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Abstract

Histone deacetylases (HDAC) are an important member of a group of enzymes that modify chromatin conformation. Homologues of the
yeast geneSIR2 in mammalian cells code type III histone deacetylases (HDAC III, sirtuins), dependent on NAD+ and inhibited by nicotinamide.
In yeast cells, Sir2 participates in repression of transcriptional activity and in DNA double strand break repair. It is assumed that certain sirtuins
may play a similar role in mammalian cells, by modifying chromatin structure and thus, altering the accessibility of the damaged sites for
r ted.
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epair enzymes. A relation between poly(ADP-ribosylation) and sirtuin function in cells with damaged DNA has been also postula
Interconnections between NAD+ metabolism, poly(ADP-ribosylation), DNA repair and gene expression should allow to modula

ellular response to agents that damage DNA. Preliminary results, reviewed in this paper indicate that such possibility exists. W
hypothetical mechanism of sirtuin participation in DSB repair. It is based on the assumption that activation of PARP at the site

trand breaks leads to a local increase in nicotinamide concentration. Nicotinamide then inhibits sirtuins exactly at the site of D
reak. At present, however, there are no data directly confirming the effect of sirtuin inhibition on DSB repair processes in mamm
evertheless, a connection between the acetylation status of histones and repair of DNA breaks has recently been found, indica
DAC classes may modulate DNA repair processes. In addition, sirtuins exert an anti-apoptotic action in various cell types. H
ossible to sensitise cells to apoptosis-inducing agents by sirtuin inhibitors.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In diagrams of functions of various DNA repair sys-
ems, DNA usually is presented as a straight line. This, of

Abbreviations: CBP, CREB-binding protein; DNA-PK, DNA-dependent
rotein kinase; DSB, DNA double strand break; FOXO, forkhead box class
; Gadd45, growth arrest and DNA damage response gene; HAT, histone
cetyltransferase; HDAC, histone deacetylase; Mn-SOD, manganese super-
xide dismutase; NHEJ, non-homologous end joining; p27/Kip1, cyclin-
ependent kinase inhibitor; PARG, poly(ADP-ribose) glycohydrolase;
ARP-1, poly(ADP-ribose) polymerase-1; PCAF, p300/CBP-associated fac-

or; Sir, silent information regulator; SIRT1, human homologue of Sir2;
WI/SNF, ATP-dependent chromatin remodeling factors; TRAIL, tumor
ecrosis factor apoptosis related ligand
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course, is a greatly simplified picture. Although DNA i
linear molecule, in eukaryotic cells it is present as a c
plicated structure complexed with numerous proteins, c
matin. Double-stranded DNA is wound around core histo
H2A, H2B, H3, H4, two of each per nucleosome “core”
form the basic chromatin fibre (reviewed in[1]). Between
nucleosomes, a stretch of DNA—linker DNA—binds h
tone H1. Such is the “beads on a string” model of c
matin. This “basic fibre” is further coiled and superco
and stabilised by other, non-histone proteins. Chroma
a highly dynamic structure, and the degree of condens
locally varies depending on whether the particular DNA f
ment is to be stored as transcriptionally inactive, or is—
demand—available to be transcribed, replicated or repa
The condensation–decondensation transition depends o
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ious factors, the essential ones being the post-translational
modifications of histone molecules.

From every nucleosome there extend eight flexible
polypetide “tails”, one for each histone molecule of the
nucleosomal core. These “tails” are modified: acetylated,
methylated, ADP-ribosylated, ubiquitinated or phosphory-
lated, depending on the functional needs. Acetylation is
a way to decondense the chromatin fibre and it opens
a further possibility to remodel the structure, e.g. by
the ATP-dependent chromatin remodeling factors (known
as SWI/SNF remodelers) that permit to access the pro-
moter sequences (reviewed by[2]). Deacetylation opens the
way to histone methylation and formation of the inactive
(“silenced”) chromatin—heterochromatin.

The opposing actions of two types of enzymes that
carry out histone modifications are shown inFig. 1. His-
tone acetyltransferases add acetyl groups to the numerous
lysine residues in histone “tails”. Thus, the positive charges
that interact with DNA are neutralised and the nucleosome
fiber becomes loosened. Histone deacetylases remove acetyl
groups and thus, a more compact structure is formed. There
are numerous members of both these enzyme families and
they are included into the “transcriptosome” complex. The
complex not only produces gene transcripts, but also contains
some proteins co-operating with excision repair enzymes in
the transcription-coupled excision repair system.
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2. Histone deacetylases

HDACs are globular molecules with conical “pockets”
that fit acetylated lysine residues. The enzyme “clips off”
the acetyl groups and thus, unmasks the positive charge of
the amino acid.

There are 11 isoforms of human HDACs, divided into
three classes, according to their similarity to yeast enzymes.
Class I HDACs are similar to the yeast (y) transcriptional
repressor, yRPD3; class II HDACs, to yHDA1 and class III
HDACs, to ySIR2. They are present in almost all tissues,
both normal and malignant, with tissue-specific expression
patterns. Their activity is related to such diverse and inter-
related cellular processes as transcription activation, gene
silencing, cell-cycle progression and DNA replication and
repair (reviewed[3–5]).

The class I enzymes (HDAC1, HDAC2, HDAC3, HDAC8)
have smaller size (ca. 500 amino acid residues), whereas
the class II enzymes (HDAC4, HDAC5, HDAC6, HDAC7,
HDAC9) are about twice larger. It is not clear what are the
functional differences between individual HDACs. Probably,
some of these differences come from co-operation with dis-
tinct sets of transcription regulatory factors and hence, HDAC
act specifically as co-repressors of gene expression from dif-
ferent promoters[6–9]. Inhibitors of class I and II HDACs
have been developed that show great promise as anticancer
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ig. 1. The histone acetylation switch. HAT and HDAC determine the
ensation status and in consequence, the potential transcriptional act
hromatin. Acetylation “opens” the structure and permits SWI/SNF c
atin remodeling factors to access promoter sequences and thus,
nitiating transcription. Deacetylation, especially when followed by histone
ethylation, forms a condensed (“silenced”) chromatin conformation (het-
rochromatin), which is transcriptionally inactive. Acetylated histone tails
re shown as lines with Ac.
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rugs, although the molecular basis of the anticancer e
s not fully understood[10–13], reviewed by[14–16]. HDAC
nhibition not only results in acetylation of histones but a
ranscription factors such as p53 and estrogen receptor-
15]. Altogether, it seems to act very selectively, as it aff
he expression of only 2% of mammalian genes[17].

The ySIR2 homologues or type III HDACs in mammal
ells form a gene family consisting of seven sirtuins wh
re NAD+-dependent histone/protein deacetylases (rev

n [18,19]). Due to the NAD+ dependence, sirtuins mig
ink metabolic activity and gene expression by mean
he histone/protein acetylation activity. Their mechanism
ction has recently been revealed[20–22]. The deacetylatin
ctivity of sirtuins depends on NAD+ and is inhibited by th
eaction product, nicotinamide (IC50 < 50�M, [23].

cetylprotein+ NAD+

Sirtuin−→ nicotinamide+ O-acetyl-ADP-ribose+ protein

There are indications thatO-acetyl-ADP-ribose is a sig
alling molecule[24]. The inhibitory effect of nicotinamid
xplains the calorie restriction effect, in which Sir2 is im
ated. Prolongation of lifespan of both budding yeast
he nematode worm,Caenorhabditis elegans, by restricted
ccess to nutrients occurs by increasing the activity of
his effect is due to activation of the PNC1 gene, cod
icotinamidase. Thus, the concentration of nicotinamide

ts inhibitory effect on Sir2 decrease[25,26].
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3. Histone deacetylation and DNA repair

3.1. Yeast cells

Both deacetylation and acetylation of histones seem
important for DSB repair in yeast cells. Several HDACs have
been identified as partners in the DSB repair machinery. In
Saccharomyces cerevisiae cells, Sir2 affects DNA double
strand break (DSB) repair of the NHEJ type[27–29]; recent
findings, however, indicate that the effect may be indirect (cf.
[28]). On the other hand, deacetylation by the Sin3p/Rpd3p
complex is required for repair of phleomycin-induced DSB
by the NHEJ system inSaccharomyces cerevisiae [28]. In
particular, Sin3p-dependent hypoacetylation of lysine 16 of
histone H4 occurs in the vicinity of DSBs. Lack of Sin3p
activity does not affect the homologous recombination repair
pathway and some breaks still are repaired by NHEJ, although
with reduced efficiency. As shown by Boulton et al.[30],
theCaenorhabditis elegans homologue of Rpd3p, Hda-3, is
required for DNA repair after X-ray-exposure.

In contrast with the above-described observations, the
importance of histone acetylation for DSB repair in yeast
cells is emphasised by other authors. For example, the whole
lysine cluster in the C-terminal tail of histone H4 must be
acetylated in order to support NHEJ[31]. Consistently, lack
of the ESA1 histone acetyl transferase also is the cause
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role in DSB repair as NAD+-independent HDACs in yeast.
This assumption is based on the fact that DNA breaks acti-
vate PARP-1. This enzyme and another, closely related one,
PARP-2, use up NAD+ and produce nicotinamide, similarly
to sirtuins.

protein+ n NAD+PARP-1−→ n nicotinamide

+ (ADP-ribosylated)n protein

Recently, a hypothesis has been published by Zhang[34]
which assumes a relation between poly(ADP-ribosylation)
and sirtuin function in mammalian cells. Interconnections
between NAD+ metabolism, poly(ADP-ribosylation) and sir-
tuin activity are based on a similarity of PARP and sirtuin
catalysed reactions. Accordingly, inhibition or activation of
sirtuins may profoundly alter the cellular response to DNA
damage, since the effects also concern the competing ADP-
ribosylation system.

In mammalian cells, sirtuins can affect the cellular
response to DNA damage in two ways, not mutually exclu-
sive: (i) by modifying chromatin structure at the damaged
site and thus, altering the access for repair enzymes and
(ii) preventing hyperacetylation of p53, thus affecting the
p53-dependent apoptosis[35,36]. As discussed below, exper-
imental data support both mechanisms; since the cell lines
used in the in vitro experiments were of various origin, it is
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f DSB repair defect. This enzyme is part of the mu
rotein complex recruited to DSB, that binds to H4 hist
nd acetylates lysine residues[31]. It seems meaningful th
cetylation and deacetylation of the same lysine 16 is n
ary for efficient DSB repair. On the basis of these and o
esults, concerning other post-translational modification
as assumed that a correct histone modification is estab

or each step of the DNA repair process[28]. In addition,
ernandez-Capetillo and Nussenzweig[29] suggest that th
pecific pattern of histone modifications serves to trigg
ompaction of chromatin around DSB and thus concen
he NHEJ proteins and limit the mobility of free DNA en

One more factor that points to the importance of his
cetylation status is the choice of DSB repair pathwa
east it depends on the “histone code”, that is, the spe
attern of post-translational modifications, including ac

ation. Histone H2A acetylation and phosphorylation
4 deacetylation marks commitment for NHEJ, wherea
cetylation, H2A phosphorylation and H3 acetylation dir

he DSB repair to homologous recombination pathway[32].
As with many other features of DNA repair, also in t

ase mammalian cells probably resemble yeast, althoug
one acetylation status is not the only factor that affects
hoice of DSB repair[33].

.2. Mammalian cells

In contrast with other eukaryotes, yeast cells are de
f poly(ADP-ribosylation) reactions. In mammalian ce
irtuins, in addition to other HDACs, may play a sim
lausible to assume that the choice of response type de
n the cellular context.

. Sirtuins and DSB repair

Activation of PARP at the sites of DNA strand brea
review in [37]) leads to a local increase in nicotinam
oncentration, hundreds of molecules are generated b
nzyme molecule, since the poly(ADP-ribose) polymers
ynthesised at multiple sites and consist of ADP-rib
onomer units ranging from several tens to about 200.
eans that sirtuins may be locally inhibited by nicotinam

xactly at the site of DNA strand break. So, apart from th
econdensing effect of ADP-ribose polymers, local gen

ion of nicotinamide opens the way to histone acetylation
further decondensing of chromatin. The inhibition woul

ransient, as the polymers—after reaching a certain size
uickly degraded by poly(ADP-ribose) glycohydrolase. In
ition of the glycohydrolase should give the same biolog
ffect as sirtuin activation. Before degradation, the polym

acilitate recruitment of poly(ADP-ribose) binding prote
nd “reprogram” domain functions of various target prot

37].
Both single strand breaks (SSB) and DSB are effe

ctivators of PARP; however, SSB rejoining is very effec
nd very soon completed; thus, the time interval for the
ible inhibitory effect on sirtuins is very short. We are
ware of any data that would indicate the effect of sir

nhibitors on SSB repair. On the other hand, at least a s
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of DSB is repaired more slowly than SSB. This means that
PARP activation is prolonged.

The local chromatin decondensation step may facilitate
recruitment of repair enzymes and affect their function.
Recent models of DNA repair in the chromatin context
include HAT and HDAC activities[38,39]. HAT activity was
shown to be indispensable for DNA repair[40]. The role
of reversible histone acetylation is supported by the obser-
vation of Park et al.[41] that DNA-PK, the main actor of
NHEJ, phosphorylates the C-terminal tail of histone H2AX
with increased efficiency in an acetylation-dependent man-
ner. This dependence is observed only when the histone
H2AX molecules are in acetylated nucleosomes and not in
the free form. It should be added that binding of Ku subunits
to DSB and the subsequent activation of DNA-PK catalytic
subunit is not enhanced by histone acetylation. Phosphoryla-
tion of histone H2AX by ATM or DNA-PK is an early step
in formation of DSB repair foci (cf. review by[42]). Also,
HDAC inhibition increases radiosensitivity of tumor cells in
vitro and in vivo and prolongs the expression of�H2AX foci
in X-irradiated human tumor cells in vitro; the latter effect
suggests a slower DSB repair[43–45].

Altogether, the reversible acetylation-deacetylation of his-
tone tails seems to be an important factor in DSB repair.
As proposed by Jazayeri et al.[28] for yeast, at each repair
step there is a specific histone modification pattern (“epige-
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Fig. 2. The possible sequence of steps following induction of a DSB. (a) Sen-
sor proteins become activated: the MRN complex (Mre11-Rad50-nibrin)
activates the ATM dimer; the active monomers phosphorylate numerous
repair proteins, including MRN; PARP undergoes automodification, using
up NAD+ and producing nicotinamide. (b) Local increase in nicotinamide
concentration inhibits sirtuins; this shifts the HDAC-HAT equilibrium to
establish enhanced acetylation of histones. Decondensation of the nucleo-
some fiber follows and opens sites for other post-translational modifications
and for binding various components of repair foci. (c) After the poly(ADP-
ribose) polymers reach critical size, the PARP molecules dissociate from
DNA and “reprogram” domain functions of various target proteins[37];
alternatively, the polymers become degraded by PARG. Nicotinamide stops
being produced and its inhibitory action on sirtuins ceases. At this point,
various post-translational modifications can follow, including that of HDAC-
catalysed deacetylation. (d) DSB repair is completed and the original post-
translational modification pattern (“epigenetic pattern”) is restored. Note,
that the diagram is considerably simplified and assumes a linear sequence
of events, whereas in reality, some of them take place in parallel.

played by highly active HAT and weakly expressed class I
or II HDACs. Hence, sirtuins probably are not uncondition-
ally necessary for the early repair steps and may be replaced
by other HDACs; at least, the absence of SIRT1 does not
radiosensitise embryo fibroblasts from SIRT1-deficient mice
[49,51]. The contribution of other nuclear sirtuins was not
examined.

5. Sirtuins and apoptosis: p53

There are several paths to apoptosis; in the case of cell
with damaged DNA, the pathway of choice is the p53-
etic pattern”) and acetylation is part of it. This statem
eems to be fully valid for mammalian cells. Furtherm
t is probable that all HDAC classes participate in crea
he proper “epigenetic pattern”. For example, HDAC1
mmunoprecipitates with ATM protein[46], a key componen
n generation of the alarm signalling after infliction of DN
reaks, and with Hus1, a member of the 9-1-1 senso
ycle checkpoint complex[47]. At the same time, HDAC1
ound to the nuclear matrix[46], site of transcription, repl
ation and DNA repair (reviewed by[48–50]).

Fig. 2 illustrates our hypothesis concerning the con
ution of sirtuins to the sequential steps of DSB rep
he diagram is considerably simplified and assumes a
ar sequence of events, whereas in reality, some of them
lace in parallel, in a concerted way and there are several
ack loops ommited for clarity (only one is shown). It sho
e noted that activity of other HDACs is presumed. A

here usually is a redundancy of cellular functions, wh
ssures a flexibility of cellular responses. It may be expe

hat the expression pattern of various HDACs, which
ary depending on cell type, will define the relative con
ution of sirtuins to DNA breakage repair. Another fac
ffecting the contribution would be the expression and su

ular localisation of PARP1 and PARP2. Vigorous activa
f PARP takes place at the sites of DNA breakage and h
eneration of nicotinamide also occurs in the close v

ty to DNA breaks. Thus, nicotinamide will inhibit SIRT
xactly where histone acetylation is necessary. Neverth
he same role in shifting the equilibrium between acet
ion and deacetylation at the early step of DSB repair ma
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dependent one. Regulation of p53 functions is very complex.
The molecule is reversibly phosphorylated, ADP-ribosylated
and acetylated. Acetylation of lysine residues, (including
K320, K373 and K382 in human p53) favours stabilisation of
the molecule and its transactivation function[52], reviewed
by [53]. SIRT1, the human Sir2 homolog, acts as a negative
regulator of the transactivation function of p53[54].

This role of SIRT1 is supported by further observations.
SIRT1 is recruited to the promyelocytic leukemia protein
(PML) nuclear bodies where it binds and deacetylates p53
[55]. To study the function of SIRT1, Cheng et al.[51] gen-
erated two different SIRT1 mutations in mice, one which
expressed a mutant protein lacking part of the catalytic
domain, and one which completely eliminated protein expres-
sion. There was a significant increase in p53-dependent,
�-ray-induced apoptosis in SIRT1-deficient thymocytes iso-
lated from 2 to 3-week-old mutant mice. This finding was
consistent with p53 hyperacetylation observed after inflic-
tion of DNA damage by irradiation with 5 Gy�-rays. There
was no change in p53 stability, as judged from Western blot-
ting, in contrast with the increased stability after inhibition of
HDAC1. On the other hand, embryo fibroblasts from mutant
mice were similarly�-ray-resistant as wild type cells. So, it
may be assumed that cellular context decides on the effect
of SIRT1 inactivation on the response to ionising radiation.
Additionally, Cheng et al.[51] provided evidence that other
H 53.
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Fig. 3. Translocation and transactivation function of FOXO transcription
factors, as dependent on post-translational modifications. Ac, acetyl group;
P, phosphate group; other abbreviations listed in the abbreviation list.

factors’ activity is regulated by phosphorylation and acetyla-
tion; furthermore, their functional interactions have recently
been revealed and discussed (cf.[58]). When growth factors
are present, protein kinase B (Akt) phosphorylates FOXO
factors and thus, prevents their translocation into nucleus.
When the growth factor signalling is switched off, FOXOs
are located in the nuclei and act as transcription factors,
unless acetylated. FOXO3 acetylation is carried out by pro-
tein acetyltransferases, PCAF and p300/CBP, in proportion to
oxidative DNA damage. The acetylation degree is not altered
by ultraviolet or ionising radiations[59]. This modification is
the cause of loss of transactivation properties; the transcrip-
tional activity of FOXO3 is restored by deacetylation carried
out by SIRT1[60,61]and also by class I and II HDACs. Thus,
SIRT1 increases FOXO3’s ability to induce cell cycle arrest
and resistance to oxidative stress. According to Brunet et al.
[59], in cells with damaged DNA such effect may contribute
to cellular recovery by leaving more time for DNA repair and
decreasing the amount of reactive oxygen species that act as
pro-apoptotic signals.

However, SIRT1 does not enhance to the same extent the
transcription of all genes targeted by FOXO factors[59].
Apparently, the anti-apoptotic effects of sirtuin inhibitors
depends on the cellular context; specifically, on ligands avail-
able for binding to receptors that initiate the signalling to
protein kinase B and on the pro-apoptotic genes targeted by
F fect
DAC cannot fully replace SIRT1 in deacetylation of p
urther support for sirtuin role in p53-dependent apop
as supplied by Luo et al.[56], who found that the murin
omologue of ySir2, Sir2alpha, physically interacted w
53 and repressed apoptosis induced by DNA damage

We propose that this feature of SIRT1 action may exp
he relation observed in X-irradiated cells between the e
f DNA breakage, rejoining rate and apoptosis. Persi
reaks keep PARP in an activated state and nicotina

hus produced inhibits SIRT1. This leads to hyperace
ion of p53 and to its enhanced transactivation function
onsequence, increase in transcription of pro-apoptotic g
nd in the amount of the corresponding proteins contr

o the observed increase in apoptosis.
The Ku70 subunit of DNA-PK has recently been sho

o suppress apoptosis by sequestering Bax from mitoc
ria. Increased acetylation of cytoplasmic Ku70 disrupts
u70–Bax interaction whereas HDAC inhibitors abolish
bility of Ku70 to suppress Bax-mediated apoptosis[35,57].

t remains to be established to what extent sirtuin inhib
ould induce apoptosis by this mechanism.

. Sirtuins and apoptosis: FOXO

FOXO transcription factors control the expression
enes involved in apoptosis (Fas ligand; proapoptotic B
nly proteins: Bim and TRAIL), cell cycle progressi
cyclin D, Gadd45, p27/Kip1), and stress responses (Ga
n-SOD). As summarised inFig. 3, similarly to p53, FOXO
 OXO factors in the particular cell type. Hence, the ef
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Fig. 4. Interactions between PARP and sirtuin-dependent processes in cells
with damaged DNA. See text for discussion.

of sirtuins on FOXO-mediated apoptosis may be more lim-
ited than that on p53-dependent apoptosis. Nevertheless, in
some cell types, especially in the absence of protein kinase
B-targeted signalling, this effect may be important.

7. Concluding remarks

The interconnections between pathways involving PARP
and sirtuins, as understood on the basis of research carried
out so far and summarised by Zhang[34] are presented in the
diagram (Fig. 4). Although the assumptions of Zhang seem
convincing, they were not directly tested. As discussed in the
previous sections, however, many studies implicate sirtuin
participation in the response to DNA damage, in agreement
with the presented concepts.

The web of interconnections presented inFig. 4 is still
more complicated in vivo. The net result, survival or death,
depends on the equilibrium between specific pathways. The
effect of PARP or sirtuin inhibition is not obvious, unless
other intracellular conditions are defined. For example, in
the case of FOXO-induced apoptosis, sirtuin inhibition will
be anti-apoptotic, whereas p53-dependent apoptosis will be
enhanced. However, active protein kinase B will prevent any

influence of FOXO on apoptosis (seeFig. 3) and hence, also
that of sirtuin inhibitors. Damaged cells with DNA breakage
may be rescued from NAD+ depletion and the consequent
apoptosis by PARP inhibition. On the other hand, PARP is
necessary for DNA repair (cf.[37]) and for preventing ionis-
ing radiation-induced damage fixation[62]. So, it is difficult
to non-ambigously predict the effect of sirtuin inhibition in
the damaged cell without additional knowledge of specific
features of signalling and DNA repair in the particular cell
type.

In spite of these reservations, most experimental data show
that sirtuin activation counteracts pro-apoptotic signalling. It
is speculated that in consequence, the cell with damaged DNA
is not committed to die by apoptosis; this leaves time for DNA
repair. Thus, high activity of sirtuins would be a pro-survival
factor. Conversely, treatment with sirtuin inhibitors should
sensitise to the DNA damaging agents as its consequence
would be enhanced apoptosis, as, in fact, was observed under
various experimental conditions. To apply sirtuin inhibitors
in therapy, it is necessary to know the pre-requirements
for obtaining the required result—a feasible task with the
presently available techniques.
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