be a bona fide MTase capable
of methylating flavonoids (Kunstmann and Osiewacz 2008). The earlier observed
accumulation of PAMTHI1 protein took place in the mitochondrial matrix of senes-
cent cells, and constitutive overexpression of the enzyme did indeed increase the
life span of the fungus (Kunstmann and Osiewacz 2008). Such post-translational
modifications are not confined to this fungus, as, e.g., mitochondrial ATP synthase
was differentially affected in both P. anserina and in the brains of young versus old
rats, as well as in human cells (Groebe et al. 2007; Soskic et al. 2008).

Finally, life span will be affected not only by damage to mitochondria but also
by uncorrected accumulation of damage to cellular DNA, RNA, and protein. As dis-
cussed above, low levels of SAM lead to misincorporation of uracil in DNA and dis-
rupt maintenance methylation, which may cause deregulated expression of silenced
transposons and other genes, and, if this concerns activation of oncogenes, this could
affect life span. On the other hand, deregulation of genes and pathways that affect
genome maintenance and decrease fidelity at the DNA, RNA, or post-translational
level are also considered aging factors (and linked to cancer predisposition), while
the ability to faithfully conserve and/or repair damage and/or misincorporations
would be involved in longevity. Thus, an inverse correlation would exist between
longevity and mutations in genes that repair DNA damage due to exogenous or
endogenous agents, depending on the type of damage. The damage to DNA may be
confined to single bases and strand breaks or, worse, cross-linking or double-strand
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breaks. If the damage is too severe or mutations in repair genes prevent removal, the
cells become committed to programmed cell death (suicide or apoptosis) or become
permanently stuck in the cell cycle (senescence), which would both contribute to
aging. In this respect Hasty (2008) considers, e.g., the proteins involved in non-
homologous end joining (NHEJ) of double-strand breaks aging suppressors based
on mouse models that show premature aging.

The Yin and Yang of SAM in Real Life

SAM and Neurodegenerative Disease: Alzheimer and Cognitive
Dysfunction

In the much-feared dementia of Alzheimer’s disease, increased HCY in patients’
blood concomitant with a decrease in folate and vitamin B12 suggested altered
methionine metabolism and led Scarpa and colleagues to investigate the loss of epi-
genetic control of the gene encoding the presenilin 1 (PS1) protein (Scarpa et al.
2003). PS1 is a component of the proteolytic gamma-—secretase complex that gen-
erates amyloid-beta, accumulation of which is characteristic for this disease. Addi-
tion of SAM to neuroblastoma cell cultures downregulated PS1 and reduced beta-
amyloid production in vitro, while in mice studies B-vitamin deprivation led to an
imbalance of the SAM/SAH ratio and concomitant amyloid-beta deposition (Scarpa
et al. 2003; Scarpa et al. 2006, Fuso et al. 2005; Fuso et al. 2008). In line with these
findings, in these mice the vitamin B deprivation induced hyperhomocysteinemia
and brain SAH, as well as upregulation of PS1 (as expected). The authors also noted
a decreased performance in a water maze, a tool to measure cognitive functioning
in rodent model systems (see further Van Groen on Alzheimer in the chapter ‘DNA
Methylation and Alzheimer’s Disease’).

In similar folate-deprivation studies, Shea and colleagues reported cognitive
impairment, but in addition enhanced aggression (Chan and Shea 2007, 2008;
Tchantchou et al. 2006a, b; Tchantchou et al. 2008). These authors investigated
mice with genetic mutations in genes encoding MTHFR, ApoE (risk factor for
Alzheimer), or transgenics with various human ApoE variants, and these folate
deprivation-induced symptoms could be alleviated by supplementation of the diet
with SAM. A crucial observation was the restoration of acetylcholine levels to
normal as a result of the availability of choline as an alternative methyl donor (see
Chan et al. (2008) for further details). The same laboratory also reported oxida-
tive damage and cognitive impairment of apoE”~ mice after folate deprivation
due to low levels of SAM, which prohibits activation of glutathione S-transferase
(Tchantchou et al. 2006b; Tchantchou et al. 2008). Also in this case, SAM supple-
ments ameliorated the effects of folate deprivation. Finally, in apoE”~ mice, lack of
folate led to upregulation of the PS1 gene and amyloid-beta deposition in the brain
(similar to the above studies with B vitamin deprivation in Alzheimer’s disease),
whose symptoms were reversible with SAM supplements (Chan and Shea 2007).
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The above studies clearly showed a causal relationship between disturbances in
the methionine cycle and its related routes (folate, glutathione), SAM methylation
potential, and impaired brain function. Work by Troen, Shukitt-Hale, and cowork-
ers provided yet another dimension to this story, as they investigated the associa-
tion between observed mildly elevated plasma levels of HCY in elderly people and
increased risk of Alzheimer’s disease and neurodegeneration, but also cerebrovascu-
lar disease (Troen et al. 2008). The tentative conclusion from B vitamin deprivation
studies with mice was that the induced higher HCY levels were linked to changes
in the microvasculature of the hippocampus, resulting in cognitive impairment in
the absence (or preceding symptoms) of neurodegeneration per se. This was in line
with their earlier studies with aged transgenic mice overexpressing the amyloid-
beta precursor protein, or with a disruption of the apoE gene (Troen et al. 2006;
Bernardo et al. 2007). In the former animals increased HCY levels were observed
with or without a diet designed to specifically elevate HCY levels, and their results
suggested that the disturbed HCY metabolism caused memory deficits and neurode-
generation in the transgenics. In young apoE~~ mice B vitamin deprivation impaired
spatial memory and learning (using the maze test), but had no effect on other behav-
ior. While histology appeared normal, brain methylation potential appeared to be
moderately down. As will be discussed elsewhere in this book, reports from the
same laboratory discussed the beneficial effects of fruit on the aging brain (see, e.g.,
Shukitt-Hale et al. 2008).

SAM and Dopamine Metabolism in Parkinson’s Disease

Finally, neurodegeneration in Parkinson’s disease, a motor disorder due to loss
of dopamine-producing cells in the brain, is also linked to the methionine cycle,
in this case via a SAM-dependent MTase, catechol-O-methyltransferase (COMT),
which plays a role in dopamine metabolism (Martignoni et al. 2007). O-methylation
of dopamine by COMT leads to inactivation and degradation of this impor-
tant neurotransmitter, but COMT also methylates various catechol drugs used
for, e.g., the treatment of Parkinson patients. The authors argue that deficien-
cies in folate, vitamin B6, and B12, or genetic mutations that affect catabolism
of HCY and increase levels of HCY in plasma, would not be sufficient to
cause the clinical neurological symptoms of these patients per se, but altered
methylation and degradation of dopamine (e.g., due to low enzyme activity of
COMT) would affect HCY metabolism and predispose to and/or enhance neuro-
toxicity in combination with other factors (Martignoni et al. 2007, see OMIM at
http://www.ncbi.nlm.nih.gov/sites/entrez for further details).

SAM and Down’s Syndrome

An enhancement of the transsulfuration route in favor of the methionine cycle
has been described in patients with Down’s syndrome. Due to trisomy 21 they
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suffer from mental retardation and heart problems, as well as accelerated aging and
Alzheimer’s disease. This is in part due to overexpression of superoxide dismutase
(SOD1), which leads to high amounts of peroxide and is normally controlled by the
activity of catalase and GSH peroxidase. The premature cellular aging and chronic
oxidative stress have been linked to damage of asparagine residues in red blood
cells of these patients, which can be repaired by a specific SAM-dependent MTase
(Galletti et al. 2007). Though the MTase itself is functional, overexpression of cys-
tathionine beta-synthase (CBS or cystathionine synthase) fuels the transsulfuration
pathway, leading to a low level of both HCY and methionine (though not SAM
itself) and increased protein instability due to damaged asparagines residues. Hence
in this case it is radical damage to proteins that involves SAM-dependent MTases
for repair.

SAM and the Ames Dwarf Mouse

Imbalance between the methionine cycle and the other SAM-dependent routes also
lies at the bottom of the symptoms of the Ames dwarf mouse, a long-lived mouse
with an increase in life span of more than 50% compared to normal littermates. Due
to a pituitary gland problem this mouse is unable to make, among others, growth hor-
mone (GH), which plays a role in the regulation of the levels of SAM and SAH in
tissues (Uthus and Brown-Borg 2006). Using radiolabeled methionine, these authors
report an enhanced methionine flux toward the transsulfuration pathway in the liver,
brain, and kidney of these mice (in which the transsulfuration route is active), with
increased activity in the liver of MAT1a, SAHH, CBS, cystathionase (Fig. 3), as
well as another enzyme, glycine-N-methyltransferase (GNMT), which controls tis-
sue levels of SAM. The latter is an important enzyme controlled by SAM and folate:
when SAM is low in the diet, GNMT is inhibited, making more SAM available
for methylation reactions. When SAM is high, GNMT demethylates SAM, thus
reducing SAM concentrations and fuelling the transsulfuration route. GNMT activ-
ity is under control of GH, as administration of this hormone to the dwarf mice
nearly halves liver GNMT activity. This and other data support the notion that the
longevity of these mice is linked to enhancement of the oxidative defense system
through altered GSH metabolism and an increased GSH pool.

SAM and Mutations in DNA Repair Genes

Several animal models have been developed over the past decades that try to address
this issue of aging and longevity with respect to mutations in genes that cause
defects in repair of double-strand breaks (Li et al. 2008), and in NER, such as various
XP genes, which show tissue-specific aging and neurological disease (Niedernhofer
2008a, b).
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In one of these mouse models for premature aging, that of XPD/TTD (XPD muta-
tion linked to the disease trichothiodystrophy), an imbalance was reported between
apoptosis and cell renewal in the liver of the mice (Park et al. 2008). Microarray
analyses of young and old mice versus age-matched controls revealed a decrease
in metabolism and IGF-1 signaling, predictors of life span. The authors link this
premature aging to the DNA repair deficiency in the XPD/TTD mice. But it should
be noted that in their supplemental table 2 (old mice at 20 months) several genes
are significantly altered that are linked to SAM via the transsulfuration, methio-
nine, or polyamine routes. These include cystathionase and the catalytic subunit
of GCL (Fig. 3), as well as GSH peroxidase 6, GST zetal and alpha3, mitochon-
drial ornithine transcarbamylase, and BHMT?2. This may indicate disturbances in
the transsulfuration and polyamine pathways, which will warrant further investiga-
tion at the protein level.

Finally, in another mouse model, that of csb"’/m/xpa‘/‘ (double mutant of the
Cockayne syndrome B and Xeroderma pigmentosum A genes), impaired genome
maintenance suppresses the GH/IGF1 axis, which results in a phenotype resem-
bling that of human Cockayne patients (Van der Pluijm et al. 2007). These mice
have significantly altered expression levels of a number of liver genes involved
in the methionine cycle and/or the transsulfuration and polyamine routes, as com-
pared to wild-type littermates (their supplemental table 2). In addition, these authors
compared livers of older mice (16, 96, and 130 weeks) with those of young ones
(8 weeks). The latter comparisons indicate significant differences of all three age
groups compared with the young one with respect to genes in the methionine cycle
and polyamine and transsulfuration routes (their supplemental tables 3, 4, and 5),
though not the same genes in each age group. Though data on enzymatic activity
of these enzymes and knowledge on the flux through these routes are lacking, these
results fit the pattern of imbalance between the methylation and other jobs of SAM
in the cell being the root of evil.

Conclusion

SAM is one of the most versatile compounds in life, second perhaps only to ATP
in a myriad of biochemical processes, many of which date back to the early origins
of life. In this way, SAM can be considered a five-pointed star on the biochemical
firmament, which extends from methylation to polyamine and glutathione synthesis,
and last but not least radical enzymes and RNA riboswitches.
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Other Epigenetic Processes and Aging



Polycomb Group of Genes and the Epigenetics
of Aging

Krishnaveni Mishra and Rakesh K. Mishra

Abstract Polycomb group (PcG) members are the key components of the
cellular machinery that maintains the expression state of a large number of genes
right from the early development through the entire life span of an individual.
This evolutionarily well-conserved group of proteins create and maintain epigenetic
chromatin marks that are translated into means of maintaining a temporally and
spatially regulated gene expression status. Among the many different targets that
PcG regulate are transcripts from Ink4a locus; the gene products of these transcripts
being key regulators of cell division and cellular senescence. Additionally, PcG
mutations affect self renewal capacity of several stem cells and also interact with
another epigenetic chromatin modifier, Sir2, a key negative regulator of aging in
yeast and mammals. In this article we bring together the various observations asso-
ciated with PcG function in the context of cellular senescence and organismal aging.

Keywords Aging - Polycomb - Epigenetics - Chromatin - Gene regulation

Aging of an organism is characterized by the progressive impairment of function of
cells with increased susceptibility to disease and death. Even though we observe and
register this process in our daily lives, our understanding of aging and its molecular
basis is very primitive. However, in the recent past, several studies using diverse
model organisms have given us a glimpse of the molecular events associated with
aging. These studies converge upon a theme that there is increased accumulation
of cellular damage as organisms age. There are multiple mechanisms that lead to
this accumulation of damage and several pathways to counter it. However, aging
tilts the balance toward reduced ability to repair this damage. The molecular basis
of this inability to effectively repair damage is manifold and one of the emerging
candidates is epigenetic changes in chromatin (Kaeberlein, 2007).
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Variety of cellular processes in complex organisms is established by differential
expression states of genes in different cell types during development. These expres-
sion states are then maintained by epigenetic cellular memory system involving the
Polycomb group (PcG) of genes throughout the life of the individual. PcG genes
have been isolated as mutations that mis-regulate homeotic genes in Drosophila
(Kennison, 1995). Several members of PcG were identified by genetic approaches
and were found to be responsible for the maintenance of repressed state of homeotic
genes (Francis and Kingston, 2001; Ringrose and Paro, 2004; Brock and Fisher,
2005). Another group of genes called the trithorax group (trxG) of genes coun-
teract the effect of PcG mutations and are positive regulators of homeotic genes
(Kennison, 1995; Gould, 1997; Ringrose and Paro, 2004). Following these key
initial findings it was later shown that both these groups of genes are conserved
during evolution, Table 1, and they regulate a large number of loci in addition to
the homeotic genes (Gould, 1997; Levine et al., 2002; Schuettengruber et al., 2007;
Vasanthi and Mishra, 2008).

Both PcG and trxG genes work at the level of chromatin structure and interact in
an opposing manner to maintain the expression state of genes that is set early dur-
ing development. These groups of proteins remodel chromatin by modifying his-
tones and assembling active or repressive state of chromatin at a number of loci
(Shao et al., 1999; Muller et al., 2002; Diop et al., 2008). Nature of these proteins
as indicated by the kind of functional motifs present in them indicates their abil-
ity to interact with many other factors and generate versatile regulatory features,
Table 1. Studies in Drosophila have shown that a complex of proteins called PRC2
(Polycomb repressive complex 2) consisting of ESC, E(Z), Su(Z)12, and NURF-
55 is first recruited to the target loci and the histone methyl transferase activity of
the complex adds trimethyl group to the lysine 27 of histone H3 in the nucleosome
(H3K27) (Otte and Kwaks, 2003). This modification is recognized by the chromod-
omain motif of PC (Min et al., 2003), which comes in as a component of the com-
plex called PRC1 that consists of PH, PC, SCE, and PSC as the core components.
Dynamics in the composition — constituents and their proportion — in the PcG com-
plexes is the source of specificity and variety that is expected for this mechanism
(Pirrotta, 1997a, b; Levine et al., 2004). Large number of loci are regulated by these
proteins and several studies indicate that in addition to the core components of the
complex there are several other members that are dynamic and may generate vari-
ety and confer specificity of function to different kinds of such complexes (Mishra
et al., 2003; Cao and Zhang, 2004; Chopra and Mishra, 2005).

Another aspect of PcG complexes that is less well understood but is extremely
important for understanding their function is the recruitment of these complexes to
different loci. How the expression state is interpreted by different kinds of com-
plexes is not known at all, although several studies have revealed sequence require-
ments for the site in genomes to recruit such complexes. These sequences are
referred to as Polycomb response elements (PREs). Several DNA binding proteins
have now been found to be members of PcG of genes. Although the DNA motifs
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Table 1 Conservation of PcG/trxG genes and their functional domains

Drosophila melanogaster Vertebrates Functional domains

PcG

Polycomb, Pc M33/Cbx Chromodomain, C-box, AT hook
Posterior sex comb, Psc Bmi-1/Mell8 RING finger

extra sex combs, esc Eed/eed WD40 repeat

Sex combs extra, Sce/Ring Ringla/Rnf2 RING finger

Enhancer of zeste, E(z) Enx1/EZH1, Ezhl SET domain

pleiohomeotic, pho YYI Zn finger

pleiohomeotic like, phol
polyhomeotic, ph

Sex comb on midleg, Scm

Dsfimbt

Suppressor of zestel?2,
Su(z)12

Additional sex comb, Asx

Polycomb like, Pcl

Enhancer of Polycomb,
E(Pc)

Sex comb reduced, Scr

cramped, crm

Chromosome condensation
factor; croto

lola like, lolal/batman, ban

Drosophila Mi2, dMi2

trxG

trithorax, trx

trithorax related, trr

Trithorax like, Trl

Absent small or homeoticl,
ashl

ash2

bramha, brm

moira, mor

osa/eye lid, osa

Little imaginal discs 1, Lid

zeste, 7

modifier of mdg4,
mod(mdg4)

kismet, kis

kohtalo, kto

toutatis

Rae28
Scemhl
Sfmbt
SU(Z)12

ASXLI, 2, 3
HPcll
Epcl, 2

ALR/MLL

HuASH1

hBRM
SMARCC2/BAF155
HELD1

RBP2

Zn finger, RNA binding
SPM/SAM, Zn finger, MBT repeat
MBT repeat, SAM

VEEFS box, Zn finger

PHD finger, ASXH/N/M, NR binding
PHD finger
EpcA, EpcB, and Epc C domains

Myb DNA binding, PEST
Chromodomain

BTB/POZ
PHD finger, Chromodomain, Helicase/
ATPase, DNA binding

AT hook, PHD finger, SET,
Bromodomain

SET domain

BTB/POZ, Zn finger

SET, PHD finger, AT hook

2PHD Zn fingers, SPRY
Bromodomain, BRK, ATPase
Chromodomain, SWIRM, SANT
ARID, EHD1, EHD2

ARID, PHD finger, Leucine zipper
Leucine zipper, DNA binding
BTB

BRK

TAM, PHD finger, Bromodomain
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bound by these proteins are very small — 46 base pairs — a cluster of such motifs
is needed for a functional PRE. It has also emerged from recent studies that a coop-
erative interaction of a set of DNA binding members of PcG proteins in the context
of their interaction with DNA is critical for creating the appropriate platform for
recruiting appropriate kind of PcG complexes (Mulholland et al., 2003; Wang et al.,
2004; Blastyak et al., 2006).

Similarly, trxG of genes function as complexes, the Brm complex (consisting of
trxG members BRAHMA, MOIRA, OSA, and SNR1) and Trx complex (consisting
of TRX, dCBPSBF1), and use ‘histone codes’ to remodel the chromatin and main-
tain the active expression state (Diop et al., 2008). Sites where these complexes are
recruited are called trithorax response elements (TRE) (Rozovskaia et al., 1999;
Tillib et al., 1999). Whether a completely different set of DNA binding proteins are
needed for recruitment of trxG complexes or they share the same set of proteins
that recruit PcG complexes is not clear. Since studies in Drosophila indicate that
PREs and TREs often overlap, the possibility that they share similar set of cues and
proteins but in altered combinations to recruit the respective complexes is highly
likely. The two groups of proteins have antagonistic functions, and mutations in the
member of one group suppress the phenotype of mutations in other group members,
suggesting that PcG and trG signal converges to common genomic sites.

Although most of the studies on PcG/trxG proteins have been done in the context
of their role in the regulation of homeotic genes, it has begun to emerge that these
proteins are involved in several epigenetic regulatory events (Francis and Kingston,
2001; Brock and Fisher, 2005). In general PcG/trxG genes have been found to main-
tain the expression state of a large number of genes throughout the life span of the
cell. It is only expected that any mis-regulation of this maintenance may lead to dis-
ease conditions. Indeed, PcG/trxG genes have been found to be directly linked to
diseases like cancer.

Maintenance of the expression state is also critical for the appropriate functioning
of the cell during the life of an organism. A weakening of this epigenetic memory
may lead to improper functioning of a large number of genes — a situation similar to
aging where large degree of mis-regulation of genes takes place. So does this class
of proteins contribute to aging? Several recent studies suggest an emphatic yes. Dur-
ing the lifetime of a cell or organism damage by several means keeps accumulating
that at some point starts to weaken the repair or maintenance system. This can hap-
pen, for example, when the efficiency of PcG/trxG system is overpowered by the
degree of damage due to extrinsic agents or intrinsic processes. Changes in the epi-
genetic state of genome packaging can also lead to a similar situation altering the
activity/expression state of PcG/trxG proteins and influencing the process of aging.

Before we delve into this question, we need to understand the link between cel-
lular senescence, tumor suppression, and organismal aging. Cellular senescence
was first used to describe the inability of in vitro cultured fibroblasts to divide
and propagate themselves unlimitedly. These cells tend to divide a limited num-
ber of times and then stop dividing and are not responsive to mitogenic stimuli.
But they are metabolically active for several weeks and then enter into a period of
senescence. Senescence is characterized by the flattened cell shape, expression of
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senescence-associated p-gal activity, and appearance of a large number of vacuoles.
They also show extensive nuclear reorganization like the assembly of senescence-
associated heterochromatic foci (Narita et al., 2003; Narita et al., 2006). Recently,
senescent cells have been identified in tissues in vivo (Collado et al., 2005; Lazzerini
Denchi et al., 2005; Michaloglou et al., 2005). What is the link between organismal
aging and cellular senescence? First, fibroblasts taken from older animals go through
fewer cell division cycles before entering senescence than those from younger ani-
mals. Second, some mutations like p53 and Wrn helicase influence both organismal
aging and cellular senescence. These observations suggest that both processes are
associated with at least a few common molecular changes.

In higher eukaryotes most of the adult cells are post-mitotic, i.e., they do not
divide. But a few cells are capable of dividing and tissues that contain these cells
(called progenitor cells) have the capacity to renew and repair themselves when
damaged. This confers increased life span on these tissues. The other side of this
coin is that these tissues are more prone to cancer. Their susceptibility comes
from increased risk of somatic mutations being introduced during DNA replication
leading to cancer. In order to balance this increased risk, tumor suppressors have
coevolved with the cell proliferation genes. These genes induce cell-cycle arrest or
in some cases cell death to prevent uncontrolled proliferation, a hallmark of can-
cer cells. This pathway is also activated when cells experience prolonged stress or
damage. Thus senescence, in vivo, is a mechanism that protects tissues from cancer.
Aging reduces the capacity of tissues to renew and regenerate. One of the leading
current hypotheses is that senescence of progenitor cells is the cause for reduced
renewal in older tissue leading to decline in tissue regeneration and finally aging. A
clear role for Polycomb proteins in aging comes from the study of tumor suppression
and senescence in stem cells, especially hematopoietic stem cells.

How Do Cells Senesce?

A diverse set of stimuli induce cellular senescence. In cultured human cells the pri-
mary reason is the non-availability of telomerase to replicate the chromosome ends.
In the absence of telomerase, each cell division reduces the length of the telom-
eres by a few base pairs until the telomeres become critically short and signal a
cell-cycle arrest. In the absence of this signaling, cells continue to divide and unpro-
tected, short telomeres increase recombination and genome instability eventually
leading to cancer. However, mouse cells which have long telomeres and may even
express telomerase also senesce and this is believed to be induced by stress due
to culture conditions. Additionally, senescence can be induced, in both mouse and
human cells, by irreparable damage to DNA, for example, during radiation assault
or exposure to chemical mutagens. Sometimes this may be triggered by lack of DNA
repair enzymes (due to a genetic defect) to mend the damage. In sum, in multicellu-
lar organisms, senescence is a mechanism of protection from tumorigenesis, being
induced by both irreparable DNA damage and uncontrolled external stimulation for
cell division.
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The induction and maintenance of senescence is governed by two key proteins,
p53 and Rb. p53 is a key mediator of cellular senescence induced by telomere short-
ening and DNA damage. p53 is a transcriptional regulator and has multiple roles
as the guardian of the genome, for example, promoting DNA repair and cell-cycle
arrest. However, its key role in inducing senescence is the transcriptional upregula-
tion of p21, a cell-cycle inhibitor, leading to cell-cycle arrest. While this cell-cycle
arrest is reversible, the Rb-activated senescence is irreversible. Rb is activated by
pl6, a tumor suppressor that works as a cell-cycle inhibitor, upon stimulation by
stress. Rb represses the expression of E2F target genes possibly through induction of
heterochromatinization (Narita et al., 2003). The two pathways are not completely
independent: p21 is a more general inhibitor and inhibits phosphorylation of Rb as
well and Rb can also bind to MDM2 and influence MDM?2 action on p53. In mouse
embryo fibroblasts and most human fibroblasts the p53 pathway is predominant;
however, many human cells also invoke the Rb pathway via p16 (Itahana et al.,
2004).

Role of Polycomb Group Genes in Rb-Induced Senescence

A PcG gene Bmi-1 (also called PCGF4; homologue of Drosophila, Psc) was first
identified as an oncogene required for c-myc-induced lymphoma in mice (Haupt
et al., 1993). Bmil”~ mice show a whole spectrum of phenotypes like posterior
transformations, a hallmark of PcG mutants, neurological defects, skeletal abnor-
malities, severe defects in hematopoiesis (van der Lugt et al., 1994). This suggests
that, as expected, Bmil has multiple targets in the genome and hence the knockout
has pleiotropic effects. However, in the context of cell division and senescence, it
has been unequivocally demonstrated to be a key requirement for self-renewing cell
divisions of both adult hematopoietic stem cells (HSC) and neural stem cells. Inter-
estingly, in both cases, even though Bmil was required for self-renewing divisions
it was not essential for producing differentiated progenitors (Park et al., 2003). This
was elegantly demonstrated by transplanting Bmil =~ fetal liver cells in mice. These
cells continued hematopoiesis for only 4-8 weeks suggesting that although they
could differentiate correctly, they did not self-renew. Similarly, it was shown that
self-renewal of neural stem cells was Bmil dependent but progenitor generation and
proliferation were not. Recently, Bmil has also been shown to be important for the
proliferation of mammary and intestinal stem cells (Liu et al., 2006; Reinisch et al.,
2006). These studies reinforce Bmil requirement to maintain the stem cell proper-
ties of a wide variety of stem cells. These studies further indicate that maintenance
of a particular state of differentiation (or lack of differentiation) is an important
event in self-renewing and loss of this property leads to lack of self-renewal and
therefore inability to regenerate tissue and begin the march toward aging.

Several lines of evidence point to a clear role for Bmil in preventing senes-
cence. Human fetal lung fibroblasts downregulate BMI1 during senescence but not
quiescence (Vonlanthen et al., 2001). Bmil overexpression increases life span in
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fibroblasts of mice and man (Jacobs et al., 1999). Similarly, normal mouse embryo
fibroblasts undergo senescence after 7—8 passages in culture, but those from Bmil ™/~
undergo only three passages before senescence. Also re-expression of Bmil reversed
the premature senescence phenotype and overexpression of Bmil increased life
span. How does Bmil bring about these effects?

One key target of Bmil is the Ink4a locus that encodes pl6 (also called
CDKN2A) and p19ARF (p14ARF in humans). The two proteins are generated from
the same locus using two different promoters and although they have two common
exons, due to translation in different frames, encode structurally different proteins.
This intriguing genome organization is rather unique in mammals. p16INK4A is an
inhibitor of the cell cycle; while p14ARF regulates p53 stability. P16INK4 belongs
to a class of cyclin-dependent kinase inhibitors and mice lacking pl6Ink4a show
increased tumorigenesis (Krimpenfort et al., 2001). The p16INK4 protein binds to
Cdk4 and Cdk6 and this binding prevents the interaction of these Cdks with D-type
cyclins, which is required for catalytic activity of Cdks (Russo et al., 1998). Rb is an
important target of the Cdks and Cdk inhibition leads to hypophosphorylation of Rb,
which in turn leads to E2F repression and G1 arrest (Shapiro et al., 1995; Pomerantz
et al., 1998; Zhang et al., 1998). p19ARF also plays an important role in senescence.
ARF binds to and inhibits MDM?2 (Kamijo et al., 1998; Pomerantz et al., 1998;
Zhang et al., 1998). MDM?2 is an E3 ubiquitin ligase that targets p53 for proteasomal
degradation. Therefore, by inhibiting MDM?2, ARF stabilizes p53 leading to growth
arrest or apoptosis depending on cellular context. Thus Bmil-regulated expression
of this locus influences both the Rb and p53 branches of senescence pathways. That
this locus plays a very important role in controlling cell proliferation is emphasized
by the fact that it is deleted in many cancers.

Importantly, Ink4a/Arflocus (both p16 and p19) upregulation is not only seen in
senescencing cultured cell lines, but has also been shown in tissues of aging animals
(Krishnamurthy et al., 2004). Its expression correlated with SA-B-galactosidase.
Additionally, the expression of both INK4/ARF locus and SA-B-galactosidase is
also reduced in calorie-restricted animals, calorie restriction being an important
means of retarding aging. Another intriguing observation is that the transcriptional
activator of Ink4a locus, Ets-1, was also expressed at the same time but its levels
were not increased in proportion. So it has been speculated that perhaps Ink4a/Arf
locus becomes more susceptible to transcriptional activation with age. What could
be the mechanism of this susceptibility? A strong candidate is of course Bmil and
other PcG regulators because these proteins function upstream of transcription fac-
tors by remodeling the genome to make it inaccessible for transcription; in their
absence genes become more susceptible to activation. This is corroborated by the
observation that Bmil levels are reduced in senescent diploid fibroblasts (Itahana
et al., 2003). In contrast, Dietrich et al., (2007) see no change in levels of Bmil or
Cbx8 and propose instead that a modification like phosphorylation of these factors
may reduce their activity at these loci. Currently we have no evidence for either of
the possibilities and future research will address these issues.

Even though Bmil is the most studied PcG protein that regulates the Ink4a
locus, it has recently emerged that other PcG members including CBX7, CBX8,
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Mell8, and M33 also regulate this locus. Cbx8 was shown to bind physically to
the Ink4a/Arf locus and repress pl6Ink4a expression. Moreover, BMI1 and CBX8
were both required for maintaining the repression, and loss of one protein affected
the binding of the other by 50% (Dietrich et al., 2007). CBX8 does not seem to be
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Fig. 1 PcG-mediated epigenetic regulation and its link to aging. Polycomb group of proteins play
major roles in variety of nuclear events that regulate gene expression. Every cell in the human body
contains identical DNA sequence. The packaging of this genome is, however, different in each of
the >200 cell types in our body that leads to specific and precise expression pattern of genes.
This distinct functional form of the genome in each cell type is referred to as the epigenome.
It is suggested that the same genome, by means of unique packaging and epigenetic modifica-
tions, becomes a functionally distinct epigenome that determines the cell type. Embryonic stem
cell (ESC) epigenome is differentiated into cell type-specific epigenomes of an organism and PcG
system maintains this epigenome state during the growth and development for the entire life span.
The aging phenotype can be due partly to the breakdown or weakening of the PcG-mediated mem-
ory system. This failure of PcG system can lead to, depending on the extent of failure, cell death,
disease, or aging state. For example, even minor relaxations in the PcG-mediated repressed state
can lead to ectopic expression of several genes, even though at a very low level, since PcG genes
have a large number of targets. Such a misexpression event can lead to gradual emergence of aging
phenotype. As shown in the lower part of the figure, the targets of the PcG genes include INK4A
and Rad51D that are involved in cell division, tissue regeneration, and DNA repair. Nature of these
targets indicates that failure of PcG system and thereby mis-regulation of the proteins involved
in tissue regeneration and DNA repair will lead to aging phenotype. Direct involvement of PcG
interacting protein Sir2 in life span determination and aging has already been demonstrated
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involved in regulating ARF, which correlates with its peak binding to pl16INK4a
exon. CBX7 also represses the Ink4a/Arf locus and affects both the p16INK4a and
ARF levels. Although CBX7 regulates the expression, it does not physically inter-
act with Bmil and their binding to the locus is independent of each other (Gil
et al., 2004). This suggests that distinct complexes of PcG proteins are assem-
bled and involved in fine-tuning gene regulation (Otte and Kwaks, 2003). Similarly
mouse embryo fibroblasts derived from PcG-deficient mice, including knockouts of
Phcl, Phc2, M33, show premature senescence and this is due to the altered regu-
lation of INK4 locus (Core et al., 1997, 2004; Isono et al., 2005). Role of Mell8,
another PcG protein, seems a little more complicated. One set of evidences points
to Mell8 directly binding to and reducing ARF expression (Miki et al., 2007). On
the other hand, it has also been shown to be overexpressed in senescent cells in con-
trast to Bmil and overexpression of Mell8 promotes senescence in cultured cells.
These authors also show that Mel18 directly binds to c-Myc promoter and represses
c-Myc and since Bmil is a direct target of c-Myc, it reduces Bmil expression.
Therefore, in this case the two PcG proteins have antagonistic functions (Guo
et al., 2007). Is it possible that both ARF and c-Myc are targets of Mell8? This
would at the outset seem futile because they trigger opposing effects, but it could
be possible that they only bind to these promoters under distinct conditions and not
simultaneously.

The emerging theme from all the studies discussed above is that PcG genes work
in concert to control expression of Ink4a/Arf locus. They cooperate to repress tran-
scription of genes in the Ink4a/Arflocus. In their absence, transcription is activated
from this locus. Ink4a/Arf is one of the few established markers for senescence
that is seen in both cultured cells and older animals. Expression of the genes from
Ink4a/Arf locus leads to arrest of cell cycle and triggering of the senescence pro-
gram. A gradual loss of function of Bmil and other PcG proteins is observed as
an organism ages (Gil et al., 2004; Gil and Peters, 2006; Sasaki et al., 2006) and
this could lead to upregulation of genes that promote senescence, Fig. 1. If this is
s0, could shoring up their function improve life span? Unfortunately, the answer is
unlikely to be that simple because Ink4a/Arf locus expression is also controlled by
other transcription factors like FOXO, SIRT1, etc. (Gil and Peters, 2006), and there
are likely to be other effectors of aging that are yet to be identified.

Polycomb and Sir2 Connection

Sir2 (silent information regulator 2) was first identified in budding yeast as a protein
required to establish and maintain heterochromatin at the silent mating-type loci
(Loo and Rine, 1995). It is the most evolutionarily conserved histone deacetylase
with homologues from bacteria to humans (Brachmann et al., 1995). Sir2 class of
protein deacetylases are unique in that they use NAD+ as cofactor for their activ-
ity (Imai et al., 2000; Tanner et al., 2000). This feature provides a link between
the energy metabolism in the cell that generates NAD+ and Sir2 activity. Calorie
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restriction is one of the earliest reported means of extension of life span in rodents
(Masoro, 2003) and the observation has been expanded to yeast to metazoans like
Drosophila and Caenorhabditis elegans (discussed in other chapters). Sir2 has been
clearly demonstrated to be the means through which calorie restriction extends life
span: Overexpression of Sir2 in flies expands life span and so does calorie restriction
but (a) calorie restriction does not further increase life span in Sir2 overexpressing
cells and (b) calorie restriction leads to overexpression of Sir2 (Rogina and Helfand,
2004; Kusama et al., 2006).

Interestingly, recent observations link PcG-mediated gene silencing to Sir2-
dependent gene silencing (Furuyama et al., 2004). In flies, it has been shown
that Sir2 is physically associated with the E(Z)-containing PRC complex and
co-localizes with the E(Z)-containing chromosomal sites. It is also functionally
involved in Polycomb-mediated gene repression as Sir2 mutations enhance the phe-
notypes of PcG mutants. Therefore, given that Sir2 overexpression increases life
span and that it is a part of PRC, it can be extrapolated that Polycomb group genes
are involved in life span extension, Fig. 1. However, this needs to be directly demon-
strated because even though both proteins physically interact and co-localize on
several sites on the chromosomes, there are also sites where the two proteins do not
co-localize. Also, experiments testing directly the effect of overexpression of E(Z)
on life span or on calorie restriction have not been reported.

However, in mammals it has been shown that SirT1 (Sir2 homologue) is found
in distinct complexes containing EZH2 and EED2 (Kuzmichev et al., 2005). This
complex, termed PRC4, shows a unique methylating activity: methylation of his-
tone H1b, H1K26. SirT1 deacetylates the residue and the PRC activity seems to
methylate it. Most interestingly, the composition of the PRC complexes seems to
alter with differentiation status. In embryonic stem cells the different isoforms of
EED and SirT1 were maximal and their expression decreased as cells differenti-
ate. Only one isoform of EED, EED3, was retained in fully differentiated tissue.
Interestingly, all tissue-cultured cells showed high levels of EED and other subunits
of PRC including SirT1 compared to differentiated mouse tissues. Similarly, pros-
trate cancer cells also showed the same trend with increased expression of PRCA4.
Experimentally, overexpression of Ezh2 can lead to the assembly of PRC4 in cul-
tured cells. Taken together, these data show that SirT1-containing PRC are active
in young actively dividing cells and decline with differentiation and development.
This is in agreement with the theme that organismal aging is inversely proportional
to SirT1 levels.

Polycomb System and DNA Repair

As discussed earlier in this chapter, one of the key findings in aged organisms
is accumulation of damaged molecules, especially nuclear DNA. This damage
may be induced by exposure to environmental factors like UV, chemicals, etc., or
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maybe triggered by internal factors like DNA replication, reactive oxygen species
generated through metabolism, and spontaneous hydrolysis. Damaged DNA
is effectively repaired by several DNA repair processes like homologous
recombination-mediated repair or non-homologous end joining in young cells.
However, older cells seem to be able to do so much less well than younger cells.
Excellent recent reviews discuss the changes in the DNA repair mechanisms and
machinery in aging (Lombard et al., 2005; Park and Gerson, 2005; Vijg, 2008).

When human cells are inflicted with DNA damage, they are repaired by either
homologous recombination or non-homologous end joining pathway. Rad51, homo-
logue of bacterial RecA, plays a major role in the homologous recombination pro-
cess. It has several paralogs like XRCC2, XRCC3, Rad51B, Rad51C, and Rad51D
in mammals (Takata et al., 2001) and knockout of these leads to impaired DNA
repair. Although their exact molecular roles are unclear, they are critical for the
assembly of the repair foci and preparing the chromosome for repair. It has recently
been shown that EZH?2, a PcG protein, directly regulates the expression RADS51 and
its paralogs (Zeidler et al., 2005). EZH?2 is the mammalian homologue of Drosophila
enhancer of zeste2, which interacts directly with histone deacetylases and estab-
lishes gene repression. Overexpression of EZH?2 is observed in aggressive breast
tumors, leading to downregulation of the genes of Rad51 class that are essential
for DNA repair. This suggests that downregulation of PcG leads to upregulation of
homologous recombination-based DNA repair. Interestingly, it has been shown in
Drosophila male germ cell line that as the organism ages, the homologous recom-
bination pathway is used more frequently than non-homologous pathways (Preston
et al., 2006). Is this an active mechanism to promote more fidel repair in aging
organisms or is it a consequence of a failing PcG system?

Conclusions

PcG proteins are involved in regulation of several loci and only recently their link
with cell-cycle control and senescence has started to emerge. Repression of these
loci by PcG promotes cell division and renewal which are needed for normal life
span. There are tantalizing clues to the possible involvement of PcG proteins in Sir2-
mediated life span control, but possible ‘life span phenotype’ of PcG mutations has
not been analyzed. Sir2 mediates longevity in the fly through a pathway related to
calorie restriction where the Sir2 repressive functions are dependent on the PcG of
genes. These observations indicate that PcG mutations may show premature aging
although it needs to be tested directly. It is likely that Sir2-containing PcG com-
plex may be targeting genetic loci for silencing that is needed for preventing aging,
Fig. 1. These loci are likely to be environmental sensing and related to longevity that
need to be maintained in repressed state in response to environment/caloric restric-
tion when NAD levels are high, as weakening of this repressive system will lead
to pleiotropic effects that will culminate into ‘aging’ phenotype, Fig. 2. Similarly,
DNA repair and epigenetic mechanisms involved in chromatin-mediated regulation
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Fig. 2 A model linking PcG-mediated epigenetic memory system to aging process. During early
development, expression pattern of genes is established. This expression pattern needs to be main-
tained to protect the identity of cell type. The complex regulatory events that lead to differentiation
transfer the maintenance function to PcG-mediated memory system that works through chromatin
modification. This process is depicted as conversion of undifferentiated epigenome to cell type-
specific epigenomes. Several cell types, indicated as differently colored and numbered hexagons,
function in a coordinated fashion in a given tissue/organ. During the life span of the organism,
maintenance of the epigenetic state is essential for the functioning of the organ. Variety of PcG
complexes may carry out specialized function of maintenance in various cell types. During the
life span of an organism, accumulation of damage or spontaneous fault in PcG/trxG gene products
can cause up- or downregulation of genes that can alter and deform the proteome of the cell type.
This failure in the maintenance of the epigenetic state is shown by broken arrows. Such deforma-
tion will then lead to mis-regulation of a large number of genes at a mild level. While such mild
mis-regulation of a large number of loci may not be lethal or disease prone, it may lead to general
weakening of the cellular processes as seen in the aging process

are linked. As organisms age their genome is subjected to extensive damage which
needs to be repaired and, importantly, each time epigenetic marks in the repaired
portion of the genome also need to be reestablished. Since PcG system is well stud-
ied, its link with aging will help in understanding this complex process at genetic
and molecular level. Furthermore, link to other distinct repressive chromatin fea-
tures like heterochromatin and telomere has been studied in the context of aging.
How many of these features are interlinked and how much is independent remains
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to be investigated. Progress in genomics and technical advances have brought these
fields to an exciting stage where epigenetics of development, aging, longevity, envi-
ronmental response, and connection of these processes to disease states is becoming
evident.

So these epigenome-creating proteins have to be in perfect order or else after a
damage, the new DNA may enter into a different expression state.
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Chromosomal Position Effect and Aging

Eric Gilson and Frédérique Magdinier

Abstract Aging is a complex biological process that manifests through cellular,
physical, and metabolic changes in all types of tissues. Changes in chromosome
structure and function throughout life play a pivotal role in this irreversible phys-
iological process by affecting gene expression, replication, recombination, DNA
repair, and epigenetic programming. Upon exogenous stress or simply as the result
of cellular metabolism and cellular division, DNA rearrangements or redistribution
of epigenetic factors might alter the chromatin environment and expression of genes
regulating the aging process by the so-called chromosomal position effect. These
changes can vary from cell to cell and can be associated with variegated pattern of
gene expression. We will discuss here what is known on the mechanisms of various
types of chromosomal position effects and their consequences on the aging process.

Keywords Chromosomal position effect - Telomeric position effect
Epigenetics - Aging - Telomeres - Chromatin

Introduction

The eukaryotic genome is organized into domains of individual genes or clusters
with distinct patterns of expression. It is now evident that chromatin structure plays
an important role in regulating gene transcription by providing a proper subnuclear
environment to ensure correct spatial and temporal gene expression. The eukary-
otic chromatin is highly dynamic and its state varies along the chromosomes and
during cell cycle and development. Each chromatin state can be defined by its
level of compaction, the positioning and the spacing of nucleosomes, its histone
code, the covalent modification of the underlying DNA, its non-histone binding
factors, the spatial localization within the nucleoplasm, and its dynamics during
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cell cycle. Historically, open chromatin, where most of the transcription occurs, is
referred to as “euchromatin” whereas condensed chromatin, where transcription is
generally inhibited, is referred to as “heterochromatin,” although various types of
chromatin structure are evoked under these denominations. In fact, heterochromatin
was originally described as a portion of the genome deeply stained from metaphase
to interphase associated with the pericentric regions, telomeres, and some interstitial
domains. The result of chromatin mosaicism along chromosomes is the neighboring
between condensed and open regions. To an extent, the identity of these domains is
maintained by different factors such as cis-regulators, fuzzy boundaries, or insula-
tors that limit the influence of one region on the adjacent one (Fourel et al. 2004;
Gaszner and Felsenfeld 2006; Valenzuela and Kamakaka 2006).

In higher eukaryotes, constitutive heterochromatin is enriched in methylated
DNA, histone H3K9 di- and tri-methylation, H3K27 methylation, HP1 binding and
can spread over flanking regions inducing thereby transcriptional silencing (Peng
and Karpen 2008; Trojer and Reinberg 2007). When a gene is rearranged and is
relocated near heterochromatin, its transcription becomes silent in a subset of cells,
leading to a characteristic variegated pattern of expression in cells and tissues. This
phenomenon was originally discovered in flies through an inversion of the X chro-
mosome leading to the relocalization of the white gene close to pericentromeric
heterochromatin and dubbed position effect variegation (PEV) (Eissenberg et al.
1990; Festenstein et al. 1999; James and Elgin 1986). It is now well established
that the proximity of many types of chromosomal regions but also other types of
DNA transaction, such as recombination, replication initiation, and DNA repair,
can influence gene expression either positively (enhancer proximity) or negatively
(silencer proximity) (Girton and Johansen 2008; Ottaviani et al. 2008; Rabbitts
etal. 1983). Changes in chromosomal structure can also have long-range influ-
ence on DNA transaction by triggering the delocalization of specific chromatin
factors. For instance, in budding yeast, the delocalization of heterochromatin fac-
tors due to telomere dysfunction stimulates the repressive function of cis-acting
silencers located far away from telomeres (Marcand et al. 1996). These different
types of position effects are globally referred herein as chromosomal position effect
or CPE. Among them, telomere proximity resembles classical PEV by triggering
the silencing of genes located at their proximity, defining the telomeric position
effect (or TPE) (Gottschling et al. 1990). Most telomeres from Saccharomyces cere-
visiae to Homo sapiens silence neighboring genes. TPE is modulated by the length
and the structure of telomeres together with classical remodeling of the chromatin
fiber (Ottaviani et al. 2008). The nature of telomeric and subtelomeric chromatin
differs from global constitutive heterochromatin due to the specificity of its DNA
sequences, the particular structure and dynamics of its chromatin, and the binding
of specific factors (Blasco 2007b; Gilson and Geli 2007).

A common feature among eukaryotes is the progressive decline in vitality over
the time. Aging encompasses a wide spectrum of degenerative processes such as
for instance the accumulation of carbonylated proteins, damaged enzymes, protein
misfolding, lipid peroxidation, or activation of inflammatory response pathways.
Among them, the accumulation at the cytogenetic level of DNA lesions and chro-
matin changes will influence cellular function. A causal link between CPE and aging
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is not clearly established but rather derives from comparisons between young and
old cells. For instance, the cytogenetically visible lesions such as translocations,
insertions, dicentric, and acentric fragments inherent of the aging process might lead
to altered expression of pro- or anti-aging genes by CPE. In addition, telomere short-
ening, which can lead to cellular senescence and appears to contribute to some aging
processes in mammals, might alleviate the repression of pro-aging genes, which
otherwise would have succumbed to TPE. It is worth noting that the strength or
cell-type specificity of CPEs can be modulated by local or global changes in DNA
methylation and chromatin structure. For instance, while DNA methylation pattern
of certain genes in certain types of differentiated tissues changes during the aging
process (Feil 2006; Fraga and Esteller 2007), modulation of the chromatin conden-
sation may also influences the temporal and spatial expression pattern of individ-
ual or clusters of genes (see below for further details). Thus, long-range chromatin
dysregulation as a consequence of chromosomal rearrangement could contribute to
aging, drive the loss of overall cellular functions, and lay grounds for secondary
genetic events (Fig. 1). In this chapter, we will discuss what is currently known
on CPE and their associated changes in higher-order chromatin structure and the
causes and consequences of such remodeling and epigenetic alterations during the
aging process.

Growth
Metabolism

Caloric load
Exogenous stress

" .

Epigenetic . L e -
modifications €—— Genomic instability «—>  Oxidative stress

Chromosomal Position effect DNA damage response

l l

Impairment of various DNA transactions Senescence
Apoptosis

(transcription, recombination...)

I Asing _

Fig. 1 Atthe organismal level, aging is likely the outcome of a complex interplay between genetic
alterations and the pressure that the environment exerts on an organism. In this representation,
epigenetic changes, genomic instability, and oxidative stress constitute a first step in the order
of events leading to the variegation of gene expression through position effect mechanisms or
telomeric position effect. As a consequence, these numerous changes affect cellular homeostasis
and cellular response to different types of stress is impaired
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Aging and Senescence in Budding Yeast

The mammalian aging process probably exceeds the yeast model in complexity.
Nevertheless, this model organism provides important insights in the understand-
ing of the chromatin changes involved in life span. In S. cerevisiae, aging, as an
organismal process, refers to the fixed number of cell division that a daughter cell
undergoes before stopping divisions. This limited life span is an intrinsic property
of this organism and is genetically determined. By analogy to the mammalian situa-
tion, where the term senescence is used to refer to the limited proliferative capacities
of somatic cells in culture, senescence in yeast corresponds to the delayed growth
arrest of telomerase-negative cells. Since telomerase appears to be constitutively
expressed in various yeast species, it seems unlikely that senescence occurs in nat-
urally living cells, although one cannot rule out that telomerase is repressed under
certain circumstances. Importantly, aging and senescence in yeast appear to obey
to different mechanisms despite the existence of some connections at the chromatin
level. As described below in details, aging is based on the accumulation of toxic
products in mothers after asymmetrical cell division, a process that can be indi-
rectly regulated by telomeric changes, while senescence is a direct consequence of
telomere dysfunction. It is tempting to consider that yeast aging is a paradigm of
aging in pluricellular organisms and that yeast senescence reflects the way in which
several types of human somatic cells senesce in culture, since these cells do not
express enough telomerase to replenish their telomeric DNA content at each cell
division.

Yeast Aging Revealed the Role of the Sir2 NAD-Dependent
Deacetylase

Heterochromatin in yeast stabilizes the repetitive components of the genome like
the ribosomal DNA and maintains certain genes such as the mating-type loci in a
silent state through cell division. A key regulator of the rDNA and mating-type loci
is the Sir2 NAD+ histone deacetylase (HDAC) that prevents these regions from
recombination and fusion throughout cell division. In agreement with a general
role for heterochromatin in yeast aging, various aging genes are downregulated
by the Sir complex (Daniel 2005). Sir proteins or Sirtuins are a conserved fam-
ily found in numerous species. Sir2 (Silent information regulator 2) was the first
sirtuin identified in yeast (Klar et al. 1979) as a regulator of ribosomal DNA recom-
bination, gene silencing, DNA repair, genome stability, and longevity. Later, four
additional genes with high homology to Sir2 were identified (Rine and Herskowitz
1987). None of the four are essential for cell survival but they are all involved in
silencing at the mating-type loci and telomeres, cell cycle progression, and genomic
integrity (Michan and Sinclair 2007). The first clear link between silencing and
aging came from a genetic screen that isolated a gain-of-function mutation in SIR4,
which abolishes silencing at telomere and at the mating-type loci (Kennedy et al.
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1995; Kennedy et al. 1997). This mutant targets a greater amount of Sir2 and Sir3
to the nucleolus and increases longevity by 40%. Cells lacking Sir2 display accel-
erated aging whereas cells with extra copies have a reduced replicative life span
(Kaeberleion et al., 1999; Sinclair and Guarente, 1997). Additional observa-
tions on other mutants such as SGSI1, which encodes the RecQ DNA heli-
cases, later converged toward a role of the relocalization of heterochromatin pro-
teins to the nucleolus in aging. In the absence of RecQ helicases, the genome
is highly unstable especially at repetitive loci and results in hyper recombina-
tion at the rDNA loci (Karow et al. 2000). This event leads to the relocaliza-
tion of Sir3 to the nucleolus, which becomes enlarged and fragmented (Sinclair
and Guarente 1997). As a consequence, life span is affected partly because of
the dramatic effect on genomic stability in particular at the rDNA locus. Upon
Sir2 relocalization, recombination between rDNA sequences results in the exci-
sion of a circular molecule of rDNA and the formation of an extrachromoso-
mal circle (ERC) that are replicated and segregated exclusively to mother cells
thanks to their anchorage to nuclear pores (Shcheprova et al. 2008). Introduc-
tion of a single ERC or any type of non-centromeric episome into young cells
shortens lifetime and accelerates the onset of age-associated phenotypes (Falcon
and Aris 2003). After several cell cycles, up to 1000 ERC can accumulate in a
single cell, probably titrating out essential factors from the rest of the genome
and leading to cell death (Sinclair and Guarente 1997) (Fig. 2). However, a com-
plete abolition of ERC formation leads to only a moderate extension of life span
(Kaeberlein and Kennedy 2005), suggesting that other processes contribute to yeast
aging. For instance, during yeast cytokinesis, oxidatively damaged proteins are
inherited asymmetrically after budding suggesting that the Sir2-dependent accumu-
lation of oxidatively damaged proteins in mother cells might be a new mechanism
for dealing with the accumulation of oxidative damage from aged mother to new
born cells (Aguilaniu et al. 2003).

Other reports also stressed the importance of Sir2 relocalization upon DNA dam-
age suggesting that beside the reorganization of the DNA molecule itself, the relo-
calization of chromatin-modifying factors might locally or globally influence the
maintenance of chromosomal regions (Lee et al. 1999; Martin et al. 1999; McAinsh
et al. 1999; Mills et al. 1999). The consequence of such redistribution is that pre-
viously silent genes may become transcriptionally active while active genes are
repressed through remodeling process and subsequent chromatin compaction. The
redistribution of Sir proteins during aging led to speculate that such a redistribution
is an active defense process that the cell initiate to stabilize its genome (Oberdoerffer
and Sinclair 2007).

Yeast Senescence: A Link with TPE?

TPE was first demonstrated by insertion of a construct containing a URA3 marker
next to an array of telomeric repeats. Integration of this construct close to the VII-L
telomere deletes the terminal 15 kb of the chromosome and positions the URA3
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Fig. 2 Saccharomyces cerevisiae as a model organism for aging. A. Schematic representation of
the yeast nucleus in young cells. Telomeres (orange arrows), a, and o mating-type loci and rDNA
are enriched in Sir proteins. The high concentration of Sirs at the periphery of the nucleus acts
as a reservoir that controls telomere structure and subsequently, the expression of subtelomeric
genes. B. Upon aging, telomeres are shortened and recruit less Sir proteins. Fluctuation of the pool
of Sirs present at chromosome ends directly controls the expression of subtelomeric genes. Sir
proteins are relocalized to the nucleolus, which becomes enlarged and fragmented. After several
cell cycles, the number of ERC increases and titrates all the Sir proteins. As a consequence, silenced
genes become inactivated leading to age-related changes such as sterility and later, to cell death.
This relocalization of Sir proteins increases the recombination rate between rDNA sequences and
results in the formation of extrachromosomal circles (ERC) that are replicated and bind Sirs. In
young cells, Sir proteins work against the accumulation of ERC and therefore delay the aging
process

promoter 1.1 kb from the newly formed telomere. Cells expressing URA3 grow on
plates lacking uracil. However, on plates containing a drug toxic for URA3 express-
ing cells (5-fluoro-orotic acid or 5-FOA), 20-60% of the cells were still able to
grow, suggesting that URA3 was silenced in the vicinity of the telomere (Gottschling
et al. 1990). Following these observations, some of the features of TPE were
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concomitantly described, such as the stochastic reversibility or promoter indepen-
dence and expression variegation.

Increasing the length of telomeres improves TPE while telomere shorten-
ing limits the silencing of subtelomeric genes (Eugster et al. 2006; Kyrion
et al. 1993; Renauld et al. 1993). A plausible explanation is that longer telom-
eres bind more Raplp that subsequently recruit more Sir complexes, thereby facil-
itating the formation of a heterochromatin complex able to polymerize and spread
within the subtelomeric regions. Thus, the influence of telomere length on TPE is
not merely the length itself but rather the changes in the recruitment of silencing fac-
tors. TPE induced by heterochromatin spreading hinges on Sir2p NAD+ dependent
HDAC activity (Hoppe et al. 2002) and can be counteracted by Sas2p-dependant
acetylation of H4-K16 (Kimura et al. 2002) placing the Sir proteins in a central
position for the regulation of this mechanism (Fig. 2).

In budding yeast, the 32 telomeres are clustered into 4—6 foci which are pri-
marily associated with the nuclear envelope (Gotta et al. 1996). This peripheral
localization of telomeres is dependent on redundant pathways (Maillet et al. 2001).
One acts through Ku and the second through Sir4-Escl (Hediger and Gasser
2002; Taddei and Gasser 2004). Relocation to this peripheral nuclear compart-
ment probably does not cause repression per se (Tham et al. 2001) and silenc-
ing can be maintained without perinuclear anchoring (Gartenberg et al. 2004). All
of the data on silencing and anchoring at the nuclear periphery converge toward
a reservoir model where telomere clusters act as a subnuclear compartment con-
centrating key heterochromatin factors like the Sir proteins (Maillet et al. 1996b).
Although the perinuclear location is not strictly required to maintain the silent
state, silencers and telomeres would need to be somehow associated to this com-
partment to be in a local microenvironment containing enough silencing factors
to shut down gene expression. These results are in favor of a model in which the
Sir-mediated silent chromatin emanating from telomeres blocks transcription initi-
ation in the subtelomeric regions suggesting that upon aging, the fluctuation of the
pool of Sir proteins would directly control the expression of subtelomeric genes
(Fig. 2).

The apparent bypass of senescence observed in Sir mutants is due to the simul-
taneous expression of a and alpha mating-type information, which indirectly causes
an increase in the appearance of Rad52-dependent survivors (Lowell et al. 2003).
Since rad52-negative Sir-negative cells senesce in the absence of telomerase, TPE
is not required for the entry into senescence (Lowell et al. 2003), which, like in
human cells, is associated with shortened telomeres being recognized as DNA dam-
age (d'Adda di Fagagna et al. 2003) (Abdallah et al., in press). Nevertheless, even
if TPE changes are not responsible of the growth arrest of senescent cells, it is
possible that they contribute to the specific pattern of gene expression in senes-
cent cells (Maillet et al. 1996a; Marcand et al. 1996). Indeed, the sequestering of
silencing factors is expected to be telomere length dependent. In support of this,
silencing at HMR is impaired in yeast cells carrying long telomeres (Buck and
Shore 1995).
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Consequences of Telomere Attrition in Senescence and Aging
in Higher Eukaryotes

Yeast strains harboring mutations in genes required for telomerase function exhibit
progressive shortening of telomeric DNA and growth arrest in the G2/M phase
after 60-75 generations. This senescence process is MEC1 dependent (MEC]1 is the
yeast ortholog of ATR) (AS and Greider 2003; Enomoto et al. 2002). A minority
of cells withstands loss of telomerase through RADS52-dependent amplification of
telomeric and subtelomeric sequences; such survivors are now capable of long-term
propagation with telomeres maintained by recombination rather than by telomerase
(Lundblad and Blackburn 1993).

Human fibroblasts maintained in culture undergo many divisions before arresting
growth. This limited life span of primary cells was first discovered by Hayflick and
colleagues (Hayflick 1965). Later, it was discovered that the cells reach the so-called
“Hayflick limit” because of telomere shortening and dysfunction in the absence of
telomere maintenance catalyzed by the telomerase.

In vertebrates, telomeres are composed of stretches of TTAGGG repeats bound
by a protein complex named shelterin or telosome involved in both telomere pro-
tection and length regulation (de Lange 2005). The cellular reverse transcriptase,
telomerase, counteracts telomere shortening resulting from the incomplete telomere
elongation after each round of DNA replication (Gilson and Geli 2007). The telom-
erase activity is easily detectable in germinal, embryonic, and stem cells where it
contributes to maintain telomere length. This enzymatic complex extends the 3" end
of chromosomes by reverse transcription of the template region of its tightly associ-
ated RNA moiety. Telomerase expression is required for unlimited proliferation of
yeast, protozoa, and immortal human tumor cells, as well as for the extended prolif-
eration in some stem cells. In many adult stem cells or in activated lymphocytes, the
presence of telomerase slows down but does not completely compensate replicative
telomere erosion. Over the years, accumulating evidence has strengthened the view
that an excessive telomere erosion is a tumor-suppressor mechanism and contributes
to acquired and inherited aging processes, several premature aging syndromes. For
instance, telomere length correlates with longevity and disease resistance in Human
(Cawthon et al. 2003), whereas loss of telomerase causes accelerated aging in mice
and several human syndromes (Blasco 2007a; Chang et al. 2004). Mutations reduc-
ing telomerase activity give rise to the premature-aging syndrome dyskeratosis con-
genita and aplastic anemia, as well as to idiopathic pulmonary fibrosis, all of which
may be caused by telomere exhaustion and a reduced replicative potential of stem
cells, a process which can be relevant for physiological aging. In somatic mam-
malian cells, the presence of a minimal set of very short telomeres is sufficient
to trigger replicative senescence. Senescent cells are permanently arrested but still
metabolically active. Based on the use of senescence markers, their number seems
to increase in aged tissues although the specificity of these markers for the senes-
cent state is still under debate. Senescence depends on the essential phosphoinosi-
tide (PI)-3-kinase-related protein kinase ATM and ATR involved in DNA damage
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checkpoint. If these checkpoints fail, cells resume division, develop genomic insta-
bility, and ultimately die during crisis. A few cells escape from crisis and their telom-
eres are maintained by recombination (alternative telomere lengthening, ALT).

Does Telomere Shortening Modulate Expression of Subtelomeric
Genes?

Progressive telomere shortening is associated with changes in the chromatin struc-
ture at the tip of chromosomes but might also influence the architecture of sub-
telomeres. Subtelomeres are DNA sequences placed between chromosome-specific
regions and chromosome ends with features that distinguish them from the rest of
the genome (Mefford and Trask 2002; Riethman et al. 2001). In addition to the shel-
terin complex, both telomeres and subtelomeres contain nucleosomes (de Lange
et al. 1990; Makarov et al. 1993; Pisano et al. 2008) that are enriched in chro-
matin marks found at constitutive heterochromatin regions and can spread toward
the centromere (Benetti et al. 2007a, b; Garcia-Cao et al. 2004; Gonzalo et al. 2005;
Gonzalo et al. 2006). Invalidation of the Suv39hl histone methyltransferase in the
mouse correlates with extremely elongated telomeres (Garcia-Cao et al. 2004),
while abrogation of the telomerase alters the chromatin status of telomeres and sub-
telomeric regions that are decondensed upon telomere size reduction in MEFs from
late generation Terc”~ mice (Benetti et al. 2007a). Despite this heterochromatin-like
organization, telomeres are not transcriptionally inert and polymerase II-dependent
transcription originates in subtelomeres and processes through telomeric repeats,
suggesting that the presence of repressive chromatin mark does not tightly pack
telomeric and subtelomeric chromatin (Azzalin et al. 2007; Schoeftner and Blasco
2008).

Human subtelomeres vary in size from 10 to up to 300 kb in human cells. They
contain repetitive sequences of different types and numerous genes but very little
is known on their function in the regulation of cellular homeostasis (Mefford and
Trask 2002; Riethman et al. 2001). However, these regions, prone to recombina-
tion and rearrangements, are associated with genome evolution, human disorders,
but also aging possibly through TPE (Ottaviani et al. 2008). The capacity of mam-
malian telomeres to induce position effect has been controversial for many years.
Compelling evidence for transcriptional silencing in the vicinity of human telomeres
was provided more recently by using transgenes abutting telomeres, after telomere
fragmentation similar to the approach used with yeast (Baur et al. 2001; Koering
et al. 2002) and was later fueled by additional observations in cell culture and clini-
cal samples (Ottaviani et al. 2008). By a telomere seeding procedure, natural telom-
eric regions have been replaced by artificial ones containing a reporter gene. Using
this method, reporter genes in the vicinity of telomeric repeats are expressed on
average ten-fold less than reporters at non-telomeric sites. Overexpression of the
human telomerase reverse transcriptase (hTERT) resulted in telomere extension and
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decreased transgene expression (Baur et al. 2001), while overexpression of TRFI,
involved in telomere length regulation, leads to the re-expression of the transgene
(Koering et al. 2002), indicating the involvement of both telomere length and archi-
tecture in human TPE as observed in yeast. In addition, the treatment of cells with
trichostatin A, an inhibitor of class I and II histone deacetylases, antagonizes TPE.
In human cells, TPE is not sensitive to DNA methylation (Koering et al. 2002) while
hypermethylation of the transgene appears as another mechanism of TPE in mouse
ES cells (Pedram et al. 2006). In mammals, all three HP1 paralogs are found at
telomeres, and loss of histone H3 methyltransferases leads to reduced levels of HP1
proteins at telomeres (Garcia-Cao et al. 2004; Koering et al. 2002; Sharma et al.
2003). Moreover, in human cells, TPE alleviation after TSA treatment correlates
with HP1 delocalization (Koering et al. 2002). Taken together, these data suggest
that in mammals, like in other simpler eukaryotic organisms, classical chromatin
factors cooperate with telomere-associated proteins in the remodeling of the telom-
eric and subtelomeric regions and the propagation of the silencing at chromosome
ends (Blasco 2007b).

The occurrence of telomeric position effect during senescence was recently
investigated in human fibroblasts maintained in culture for an extended period of
time (Ning et al. 2003). A total of 34 subtelomeric genes and the length of the
corresponding telomeres were analyzed in young and senescent cells. Despite a dif-
ferential expression for 17 out of these 34 genes, telomere length alone is not suf-
ficient to determine the expression status of telomeric genes. Also, the analysis of
eight telomeric genes on a single chromosome end showed that telomere shortening
influences gene expression through the local alteration of chromatin structure. This
observation fits the model proposed in yeast where TPE is influenced by the proteins
bound to the telomeres rather than the telomere length per se (Ning et al. 2003).

In the human population the subtelomeric regions are highly polymorphic and
length variation may be up to hundreds of kilobases among the different haplotypes.
Therefore, transcriptional regulation of natural subtelomeric genes in human cells
likely depends on telomere length, on the structure of the telomeric chromatin but
also on the composition of the subtelomeric regions and the spatial organization of
chromosome ends. Age-dependent telomere erosion might thus be a key player in
the regulation of subtelomeric genes in elders as it was observed experimentally in
artificial systems (Baur et al. 2001; Koering et al. 2002) and a number of factors that
can influence directly or indirectly telomere structure may affect TPE by changing
telomere conformation and maintenance and vice versa.

Recently, another player entered the field of telomere length regulation and
aging through the characterization of the mammalian SIRT6 protein. In yeast, Sir2
functions as a histone deacetylase that regulates chromatin silencing, recombina-
tion genomic stability, and plays a central role in aging. Seven mammalian Sir2
homologs have been identified (SIRT1-SIRT7) (Dali-Youcef et al. 2007; Haigis and
Guarente 2006). SIRT1 is closely related to Sir2 and represses expression of inte-
grated reporter gene via histone deacetylation (Vaquero et al. 2004). Recently, it
has been shown that SIRT6 deficiency in mice increases chromosomal aberrations
such as fragmented chromosomes, detached centromeres and gaps, and leads to the
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development of a degenerative aging-like phenotype (Mostoslavsky et al. 2006).
SIRT®6 is a chromatin-associated protein that is required for normal base excision
repair (BER) and appears to be critical for maintaining functional telomeres, allow-
ing WRN interaction and preventing end-to-end fusion (Michishita et al. 2008).
SIRT®6 is required for proper interaction of WRN with telomeres during replica-
tion (Michishita et al. 2008). However, the consequence of SIRT6 depletion on the
chromatin structure of subtelomeres and the impact on gene expression remain to
be determined. By analogy with the phenotype of mice lacking the Suv39h1 histone
methyltransferase, one can speculate that abnormalities of the telomeric chromatin
might also impact on the organization of the subtelomeric regions in the absence of
SIRTG.

In mammals, aging is associated with a multitude of changes in gene expres-
sion and increasing evidence supports the hypothesis of a link between modification
of chromatin and senescence or aging. At this point, further studies are needed to
elucidate the respective biological function of genes differentially expressed and
influenced by the length of the distal TTAGGG repeats and the epigenetic status of
subtelomeric chromatin. Interestingly, in baker’s yeast, changes in telomere struc-
tures that perturb the distribution of heterochromatin factors within the nucleoplasm
affect not only genes located in the subtelomeric regions but also some genes located
far away from telomeres. It is thus expected, but not yet proven, that telomere short-
ening in mammalian cells triggers large-scale transcriptomic changes throughout the
genome. In this case, decreasing the size of telomeric repeats might liberate factors
that are normally telomere bound to modulate gene expression at internal chromatin
sites. Thus, one can imagine that some aspect of the senescence phenotype might
indeed reflect the misprogramming of transcription through disturbance of specific
chromatin compartments (Fig. 1).

Chromosomal Instability and Position Effect

Detrimental effects of chromosome rearrangements followed by changes in chro-
matin structure have been observed for decades in human cells and model organ-
isms. During aging, the progressive alteration of the control of DNA damage
checkpoint increases the number of cells that can escape from cell cycle arrest and
accumulates chromosomal abnormalities (Fig. 1). The outcome is an augmented
genetic variability generated by the presence of unstable chromosomes and increas-
ing frequency of polyploid cells. Also, there is a temporal relationship in the appear-
ance of cells with chromosomal imbalance and the senescence state.

Heterochromatin Is Reorganized in Response to Senescence
Numerous evidences suggest that senescence plays a pivotal role in the balance

between cancer and aging and it has been proposed that senescence in vivo con-
tributes to aging through exhaustion of renewable stem cells and tissue dysfunction
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(Campisi 2005; Wright and Shay 2002). Interestingly, in some cell types, senescence
is associated with global changes in chromatin structure and accumulation of het-
erochromatin protein 1 (HP1) and histone H3 trimethylated on lysine 9 at specific
foci (SAHF, senescence-associated heterochromatin foci) (Funayama et al. 2006;
Narita et al. 2003; Zhang et al. 2005). In addition to these two well-known hete-
rochromatin components, other proteins have been found to contribute to this mas-
sive heterochromatinization such as MacroH2A, HIRA, or ASF1 (Funayama and
Ishikawa 2007; Zhang and Adams 2007; Zhang et al. 2007). Interestingly, orthologs
of HIRA and ASF1 are associated with chromatin condensation and gene silencing
in other species (Blackwell et al. 2004; Greenall et al. 2006; Kaufman et al. 1998;
Sharp et al. 2001; Singer et al. 1998), in particular in yeast where it contributes
to position effect. These compact chromatin foci are thought to silence expression
by producing a repressive environment that prevents transcription of genes such as
those controlling the E2F pathway (Narita et al. 2006).

Interestingly, regions of constitutive heterochromatin such as pericentromeres
and telomeres are found at the periphery of these SAHF, suggesting that this massive
reorganization of chromatin domains within the nuclear space will globally affect
gene expression pattern (Funayama et al. 2006; Narita et al. 2003; Ye et al. 2007,
Zhang et al. 2007).

In agreement with a role for SAHF during the aging process, increased het-
erochromatinization and activation of the HIRA/ASF1A pathway have also been
observed in different tissues and species (Herbig et al. 2006; Jeyapalan et al. 2007,
Sarg et al. 2002), and elderly people show increased heterochromatinization accom-
panied by transcriptional inactivation (Fig. 3). Hence, the chromatin remodeling
observed in senescent cells might reflect the modifications of the nuclear architec-
ture observed at the organismal level.

Loss of Silencing and Chromatin Changes

Besides the heterochromatinization of each individual chromosome through the
formation of SAHF, chromosomal position effect in aging tissues might also be
associated by the age-related loss of epigenetic silencing of repeated sequences
as observed in the heart and in neurons. Specifically, the major satellite repeats
that form the constitutive heterochromatin structure at centromeres were shown
to become transcriptionally active (Gaubatz and Cutler 1990; Gaubatz and Flores
1990; Shen et al. 2008). One possible explanation could be the decrease in activity
of chromatin-modifying enzyme and the ensuing alteration of the constitutive het-
erochromatin compartment after the relocalization of heterochromatin proteins as
described above for the Sir proteins in yeast (Fig. 3).

Together with the chromatin factors mentioned earlier, SIRT1, a member of the
SIR protein family in higher eukaryotes is known to be downregulated in senes-
cent cells and during aging and a decreased histone H4-K16 acetylation has been
observed at numerous loci (Sommer et al. 2006) while, intriguingly, trimethylation
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Fig. 3 Redistribution of the epigenetic marks in aging cells globally affects gene expression pat-
terns. Aging is accompanied by alterations in the composition of the chromatin from site to site.
On a global point of view, the main consequence appears to be the redistribution of heterochro-
matin marks with a decondensation of constitutive heterochromatin (pericentromeres and inactive
X) and the condensation of euchromatic regions through the formation of heterochromatin foci.
The integrity of the DNA is affected and a redistribution of chromatin marks at the site of DNA
damage can be observed. At chromosome ends, the shortening of telomeres leads to a probable
loss of heterochromatin marks at subtelomeric regions. This global reorganization of the chro-
matin architecture might be associated with a variegated expression of genes or clusters not only
in the vicinity of these changes but also genomewide after the redistribution of key regulators

of the adjacent H4-K20 residue augments with age in rat liver and kidney, support-
ing the idea of a genome-wide switch from euchromatin to heterochromatin during
tissue aging (Sarg et al. 2002).

At sites of damaged DNA, the recruitment of the DNA repair machinery involves
histone modifiers that could spread over megabases around the DNA break, poten-
tially affecting the epigenetic regulation of several genes at the site of breakage but
also at the original sites of action of these factors as described for the Sir proteins
in yeast (Botuyan et al. 2006; Huyen et al. 2004; Kim et al. 1999; Rogakou et al.
1999) pointing toward a global role for DNA damage in chromatin architecture at the
point of breakage but also throughout the genome (Bahar et al. 2006). Some regions
such as subtelomeres, fragile sites, or euchromatic loci are more prone to recom-
bination, suggesting that changes are more often observed in certain regions and
that consequences on gene expression might be directly influenced by local factors
(Fig. 3).

Most of the genes differentially expressed during aging show poor conservation
among tissues or species (Fraser et al. 2005; Park and Prolla 2005) underlining the
apparent randomness of these changes. On the other hand, it has been shown in
different tissues that genes physically clustered together change coordinately with
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age, suggesting that the borders of condensed chromatin are pushed toward euchro-
matin regions or that the decondensation of regions of constitutive heterochromatin
such as the centromeres or the telomeres might influence the pattern of expression
of numerous genes that would in turn contribute to the global modifications of the
aging process. This hypothesis is further supported by work in flies showing that
genes dysregulated during aging are often distributed on the same chromosomal
region (Pletcher et al. 2002) putting position effect on the front seat for gene alter-
ation in aging.

In conclusion, regional activation or inactivation of chromosomal domains sug-
gest that some regions are more prone to global changes in their chromatin structure
may be through the involvement of the long-distance regulation or the positioning
to specific subnuclear domains.

Aging and X Inactivation

An active skewing of X inactivation has also been reported with increased age.
Indeed, elderly women have a much higher frequency of skewed X inactivation
in the myeloid cell lineage of peripheral blood cells compared to younger females
(Busque et al. 1996; Gale et al. 1997; Sharp et al. 2000) with an increased ten-
dency after 50-60 years, suggesting that hormonal changes could contribute to this
age-related decondensation (Hatakeyama et al. 2004; Kristiansen et al. 2005). Age-
related skewing is not solely a stochastic process as shown by analysis of mono-
and dizygotic twins but may be due to complex mechanisms involving both random
and genetic events (Kristiansen et al. 2005). Of note, several components of the
SAHF are also implicated in the inactivation of the X chromosome suggesting that
the delocalization of these factors to other chromosomes alters the proper regulation
of the inactivated X chromosome and corresponding genes. The consequences of
age-related skewing of X inactivation are not known. However, one possible conse-
quence is the manifestation of X-linked disorders in elderly women such as X-linked
hyper IgM syndrome, combined immunodeficiency, and chronic granulomatous dis-
ease (Au et al. 2004; Cazzola et al. 2000; Invernizzi et al. 2008).

Causes and Consequences of Environmental Adaptation
on Aging Organisms

Aging is characterized as a progressive, generalized impairment of cellular func-
tions resulting in an increasing susceptibility to environmental stress and a wide
range of diseases. As we argue below, different mechanisms could be designed to
accommodate the evolution of environmental conditions throughout life. One way
might be the rapid regulation of subtelomeric genes by TPE. Indeed, a subtelom-
eric enrichment of genes related to stress response and metabolism in non-optimal
growth conditions appears to be a conserved feature in many yeast species (Robyr
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et al. 2002) and clustering stress response genes at subtelomeres seems to be an
evolutionarily conserved strategy that allows their reversible silencing and a fast
response to changes in environmental conditions in various organisms (Barry et al.
2003; Borst and Ulbert 2001; Dreesen et al. 2007; Ottaviani et al. 2008). In budding
yeast, most of these genes are silenced under optimal conditions but can be rapidly
induced upon environmental changes. For instance, the FLO genes, involved in cel-
lular adherence, are mostly contained within these domains and are silenced in a
Sir-independent way which is, however, dependent upon Sir2p homologs, Hstlp
and Hst2p (Halme et al. 2004). Also, stress-like nutrient starvation, heat shock, or
chemical treatment can induce a hyperphosphorylation of Sir3p and decrease TPE at
the truncated VII-L telomere (Stone and Pillus 1996). This also leads to an increase
in the expression of natural subtelomeric genes such as the PAU genes which are
involved in cell wall constitution and drug resistance (Ai et al. 2002). In Schizosac-
charomyces pombe, many genes involved in response to nitrogen starvation are also
clustered in subtelomeric regions and silenced by the Hdalp ortholog, Clr3 (Hansen
et al. 2005).

One can imagine that a single mutation or epimutation altering TPE would allow
the optimal expression of subtelomeric genes increasing the chances for the cell to
express a gene that would be important for adaptation (Teixeira and Gilson 2005).
On the contrary, alteration of chromatin and telomere associated with aging would
limit the fast response to environmental stress and reduce longevity.

Interestingly, late generation m7erc”~ mice where telomerase is invalidated,
exhibited a shorter life span associated with a greatly reduced capacity to over-
come acute and chronic stress while age-matched control animals did not manifest
such phenotypes, suggesting that the capacity to adapt to environmental changes is
altered upon telomere dysfunction (Rudolph et al. 1999). Also several environmen-
tal factors that affect telomere length such as stress, smoking, obesity, and socio-
economic status might also accelerate aging (Canela et al. 2007; Cherkas et al. 2006;
Epel et al. 2004; Valdes et al. 2005).

Other components of the chromatin conformation might also influence lifetime.
For instance, overexpression of the SIRT1 histone deacetylase in the heart delays
aging and protects against oxidative stress, suggesting that maintaining the global
chromatin architecture upon stress-induced aging may represent a novel cardiopro-
tection strategy in old individuals (Hsu et al. 2008). Increased expression of the
mammalian SIRT1 promotes axon regrowth after injury and activation of this NAD-
dependent deacetylase limits degeneration (Araki et al. 2004), suggesting that it may
also protect neurons from age-related neurodegenerative diseases.

Interestingly, sensory perception may also affect life span in higher animals
(Libert et al. 2007; Lindemann 2001). Many Caenorhabditis elegans mutants with
reduced activity of putative chemosensory receptors have a significant increased
life span (Alcedo and Kenyon 2004; Apfeld and Kenyon 1999) and some gus-
tatory and olfactory neurons either promote or inhibit longevity (Alcedo and
Kenyon 2004). Olfactory genes are preferentially positioned at subtelomeric
positions; it would be interesting to correlate changes in olfactory stimuli in
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aged individuals and control of expression of subtelomeric clusters of genes by
telomeres.

Another type of response to environmental conditions that affects aging is the
response to nutrient restriction. In yeast, worms, flies, rodents, and possibly pri-
mates, diet extends life span (Cohen et al. 2004; Libert et al. 2007; Pletcher et al.
2002). One possible pathway would be the response to insulin/IGF1 and will not be
discussed here (reviewed in Kenyon (2005)). Another pathway, directly associated
with chromatin regulation involves the SIR proteins. The molecular consequences
to dietary restriction in yeast grown in absence of glucose involve increasing activ-
ity of the Sir protein (Ai et al. 2002). The redistribution of this major regulator
of gene silencing allows the reactivation of different genes such as subtelomeric
genes as described above. Apparently, this ability for Sir2 to extend life span has
been conserved during evolution since SIR2 orthologs increase survival in flies and
worms. On the other hand, a connection between a shortened life span, olfaction,
and food derived odors has been demonstrated (Libert et al. 2007). In diet-restricted
long-lived flies, expression of the genes encoding the odorant receptors is strongly
affected by both age and nutrient availability. Thus, as observed not only in yeast
but also in worms, flies, rodents, or human cells, calorie restriction promotes sur-
vival by inducing the SIR histone deacetylase. The different pathways that might
be involved in this extension of life span exceed the scope of this review but sug-
gest that global changes linked to environmental conditions have a broad regulatory
effect and likely involve global epigenetic regulation with a key role for the SIR
proteins in this phenomenon.

Aging and Inflammation

Older subjects are more susceptible than younger ones to pathogenic stimuli
(Krabbe et al. 2004). Moreover, one of the most dramatic transcriptional changes in
aging flies is associated with response to microbial infection and involves increased
expression of several anti-microbial genes suggesting that the response to infec-
tion is a primary concern in aging individuals (Pletcher et al. 2002). The immune
response involves networks of regulation and a complex cascade of gene activation
associated with epigenetic changes. This process occurs through a massive remod-
eling of the chromatin and subnuclear repositioning of genes and cis-regulating ele-
ments (Oberdoerffer and Sinclair 2007). Redistribution of the chromatin marks and
alteration of the transcriptional accessibility through PEV or TPE might contribute
to a modified sensibility or response to pathological stimuli in aged individuals. In
agreement with this hypothesis, the rate of condensed chromatin increases in lym-
phocytes from older individuals, as observed for other tissues, suggesting that the
expansion of silenced regions might affect the defense against pathogens (Lezhava
2001; Lezhava and Jokhadze 2007). During normal aging, depletion of lymphocytes
has also been linked to a diminished response to circulating factors and in particu-
lar to reduced levels of IGF-I in the serum (Allman and Miller 2005a, b; Lombardi
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et al. 2005; Pifer et al. 2003; Stephan et al. 1997). Interestingly, the level of IGF-I
is also diminished in mice defective for Sir76, suggesting a connection between the
SIR and the IGF-I pathway as observed in other species such as C. elegans (Kenyon
2005; Michishita et al. 2008).

In aging hematopoietic stem cells, genes involved in inflammatory and stress
response dominated the group of upregulated genes, whereas those participating in
chromatin regulation and DNA repair were prominent among downregulated genes
(Chambers et al. 2007; Rossi et al. 2005). The IgH and IgK gene clusters are upreg-
ulated in these cells and interestingly, the IgH genes cluster is localized at subtelom-
eres. Although this hypothesis has never been tested, it is tempting to speculate that
telomeric position effect subsequent to telomere attrition might account for the spe-
cific changes at this cluster. Also, in human hepatic stellate cells undergoing senes-
cence, increased expression of genes mediating inflammatory response has been
observed (Schnabl et al. 2003). Consistent with these results, another analysis of
senescent fibroblasts revealed that clusters of genes are indeed upregulated during
senescence, independent of telomere length while no clustering of downregulated
genes could be detected (Zhang et al. 2003). Interestingly, numerous genes encod-
ing cytokines are located at subtelomeric loci and mice invalidated for the telom-
erase have an increased susceptibility to C. albicans and show immunosenescence
(Blasco 2007a; Murciano et al. 2006).

Conclusions

Aging involves highly dynamic series of modifications at the cellular level that fur-
ther lead to widespread changes at the level of the whole body. Importantly, the
emergence of heterochromatin foci concomitant to telomere shortening reflects the
large-scale shift of the constitutive heterochromatin compartment and raises the
intriguing possibility of a global reprogramming of gene expression associated with
position effect mechanisms. At the organismal level, variegated gene expression
reflects this mosaic pattern of remodeled regions and the expression profiles deter-
mined in cells and tissues likely reflect the intrinsic complexity of this irremediable
biological process.

Several other mechanisms governing the nuclear processes have not been evoked
in this review however, it has to be kept in mind that other pathways might influence
or be influenced by chromosomal position effect or telomeric position effect.

For instance, nuclear lamins are highly dynamic and play a role in the non-
random positioning of chromosomes to nuclear subdomains and possibly the reg-
ulation of gene expression. The gene encoding the A-type lamins is mutated in
the Hutchinson—Gilford premature aging syndrome (HGPS) (De Sandre-Giovannoli
et al. 2003; Eriksson et al. 2003). Nuclei from patients with HGPS harbor a dysmor-
phic shape and a loss of heterochromatin-related proteins that are normally associ-
ated with the nuclear membrane and altered histone modification pattern (Scaffidi
and Misteli 2006, 2008), suggesting that a dysfunctional nuclear envelope might
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participate in the aging process. The positioning of chromosome segments within
the nuclear space might affect the regulation of individual or clusters of genes in
aging cells. Research on the Werner premature aging syndrome supports the impor-
tance of the maintenance of genomic stability as a partial antidote to aging (Martin
2005). Also, the emergence of microRNAs or non-coding RNA in the regulation
of chromatin, especially at telomeres (TERRA molecules), lays new ground for the
deciphering of the epigenetic events involved in longevity.

Acknowledgments The work in Gilson lab is supported by the Ligue Nationale contre le Cancer
(Equipe labellisée) and by the Association Frangaise contre les Myopathies (AFM).

References

Abdallah P, Luciano P, Runge K, Lisby M, Geli V, Gilson E, Teixera T. A two step model for
senescence triggered by a single critically short telomere, Nature Cell Biology. In press.

Aguilaniu H, Gustafsson L, Rigoulet M, Nystrom T (2003) Asymmetric inheritance of oxidatively
damaged proteins during cytokinesis. Science 299: 1751-3

Ai W, Bertram PG, Tsang CK, Chan TE, Zheng XF (2002) Regulation of subtelomeric silencing
during stress response. Mol Cell 10: 1295-305

Alcedo J, Kenyon C (2004) Regulation of C. elegans longevity by specific gustatory and olfactory
neurons. Neuron 41: 45-55

Allman D, Miller JP (2005a) B cell development and receptor diversity during aging. Curr Opin
Immunol 17: 463-7

Allman D, Miller JP (2005b) The aging of early B-cell precursors. Immunol Rev 205: 18-29

Apfeld J, Kenyon C (1999) Regulation of lifespan by sensory perception in Caenorhabditis elegans.
Nature 402: 804-9

Araki T, Sasaki Y, Milbrandt J (2004) Increased nuclear NAD biosynthesis and SIRT1 activation
prevent axonal degeneration. Science 305: 1010-3

AS 1J, Greider CW (2003) Short telomeres induce a DNA damage response in Saccharomyces
cerevisiae. Mol Biol Cell 14: 987-1001

Au WY, Ma ES, Lam VM, Chan JL, Pang A, Kwong YL (2004) Glucose 6-phosphate dehydroge-
nase (G6PD) deficiency in elderly Chinese women heterozygous for G6PD variants. Am J Med
Genet A 129A: 208-11

Azzalin CM, Reichenbach P, Khoriauli L, Giulotto E, Lingner J (2007) Telomeric repeat con-
taining RNA and RNA surveillance factors at mammalian chromosome ends. Science 318:
798-801

Bahar R, Hartmann CH, Rodriguez KA, Denny AD, Busuttil RA, Dolle ME, Calder RB, Chisholm
GB, Pollock BH, Klein CA, Vijg J (2006) Increased cell-to-cell variation in gene expression in
ageing mouse heart. Nature 441: 1011-4

Barry JD, Ginger ML, Burton P, McCulloch R (2003) Why are parasite contingency genes often
associated with telomeres? Int J Parasitol 33: 29-45

Baur JA, Zou Y, Shay JW, Wright WE (2001) Telomere position effect in human cells. Science
292: 2075-7

Benetti R, Garcia-Cao M, Blasco MA (2007a) Telomere length regulates the epigenetic status of
mammalian telomeres and subtelomeres. Nat Genet 39: 243-50

Benetti R, Gonzalo S, Jaco I, Schotta G, Klatt P, Jenuwein T, Blasco MA (2007b) Suv4-20 h
deficiency results in telomere elongation and derepression of telomere recombination. J Cell
Biol 178: 925-36

Blackwell C, Martin KA, Greenall A, Pidoux A, Allshire RC, Whitehall SK (2004) The Schizosac-
charomyces pombe HIRA-like protein Hipl is required for the periodic expression of histone
genes and contributes to the function of complex centromeres. Mol Cell Biol 24: 4309-20



Chromosomal Position Effect and Aging 169

Blasco MA (2007a) Telomere length, stem cells and aging. Nat Chem Biol 3: 640-9

Blasco MA (2007b) The epigenetic regulation of mammalian telomeres. Nat Rev Genet 8: 299-309

Borst P, Ulbert S (2001) Control of VSG gene expression sites. Mol Biochem Parasitol 114: 17-27

Botuyan MV, Lee J, Ward IM, Kim JE, Thompson JR, Chen J, Mer G (2006) Structural basis
for the methylation state-specific recognition of histone H4-K20 by 53BP1 and Crb2 in DNA
repair. Cell 127: 1361-73

Buck SW, Shore D (1995) Action of a RAPI1 carboxy-terminal silencing domain reveals an under-
lying competition between HMR and telomeres in yeast. Genes Dev 9: 370-84

Busque L, Mio R, Mattioli J, Brais E, Blais N, Lalonde Y, Maragh M, Gilliland DG (1996) Non-
random X-inactivation patterns in normal females: lyonization ratios vary with age. Blood 88:
59-65

Campisi J (2005) Senescent cells, tumor suppression, and organismal aging: good citizens, bad
neighbors. Cell 120: 513-22

Canela A, Vera E, Klatt P, Blasco MA (2007) High-throughput telomere length quantification
by FISH and its application to human population studies. Proc Natl Acad Sci USA 104:
5300-5

Cawthon RM, Smith KR, O’Brien E, Sivatchenko A, Kerber RA (2003) Association between
telomere length in blood and mortality in people aged 60 years or older. Lancet 361: 393-5

Cazzola M, May A, Bergamaschi G, Cerani P, Rosti V, Bishop DF (2000) Familial-skewed X-
chromosome inactivation as a predisposing factor for late-onset X-linked sideroblastic anemia
in carrier females. Blood 96: 4363-5

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA, Goodell MA (2007) Aging
hematopoietic stem cells decline in function and exhibit epigenetic dysregulation. PLoS Biol
5:e201

Chang S, Multani AS, Cabrera NG, Naylor ML, Laud P, Lombard D, Pathak S, Guarente L,
DePinho RA (2004) Essential role of limiting telomeres in the pathogenesis of Werner syn-
drome. Nat Genet 36: 877-82

Cherkas LF, Aviv A, Valdes AM, Hunkin JL, Gardner JP, Surdulescu GL, Kimura M, Spector
TD (2006) The effects of social status on biological aging as measured by white-blood-cell
telomere length. Aging Cell 5: 361-5

Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, Kessler B, Howitz KT, Gorospe M, de
Cabo R, Sinclair DA (2004) Calorie restriction promotes mammalian cell survival by inducing
the SIRT1 deacetylase. Science 305: 390-2

d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von Zglinicki T, Saretzki G,
Carter NP, Jackson SP (2003) A DNA damage checkpoint response in telomere-initiated senes-
cence. Nature 426: 194-8

Dali-Youcef N, Lagouge M, Froelich S, Koehl C, Schoonjans K, Auwerx J (2007) Sirtuins: the
‘magnificent seven’, function, metabolism and longevity. Ann Med 39: 335-45

Daniel J (2005) Sir-dependent downregulation of various aging processes. Mol Genet Genomics
274: 539-47

de Lange T (2005) Shelterin: the protein complex that shapes and safeguards human telomeres.
Genes Dev 19: 2100-10

de Lange T, Shiue L, Myers RM, Cox DR, Naylor SL, Killery AM, Varmus HE (1990) Structure
and variability of human chromosome ends. Mol Cell Biol 10: 518-27

De Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, Lyonnet S, Stew-
art CL, Munnich A, Le Merrer M, Levy N (2003) Lamin a truncation in Hutchinson-Gilford
progeria. Science 300: 2055

Dreesen O, Li B, Cross GA (2007) Telomere structure and function in trypanosomes: a proposal.
Nat Rev Microbiol 5: 70-5

Eissenberg JC, James TC, Foster-Hartnett DM, Hartnett T, Ngan V, Elgin SC (1990) Muta-
tion in a heterochromatin-specific chromosomal protein is associated with suppression
of position-effect variegation in Drosophila melanogaster. Proc Natl Acad Sci USA 87:
9923-7



170 E. Gilson and F. Magdinier

Enomoto S, Glowczewski L, Berman J (2002) MEC3, MECI, and DDC2 are essential compo-
nents of a telomere checkpoint pathway required for cell cycle arrest during senescence in
Saccharomyces cerevisiae. Mol Biol Cell 13: 2626-38

Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, Morrow JD, Cawthon RM (2004) Acceler-
ated telomere shortening in response to life stress. Proc Natl Acad Sci USA 101: 17312-5

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR, Robbins CM,
Moses TY, Berglund P, Dutra A, Pak E, Durkin S, Csoka AB, Boehnke M, Glover TW,
Collins FS (2003) Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford
progeria syndrome. Nature 423: 293-8

Eugster A, Lanzuolo C, Bonneton M, Luciano P, Pollice A, Pulitzer JF, Stegberg E, Berthiau AS,
Forstemann K, Corda Y, Lingner J, Geli V, Gilson E (2006) The finger subdomain of yeast
telomerase cooperates with Pif1p to limit telomere elongation. Nat Struct Mol Biol 13: 734-9

Falcon AA, Aris JP (2003) Plasmid accumulation reduces life span in Saccharomyces cerevisiae.
J Biol Chem 278: 41607-17

Feil R (2006) Environmental and nutritional effects on the epigenetic regulation of genes. Mutat
Res 600: 46-57

Festenstein R, Sharghi-Namini S, Fox M, Roderick K, Tolaini M, Norton T, Saveliev A, Kious-
sis D, Singh P (1999) Heterochromatin protein 1 modifies mammalian PEV in a dose- and
chromosomal-context-dependent manner. Nat Genet 23: 457-61

Fourel G, Magdinier F, Gilson E (2004) Insulator dynamics and the setting of chromatin domains.
Bioessays 26: 523-32

Fraga MF, Esteller M (2007) Epigenetics and aging: the targets and the marks. Trends Genet 23:
413-8

Fraser HB, Khaitovich P, Plotkin JB, Paabo S, Eisen MB (2005) Aging and gene expression in the
primate brain. PLoS Biol 3: €274

Funayama R, Ishikawa F (2007) Cellular senescence and chromatin structure. Chromosoma 116:
431-40

Funayama R, Saito M, Tanobe H, Ishikawa F (2006) Loss of linker histone H1 in cellular senes-
cence. J Cell Biol 175: 869-80

Gale RE, Fielding AK, Harrison CN, Linch DC (1997) Acquired skewing of X-chromosome inac-
tivation patterns in myeloid cells of the elderly suggests stochastic clonal loss with age. Br J
Haematol 98: 512-9

Garcia-Cao M, O’Sullivan R, Peters AH, Jenuwein T, Blasco MA (2004) Epigenetic regulation of
telomere length in mammalian cells by the Suv39h1 and Suv39h2 histone methyltransferases.
Nat Genet 36: 94-9

Gartenberg MR, Neumann FR, Laroche T, Blaszczyk M, Gasser SM (2004) Sir-mediated repres-
sion can occur independently of chromosomal and subnuclear contexts. Cell 119: 955-67

Gaszner M, Felsenfeld G (2006) Insulators: exploiting transcriptional and epigenetic mechanisms.
Nat Rev Genet 7: 703—13

Gaubatz JW, Cutler RG (1990) Mouse satellite DNA is transcribed in senescent cardiac muscle. J
Biol Chem 265: 17753-8

Gaubatz JW, Flores SC (1990) Tissue-specific and age-related variations in repetitive sequences of
mouse extrachromosomal circular DNAs. Mutat Res 237: 29-36

Gilson E, Geli V (2007) How telomeres are replicated. Nat Rev Mol Cell Biol 8: 825-38

Girton JR, Johansen KM (2008) Chromatin structure and the regulation of gene expression: the
lessons of PEV in Drosophila. Adv Genet 61: 1-43

Gonzalo S, Garcia-Cao M, Fraga MF, Schotta G, Peters AH, Cotter SE, Eguia R,
Dean DC, Esteller M, Jenuwein T, Blasco MA (2005) Role of the RBI family
in stabilizing histone methylation at constitutive heterochromatin. Nat Cell Biol 7:
420-8

Gonzalo S, Jaco I, Fraga MF, Chen T, Li E, Esteller M, Blasco MA (2006) DNA methyltransferases
control telomere length and telomere recombination in mammalian cells. Nat Cell Biol 8:
416-24



Chromosomal Position Effect and Aging 171

Gotta M, Laroche T, Formenton A, Maillet L, Scherthan H, Gasser SM (1996) The clustering of
telomeres and colocalization with Rapl, Sir3, and Sir4 proteins in wild-type Saccharomyces
cerevisiae. J Cell Biol 134: 1349-63

Gottschling DE, Aparicio OM, Billington BL, Zakian VA (1990) Position effect at S. cerevisiae
telomeres: reversible repression of Pol II transcription. Cell 63: 751-62

Greenall A, Williams ES, Martin KA, Palmer JM, Gray J, Liu C, Whitehall SK (2006) Hip3 inter-
acts with the HIRA proteins Hipl and SIm9 and is required for transcriptional silencing and
accurate chromosome segregation. J Biol Chem 281: 8732-9

Haigis MC, Guarente LP (2006) Mammalian sirtuins — emerging roles in physiology, aging, and
calorie restriction. Genes Dev 20: 2913-21

Halme A, Bumgarner S, Styles C, Fink GR (2004) Genetic and epigenetic regulation of the FLO
gene family generates cell-surface variation in yeast. Cell 116: 405-15

Hansen KR, Burns G, Mata J, Volpe TA, Martienssen RA, Bahler J, Thon G (2005) Global effects
on gene expression in fission yeast by silencing and RNA interference machineries. Mol Cell
Biol 25: 590-601

Hatakeyama C, Anderson CL, Beever CL, Penaherrera MS, Brown CJ, Robinson WP (2004) The
dynamics of X-inactivation skewing as women age. Clin Genet 66: 327-32

Hayflick L (1965) The limited in vitro lifetime of human diploid cell strains. Exp Cell Res 37:
614-36

Hediger F, Gasser SM (2002) Nuclear organization and silencing: putting things in their place. Nat
Cell Biol 4: E53-5

Herbig U, Ferreira M, Condel L, Carey D, Sedivy JM (2006) Cellular senescence in aging primates.
Science 311: 1257

Hoppe GJ, Tanny JC, Rudner AD, Gerber SA, Danaie S, Gygi SP, Moazed D (2002) Steps in
assembly of silent chromatin in yeast: Sir3-independent binding of a Sir2/Sir4 complex to
silencers and role for Sir2-dependent deacetylation. Mol Cell Biol 22: 4167-80

Hsu CP, Odewale I, Alcendor RR, Sadoshima J (2008) Sirtl protects the heart from aging and
stress. Biol Chem 389: 221-31

Huyen Y, Zgheib O, Ditullio RA, Jr., Gorgoulis VG, Zacharatos P, Petty TJ, Sheston EA,
Mellert HS,i Stavridi ES, Halazonetis TD (2004) Methylated lysine 79 of histone H3 targets
53BP1 to DNA double-strand breaks. Nature 432: 40611

Invernizzi P, Pasini S, Selmi C, Miozzo M, Podda M (2008) Skewing of X chromosome inactivation
in autoimmunity. Autoimmunity 41: 2727

James TC, Elgin SC (1986) Identification of a nonhistone chromosomal protein associ-
ated with heterochromatin in Drosophila melanogaster and its gene. Mol Cell Biol 6:
3862-72

Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U (2007) Accumulation of senescent cells in mitotic
tissue of aging primates. Mech Ageing Dev 128: 36-44

Kaeberleion M, McVey M, Guareute L. The SIR2/3/4 complex and SIR2 alone promote longevity
in Saccharomyces cerevisiae by two different mechanisms. Genes Dev, Vol 13 issue 9. Pages
2570-80. 1999

Kaeberlein M, Kennedy BK (2005) Large-scale identification in yeast of conserved ageing genes.
Mech Ageing Dev 126: 17-21

Karow JK, Wu L, Hickson ID (2000) RecQ family helicases: roles in cancer and aging. Curr Opin
Genet Dev 10: 32-8

Kaufman PD, Cohen JL, Osley MA (1998) Hir proteins are required for position-dependent gene
silencing in Saccharomyces cerevisiae in the absence of chromatin assembly factor I. Mol Cell
Biol 18: 4793-806

Kennedy BK, Austriaco NR, Jr., Zhang J, Guarente L (1995) Mutation in the silencing gene SIR4
can delay aging in S. cerevisiae. Cell 80: 485-96

Kennedy BK, Gotta M, Sinclair DA, Mills K, McNabb DS, Murthy M, Pak SM, Laroche T,
Gasser SM, Guarente L (1997) Redistribution of silencing proteins from telomeres to the nucle-
olus is associated with extension of life span in S. cerevisiae. Cell 89: 381-91



172 E. Gilson and F. Magdinier

Kenyon C (2005) The plasticity of aging: insights from long-lived mutants. Cell 120: 449-60

Kim S, Benguria A, Lai CY, Jazwinski SM (1999) Modulation of life-span by histone deacetylase
genes in Saccharomyces cerevisiae. Mol Biol Cell 10: 3125-36

Kimura A, Umehara T, Horikoshi M (2002) Chromosomal gradient of histone acetylation estab-
lished by Sas2p and Sir2p functions as a shield against gene silencing. Nat Genet 32: 370-7

Klar AJ, Fogel S, Macleod K (1979) MAR1-a regulator of the HMa and HMalpha Loci in Saccha-
romyces Cerevisiae. Genetics 93: 37-50

Koering CE, Pollice A, Zibella MP, Bauwens S, Puisieux A, Brunori M, Brun C, Martins L,
Sabatier L, Pulitzer JF, Gilson E (2002) Human telomeric position effect is determined by
chromosomal context and telomeric chromatin integrity. EMBO Rep 3: 1055-61

Krabbe KS, Pedersen M, Bruunsgaard H (2004) Inflammatory mediators in the elderly. Exp Geron-
tol 39: 687-99

Kristiansen M, Knudsen GP, Bathum L, Naumova AK, Sorensen TI, Brix TH, Svendsen AJ, Chris-
tensen K, Kyvik KO, Orstavik KH (2005) Twin study of genetic and aging effects on X chro-
mosome inactivation. Eur ] Hum Genet 13: 599-606

Kyrion G, Liu K, Liu C, Lustig AJ (1993) RAP1 and telomere structure regulate telomere position
effects in Saccharomyces cerevisiae. Genes Dev 7: 1146-59

Lee SK, Johnson RE, Yu SL, Prakash L, Prakash S (1999) Requirement of yeast SGS1 and SRS2
genes for replication and transcription. Science 286: 233942

Lezhava T (2001) Chromosome and aging: genetic conception of aging. Biogerontology 2: 253-60

Lezhava T, Jokhadze T (2007) Activation of pericentromeric and telomeric heterochromatin in
cultured lymphocytes from old individuals. Ann NY Acad Sci 1100: 387-99

Libert S, Zwiener J, Chu X, Vanvoorhies W, Roman G, Pletcher SD (2007) Regulation of
Drosophila life span by olfaction and food-derived odors. Science 315: 1133-7

Lindemann B (2001) Receptors and transduction in taste. Nature 413: 219-25

Lombardi G, Di Somma C, Rota F, Colao A (2005) Associated hormonal decline in aging: is there
arole for GH therapy in aging men? J Endocrinol Invest 28: 99-108

Lowell JE, Roughton AI, Lundblad V, Pillus L (2003) Telomerase-independent proliferation is
influenced by cell type in Saccharomyces cerevisiae. Genetics 164: 909-21

Lundblad V, Blackburn EH (1993) An alternative pathway for yeast telomere maintenance rescues
estl- senescence. Cell 73: 347-60

Maillet L, Boscheron C, Gotta M, Marcand S, Gilson E, Gasser SM (1996a) Evidence for silencing
compartments within the yeast nucleus: a role for telomere proximity and Sir protein concen-
tration in silencer-mediated repression. Genes Dev 10: 1796-811

Maillet L, Boscheron C, Gotta M, Marcand S, Gilson E, Gasser SM (1996b) Evidence for silencing
compartments within the yeast nucleus: a role for telomere proximity and Sir protein concen-
tration in silencer-mediated repression. Genes Develop 10: 1796-811

Maillet L, Gaden F, Brevet V, Fourel G, Martin SG, Dubrana K, Gasser SM, Gilson E (2001)
Ku-deficient yeast strains exhibit alternative states of silencing competence. EMBO Rep
2:203-10

Makarov VL, Lejnine S, Bedoyan J, Langmore JP (1993) Nucleosomal organization of telomere-
specific chromatin in rat. Cell 73: 775-87

Marcand S, Buck SW, Moretti P, Gilson E, Shore D (1996) Silencing of genes at nontelomeric sites
in yeast is controlled by sequestration of silencing factors at telomeres by Rap 1 protein. Genes
Dev 10: 1297-309

Martin GM (2005) Genetic modulation of senescent phenotypes in Homo sapiens. Cell 120:
523-32

Martin SG, Laroche T, Suka N, Grunstein M, Gasser SM (1999) Relocalization of telomeric Ku
and SIR proteins in response to DNA strand breaks in yeast. Cell 97: 621-33

McAinsh AD, Scott-Drew S, Murray JA, Jackson SP (1999) DNA damage triggers disruption of
telomeric silencing and Mec1p-dependent relocation of Sir3p. Curr Biol 9: 963-6

Mefford HC, Trask BJ (2002) The complex structure and dynamic evolution of human subtelom-
eres. Nat Rev Genet 3: 91-102



Chromosomal Position Effect and Aging 173

Michan S, Sinclair D (2007) Sirtuins in mammals: insights into their biological function. Biochem
J404: 1-13

Michishita E, McCord RA, Berber E, Kioi M, Padilla-Nash H, Damian M, Cheung P, Kusumoto R,
Kawahara TL, Barrett JC, Chang HY, Bohr VA, Ried T, Gozani O, Chua KF (2008)
SIRT6 is a histone H3 lysine 9 deacetylase that modulates telomeric chromatin. Nature 452:
492-6

Mills KD, Sinclair DA, Guarente L (1999) MEC1-dependent redistribution of the Sir3 silencing
protein from telomeres to DNA double-strand breaks. Cell 97: 609-20

Mostoslavsky R, Chua KF, Lombard DB, Pang WW, Fischer MR, Gellon L, Liu P, Mostoslavsky G,
Franco S, Murphy MM, Mills KD, Patel P, Hsu JT, Hong AL, Ford E, Cheng HL,, Kennedy C,
Nunez N, Bronson R, Frendewey D, Auerbach W, Valenzuela D, Karow M, Hottiger MO,
Hursting S, Barrett JC, Guarente L, Mulligan R, Demple B, Yancopoulos GD, Alt FW (2006)
Genomic instability and aging-like phenotype in the absence of mammalian SIRT6. Cell 124:
315-29

Murciano C, Villamon E, Yanez A, O’Connor JE, Gozalbo D, Gil ML (2006) Impaired immune
response to Candida albicans in aged mice. J] Med Microbiol 55: 1649-56

Narita M, Krizhanovsky V, Nunez S, Chicas A, Hearn SA, Myers MP, Lowe SW (2006) A novel
role for high-mobility group a proteins in cellular senescence and heterochromatin formation.
Cell 126: 503-14

Narita M, Nunez S, Heard E, Lin AW, Hearn SA, Spector DL, Hannon GJ, Lowe SW (2003) Rb-
mediated heterochromatin formation and silencing of E2F target genes during cellular senes-
cence. Cell 113: 703-16

Ning Y, Xu JF, Li Y, Chavez L, Riethman HC, Lansdorp PM, Weng NP (2003) Telomere length and
the expression of natural telomeric genes in human fibroblasts. Hum Mol Genet 12: 1329-36

Oberdoerffer P, Sinclair DA (2007) The role of nuclear architecture in genomic instability and
ageing. Nat Rev Mol Cell Biol 8: 692-702

Ottaviani A, Gilson E, Magdinier F (2008) Telomeric position effect: From the yeast paradigm to
human pathologies? Biochimie 90: 93-107

Park SK, Prolla TA (2005) Gene expression profiling studies of aging in cardiac and skeletal mus-
cles. Cardiovasc Res 66: 205-12

Pedram M, Sprung CN, Gao Q, Lo AW, Reynolds GE, Murnane JP (2006) Telomere position effect
and silencing of transgenes near telomeres in the mouse. Mol Cell Biol 26: 1865-78

Peng JC, Karpen GH (2008) Epigenetic regulation of heterochromatic DNA stability. Curr Opin
Genet Dev 18: 204-11

Pifer J, Stephan RP, Lill-Elghanian DA, Le PT, Witte PL (2003) Role of stromal cells and their
products in protecting young and aged B-lineage precursors from dexamethasone-induced
apoptosis. Mech Ageing Dev 124: 207-18

Pisano S, Galati A, Cacchione S (2008) Telomeric nucleosomes: Forgotten players at chromosome
ends. Cell Mol Life Sci

Pletcher SD, Macdonald SJ, Marguerie R, Certa U, Stearns SC, Goldstein DB, Partridge L (2002)
Genome-wide transcript profiles in aging and calorically restricted Drosophila melanogaster.
Curr Biol 12: 712-23

Rabbitts TH, Forster A, Baer R, Hamlyn PH (1983) Transcription enhancer identified near the
human C mu immunoglobulin heavy chain gene is unavailable to the translocated c-myc gene
in a Burkitt lymphoma. Nature 306: 806-9

Renauld H, Aparicio OM, Zierath PD, Billington BL, Chhablani SK, Gottschling DE (1993) Silent
domains are assembled continuously from the telomere and are defined by promoter distance
and strength, and by SIR3 dosage. Genes Dev 7: 113345

Riethman HC, Xiang Z, Paul S, Morse E, Hu XL, Flint J, Chi HC, Grady DL, Moyzis RK
(2001) Integration of telomere sequences with the draft human genome sequence. Nature 409:
948-51

Rine J, Herskowitz I (1987) Four genes responsible for a position effect on expression from HML
and HMR in Saccharomyces cerevisiae. Genetics 116: 9-22



174 E. Gilson and F. Magdinier

Robyr D, Suka Y, Xenarios I, Kurdistani SK, Wang A, Suka N, Grunstein M (2002) Microarray
deacetylation maps determine genome-wide functions for yeast histone deacetylases. Cell 109:
437-46

Rogakou EP, Boon C, Redon C, Bonner WM (1999) Megabase chromatin domains involved in
DNA double-strand breaks in vivo. J Cell Biol 146: 905-16

Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, Wagers AJ, Weissman IL (2005) Cell intrinsic
alterations underlie hematopoietic stem cell aging. Proc Natl Acad Sci USA 102: 9194-9

Rudolph KL, Chang S, Lee HW, Blasco M, Gottlieb GJ, Greider C, DePinho RA (1999) Longevity,
stress response, and cancer in aging telomerase-deficient mice. Cell 96: 701-12

Sarg B, Koutzamani E, Helliger W, Rundquist I, Lindner HH (2002) Postsynthetic trimethylation
of histone H4 at lysine 20 in mammalian tissues is associated with aging. J Biol Chem 277:
39195-201

Scaffidi P, Misteli T (2006) Lamin A-dependent nuclear defects in human aging. Science 312:
1059-63

Scaffidi P, Misteli T (2008) Lamin A-dependent misregulation of adult stem cells associated with
accelerated ageing. Nat Cell Biol 10: 452-9

Schnabl B, Purbeck CA, Choi YH, Hagedorn CH, Brenner D (2003) Replicative senescence of
activated human hepatic stellate cells is accompanied by a pronounced inflammatory but less
fibrogenic phenotype. Hepatology 37: 653—-64

Schoeftner S, Blasco MA (2008) Developmentally regulated transcription of mammalian telomeres
by DNA-dependent RNA polymerase II. Nat Cell Biol 10: 228-36

Sharma GG, Hwang KK, Pandita RK, Gupta A, Dhar S, Parenteau J, Agarwal M, Worman HJ,
Wellinger RJ, Pandita TK (2003) Human heterochromatin protein 1 isoforms HP1(Hsalpha)
and HP1(Hsbeta) interfere with hTERT-telomere interactions and correlate with changes in
cell growth and response to ionizing radiation. Mol Cell Biol 23: 8363-76

Sharp A, Robinson D, Jacobs P (2000) Age- and tissue-specific variation of X chromosome inac-
tivation ratios in normal women. Hum Genet 107: 343-9

Sharp JA, Fouts ET, Krawitz DC, Kaufman PD (2001) Yeast histone deposition protein Asflp
requires Hir proteins and PCNA for heterochromatic silencing. Curr Biol 11: 463-73

Shcheprova Z, Baldi S, Frei SB, Gonnet G, Barral Y (2008) A mechanism for asymmetric segre-
gation of age during yeast budding. Nature 454: 728-34

Shen S, Liu A, Li J, Wolubah C, Casaccia-Bonnefil P (2008) Epigenetic memory loss in aging
oligodendrocytes in the corpus callosum. Neurobiol Aging 29: 452-63

Sinclair DA, Guarente L (1997) Extrachromosomal rDNA circles — a cause of aging in yeast. Cell
91:1033-42

Singer MS, Kahana A, Wolf AJ, Meisinger LL, Peterson SE, Goggin C, Mahowald M, Gottschling
DE (1998) Identification of high-copy disruptors of telomeric silencing in Saccharomyces cere-
visiae. Genetics 150: 613-32

Sommer M, Poliak N, Upadhyay S, Ratovitski E, Nelkin BD, Donehower LA, Sidransky D (2006)
DeltaNp63alpha overexpression induces downregulation of Sirt]l and an accelerated aging phe-
notype in the mouse. Cell Cycle 5: 2005-11

Stephan RP, Lill-Elghanian DA, Witte PL (1997) Development of B cells in aged mice: decline in
the ability of pro-B cells to respond to IL-7 but not to other growth factors. J Immunol 158:
1598-609

Stone EM, Pillus L (1996) Activation of an MAP kinase cascade leads to Sir3p hyperphosphory-
lation and strengthens transcriptional silencing. J Cell Biol 135: 571-83

Taddei A, Gasser SM (2004) Multiple pathways for telomere tethering: functional implications of
subnuclear position for heterochromatin formation. Biochim Biophys Acta 1677: 120-8

Teixeira MT, Gilson E (2005) Telomere maintenance, function and evolution: the yeast paradigm.
Chromosome Res 13: 535-48

Tham WH, Wyithe JS, Ferrigno PK, Silver PA, Zakian VA (2001) Localization of yeast telom-
eres to the nuclear periphery is separable from transcriptional repression and telomere stability
functions. Mol Cell 8: 189-99



Chromosomal Position Effect and Aging 175

Trojer P, Reinberg D (2007) Facultative heterochromatin: is there a distinctive molecular signature?
Mol Cell 28: 1-13

Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, Cherkas LF, Aviv A, Spector TD (2005)
Obesity, cigarette smoking, and telomere length in women. Lancet 366: 662—4

Valenzuela L, Kamakaka RT (2006) Chromatin insulators. Annu Rev Genet 40: 107-38

Vaquero A, Scher M, Lee D, Erdjument-Bromage H, Tempst P, Reinberg D (2004) Human SirT1
interacts with histone H1 and promotes formation of facultative heterochromatin. Mol Cell 16:
93-105

Wright WE, Shay JW (2002) Historical claims and current interpretations of replicative aging. Nat
Biotechnol 20: 682-8

Ye X, Zerlanko B, Kennedy A, Banumathy G, Zhang R, Adams PD (2007) Downregulation of Wnt
signaling is a trigger for formation of facultative heterochromatin and onset of cell senescence
in primary human cells. Mol Cell 27: 183-96

Zhang H, Pan KH, Cohen SN (2003) Senescence-specific gene expression fingerprints reveal cell-
type-dependent physical clustering of up-regulated chromosomal loci. Proc Natl Acad Sci USA
100: 3251-6

Zhang R, Adams PD (2007) Heterochromatin and its relationship to cell senescence and cancer
therapy. Cell Cycle 6: 784-9

Zhang R, Chen W, Adams PD (2007) Molecular dissection of formation of senescence-associated
heterochromatin foci. Mol Cell Biol 27: 2343-58

Zhang R, Poustovoitov MV, Ye X, Santos HA, Chen W, Daganzo SM, Erzberger JP, Serebriiskii IG,
Canutescu AA, Dunbrack RL, Pehrson JR, Berger JM, Kaufman PD, Adams PD (2005) For-
mation of MacroH2A-containing senescence-associated heterochromatin foci and senescence
driven by ASFla and HIRA. Dev Cell 8: 19-30



Noncoding RNA for Presymptomatic Diagnosis
of Age-Dependent Disease

Eugenia Wang

Abstract Age-dependent diseases generally involve long-term development of tis-
sue system disorders; the late symptomatic manifestation is the culmination of
numerous incremental programmatic shifts to dysfunctional states. Most current
therapeutic treatments address illnesses characterizing the elderly symptomatically,
largely attempting to reduce the severity of the disease rather than delaying or pre-
venting its occurrence; this retrospective strategy is due to a serious lack of presymp-
tomatic diagnosis. MicroRNAs have emerged recently as a major epigenetic factor
controlling programmatic cell signaling controls and directing the optimal function-
ality of many tissues and their host cells. These small molecular species, while cod-
ing for no proteins, are key to coordinating systemic programming by controlling
the expression levels of hundreds or thousands of genes via a negative regulatory
mechanism, either by inhibiting their translation by binding at the 3’-untranslated
region or degrading their mRNA messages by binding to their coding regions. These
“genetic dimmer switches” are vital molecular program controls, exerting direct
impact on target genes involved in cellular signaling pathways. Since microRNAs
are necessary keys for the developmental construction of signaling pathways essen-
tial for neurons, cardiomyocytes, hepatocytes, etc., changes in microRNA expres-
sion, and the profiling of these changes qualitatively and quantitatively, may prove
to be useful indices as presymptomatic diagnostic markers. The availability of these
indices in the future should provide a jump start for preventive therapy for age-
dependent diseases and frailty.
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Introduction

Most age-dependent diseases are polygenic in nature and develop over a period
of time. The ultimate symptomatic manifestation of such diseases is usually the
“tip of the iceberg,” with both genetic and environmental risk factors accumulating
throughout the lifetime. Thus, early onset of a particular age-dependent debility may
be the combination of “bad” genes and “bad” environmental factors. On the other
hand, long-lived centenarians enjoy “good” genes and “good” environments, which
may slow down and delay the onset of diseases till 100+ years old. A practical
goal for healthy aging is to narrow the gap shown in Fig. 1 between normal aging
and long-lived centenarians to the minimum and provide the maximal benefit to the
majority of our population to live beyond 90 years disease-free.
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Fig.1 “Gaps” between early and age-dependent disease onset, healthy aging, and individuals with
extreme long-lived phenotype

At the system level, development and aging are at opposite ends of the spectrum;
the former aims to establish an orderly hierarchy for constructing tissue and cellu-
lar functions, while the latter erodes this order by both programmatic and stochas-
tic (“wear-and-tear” cumulative environmental insults) degradation. Obviously, the
stronger the construction of the signaling pathways operating in individual tissues
and cells, the more difficult the erosion. Likewise, when the impact from erosion is
less, the original signaling pathways will be sustained and operational longer. Eval-
uating the strength of pathway construction and identifying the commencement of
erosion are two daunting and challenging mysteries for us to solve.

Emerging results show that early childhood experience may determine late-life
disease (Kuh 2006; Yi et al. 2007; Zhang et al. 2008). A special example of this is the
discordance of colon cancer incidence among monozygotic twins reared apart: iden-
tical genetic endowment but different environments in the first 2 years of life may
predestine one twin to be a cancer victim 60 years later, while the identical sibling
remains healthy till 90 (Kaprio et al. 1987; Marcus et al. 1999; Fraga et al. 2005).
This example may demonstrate a defective pathway construction in early childhood,
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setting the stage for cancer development later on. Once the signaling pathways are
set in place during development, they are subjected to the impact of erosion dur-
ing adult life. Obviously, qualitative and quantitative degrees of this erosion impact
determine the threshold level tolerated by our system. Thus, an individual’s life span
may be illustrated by a series of overlapping equilibrium dynamics, with birth as the
starting point, depicted by putatively perfect network equilibrium, and ending with
the dismantling of equilibrium dynamics beyond repair at the end of the life span.

Midlife Deregulation of Programmatic Control

Although the fact may not be obvious or comforting, the root causes of age-
dependent diseases such as Alzheimer’s disease, osteoporosis, cancer, and car-
diovascular disorders may be found decades earlier than the manifestation of
symptoms. The initial early warning signs may be upstream malfunctions at physio-
logical levels seemingly unrelated to the ultimate disease presentation. For example,
kidney filtration rate, cardiac pumping efficiency, useful lung volume, and maximal
breathing capacity all start to decline by the age of about 40 and continue to decline
throughout later life (Schulz and Salthouse 1999). These physiological changes,
which may contribute to the evolution of disease, are themselves caused by deleteri-
ous operations of many interacting biochemical reactions within the cells; it would
be a daunting task to identify the initial molecular derailments leading to the even-
tual phenotypic disorders. For example, a recent finding shows that individuals man-
ifesting high cholesterol levels in their forties are more likely to develop Alzheimer’s
disease (Solomon et al. 2008). Hypercholesterolemia can damage our arteries; the
link to the etiology of Alzheimer’s disease (AD) may reside in the production of
amyloid plaques, although proving such a link may depend on future findings. Low-
ering cholesterol levels in the forties is probably beneficial not only for reducing the
Alzheimer’s disease risk but also for a whole host of elderly frailties, from AD to
cardiovascular disorders, because of the complex underpinning contributing factors.

MicroRNA and Epigenetic Regulation

Noncoding RNAs include short RNA species that do not code for any specific
proteins but function in post-transcriptional control of other genes’ expression. A
recent explosion of scientific attention is focused upon the microRNAs, in gen-
eral only ~22 base pairs in length. Their unique sequences are complementary
to either the 3’-untranslated (UTR) or the coding regions of their target genes;
the former modality results in inhibition of translation, while the latter mode of
binding results in mRNA degradation. In general, microRNAs are found in all liv-
ing cells, from plants to humans, as negative regulators of gene expression at the
post-transcriptional level (Finnegan and Matzke 2003; Lewis et al. 2003; Bartel
2004; Mansfield et al. 2004; Fazi and Nervi 2008). Most plant microRNAs function



180 E. Wang

by binding to the target coding region, thus degrading the target gene’s message,
while animal microRNAs primarily bind to 3’-UTR regions with a signature “seed”
sequence of eight nucleotide bases. It is predicted that some 1,200 human microR-
NAs may exist; more than 800 of them have actually been identified and sequence
mapped already. Mammalian microRNAs are essential for the developmental regu-
lation of cell lineages; several dominant microRNAs are keys to specific differentia-
tion pathways. An example of microRNAs determining cell fate during development
is microRNA Let7; a null mutant of Let7 is embryonically lethal in Caenorhab-
ditis elegans (Ruvkun et al. 2004). However, not all microRNAs function in this
absolute fashion; thus we suggest that according to their functions, microRNAs
may be classified into two groups: Case 1 microRNAs are those producing directly
reciprocal levels of expression of their target genes; for example, microRNA 24
totally shuts down nonneuronal gene expression to allow neural cell differentiation.
Case 2 microRNAs, on the other hand, are those operating at the level of equilibrium
homeostasis, allowing balanced expression between themselves and their target, a
“dimmer switch” effect.

During development, this type of microRNA function may be thought of as
“canalization” (Waddington 1942; Siegal and Bergman 2002; Stearns 2002; Horn-
stein and Shomron 2006), allowing channels of cell lineage to be established and
defined. Case 1 microRNAs allow the formation of the cell types needed for each
tissue, while Case 2 microRNAs maintain system needs for each cell in its final dif-
ferentiation destiny, controlling cell survival, oxidative defense, DNA repair, protein
degradation, etc.

In principle, a single microRNA may have several dozens or hundreds of target
genes, and vice versa, a single gene may be targeted by several microRNAs. This
complexity constitutes microRNAs as the most versatile control of gene expression
at the post-transcriptional level. Moreover, several microRNAs may be regulated as
a group, thus exerting programmatic control for a given cellular state. For example,
both Let7 and miR-34a are downregulated in cancer cells, allowing the upregulation
of their target gene, H-Ras and other oncogenes, etc (Yu et al. 2007; Biissing et al.
2008; Chan et al. 2008; Esquela-Kerscher et al. 2008; Kato and Slack 2008).

What controls microRNA up- or downregulation? Emerging findings show that
microRNAs are activated by their own promoters and that often their target genes
acting as the transcription activators are the exact factors binding these promoters
and activating microRNA expression (Sylvestre et al., 2007). Thus, transcription
factors targeted for silencing by specific microRNAs function as a feedback loop
mechanism, suggesting “seesaw” regulation between these two molecular species.
As depicted in Fig. 2 for a hypothetical apoptosis signaling pathway, three differ-
ent transcriptional factors may control three different microRNAs, each responsible
for a segment of this signaling pathway, and any two of them may form different
compartments that eventually shape the apoptosis signaling pathway in its total-
ity. Future experiments will reveal whether most microRNAs are activated via their
own target’s binding at the promoter region such that when too much transcriptional
factor is present, it activates its own silencing microRNAs, with the end result of
suppressing its own gene expression.
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Fig. 2 Depiction of the feedback loop paradigm: cis elements for the promoter region of three
microRNAs (X, Y, Z) and three transcriptional factors (TF 1, 2, and 3) together form an apoptosis
pathway

Three forms of miRNAs exist in vivo: primary (pri-miRNA), precursor (pre-
miRNA), and mature miRNAs. Pre-miRNAs are 60—110-nt-long molecules char-
acterized by a folded-back hairpin structure; these precursors of mature miRNAs
originate from longer Pri-RNAs, which are transcribed in the nucleus, cleaved by
an RNase called Drosha, and then transported into the cytoplasm. Pre-miRNAs are
further sheared by Dicer into 19-22-nt duplex molecules that function as mature
miRNAs. The duplexes are subjected to further treatment in RNA-induced silenc-
ing complexes (RISC) and become two separated single strands, one of which is
active and engaged in imperfect/perfect base pairing with specific sequences in tar-
get mRNAs (Lee et al. 1993; Reinhart et al. 2000).

MicroRNA genes are alleged with increasing evidence to regulate more than
25% of gene transcription (Lim et al. 2003). Since microRNA binding to spe-
cific target sites is sequence defined, it is especially vital in determining the exact
action of microRNA functionality. Target binding sequence mutation may disable
microRNAs from binding to their target gene’s UTR region, thus reducing their
repressing power. Many reports show that single nucleotide polymorphisms (SNPs)
at either target binding sites or the microRNAs’ own sequences may disable
the post-transcriptional silencing of key oncogenes in cancer. Moreover, quantita-
tive trait locus (QTL) mapping identifies mutations at some microRNA genomic
locations, which result in changes in expression. For example, recent evidence
shows that a miRNA mutation is responsible for the phenotype of muscularity
in Texel sheep of Belgian origin (Clop et al. 2006); this observation provides
a new way to search for mutations in numerous human genetic diseases that
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present no evidence of mutation in promoter regions, coding areas, or slicing sites
of the genes themselves, but rather perhaps in the microRNAs controlling their
regulation.

MicroRNAs as “Hubs” for Programmatic Control of Signaling
Pathways

Much of the power of microRNAs stems from their multitarget function; like tran-
scription factors, their molecular actions can regulate the expression of hundreds of
genes. However, differing from transcription factors, microRNAs work at the post-
transcriptional level by inhibiting translation or degrading messages. Moreover, tar-
get genes may be functionally related to a common signaling network. For example,
as Fig. 3 depicts, the target genes of human miRNA Let7e can be organized into
a signaling network for survival/apoptosis; the key nodes of this signaling path-
way are represented by Bcl2L1, Caspase 3, Stat3, IL6, IL10, PAX3, RBI, etc. This
figure represents a signaling pathway constructed by a partial list of genes identi-
fied by sequence homology as bearing Let7e target sites in their 3’-UTR regions; it
is merely a theoretical model, by no means the actual working network for a par-
ticular cell’s functional operation. To arrive at such a picture, each target must be
verified not only by microRNA binding assays but also by determining the actual
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Fig. 3 Partial target genes of Let-7¢ and their predicted signaling network
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silencing effects of Let7e on the potential targets. Moreover, as described above,
individual microRNAs are likely controlled by feedback loops of their own targets,
as with transcription factors. For example, STAT3 is likely to be a candidate factor
providing feedback to suppress Let7e’s own expression via its own promoter bind-
ing action. Finally, the signaling pathway presented in Fig. 3 is constructed with all
of the target genes; needless to say, in any given cell at any time, not all of them
are expressed, and therefore not all are present to participate in this network. Never-
theless, the complexity of microRNA regulation provides a picture that microRNA
negatively regulates gene expression to accomplish control of a program for gene
expression, rather than single gene action. This programmatic control may be illus-
trated by a circuit breaker controlling electrical supply to a section of a house, rather
than an on/off switch controlling a single light bulb. This “circuit breaker” versus
“single light bulb” analogy may provide the understanding that individual proteins,
functioning in a signaling network catering to a specific cellular operation such as
oxidative defense, may have underpinning regulation, enabling them to be expressed
at either full or partial intensity, depending upon the level of defense required. More-
over, control via microRNAs provides a safeguard to prevent unwanted gene expres-
sion accidentally becoming activated by binding of a transcriptional factor. Thus
the feedback loop between microRNA and its target transcriptional factors reflects
nature’s exquisite control of system-based regulation of individual gene expressions.

MicroRNAs as Biomarkers for Presymptomatic Diagnosis

As described earlier, individual microRNAs may be functionally categorized as
underlying “hubs” controlling a group of genes operating in a single signaling path-
way; gradually, microRNAs may be classified and associated with various disease
states. Such a nomenclature is already in use; for example, microRNA 34a is largely
considered as a “cancer microRNA,” microRNA 155 is considered as immune regu-
lation based (Gottwein et al. 2007; Yin et al. 2008).

May there then be “longevity microRNAs?” The answer is certainly “yes!” But
one must differentiate between life span and health span; it is not a generally desir-
able outcome to lengthen one without the other. In general, age-dependent frailty
stems from micromolecular disorders involved in the regulation of DNA repair,
oxidative defense, heat-shock response, protein degradation processing, control of
intermediate metabolism, maintenance of genomic stability, cytoskeletal organiza-
tion, cell-cycle regulation, etc. Signaling pathways controlling these cellular mech-
anisms may be interconnected by cross talk; numerous examples demonstrate that
during aging, they become attenuated, misfire, or lose their ability to repair them-
selves. Until recently, research efforts have largely been directed to link these sig-
naling disorders to one single “master” gene or one “dominant” pathway. Among
these, the most noted is the IGF signaling pathway, remarkably identified as vital to
the long-lived phenotype in diverse organisms from C. elegans to mouse and maybe
even to nonhuman primates. Notwithstanding the success in this area, neither this



184 E. Wang

pathway nor genes such as IGF-1, its receptors, and/or its many downstream factors
operate in isolation. Rather, each may be part of a huge orchestration of complex
signaling networks with cross-over, feedback loops, and overlapping operation. As
complex as this scenario may be, it may be controlled by a few microRNAs serving
as the underpinning “hubs” for most, if not all, of the signaling pathways for general
cellular maintenance and well-being, as described above. Thus, specific microRNAs
controlling DNA repair, oxidative defense, etc., may be viewed as longevity-
determining microRNAs, as described above, maintaining the well-being of cells.
Simplistically speaking, the microRNAs controlling these processes are universal to
all cell types; other microRNAs may be added to this list depending on the specific
functional needs of different cell types. In the case of neurons, cytoskeletal organi-
zation involving neurofilament and microtubule organization and synaptic junctions
may involve the additional tissue-specific microRNAs required for their vital func-
tion. For colonic epithelial cells, cell-cycle control may be vital to regulate the pre-
cise proliferation program progressing from the colonic crypts to the apices of the
villi; excessive proliferation would constitute hyperplasia of these cells, a prelude to
cancer. microRNA 34a (Lodygin et al. 2008), controlling cell proliferation, is noted
as a “tumor suppressor microRNA” (Medina and Slack 2008), and thus a “Case II”
microRNA controlling the program of cell proliferation in colonic epithelial cells.
Since microRNAs are vital to the maintenance of cellular physiological sta-
tus, their dysregulation becomes an obvious lead for identifying signaling disor-
ders at the system level. Moreover, changes in microRNA expression may be the
prelude to a programmatic shift of the entire system. Therefore, as described in
Fig. 4, identifying microRNA changes in the presymptomatic stage may provide
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Fig. 4 MicroRNAs as a presymptomatic diagnostic for age-dependent diseases; microRNAs for
high- and low-risk individuals’ signatures
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the advance diagnosis that we need to intervene in age-dependent diseases. Our
recent results in aging mouse liver show that upregulation of several key microR-
NAs is reflected in corresponding downregulation of genes involved in DNA repair,
intermediate metabolism, cell-cycle control, etc. (Maes, et al. 2008). Moreover,
these changes are noticeable even at middle age and thus suggest that presymp-
tomatic diagnosis is possible once we have identified lead microRNAs vital for
signaling processes regulating DNA repair, oxidative stress, heat-shock response,
etc. (Schipper et al. 2007; Maes et al. 2008; Medina and Slack 2008; Wang, Liang
and Lu 2008).

Noncoding RNA: From Diagnosis to Therapeutic Treatment

Although qualitative and/or quantitative changes in microRNA expression may be
used as presymptomatic diagnostics for systemic disorders of their target signal-
ing pathway(s), and characterized as responsible for specific disease phenotypes,
the challenge remains to investigate the functional links between specific miRNAs
and their targets. Successful evidence of this sort of functional link will strengthen
the notion that the lead microRNAs identified as diagnostic tools for a particu-
lar disease or disorder may themselves serve as precise leads to novel therapeu-
tic approaches. Emerging success with animal models demonstrates this as the
precise scenario involved; examples include microRNA 375, which regulates glu-
cose metabolism and thus controls the diabetic course (El Ouaamari et al. 2008;
Hennessy and O’Driscoll 2008), and microRNA 21, which regulates cardiac hyper-
trophy (Mann 2007; van Rooij and Olson 2007). Future work in transgenic mice,
with key microRNAs conditionally activated (knocked in or out) during middle
age, may provide essential animal models to investigate microRNA control of
age-dependent diseases and allow us to study the presymptomatic application of
microRNA control during midlife for late-life disease (Wang 2007).

Challenges of MicroRNAs as Presymptomatic Biomarkers: From
Cultured Cell and Animal Model Studies to Human Application

The obvious path for translational study is to apply successes in laboratory dis-
covery to clinical settings; this lengthy road is littered with frustrated, truncated
developments. These incomplete journeys reaching clinical trials are due to several
intrinsic problems built into our current technological approaches, including the fol-
lowing: (1) cultured cell models generally involve two-dimensional, monoculture
experimental conditions testing systems composed of multiple interacting cell types
in three-dimensional tissue operations; (2) most animal models are inbred strains
for laboratory use, with an atypical genetic background; and (3) many human dis-
eases do not occur in mice. Notwithstanding these problems, cell culture and animal
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models provide necessary tools, technology, and insights and will continue to reveal
new avenues of diagnosis and therapeutic leads.

MicroRNA changes may prove to be the roots for prevalent, late-life, age-
dependent diseases, the result of midlife dysregulation at the microRNA expression
level. Slowing, reducing, and overriding this molecular degeneration in people in
their forties and fifties may halt degeneration by the time they reach their sixties
or seventies and beyond. Studying programmatic molecular changes at middle age
may provide urgently needed presymptomatic diagnosis for late-life diseases, with
the aim of gaining healthy elderly life for the baby boomer generation and their
children in the decades to come.
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Telomerase Control by Epigenetic Processes
in Cellular Senescence

Huaping Chen and Trygve O. Tollefsbol

Abstract Cellular senescence is a controversial process that can prevent age-related
diseases such as cancer while also promoting the aging process. A number of genes,
such as those of oncogenes and tumor suppressors, have been shown to be of high
importance in this process. Telomerase is a crucial enzyme that plays a pivotal role
in cellular senescence by maintaining the stability of the genome. Five components
of telomerase have been discovered so far, namely hTERT which is the catalytic
subunit of telomerase, hTR which provides the RNA template for hTERT, a protein
termed dyskerin which binds to hTR, and two additional proteins termed pontin and
reptin which can assist the assembly of telomerase. Genetic control of these genes
in cellular senescence has been investigated widely and many advances have been
made in understanding the basis of the control of these genes. Epigenetic processes
are important mechanisms that regulate the expression of genes and epigenetic con-
trol has also been shown to play an important role in cellular senescence. Our cur-
rent insights on telomerase control by epigenetic processes in cellular senescence
are reviewed in this chapter.

Keywords Telomerase - Epigenetic - Cellular senescence

Introduction

Like most other organisms, humans age and this is often accompanied by a series of
age-related disease such as cancer. Many have long been fascinated with the causes
for these processes. With decades of scientific research, a major biological process
underlying this phenomenon has been revealed, which is a process termed cellu-
lar senescence. Every human is developed from a fertilized egg which undergoes
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cell differentiation and division. It is inevitable that those differentiated cell types
will suffer from factors involving the environment and potential mutation mistakes
generated in DNA replication, which may potentially cause cancer transformation.
However, cells have evolved a defense system to respond to those signals through
DNA damage signals which can then arrest cell division or induce apoptosis, thereby
preventing the occurrence of adverse biological processes such as cancer transfor-
mation. Cellular senescence is the mechanism that the defense system is based on;
it is characterized by irreversible proliferative arrest. However, cellular senescence
is a double-edged sword in that it has also been proposed as a direct cause of aging
(Campisi and d’Adda di Fagagna, 2007). p16, a protein that can irreversibly induce
cellular senescence, has been shown to be upregulated with increased age of stem
and progenitor cells of the mouse brain, bone marrow, and pancreas (Campisi and
d’Adda di Fagagna, 2007). Since senescent cells cannot be replaced in tissues, their
number increases with age. In addition, they can secrete factors that may promote
growth and angiogenic activity of nearby premalignant cells (Bavik et al., 2006).
Moreover, these factors may inhibit the function of normal cells and limit the regen-
erative potential of stem cell pools, thereby contributing to the aging process of
organisms (Campisi, 2005).

Pathways Involved in Cellular Senescence

Cellular senescence can be triggered by several different factors, which include
dysfunctional telomeres, nontelomeric DNA damage signals, and stress and strong
mitogenic signals (Fig. 1). Once those signals have been generated, corresponding
cell signaling cascades will be activated, and the cells may enter into senescence or
undergo apoptosis (Collado et al., 2007).

Dysfunctional telomeres
Non-telomeric DNA damage Cellular senescence}

Stress and strong mitogenic

Fig. 1 Factors that can trigger cellular senescence. Dysfunctional telomeres, nontelomeric DNA
damage, stress and strong mitogenic signals are three major factors that induce cellular senescence

Telomere attrition has been considered as the most important mechanism that
leads to the senescence of normal somatic cells in terms of proliferation. Due to the
end replication problem of linear chromosomes, cells will lose about 50-150 bp of
sequence in the 5’-end of DNA strands (Harley et al., 1990; Hastie et al., 1990).
After about 50 population doublings, telomeres will reach a critical length and the
corresponding telomere structure will be changed, resulting in a classical DNA dam-
age response (DDR) (d’ Adda di Fagagna et al., 2003; Gire et al., 2004; Herbig et al.,
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2004; Takai et al., 2003). A number of proteins have been indicated to be involved
in this pathway. DNA damage foci found in those senescent cells contain telomeres,
indicating the similar characteristic of dysfunctional telomeres and double-strand
breaks (DSBs) (d’ Adda di Fagagna et al., 2003). These signals may activate the p53
gene, which can suppress tumor formation, and induce cells to enter into senescence.
Inactivation of p53 and Rb would allow further division of cells that may enter into
crisis characterized by end-to-end chromosome fusions and apoptosis of cells. Very
few cells (~1 in 107) may emerge from those cells by expressing telomerase to
maintain telomeres.

For nontelomeric DNA damage signals, the same pathway may be activated to
induce cells to enter into senescence. As to stress and strong mitogenic signals, over-
expression of oncogenes such as RAS or suboptimal culture conditions could cause
high expression of pl6, further activating the tumor suppressor gene RB, which
together with E2F ] can repress a number of target genes that can cause chromatin
reorganization and induce cells to enter into senescence.

Telomeres and Telomerase

Telomeres are special structures capped at the end of linear eukaryotic chromo-
somes, which can protect the natural ends of chromosomes from degradation or
fusing with each other and can avoid recognition and processing of the end of chro-
mosomes as DSBs. Mammalian telomeric DNA sequences contain tandem repeats
of (TTAGGG/CCCTAA), (Moyzis et al., 1988), which ends with a single-strand G-
rich overhang at the 3’-end, and this overhang has been proposed to insert into the
double-stranded region of telomeric DNA to form a displacement loop referred to
as the “T-loop” (Griffith et al., 1999). The length of telomere repeats is highly vari-
able among different species, and studies indicate that the number of this repeat
sequence is rather different for chromosomes of individual cells in humans and
mice (Baird et al., 2003; Griffith et al., 1999; Lansdorp et al., 1996; Zijlmans
etal., 1997).

Mammalian TTAGGG telomere repeats are bound by a multiprotein complex
termed telosome or shelterin (de Lange, 2005; Liu et al., 2004a). These proteins
include the POT1/TPP1 heterodimer (which can bind to the G-strand overhang;
Baumann and Cech, 2001; Liu et al., 2004b; Ye et al., 2004), TRF1 and TRF2
(which can bind to double-stranded repeats through their Myb-domain), RAPI
(repressor—activator protein 1), and TIN2 (TRF1-interacting nuclear factor 2, which
can bind to TRF1 and TRF2; de Lange, 2005; Liu et al., 2004a). TANK1 and
TANK2 poly(ADP)-ribosylates (also known as tankyrases) have also been indicated
to interact with TRF1 (Smith et al., 1998). Among those proteins, TRF1 and TRF1-
associated proteins can negatively regulate telomere length by controlling the access
of telomerase to telomeres (de Lange, 2005), while TRF2 and POT1 can protect
telomeres from end-to-end chromosome fusions by interacting with DNA damage
signaling and repair factors (Celli and de Lange, 2005).
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As has been mentioned above, the cell will lose up to 150 bp after each cell divi-
sion due to the replication problem of linear chromosome at 5 ends (Harley et al.,
1990; Hastie et al., 1990); however, the repeated sequences in telomeres which do
not encode genes can buffer this loss of genomic sequence at the end of chromo-
somes. Telomeres thus have become a mitotic clock for normal somatic cells. When
telomeres have reached a critical length, DNA damage signals will be generated,
and cellular senescence or apoptosis can be induced. For those cells such as stem
cells, progenitor cells, and germline cells, which need to function by rapid unlimited
division, telomerase adds hexamer repeats to the 3’-end of telomeres to compensate
for the loss of telomeric DNA sequences (Autexier and Lue, 2006; Collins, 2006).

Five components of telomerase have been discovered so far, namely hTERT,
which is the catalytic subunit of telomerase (Harrington et al., 1997; Meyerson
et al.,, 1997; Nakamura et al., 1997) and is located on chromosome S5p15.33
(Bryce et al., 2000); hTERC, which provides an RNA template for hTERT
(Feng et al., 1995); a protein termed dyskerin, which binds to hTERC; and two
other proteins termed pontin and reptin, which can help the assembly of telom-
erase. Mutations of those components have been linked with congenital dysker-
atosis characterized by mucocutaneous features and a number of other somatic
abnormalities, including early graying, dental loss, bone marrow failure,
osteoporosis, and an increased risk of malignancy (Vulliamy and Dokal, 2008).

Telomerase has been shown to be downregulated when cells undergo differenti-
ation, and it is reactivated in almost all the cancer cells, which indicates telomerase
has a close link to cellular senescence. Some cancer cells use another mechanism
termed alternative lengthening of telomeres (ALT) to compensate for the loss of
DNA in each cell cycle (Dunham et al., 2000). Telomerase has also been shown to
have extra-telomeric effects that are important for the proliferation of stem cells and
cancer cells (Lai et al., 2007; Stewart et al., 2002). Since most human somatic cells
do not rely on the function of telomerase, telomerase-targeted therapy for cancer
has received intense attention due to its specific effect on telomerase-positive can-
cer cells (Kim et al., 1994). Although stem cells in regenerative tissues also rely on
telomerase to compensate for the attrition of telomeric DNA in each cell division,
the telomerase inhibition effect on these normal cells should be minor due to their
longer initial telomeres compared with cancer cells (Herbert et al., 1999; Zhang
et al., 1999).

Besides the telomere maintenance effect of telomerase, telomerase may have a
series of nontelomeric effects on cells, such as telomere capping, interacting with
DNA damage signals, and modification of chromatin structure (Fig. 2).

Regulation mechanisms of telomerase have been investigated intensely in recent
years. In fact, several levels of regulation have been revealed, which include regu-
lation of transcription, alternative splicing, assembly, subcellular localization, post-
translational modifications of various components, and accessibility to telomeres
(Fig. 3). Regulation of transcription has been indicated as the major mechanism that
regulates the activity of telomerase in cells (Nugent and Lundblad, 1998), and stud-
ies have revealed evidence that a complex regulation network is likely involved in
this process.
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Telomere maintenance

P Telomere capping
T DNA damage signals

\ Chromatin structure

Fig. 2 Function of telomerase in aging and tumorigenesis. Telomerase can contribute to aging
and tumorigenesis of humans by being involved in the following processes: telomere maintenance,
telomere capping, interacting with DNA damage signals, and modification of chromatin structure
to regulate gene expression

Fig. 3 Mechanisms that )
. Genetic control
regulate function of

telomerase. Function of
telomerase can be regulated v
at a number of different
levels. The two levels in
shaded color refer to the
involvement of epigenetic
regulation mechanisms

Aging and tumorigenesis

Transcription of all components

Epigenetic modifications of the regulation of gene expression have been consid-
ered as another important mechanism that contributes to the telomerase regulation
network. Direct evidence has been found especially for processes such as aging and
cancer. Discoveries from numerous laboratories have indicated that this mechanism
is actively involved in the tight regulation of telomerase expression. In this chapter,
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epigenetic regulation of telomerase will be reviewed, especially with regard to the
roles of hTERT, hTERC, and telomerase-associated proteins.

Telomerase Control by Genetic Processes

Genetic regulation of telomerase expression has been investigated widely, which
can be reduced to the following three aspects.

Gains of Copy Number of TERT and TERC

Increases in the copy number of genes is a common mechanism used by human
tumor or cancer cells to overexpress oncogenes (Rooney et al., 1999). TERT has
been located to chromosome 5 at 5p15.33 (Bryce et al., 2000), TERC has been
located to chromosome 3 at 3q26.3 (Soder et al., 1997), and dyskerin has been
located to Xq28. All these regions have been shown to frequently undergo chro-
mosomal gains (Knuutila et al., 1998; Rooney et al., 1999). Further investigation
by using fluorescence in situ hybridization (FISH) and Southern blot analysis or
PCR reveals that copy number of the TERT and TERC gene may increase in mul-
tiple tumors through chromosomal gains and gene amplifications in the process of
cancer development due to clonal evolution (Cao et al., 2008).

Genetic Variation

Genetic variation has been considered as another mechanism that may con-
tribute to the regulation of telomerase expression. Three correlated SNPs in TERT
(-1381C>T, —244C>T, and Ex2-659G>A) have been found that may be associated
with reduced risk of breast cancer among individuals with a family history of breast
cancer (Savage et al., 2007).

Genetic Regulation on Transcription

Transcriptional regulation has been recognized as the most important mechanism
that governs the expression of h”TERT. The promoter region of the h”TERT gene con-
tains a series of binding sites for transcription factors and repressors, which include
two E boxes that c-Myc may bind, several GC boxes that Spl may bind, and other
potential cis-regulatory elements. Moreover, c-Myc competes with the Mad-Max
network to control the transcription of h”TERT (Xu et al., 2001). Estrogen has been
shown to activate the expression of A”TERT by binding to the estrogen-response ele-
ment in ovarian epithelial cells and cancer cell lines (Bayne and Liu, 2005), while
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the transcription factor activator protein 1 represses hTERT expression by binding
to its promoter (Takakura et al., 2005).

Telomerase Control by Epigenetic Processes in Cellular
Senescence

Epigenetics is a field that has expanded rapidly in recent years; it has been indicated
to play essential roles in cell differentiation, aging, and tumorigenesis and has been
linked with gene silencing and reactivation as well as many other processes. Three
basic directions of epigenetics have been investigated widely: DNA methylation,
histone modification, and noncoding RNAs. These epigenetic processes can inter-
play with each other to regulate expression of genes. Understanding those processes
from a perspective of epigenetics can not only clarify numerous puzzles related to
the regulation of telomerase that have not been answered in former research but
also provide valuable insights into developing novel medical approaches for aging
and cancer-related diseases, such as discovery of potential targets in the pathology
process of those disease by which intervention may be feasible.

Research in recent years revealed that epigenetic control is involved in the regu-
lation of telomerase and this includes control of the gene expression of telomerase
components and control of the accessibility of telomerase to telomeres, which is
largely dependent on the three-dimensional structure of telomeres.

Methylation of CpG Islands

In the genomic sequence, there are areas that are rich in CpG dinucleotides and
these areas are referred to as CpG islands. They generally exist in the promoter and
first exon of genes. These CpG islands can undergo methylation, and this mech-
anism has been identified to participate in a number of basic biology processes
such as development, aging, and age-related diseases by regulating the expression
of genes involved in those processes. Methylation of CpG islands located in or
near promoters of genes generally downregulates gene expression. DNA methyla-
tion is mediated by three DNA methyltransferases (DNMTs): DNMT1, DNMT3a,
and DNMT3b. These enzymes can transfer methyl groups to cytosine located in
the CpG dinucleotide (Jones and Baylin, 2002). DNMT]1 is responsible for main-
taining the methylation patterns following DNA replication, while DNMT3a and
DNMT3b are responsible for de novo methylation (Okano et al., 1999). Another
member of this gene family termed DNMT3L can interact with DNMT3a to pro-
mote de novo DNA methylation (Chedin et al., 2002). Mice with knockout of
these genes are embryonic-lethal and have genomic hypomethylation (Okano et al.,
1999). Moreover, changes in DNA methylation status have been associated with
senescence and cancer. CpG islands are often unmethylated in normal cells while
they can undergo methylation in cancer cells despite reduced global levels of DNA
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methylation (Jones, 1999). DNA methylation can induce gene silencing by either
blocking the binding of transcription factors or binding proteins that can specifi-
cally bind to methylated DNA such as methyl CpG-binding protein 2 (MeCP2) and
histone deacetylases (HDACs) which facilitate the formation of heterochromatin to
prevent initiation of transcription (Nan et al., 1998).

In the promoter region of hTERT, clusters of CpG dinucleotides have been found
(Horikawa et al., 1999). Several research groups have reported that the methylation
status of CpG dinucleotides in the promoter of ”TERT has a close link to the expres-
sion level of hTERT (Bechter et al., 2002; Dessain et al., 2000; Devereux et al.,
1999; Guilleret et al., 2002a). However, conflicting data have been obtained con-
cerning the methylation of CpG dinucleotides and the expression of A”TERT in early
studies. For example, hypomethylation of h”TERT has been observed in undifferen-
tiated and untransformed cells that do not express hTERT (Dessain et al., 2000),
while methylation of the promoter has also been identified in differentiated and
senescent cells (Lopatina et al., 2003; Shin et al., 2003). Through a comprehen-
sive analysis of the A”TERT promoter in a number of cancer cell lines with different
tissue origins using methylation-specific PCR and bisulfite sequencing, Zinn et al.
found that no methylation exists in the region near the transcription start site in
telomerase-positive cell lines, while the region 600 bp upstream of the transcription
start site is densely methylated (Zinn et al., 2007).

CpG islands have been identified in the promoter of ATERC in both humans
and mice, which indicates that methylation may play a role in the regulation of its
expression (Zhao et al., 1998). Apparently methylation of the promoter of h”TERC
in ALT cell lines has a close correlation with silencing of gene expression (Hoare
et al., 2001). However, this relationship does not appear to exist in other cell lines,
which indicates that the mechanisms that control the expression of h”TERC are dif-
ferent between ALT cell lines and other cell lines (Hoare et al., 2001). A compre-
hensive study conducted on normal and tumor tissues and telomerase-positive and
telomerase-negative cell lines indicates that A”TERC expression is upregulated, while
the cause of this does not appear to rely on DNA methylation of its promoter region
(Guilleret et al., 2002b).

Histone Modification of Chromatin

Histone modification is another important epigenetic mechanism that regulates the
expression of genes. Mammalian genomic DNA sequences can be packed into
nucleosomes by wrapping around an octamer of core histone proteins, which include
H2A, H2B, H3, and H4 (Luger et al., 1997). Another histone protein named H1
binds at the surface of nucleosome to fix the DNA sequence and histone proteins.
Nucleosomes will then be packed into higher structures such as chromatin and
finally into chromosomes. The N-terminal tails of core histones can be modified
in a number of fashions, such as acetylation, biotinylation, methylation, phospho-
rylation, ubiquitination, SUMOylation, and ADP ribosylation. These modifications
on histones can work with DNA methylation to control biological processes such as
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cell differentiation and aging by regulating the expression of key genes. Chromatin
can be generally divided into two groups according to its biologic activity on gene
expression, namely euchromatin, which can be transcribed, and heterochromatin,
which cannot be transcribed. Each of these chromatins has specific modifications
to maintain its status. Here we would like to focus on the expression of telomerase
components under effects of histone methylation.

Histone Methylation and Acetylation

Histone methylation at lysines 4 or 79 of histone H3 (H3K4 or H3K79) associates
with active transcription, and methylation at H3K9, H3K27, H4K20, and H1K26
correlates with gene silencing (Dillon et al., 2005). The number of methyl groups
that can be added to lysine varies from one to three, which makes this methylation
code more complex (Vakoc et al., 2006). The histone methylation is mediated by
histone methyltransferases (HMTs).

Histone acetyltransferases (HATSs) can transfer acetyl groups to lysine residues
of histones. Since lysines in histone tails carry a positive charge, which can increase
the interaction of histones with negatively charged DNA sequences to form a closed
structure that does not favor gene transcription, acetylation of histones will gener-
ate a loose structure of chromatin which is usually associated with transcriptional
activation of genes. This process can be reversed by histone deacetylases (HDACS).

As to components of telomerase, epigenetic mechanisms play pivotal roles in
their expression process. For example, combination treatment of 5-azadeoxycytidine
(a demethylation agent) with trichostatin A (a histone deacetylase inhibitor) can
induce chromatin remodeling of both promoters and reactivation of h”TERC and
hTERT expression in ALT and normal cell lines (Atkinson et al., 2005).

The acetylation status of histones H3 and H4 and the methylation status of his-
tone H3K9 have been shown to participate in the expression of A”TERC and hTERT.
For instance, histone H3 and H4 hypoacetylation and methylation of histone H3K9
have been linked with h"TERC and hTERT silencing in ALT cell lines, while hyper-
acetylation of H3 and H4 and methylation of H3K4 are linked with hTERC and
hTERT expression in telomerase-positive cell lines (Atkinson et al., 2005). Methy-
lation of H4K?20 is not associated with h”TERT gene expression but may be specific
to the promoters of A”TERC and hTERT in ALT cell lines. Lysine-specific demethy-
lase 1 (LSD1), which can catalyze demethylation of mono- and di-methylated his-
tone H3K4 or K9, has been shown to repress h”TERT transcription via demethylating
H3K4 in normal and cancerous cells. HDACs also participate in the establishment
of a stable repression state of the A”TERT gene in normal or differentiated malignant
cells (Zhu et al., 2008).

Trimethylation of H3K4 is another site-specific epigenetic mechanism that reg-
ulates the expression of h”TERT. SET and MYND domain-containing protein 3
(SMYD3) is a histone methyltransferase. It has been indicated to induce hTERT
expression by binding to the A”TERT promoter and maintaining its histone H3K4
trimethylation. Knocking down SMYD3 in tumor cells will eliminate trimethylation
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of H3K4, decrease the binding of transcriptional factors like c-MYC and Spl, and
result in diminished histone H3 acetylation in the h”TERT promoter region (Liu et al.,
2007).

Epigenetic Control of Accessibility of Telomeres to Telomerase

Accessibility of telomerase to telomeres is another important mechanism by which
cells control telomere length. Although former research indicates that telomerase
can maintain the length of telomeres, a strict relationship between telomerase activ-
ity and telomere lengths is hard to establish (Bodnar et al., 1998). This is explained
by the fact that a feedback loop is involved to regulate the accessibility of telom-
ere ends to telomerase. When telomeres become short, it will generate a more
accessible telomere structure which can increase the initiation frequency of telom-
erase (Smogorzewska and de Lange, 2004). It is reported that H3K9 of mammalian
telomeres can undergo mono-, di-, and trimethylation, while proteins of heterochro-
matin protein 1 (HP1) family can be recruited to lysine residues undergoing di- and
trimethylation. In this way, a closed chromatin state will form, and this may restrict
accessibility of telomeres to telomerase (Blasco, 2005).

Conclusion

Cell senescence can benefit our health by preventing potential cancer transforma-
tion, while it can also promote the aging of humans on the other hand through the
interaction between senescent cells and the surrounding normal cells. Telomerase is
an important molecule that is involved in cell senescence. It can prevent the advent
of replicative senescence in stem cells and germ cells, while it can also be reac-
tivated when genomic instability is induced by environmental and genetic factors,
thus promoting the development of cancer. Therefore, the regulation of telomerase
has gained intense interest among scientists worldwide. Regulation of its function
can be divided into several levels: accessibility to telomeres, regulation on expres-
sion through transcription factors, genetic regulation of its gene sequence, and epi-
genetic regulation. Actually, these mechanisms do not function independently but
intertwine with each other so that some transcription factors can only bind to DNA
elements in h”TERT promoters that are unmethylated.

To clarify the interrelationship of those mechanisms and to resolve the sequence
of those events, it is necessary to more fully understand the control of telomerase
and its role in the process of aging. This would also help to design novel drugs
targeted to telomerase for age-related diseases such as cancer.
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Telomeres, Epigenetics, and Aging

J. Arturo Londoiio-Vallejo

Abstract Telomere shortening has been linked to aging and disease. On the other
hand, recent experimental data point to epigenetics as a fundamental process in
telomere function. How both aspects are connected and how they impact on organ-
ismal fitness will be the subject of intense research in the coming years. This chapter
reviews different aspects of telomere biology and discusses their implications in the
aging process.

Keywords Telomere length - Telomerase - Aging - Heterochromatin - Shelterin -
Telomere maintenance

Introduction

Telomeres are essential structures for genome stability (Wong and Collins 2003).
They protect the extremities of linear chromosomes from degradation and recombi-
nation. They also participate in the nuclear architecture and in the meiosis-specific
genome reorganization and recombination. The primary structure of telomeres is
composed of a short, 5'- to 3’ repeated G-rich sequence that ends in a single-stranded
3’ overhang, the G-tail (Rhodes et al. 2002). The double-stranded portion of telom-
eric sequences is bound by both histone and nonhistone protein complexes. In par-
ticular, a six-protein telomere-specific complex, called shelterin or telosome, plays
an essential role in telomere protection and presumably is responsible for these chro-
mosome ends to adopt singular structures, such as t-loops, in which the 3" overhang
folds back and invades the double-stranded portion of the repeats (de Lange 2005)

(Fig. 1).
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Fig. 1 The telomere is represented as a t-loop, where the G-tail invades the base of the double-
stranded telomeric repeats. Telomere repeats are bound by both shelterin and histone complexes.
Heterochromatic marks (trimethylation of H3K9 and H4K20 and recruitment of HP1) are present
both at telomeres and at the subtelomeric regions, where CpG methylation also exists. The het-
erochromatic nature of telomeres, to which the telomere-associated RNA — TERRA — may con-
tribute, influences length homeostasis and stability, likely by thwarting replication, limiting access
to telomerase, and repressing recombination. Conversely, the length of telomeres influences the
heterochromatic status of both telomeres and subtelomeric regions, at least in mouse cells. The
intimate connection between histone and nonhistone complexes and its impact on the regulation of
telomeric heterochromatin remains to be explored

The formation of the t-loop is thought to be a major mechanism by which
the chromosome extremity is hidden away from the cell surveillance machinery
(de Lange 2002). The disruption of the t-loop by telomere shortening or shelterin
defaults provokes the recognition of the chromosome extremity as a double-strand
break, triggering repair mechanisms that ultimately lead to chromosome end fusion
or degradation (Blackburn 2001). On the other hand, a physiological disruption of
the t-loop must take place during replication in order to allow the replisome to move
forward toward the 3’ end (Gilson and Geli 2007; Verdun and Karlseder 2007).
It has been proposed that the DNA damage signaling that results from this tran-
sient disruption triggers the recruitment of DNA repair proteins that, together with
shelterin, will help to reestablish the t-loop structure (Verdun and Karlseder 2006).
Importantly, the replication of the G-rich strand, which takes place through lagging-
strand mechanisms, is always incomplete, due to the removal of the last RNA primer
(Olovnikov 1971; Watson 1972). And since there is an absolute requirement to cre-
ate an overhang on the sister chromatid that was completely replicated by lead-
ing mechanisms, there is also a 5’ to 3’ degradation of the parental C-rich strand
(Makarov et al. 1997). As a consequence, telomere replication unavoidably leads to
shortening by a few tens of repeats. Therefore, shortening of telomeres is the rule
in dividing somatic cells that express no or very low levels of telomerase, the dedi-
cated reverse transcriptase that specifically incorporates new telomeric repeats at the
3’ overhang (Shay and Wright 2005). When telomeres reach a critical length, cells
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stop dividing and enter a permanent state of senescence, which is considered a major
antitumor mechanism (Shawi and Autexier 2008). When enough telomerase activ-
ity is present, telomere length is maintained and cells may then replicate indefinitely
(Shay and Wright 2005).

Telomere length is therefore a highly dynamic variable of telomere function
and is under tight control, directly reflecting the efficiency of telomere mainte-
nance mechanisms (Hug and Lingner 2006). The best characterized telomere length
homeostasis mechanism is the one exerted by the shelterin complex on telom-
erase activity. Long telomeres tend to bind more shelterin and to be less accessi-
ble to telomerase, whereas short telomeres tend to be more “open” and therefore
are more likely to undergo elongation, thus preventing further shortening (Teixeira
et al. 2004). This negative feedback that results in a net preference of telomerase for
short telomeres determines an equilibrium point of telomere length within cells and
eventually allows the rescue of potentially deleterious troubles in telomere repli-
cation or repair that provoke sudden excessive telomere shortening (Choi et al.
2001; Crabbe et al. 2004; Wyllie et al. 2000). Again, in the absence of telom-
erase, such accidents may rapidly lead to cell senescence, thus limiting cell renewal
capacity.

Telomere Length: A Biomarker for Human Aging

In many organisms, telomere length decreases with increasing age, suggesting that
telomerase activity is limiting, even in stem cell compartments (Canela et al. 2007,
Harley et al. 1990; Hastie et al. 1990; Rufer et al. 1998; Vaziri et al. 1994). In
humans, in particular, telomere shortening has been shown to occur not only dur-
ing normal aging but also during many aging-related pathological conditions, such
as cancer, arteriosclerosis, or cardiovascular diseases. Moreover, premature aging
syndromes such as Werner syndrome, in which the gene coding for the WRN heli-
case is mutated (see page 14), are characterized by accelerated shortening of telom-
eres (Schulz et al. 1996; Tahara et al. 1997). Since telomere shortening triggers
cell senescence in vitro, it has been proposed that telomere shortening is a major
cause of the tissue dysfunction that characterizes the aging process in vivo, and thus
telomere length is increasingly considered an aging biomarker (Bekaert et al. 2005a;
von Zglinicki and Martin-Ruiz 2005). However, despite a clear association between
physiological aging and telomere shortening, it has been difficult to distinguish
between consequence and causality. Nevertheless, in pathological contexts such as
dyskeratosis congenita (DC), another premature aging syndrome where there is a
telomerase defect (Bessler et al. 2004), the phenomenon of anticipation (manifes-
tation of the disease at earlier age in successive generations) strongly suggests that
short telomeres are directly contributing to aging manifestations and may actually
limit human life span (Armanios et al. 2005; Goldman et al. 2005; Vulliamy et al.
2004).
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Genetics of Telomere Length

The mean telomere length found in an individual depends on length homeostatic
mechanisms. There is marked variation in mean telomere length among individu-
als of the same age class and the available evidence strongly suggests that these
differences are genetically determined. Monozygotic twins have very similar mean
telomere lengths, whereas dizygotic twins show significant differences (Slagboom
et al. 1994). Moreover, inherited paternal factors have a patent influence on the
mean telomere lengths of their offspring (Njajou et al. 2007; Nordfjall et al. 2005).
On the other hand, a positive correlation has been found between the age of fathers
and telomere lengths in their children, suggesting that a vertical transmission of
telomere lengths may contribute to length variations in the population (Unryn et al.
2005). X-linked factors have also been proposed (Nawrot et al. 2004) but have
not been confirmed in independent studies. Studies in humans using marker link-
age strategies have identified a few loci with significant influence on telomere
lengths, although no obvious candidate genes have been found (Andrew et al. 2006;
Vasa-Nicotera et al. 2005).

Since telomere length is the result of the equilibrium between lengthening and
shortening mechanisms, genes responsible for setting telomere lengths may do so
by promoting (or thwarting) efficiency of replication, telomerase activity, and/or
telomere repair. For instance, the efficiency of telomere replication may be directly
affected by the enzymatic activities of certain helicases such as WRN (Crabbe et al.
2004), RTEL1 (Ding et al. 2004), BLM (Opresko et al. 2002), or FANCJ (Wu et al.
2008) and the presence of particular allelic variants of any of these genes may lead
to a more or less incomplete telomere replication. On the other hand, the levels of
telomerase activity seem to be a major determinant of telomere length (Hug and
Lingner 2006), these levels being directly dependent on the level of expression of
both the catalytic subunit hTERT and the RNA moiety hTERC. Indeed, the level
of telomerase in lymphocytes in response to a stimulus is genetically determined
(Kosciolek and Rowley 1998) and single-nucleotide polymorphisms identified in
the h'TERT promoter in certain human populations have been associated with longer
telomeres (Matsubara et al. 2006). hTERC, on the other hand, is expressed in most
tissues but levels may be modulated according to the proliferation state (Weng et al.
1996). Experimentally, it is possible to increase telomere length by just overex-
pressing hTERC (Cristofari and Lingner 2006), indicating that its levels are limiting
under normal conditions. This is again illustrated by defects in telomerase activity
found in DC patients carrying one single normal h”TERC gene (haploinsufficiency)
(Vulliamy et al. 2001). Therefore, subtle differences in hTERC levels of expression
among individuals may contribute to telomere length differences. Finally, oxidative
damage constitutes a major extrinsic factor for telomere shortening (von Zglinicki
2000). Since resistance to oxidative stress is under genetic control (Powell et al.
2005), it is likely that genes in this pathway have a great impact on telomere length
homeostasis.

Telomere length control is also exerted differently at different chromosome
extremities. Single telomere lengths are heterogeneous within cells (Henderson et al.
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1996; Lansdorp et al. 1996) and the chromosome distribution of this heterogeneity
is characteristic of each individual and stably maintained during aging (Baird et al.
2003; Britt-Compton et al. 2006; Londofio-Vallejo et al. 2001). This single telomere
length heterogeneity is most likely explained by allelic relative length polymor-
phisms (Graakjaer et al. 2004), which are defined in the zygote and depend directly
on the relative contributions of single telomere lengths by the parents (Graakjaer
et al. 2006). How a chromosome arm-specific telomere length is defined is not
known, but it is reasonable to suppose that naturally occurring nucleotide variations
in the subtelomeric regions (Baird et al. 2000; Coleman et al. 1999) are directly or
indirectly responsible for such differences, perhaps through epigenetic mechanisms
akin to imprinting (methylation-dependent, see below). Whatever be the case, the
fact that just one or a few very short telomeres are enough to trigger mitotic senes-
cence in vitro, and possibly in vivo, suggests that inheriting chromosome extremi-
ties with relatively shorter telomeres may impact, later in life, replication (or regen-
eration) capacity in aging individuals (Gilson and Londofio-Vallejo 2007). It also
underlines the need of conducting population studies in which single, and not only
overall, telomere lengths are measured.

Epigenetics of Telomeres

Telomeres Bear Heterochromatic Marks

The telomere DNA sequence found in humans (T2AG3, which is the same for most
vertebrates) lacks CpGs and therefore cannot be the target of the same type of DNA
methylation known to occur elsewhere in the genome. On the other hand, telomeric
H3 and H4 histones undergo the same kind of epigenetic modifications associated
with heterochromatin (for example, the pericentric chromatin), that is, trimethyla-
tion of lysine 9 on histone 3 (H3K9) and of lysine 20 on histone 4 (H4K20) and
recruitment of HP1 (Blasco 2007) (Fig. 1). On the other hand, human and mouse
telomeres are characterized by low levels of acetylated H3 and H4, features that also
correspond to their heterochromatic status (Blasco 2007).

These modifications are likely important for telomere function since their modu-
lation in mouse models results in alterations in telomere homeostasis. In particular,
abolition of either the genes responsible for H3K9 trimethylation (Suv39hl and
Suv39h2) (Garcia-Cao et al. 2004), or the Rb genes that regulate H4K20 trimethy-
lation (Gonzalo and Blasco 2005), or the enzymes responsible for the latter mod-
ification (the Suv420H1 and Suv420H2 histone methyltransferases or HMTases)
(Benetti et al. 2007b) all result in telomere elongation and increased telomere sis-
ter chromatid recombination (T-SCE). These findings strongly suggest that disrup-
tion of heterochromatin perturbs telomere length homeostasis perhaps by imposing
a more open configuration and/or by interfering with telomere length regulators.
Conversely, telomere length may affect the epigenetic status of telomeres as demon-
strated by the decrease in H3K9 and H4K20 methylation and the increase in H3
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and H4 acetylation at telomeres of ferc”'~ mouse cells (Benetti et al. 2007a). These
changes may also be present in naturally occurring short telomeres and perhaps con-
tribute to telomere homeostasis by facilitating telomerase access to the telomere.

The heterochromatin status of telomeres also has great impact on telomere main-
tenance through the recruitment of factors essential for telomere replication. For
instance, SIRT6, a member of the Sir2 family of histone deacetylases, is required
to maintain correct (lower) levels of H3K9Ac, specifically during the S-phase
(Michishita et al. 2008). In the absence of SIRT6, there is accumulation of H3K9Ac
at telomeres, which results in inefficient recruitment of WRN helicase, leading to
defects in telomere replication and to telomere loss (Michishita et al. 2008). It is
then proposed that efficient recruitment of WRN to telomeres requires a transient
altered chromatin state, but the molecular bases for this mechanism remain to be
elucidated.

The epigenetic status of subtelomeric regions in mice and humans is connected
to telomeres in that there seems to be a correlation in the histone methylation
and acetylation patterns in both regions. However, subtelomeric DNA may also
be subjected to DNA methylation and this modification seems to be independent
of other heterochromatic marks since, in mice, lack of enzymes responsible for
CpG methylation at subtelomeres does not affect other heterochromatic marks (no
change in H3K9/H420 trimethylation at subtelomeres) while causing these marks
to increase at telomeres (Gonzalo et al. 2006). Interestingly, loss of subtelomeric
DNA methylation is accompanied by both increased T-SCE and telomere elongation
(Gonzalo et al. 2006), the latter not necessarily being associated with a heterochro-
matic change at telomeres.

The consequences of subtelomeric chromatin modifications in humans appear
to differ from what has been observed in mice. In a recent study, Yehezkel et al.
examined the subtelomeric DNA in cells from patients with mutations in the gene
DNMT3B, whose homologue is responsible for the de novo subtelomeric DNA
methylation in mice (Yehezkel et al. 2008). As predicted, subtelomeric regions were
hypomethylated in these patients but, in contrast to mice, telomeres were abnormally
short and did not show signs of increased recombination.

In mice, for all cases of association of epigenetic modifications and telomere
lengthening, the increase in telomere length seems to be dependent on telomerase
activity. Therefore, it is likely that the contribution of recombination to telomere
elongation is marginal. However, allowing recombination may be a first step in the
activation of alternative mechanisms of telomere maintenance (ALT), i.e., indepen-
dent of telomerase (Bryan et al. 1997; Cesare and Reddel 2008). These mechanisms
are utilized by a small fraction of human cancer cells (Neumann and Reddel 2002)
and it is likely that they require extensive and stable modifications of telomeric het-
erochromatin, although a clear link between these modifications and ALT in human
cells is still missing. On the other hand, T-SCE does not exist (or else at very low
levels) in normal human cells (Londofio-Vallejo et al. 2004) and there is no indi-
cation that ALT may occur under physiological conditions. In mice, however, both
telomere recombination and lengthening are detected during the first cell divisions
after fertilization, concurrently with a genome-wide decrease in DNA methylation
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and when very low (or no) telomerase activity is present (Liu et al. 2007). It is thus
possible that a physiological ALT-like mechanism may contribute to telomere length
setting at this early stage of mouse development, although it is not clear whether this
is a regulated process or just an unintended manifestation of a transition between
telomeric states (see below).

Telomere-Associated RNA

Telomeres have for a long time been considered as silent regions. Recently, how-
ever, it has been discovered that RNAs containing G-rich telomeric repeats are
expressed in human and mouse cells (Azzalin et al. 2007; Schoeftner and Blasco
2008) (Fig. 1). At least a fraction of these molecules, called TERRA, contain sub-
telomeric sequences, indicating that transcription starts at subtelomeres of different
chromosomes and proceeds toward the end (Azzalin et al. 2007).

The amount of TERRA varies in cell lines and seems to be positively correlated
with telomere length, at least in human cells, and is present in both telomerase-
positive and telomerase-negative cell lines (Azzalin and Lingner 2008). Importantly,
these molecules were found to interact with telomeres even during transcriptionally
inactive phases of the cell cycle, suggesting that TERRA is a constitutive component
of telomeric heterochromatin and may indeed participate in maintaining the hete-
rochromatic structure (Azzalin et al. 2007). Strikingly, TERRA abundance increases
in cells lacking HMTases but diminishes in cells lacking DNA methyltransferases
(DNMTases) (Schoeftner and Blasco 2008).

Although the functions of TERRA remain to be described, at least some of the
pathways controlling its abundance and localization have started to be explored.
These pathways implicate several suppressors with morphogenetic defects in gen-
italia (SMQG) proteins, which are essential in nonsense-mediated mRNA decay
(NMD) (Yamashita et al. 2005). Some of these proteins (SMG1, EST1A, and UPF1)
are required to remove TERRA from telomeres and their absence leads to abrupt
telomere loss, suggesting a default in telomere replication (Azzalin et al. 2007). On
the other hand, ESTIA interacts with telomerase (Redon et al. 2007), suggesting
coordination between TERRA removal, telomere replication, and telomerase action.

Whether the abundance of TERRA in human cells is controlled during devel-
opment, as seems to be the case in mice (Schoeftner and Blasco 2008), or varies
with age remains to be determined. Also, the potential impact of the absence of
TERRA on the heterochromatin architecture of telomeres and/or their metabolism
remains to be determined. Nevertheless, similar to what occurs in other organisms
(Sugiyama et al. 2005), it is possible that the presence of TERRA, or of small
interfering RNAs derived from it, at telomeres is important to induce the hete-
rochromatinization of these regions. Interestingly, TERRA 1is decreased in Dicer
mutants, suggesting that disruption of the RNAi pathway affects TERRA stabil-
ity (Schoeftner and Blasco 2008). At the same time, Dicer deficiency leads to
hypomethylation of subtelomeric regions in mouse cells, caused by a decreased
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expression of DNMTases (Benetti et al. 2008), without affecting other heterochro-
matin marks at telomeres. As expected, Dicer-deficient cells bear longer telomeres
and high levels of T-SCE (Benetti et al. 2008).

Once again, there seems to be another difference between mice and humans.
In the study by Yehezkel et al. (2008) mentioned above, loss of methylation at
subtelomeric regions of human cells mutated for DNMT3B was accompanied by
an increase in TERRA association with telomeres. This accumulation of TERRA
may contribute to telomere shortening through an increased heterochromatiniza-
tion of telomeres. That RNA-mediated heterochromatinization may lead to telomere
shortening is suggested by the observation that telomeres on the inactivated human
X chromosome tend to shorten faster with age than its homologue (Surralles et al.
1999). Hyper-heterochromatinization of telomeres might impede replication fork
progression, a correct access to telomerase, or both.

Shelterin: A Target for Epigenetic Modification

Finally, it must be stressed that telomeric sequences are bound by shelterin and
that alterations in the structure or the composition of this complex have a profound
impact on the function of telomeres, through modifications of either its length or its
structure (Chan and Blackburn 2004; de Lange 2005). It is also clear that posttrans-
lational modifications of shelterin components impact on telomere function. Such
modifications, if persistent through mitosis or, a fortiori, through meiosis, may be
considered as epigenetic (heritable) changes.

Probably the best known of posttranslational modifications of shelterin pro-
teins is the poly-ADP-ribosylation of TRF1 (Rippmann et al. 2002), a protein that
binds the double-stranded portion of telomeres and regulates telomere length (van
Steensel and de Lange 1997). The accumulation of TRF1 on long telomeres prevents
further elongation — through the action of POT1 (the shelterin component that binds
the G-tail) — by telomerase (Loayza and De Lange 2003). However, the poly-ADP-
ribosylation of TRF1 by tankyrase (in particular, TNKS1) diminishes the affinity
of TRF1 for telomeric DNA, allowing the relief of the negative feedback (Smith
et al. 1998). Furthermore, TIN2 (another shelterin protein) interacts with TRF1 and
inhibits the poly-ADP-ribosylation activity of TNKS1 (Ye and De Lange 2004), thus
impinging on telomere length homeostasis. While these changes are thought to be
highly dynamic and transient in normal cells, in response to some unknown stim-
ulus, they may become more permanent under physiological (during development,
for instance) or pathological (such as cancer or DC) conditions.

Other modifications may include phosphorylation, for example, of TRF2 (Tanaka
et al. 2005) or other components of shelterin, but such modifications also likely cor-
respond to transient states in response to, for instance, telomere damage. However,
it cannot be excluded that stable posttranslational modifications of shelterin compo-
nents exist and that they may be recreated during telomere replication/remodeling,
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very much like the histone code, thus transmitting to the daughter cells a “telomere
state” which will ultimately influence telomere function.

Epigenetics and the Telomere State

The observation that telomerase activity is enough to reach “immortalization” in
certain types of human cells (Bodnar et al. 1998) has led to the supposition that
length is the major determinant of telomere function. However, it is increasingly
clear that telomere function is a matter not only of length but also of both struc-
ture and protein—protein interactions (Songyang and Liu 2006). The quality of this
structure, be it the t-loop, the chromatin state, the relative concentrations of shelterin
subcomplexes, and their relationship to other telomere ancillary proteins, ought to
be the determinant in governing the telomere state and its impact on the physiology
of subtelomeric regions as well as that of the cell.

As noted above, a transient telomere state characterized by low levels of H3K9Ac
is required to allow efficient recruitment of WRN and normal telomere replica-
tion (Michishita et al. 2008). After replication, a “normal” telomere state should
be reconstituted and transmitted to the daughter cell in order to ensure stability. In
the presence of telomerase, this reconstitution involves a reposition of the number of
repeats also. It also implicates the restitution of structural characteristics that do not
depend on telomere elongation, such as the reformation of the t-loop and the replace-
ment of all heterochromatin characteristics, including the association with TERRA.
It is conceivable that changes in cell state (during differentiation, for instance) are
accompanied by changes in telomere state. Levels of TERRA seem to vary during
development, at least in mice (Schoeftner and Blasco 2008), and this may signify
an important change in telomere function that must be maintained down in the line.
Also, the levels of different shelterin components, or that of their isoforms (Lages
et al. 2004; Yang et al. 2007), or else the levels of proteins important for telomere
replication/repair — such as the WRN helicase (Motonaga et al. 2002) — may well
vary between tissues and/or during aging, suggesting that different telomere states
may accompany different pathways of differentiation.

The telomere state may also be transmitted through meiosis. For instance, it is not
known whether telomere length heterogeneity in human cells is related to variable
levels of heterochromatic marks either at telomeres or at subtelomeres. However,
both the fact that variations in subtelomeric sequences are linked to specific telom-
eres lengths (Baird et al. 2003; Graakjaer et al. 2006) and the fact that the DNA
methylation status of subtelomeric regions has a great impact on telomere length
and recombination behavior in mice (Gonzalo et al. 2006) suggest that methylation
of such regions may be, at least in part, responsible for the variations between sin-
gle chromosome extremities within human cells. Moreover, since length variations
exist among alleles of the same chromosome extremity and that these variations
are detectable in germ cells and are transmitted to the offspring (Baird et al. 2003;
Britt-Compton et al. 2006; Graakjaer et al. 2006; Londofio-Vallejo et al. 2001), it is
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conceivable that some kind of parental imprinting is the major determinant of telom-
ere length and that this imprinting depends, like in other parts of the genome, either
on the methylation status of subtelomeric DNA (Recillas-Targa 2002) or, perhaps,
on other chromatin status impinging on, for instance, TERRA expression (Paldi
2003).

Finally, as mentioned above, the ALT-like mechanism that seems to operate
during the first cell divisions after fertilization of mouse oocytes is concurrent to
transient epigenetic modifications (Liu et al. 2007). Although this recombination
pathway seems to be definitively repressed down the road of development, its reac-
tivation is possible under particular circumstances, such as tumor transformation, in
which telomere maintenance is essential but reactivation of telomerase is no longer
possible. Experiments in yeast strongly suggest that the reactivation of such path-
ways does not depend on the acquisition of particular gene mutations but rather on
the acquisition of particular telomere states through the modification of their epige-
netic status (Makovets et al. 2008). In mammalian cells, it is possible that an epige-
netic switch is required to turn ALT on, and the observations made in mice models
bearing alterations in telomere chromatin strongly support this idea. Nevertheless,
contrary to the yeast model, reintroduction of telomerase most of the time does not
abolish ALT in human cells (Cerone et al. 2001), suggesting that elongating criti-
cally short telomeres or providing other capping functions dependent on telomerase
is not enough to revert the telomere state that is permissive for recombination.

Telomere Position Effect (TPE)

TPE results from the influence of telomeres on the heterochromatinization of sub-
telomeric regions, which leads to repression (or modulation) of gene expression.
This phenomenon has been well characterized in yeast but remains somewhat hard
to pin down in mammals (Tham and Zakian 2002). Experimental evidence that TPE
does exist in mammalian cells has been obtained using reporter transgenes inte-
grated near telomeres (Baur et al. 2001; Koering et al. 2002; Pedram et al. 2006). In
those experiments, it was shown that, as in yeast, a gene is expressed at lower levels
when it is in the vicinity of telomeres and that the level of expression varies accord-
ing to telomere length: the longer the telomere, the lower the gene expression level.
On the other hand, overexpression of TRF1 favors gene expression, suggesting that
both telomere length and structure influence TPE (Koering et al. 2002). Repression
of the gene inserted near a telomere involves spreading of heterochromatin marks
to the subtelomeric region and this may involve interactions between telomeric pro-
teins, such as TRF1 or TIN2, and remodeling factors such as SALL1 (Netzer et al.
2001) or the heterochromatic protein HP1 (Kaminker et al. 2005).

In spite of the mentioned evidence, the proof that telomeres may influence
expression of genes at their natural position is still to be provided. Observations
in cells carrying deletions or translocations that put a telomere in the vicinity of
genes indicate that expression of the latter is not affected, nor is there spreading of
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heterochromatic marks into the new subtelomeric region (Ofir et al. 1999). On
the other hand, the patterns of expression of subtelomeric genes seem not to be
particularly influenced by the length of the corresponding telomeres, even dur-
ing the process of telomere shortening that accompanies proliferation (Ning et al.
2003). However, limited chromatin alterations at particular chromosome ends may
explain observed changes in gene expression. If so, it would suggest that TPE, as in
yeast, may be brought about through interactions with telomeric proteins rather than
through telomere length (Ning et al. 2003; Ottaviani et al. 2008), but this remains
speculative.

Also as in yeast, TPE may be highly dependent on the type (identity) of the
chromosome extremity (Ottaviani et al. 2008). Most human chromosome extremi-
ties contain large blocks of segments that connect chromosome-specific sequences
to telomeric sequences (Der-Sarkissian et al. 2002; Mefford and Trask 2002;
Riethman 2008). These subtelomeric blocks are usually found duplicated at sev-
eral chromosome extremities and may be present or absent at allelic positions, thus
defining large segmental polymorphisms that are stably transmitted through meio-
sis (Der-Sarkissian et al. 2002). It is conceivable that TPE at particular chromosome
extremities may be modulated by the presence/absence of such blocks and that poly-
morphisms in these regions could be responsible for potential differences in the way
TPE influences gene expression among individuals; no data, however, have been
provided so far in support of this hypothesis.

In all, it remains possible, but still to be demonstrated, that TPE contributes to the
global gene expression changes that intervene during telomere-driven senescence in
vitro and thereby to the aging process in vivo.

Impact of Telomeres on Aging and Disease

Aging, the process that renders an organism increasingly susceptible to death with
increasing age (Kowald 2002), may be regarded as a consequence of the expression
of deleterious mutations accumulated during life (Kirkwood 2002). Therefore, loss
of function in genes implicated in DNA maintenance and repair may play a major
role (Partridge 2001), which is also suggested by the observation that mutations
having an impact on aging often affect genes whose products are implicated in these
processes (for a recent review, see Lombard et al. 2005). Since telomeres are directly
implicated in cell proliferation and tissue renewal capacity, it is expected that genes
linked to telomere maintenance are tightly linked to aging and to diseases that lead
to premature aging.

The strongest experimental arguments connecting telomere length and organis-
mal aging have been obtained in mice that lack telomerase activity (Blasco et al.
1997; Rudolph et al. 1999). A detailed analysis of aging phenotypes in successive
generations of ferc”’~ mice revealed that telomere length was inversely correlated
with the incidence of aging manifestations such as skin lesions, alopecia, and hair
graying, together with a shortened life span (Rudolph et al. 1999). When the ferc
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knockout was introduced in mice with short telomeres, aging phenotypes appeared
even earlier (Herrera et al. 1999). Alternatively, the reintroduction of telomerase in
late-generation ferc”~ mice rescued the chromosome instability and aging pheno-
types (Samper et al. 2001), but only one copy of terc was not always sufficient to
reestablish telomere homeostasis (haploinsufficiency) (Hathcock et al. 2002). This
indicated that in mice, like in humans, levels of telomerase RNA are normally lim-
iting.

In humans, premature aging or progeroid syndromes have provided important
insights into the way telomeres impact on human aging. For instance, Werner’s syn-
drome, which is an autosomal recessive genetic disorder caused by loss-of-function
mutations in a gene coding for a helicase of the RecQ family (Yu et al. 1996), is
associated with accelerated telomere shortening, although formal proof that telom-
ere shortening causes Werner’s syndrome manifestations is missing. This shortening
may be explained by the fact that the WRN helicase has been implicated in telomere
replication, its defect being responsible for the loss of the lagging-strand replicated
telomere (Crabbe et al. 2004).

A tighter connection between telomere shortening and aging has been provided
from patients with DC. Many of these patients carry a mutation either in DKCI,
in hTERC, or more rarely in h”TERT and bear shortened telomeres, and their lym-
phocytes show lower in vitro telomerase activity (Armanios et al. 2005; Marrone
et al. 2004; Vulliamy et al. 2001). Clinical manifestations typically affect organs
with high proliferation capacity, such as the hematopoietic system, thus pointing to
telomere-dependent replicative senescence as the driving force of the disease (Shay
and Wright 2004). More recently, mutations in TINF2 (the gene coding for TIN2)
have been found associated with severe forms of DC and this severity correlates with
telomere shortness (Savage et al. 2008; Walne et al. 2008). As already mentioned,
anticipation, a phenomenon by which the disease is manifested at earlier ages and
in more deadly ways in later generations (Armanios et al. 2005; Goldman et al.
2005; Vulliamy et al. 2004), strongly supports the idea that short telomeres are the
cause of the disease. Anticipation has been interpreted as the consequence of short
telomeres being transmitted to the offspring together with a mutation in h/TERC,
and this hypothesis has also received strong support from mouse models of telom-
erase haploinsufficiency (Erdmann et al. 2004; Hathcock et al. 2002). Therefore, it is
clear that inheriting short telomeres in the context of perturbed telomere homeosta-
sis does accelerate aging. However, the consequences of inheriting short telomeres
in the context of normal telomere maintenance mechanisms are not known.

Inheriting very short telomeres in a context of normal telomere homeostasis, as in
siblings of DC patients of second and third generations in families with the autoso-
mal form of DC, does not lead to premature aging (Goldman et al. 2005), although
the effect on aging-related disease or life span remains to be determined. Interest-
ingly, a recent study on telomere lengths of cerebral gray and white matter, obtained
from autopsied patients of different ages, suggested that telomere lengths are well
maintained under postmitotic conditions and that longer telomere lengths are asso-
ciated with longer life span (Nakamura et al. 2007). If confirmed in larger and dif-
ferent ethnic groups, this would be the first indication that longer telomeres may
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retard aging manifestations and promote longevity. Still, it is possible that it is the
shortening rate with age and not the initial telomere length at birth that is important
in aging and longevity.

Alternatively, inheriting just one or a few telomeres — alleles — that are natu-
rally very short may also have an impact on aging, since only one or a few critically
short telomeres will be enough, after cell proliferation, to trigger mitotic senescence.
This has been observed in vitro (Zou et al. 2004) and has also been suggested by
the experiments in which the number of nuclei containing dysfunctional telomeres,
but not the number of dysfunctional telomeres per nucleus, was found to increase
with age in the skin of baboons (Jeyapalan et al. 2007). Since population studies
of telomere lengths exclusively utilize techniques unable to evaluate single chromo-
some extremities, the impact of the presence of a few ones with very short telomeres
on aging may have been neglected.

Independent of length, telomere structure may affect aging. As already men-
tioned, lasting modifications in shelterin components may modify the telomere
structure in a permanent way and therefore influence telomere function and cell
state. For example, the presence of short telomeres is not enough to recapitulate all
the clinical features of DC in mice. However, when combined with mutations in
POT1b, characteristic DC manifestations appear, suggesting that telomere dysfunc-
tion is caused not only by shortness but also by an abnormal structure (Hockemeyer
et al. 2008). Similarly, as already noted, mutations in 7INF2 cause DC (Walne et al.
2008), likely through shortening of telomeres, but, since this protein is at the heart
of the shelterin complex (de Lange 2005), it may also do so through alteration of
the whole telomere structure.

Mice lacking SIRT6 also display a premature aging phenotype and have a short
life span (Mostoslavsky et al. 2006). The observation that SIRT6 is required to mod-
ify the chromatin status of telomeres to allow the correct recruitment of WRN during
telomere replication (Michishita et al. 2008) not only provides a remarkable molec-
ular explanation for this model but also may become the paradigm for the relation-
ship between chromatin regulation at telomeres, cellular senescence, and organismal
aging.

Regarding the impact of telomeres on common aging-related diseases, it is worth
noting that no other chromosome structure has been linked to major human health
issues as tightly as telomeres. Telomere length has become an obligatory biomarker
for anyone analyzing the impact of any factor (either environmental or genetic) on
human fitness, even more so in aged populations. Short telomeres have then been
described as associated with obesity, bone demineralization and other aging mani-
festations, and high risk of premature death and of development of cancer and vascu-
lar or colon diseases (Bekaert et al. 2005b; Benetos et al. 2004; Broberg et al. 2005;
Cawthon et al. 2003; Epel et al. 2006; O’Sullivan et al. 2002, 2006; Shen et al. 2007,
von Zglinicki et al. 2000; Wu et al. 2003), although some of these observations have
not been reproduced in independent studies (Adams et al. 2007; Bischoff et al. 2006;
Martin-Ruiz et al. 2005).

Nevertheless, deciding whether short telomeres are the cause and not just the
consequence of an altered health status, which in turn is associated with aging or
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short life span, is not easy. For example, cancer incidence increases abruptly after
the fourth decade of life (Balducci 2005) and more than two-thirds of all malignan-
cies occur in people aged 65 and older. Intriguingly, patients with bladder, head and
neck, lung, or renal cell carcinomas tend to bear shorter telomeres, in their periph-
eral blood lymphocytes, than do age-matched individuals without cancer but with
similar risk factors (Wu et al. 2003). As in the case of chronic inflammatory dis-
eases, such as arteriosclerosis (also connected to short telomeres), one could argue
that immune responses elicited by cancer processes may impinge upon hematopoi-
etic turnover, thus affecting the telomere length of nucleated blood cells. Whatever
be the case, more studies are needed to pinpoint the real nature of the relationship
between telomeres and age-related diseases.

Concluding Remarks

A lot remains to be explored about the relationship between telomeres and the
aging process. Nevertheless, a great wealth of experimental and descriptive data
indicate that telomere length has a great impact on health fitness. Polymorphisms
in genes directly involved in telomere maintenance (replication, repair, elongation),
and therefore likely to impact on telomere length homeostasis, potentially contribute
to differences in telomere length among individuals and perhaps in the way they
age. Telomere lengths also vary among chromosome extremities and this variation
is definitely genetically determined, perhaps through imprinting mechanisms. Inher-
iting particularly short alleles may therefore influence the proliferation potential of
cells in tissues with high turnover. On the other hand, programmed or stochastic
modifications in the characteristics of telomeric heterochromatin or the shelterin
complex may have a great impact on aging. It is clear, for example, that widespread
changes in DNA methylation and histone modifications (Jones and Baylin 2007), as
well as changes in the levels of shelterin components (Bellon et al. 2006; Lin et al.
2006; Ning et al. 2006; Oh et al. 2005; Yamada et al. 2002a, b), occur during can-
cer development, a major aging-related disease. Whether such changes also concur
with normal aging or other aging-related diseases remains to be determined. On the
other hand, telomere shortening with age may impact on the heterochromatic state
of many chromosome extremities, thus influencing the gene expression landscape
through TPE. Hopefully, future studies will come to precisely recognize and assess
the influence of genetic and epigenetic factors, not only globally but also at specific
chromosome extremities, on telomere function and their impact on aging.
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