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Among post-translational modifications of chromatin
proteins taking place in DNA double strand break (DSB)
repair, acetylation plays a prominent role. This review
lists several facts and hypotheses concerning this proc-
ess. Lack of acetyltransferase TIP60 (HIV-Tat interacting
protein of 60 kDa) activity results in cells with defective
DSB repair. The enzyme is present in the nucleus in a
multimeric protein complex. TIP60 dependent activation
of ATM (ataxia telangiectasia mutated kinase) is an early
event in the response to DNA breakage. Other important
acetylations are those of histones H4 and yH2AX. Cor-
rect reconstruction of the damaged site is critical for sur-
vival and prevention of genetic and epigenetic changes
in the cell that may affect the function of its daughter
cells. Recently, two proteins with previously unsuspected
functions in DSB repair have been identified as active
in this process: Alzheimer B-amyloid precursor protein
(APP) and its binding partner FE65, 3-amyloid precursor
binding protein. Their participation in DSB repair in both
neuronal and non-neuronal cells is related to acetylation
carried out by the acetyltransferase complex. The same
function is ascribed to heterochromatin protein 1 (HP1).
So far, the relations (if any) between TIP60 activation by
HP1 and by the FE65 complex remain unidentified.
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INTRODUCTION

DNA double strand breaks (DSB) inflicted by ionising
radiation, oxidants or topoisomerase II poisons belong
to the most noxious types of DNA lesions, because they
may lead to loss of genetic information. This may give
rise to cancerogenesis and other pathogenic or lethal ef-
fects. Various aspects of DSB repair have been presented
and discussed in numerous comprehensive review papers
(Lisby & Rothstein, 2009; Mahaney e# a/., 2009; Mimitou
& Symington, 2009; Nakamura e af., 2009; Pardo ef al,
2009; Costes ¢t al., 2010; Huertas 2010; Lieber, 2010). Its
image becomes more complicated with the discovery of
new participating proteins, which apparently are critical
for efficient and error-free DSB repair (e.g., Lin et al,
2010). Our understanding of the details of end-joining
of broken DNA chains by enzymes and helper proteins
seems now to be almost complete, yet new functions
and interactions are still being discovered.

A factor that should not be overlooked is that, in
contrast with prokaryotes, DSB repair in eukaryotes
takes place in the context of chromatin. Hence, its out-
come is profoundly affected by the nuclear architecture.
The processes of transcription-related chromatin modifi-
cation, nucleo-cytoplasmic shuttling of activators, inhibi-
tors or chaperones, and positioning within the nucleus
also apply to DSB repair. These factors are especially
important when the human response to ionising radia-
tion and DNA damaging drugs is analysed, to optimize
radiotherapy or prevent occupational hazard. It is signifi-
cant that radiation sensitivity is a feature of laminopa-
thies such as Hutchinson-Gilford progeria, and atypical
Werner syndrome with mutations in nuclear lamin A/C
(Chen ez al., 2003; Constantinescu e al., 2010). Progeroid
mice show a considerable delay in DSB repair measured
on the basis of yH2AX foci disappearance compared to
that of wild type fibroblasts. When treated with a com-
bination of statins and aminobisphosphonates that inhib-
ited both farnesylation and geranylgeranylation of prog-
erin and prelamin A, the animals displayed a weakened
aging-like phenotype as well as normal DSB repair rate
(Varela et al., 2008).

Many recent papers concern structural alterations of
chromatin in the vicinity of DSB creating a pattern of
sequential modifications of chromatin proteins and re-
sulting conformational changes that precede, accompany
or follow every step of repair (reviewed by Pandita &
Richardson, 2009). The ultimate goal of that process is
to restore the structure of the damaged site to its origi-
nal state. These spatiotemporal chromatin alterations are
critical not only for the restoration of DNA integrity but
also for the coordination of repair with cell cycle con-
trol, and for the ultimate choice of the cell’s fate. Here,
the role of yH2AX foci is essential and their compo-
nents sequentially associate and dissociate carrying out
the functions necessary at each step of DSB repair (e.g.,
Nakamura e/ al., 2010).
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Recently, two proteins with previously unsuspected
functions in DSB repair have been identified as active
in this process: Alzheimer B-amyloid precursor protein
(APP) and its binding partner FE65, B-amyloid precursor
binding protein. As discussed further in the text, their
participation in repair is related to acetylation carried out
by the acetyltransferase complex.

THE IMPORTANCE OF ACETYLATION IN DSB REPAIR

Each new review on DSB repair reports some freshly
made observations and views on the sequence of events
starting with damage infliction and ending with the res-
toration of the original state of the particular chromo-
some fragment that was damaged. It is now clear that
some of the processes involved differ depending on
whether the site of the damage is in euchromatin or het-
erochromatin (Goodarzi et al., 2009; Noon e al., 2010),
on the cell cycle phase, the repair path choice and cross-
talk, and on the cell genotype and phenotype. Canonical
or alternative NHE] (non-homologous end-joining) and
HRR (homologous recombination repair) use different
sets of proteins, nevertheless, some general principles of
chromatin remodelling preceding and following the re-
pair step are similar.

Among the post-translational modifications of chro-
matin proteins taking place in DSB repair, acetylation
plays a prominent role. Therefore, in the simplified dia-
gram showing chromatin remodelling steps (Fig. 1) em-
phasis was put on this post-translational modification.
Other modifications are equally important for the out-
come of DNA repair and their full list is given in a re-
cent review (Pandita & Richardson 2009).

One of the main enzymes acting in the damaged cell
is a transcription co-activator, acetyltransferase TIPGO.
Lack of its activity results in defective DSB repair and
apoptosis (Ikura ez al, 2000). Also, its function is re-
quired for the assembly of yH2AX repair foci (Chail-
leux ez al., 2010). The enzyme participates in vatious re-
pair steps and is present in the nucleus in a multimeric
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Figure 1. The sequence of events that take place in chromatin
upon DSB infliction and the subsequent repair shown in a sim-
plified way

Post-translational modifications are omitted with the exception of
acetylation and dephosphorylation where it precedes deacetyla-
tion. The diagram is based on the review of Altaf et al. (2007) with
modifications, Moon et al. (2010), Sharma et al. (2010). H4-K16,
histone H4 acetylated at lysine 16; WIP1, wild-type p53-induced
phosphatase 1 and PP2 protein phosphatase 2, both directly de-
phosphorylate yH2AX; TIP60 and MOF-acetyltransferases (see text
for detailed discussion).

protein complex known as the evolutionatily conserved
NuA4 complex (Doyon & Cote, 2004). The review of
Sapuntzi et al. (2000) lists 18 components of the human
TIP60 complex. Also in cells missing TRRAP (TRans-
formation/tRanscription ~ domain-Associated ~ Protein,
component of the complex) DSB repair by homologous
recombination is impaired and this is accompanied by di-
minished acetylation of histone H4 which normally takes
place at the damaged site (reviewed by Lee & Workman,
2007; Murr ez al., 2007). The repair defect resulting from
TRRAP absence can be corrected by treatment with
agents that relax chromatin, e.g., by hypotonic medium
(Murr ez al. 2006; 2007). This points to the importance
of a decompacted chromatin conformation for DSB re-
pair, associated with the access of the repair machinery
to chromatin at the damaged site. As mentioned further
in the text, more than access is at stake.

The TIP60-associated complex shows ATPase, DNA
helicase, and DNA binding activities and interacts with
some of the repair enzymes (Ikura ez al, 2000; Squatrito
et al., 2006; Sun et al, 2010). As found recently (Rob-
ert ¢t al., 2000; Chailleux et al, 2010), TIP60-associated
TRRAP mediates formation of a complex with the DSB
sensor MRN (MRE11-RAD50-NBS1). It differs from
the transcription active complex in that it does not con-
tain p400, whereas it contains some still unidentified
proteins (Chailleux ez al., 2010). TIP60 dependent activa-
tion of ATM (ataxia telangiectasia mutated kinase) and
DNA-PKcs (catalytic subunit of DNA-dependent pro-
tein kinase) is an early event in the response to DNA
breakage (Jiang ef al, 2006; review in Squatrito et al.,
2006). Most probably it is carried out by TIP60-MRN,
whereas further acetylations, those of lysine 16 residues
on histone H4 related to chromatin decompaction at
the DSB, take place with the participation of the tran-
scription active TTP60 complex. Also histone yH2AX is
acetylated by that complex. The latter modification pre-
cedes its exchange and dephosphorylation, thus “erasing
the yYH2AX mark” (Squatrito ez al., 2000) after DSB re-
pair is completed. These findings indicate that acetylation
is important for the correct reconstruction of the dam-
aged site. This, in turn, is critical for survival and for the
lack of genetic and epigenetic changes in the cell that
may affect the function of its daughter cells.

Recently, another histone acetyltransferase has attract-
ed attention in connection with DNA damage response:
the MOF (MYST1) acetyltrasferase (Gupta e al., 2005;
Sharma et al, 2010; Taipale et al, 2005). Mammalian
MOF is the ortholog of the Drosophila male absent on
the first (MOF) protein, a component of the X chromo-
some dosage compensation system. It is responsible for
histone H4 lysine 16 (H4K16) acetylation in the chro-
matin decondensation step associated with transcription
activation. It also acetylates lysine 120 of the transcrip-
tion factor p53, a modification important for the activa-
tion of the transcription of pro-apoptotic genes (Taipale
et al., 2005; Li et al., 2009; Cai ¢t al., 2010). Thomas et al.
(2008) found that MOF is necessary for mouse embryo
development and maintenance of the chromatin archi-
tecture and in these respects MOF is functionally non-
redundant with TIP60. Importantly, according to Gupta
et al. (2005), MOF interacts with ATM and this is neces-
sary for its activation possibly because hMOF may act as
a transducer of chromatin structural alterations to ATM
after DNA damage.

MOF depletion considerably decreases DSB  repair
both by NHE] and HRR (Sharma e a/ 2010). This
points to a defect in the chromatin decondensation step,
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necessary for the functioning of both repair systems.
The HRR defect is revealed as a reduced frequency of
RAD51 foci and inefficient recruitment of RAD52 on
the damaged chromatin. Additionally, a NHE] specific
effect also follows MOF depletion, as MOF is associated
with DNA-PKcs. ATM-dependent ionising radiation-in-
duced phosphorylation of DNA-PKcs is also abrogated
in MOF-depleted cells. At the cellular level, a deficien-
cy in MOF results in increased residual DSB level and
chromosomal aberration frequency (Gupta e a/., 2005).

Both MOF and TIP60 are members of the MYST su-
perfamily of acetyltransferases, which took its name from
its four “founding members”: human MOZ (monocytic
leukemia zinc finger protein), yeast Ybf2 (renamed Sas3,
for something about silencing 3), yeast Sas2 and mam-
malian TIP60. The relation between MOF and TIP60
functions in the cellular response to DNA damage is
unclear. It is possible that they may replace each other
depending on the expression level at different stages of
embryonal development and in adult tissues (Thomas ef
al., 2007).

HISTONE DEACETYLASES AND DSB REPAIR

The level of acetylation of histones is controlled by
the balance between the action of histone acetyltrans-
ferases and deacetylases (HDACs). Eleven mammalian
HDACs have been identified and divided into four class-
es (De Ruijter ef al., 2003; Eot-Houllier e al., 2009). They
are functionally diverse and heterogenous as concerns
both substrate specificity and localization: class I HDAC
are only nuclear; class II HDAC can traffic between the
cytoplasm and nucleus in response to specific signals.
For example, HDAC4 and 5 (class 1I) are retained in the
cytoplasm depending on the activity of the 14-3-3 an-
choring protein; the nuclear export of HDAC5 depends
on its phosphorylation by calcium/calmodulin-dependent
protein kinase (reviewed by Khochbin ez a/, 2001). Class
III HDAC (also called sirtuins) are NAD?-dependent
protein deacetylases and their function is related to the
redox status of the cell. HDAC11 belongs to class IV
which shares structure features of both class I and II en-
zymes. Interestingly, SIRT1 seems to be the most specif-
ic class III HDAC for deacetylation of H4K16, the key
acetylation seen in the response to DNA damage (Hajji
et al., 2010).

Apart from the removal of acetyl groups from the
chromatin core histones, both the nuclear and cytoplas-
mic HDACs deacetylate other proteins. Hence, the use
of HDAC inhibitors for studying the effects of combi-
nation radio- and chemotherapy creates results that are
very difficult to interpret from the point of view of mo-
lecular mechanisms. In the case of DNA damage and
repair, HDAC inhibition can increase the initial damage
due to modified DNA shielding by chromatin proteins,
alter the expression of DNA repair proteins or their ac-
tivity by acetylation increase and, last but not least, dis-
turb the pattern of DNA damage histone code (reviewed
by Eot-Houllier e# al., 2009). Also, the altered localiza-
tion of HDAC may be a result of inhibitor treatment as
is the case of LBH589, a cinnamic hydroxamic acid ana-
logue. Pre-treatment followed by X-irradiation increases
the duration of yH2AX foci and apoptosis and also con-
fines HDAC4 to the cytoplasm in non-small cell lung
cancer cells, whereas X-irradiation alone causes nuclear
translocation of HDAC4 (Geng ef al., 2000).

STRUCTURE AND FUNCTION OF APP AND FE65

Less known partners of the TIP60 complex are APP
and its binding partner FE65. APP and FEG5 have been
known for about 10 years as transcription activators
(Cao & Suedhof, 2001; review in Slomnicki & Le$niak,
2008). Their biological properties have been studied in
the context of Alzheimer disease and their participation
in DSB repair has only recently been revealed (Minopoli
et al., 2007).

APP and two related proteins, APPLP1 and APPLP2,
are membrane glycoproteins (Reinhardt e al, 2005).
Their cleavage by secretases generates various peptide
fragments, among them the B-amyloid peptides which
form the senile plaques characteristic of Alzheimer dis-
ease. Another cleavage product is a short cytosolic frag-
ment, known as APP intracellular domain (AICD). Fig-
ure 2 shows the structure of APP, interaction motifs in
the intracellular domain and a list of some interacting
proteins, among them FEG65 (Fiore ef al, 1995; Borg ef
al., 1996). Five out of eight potential phosphorylation
sites (Lee e# al, 2003) located within AICD are placed
in the interaction motifs. In such cases, phosphoryla-
tion may affect the binding of partner proteins (reviewed
by Tamayev e al., 2009). For example, phosphorylated
Tyr-682 enables the binding of cytosolic tyrosine ki-
nases (among them Abelson tyrosine kinase, ABL) and
proteins with SH2 domain (Src homology domain 2)
like SHC A, B and C. Phosphorylated Thr-668 blocks
interaction with 14-3-3y while being indispensable for
FEG65 binding. The phosphorylation status of the AICD
domain profoundly affects the cellular functions of APP

plasma
APP extraceliufar membrane ntraceiiutar
regfon region
N -| GFLD ‘ CuBD | acidic | KPI ‘ CAPP |TR AICD -C
Amino acid Binding Phosphorylation Interacting
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DAB1, JIP

Figure 2. APP domain structure (drawn not to scale)

The extracellular part of APP consists of the N-terminal growth
factor-like domain (GFLD) and the copper-binding domain (CuBD).
These domains are linked via the acidic region to the Kunitz-type
protease inhibitor domain (KPI) and a cysteine-poor, conserved
sequence (central APP domain, CAPP-domain) which contains
two N-glycosylation sites. The linker connects the extracellular
domains to the transmembrane region (TR) and the APP intra-
cellular C-terminal domain (AICD). The binding motifs of AICD
are shown and some interacting proteins listed (also discussed
in the text). 14-3-3y, member of the 74-3-3 adaptor protein fam-
ily; ABL, cytosolic tyrosine kinase; DAB1, disabled homologue 1, a
cytoplasmic adaptor protein that regulates actin cytoskeleton in
neuronal migrations during mammalian brain development; JIP,
JNK-interacting protein (JNK- c-Jun N-terminal kinase); MINT/X11,
a family of Munc18-interacting adaptor proteins in synaptic vesi-
cle exocytosis; Pat1, protein interacting with APP tail-1; SHC, Src
homologous-collagen homologue, adaptor protein involved in the
coupling of activated tyrosine kinase growth factor receptors to
the Ras activation pathway.
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Figure 3. AICD domain structure (not drawn to scale)

The list of interacting proteins is based on the review of Stomnicki
& Lesniak (2008). WW, tryptophane-rich, proline-proline-leucine-
proline sequence binding domain; PTB phosphotyrosine binding
domain; CP2/LSF/LBP1, transcription factor; Mena, mammalian
homologue of the Drosophila actin cytoskeleton regulatory pro-
tein enabled; TIP60, acetyltransferase (Tat interactive protein-60).

(detailed reviews in Mduller ef al, 2008; Tamayev et al.,
2009).

FEG5 essentially is known as a neural adaptor protein
interacting with a number of proteins, including APP;
however, it is present in other cell types. As shown in
Fig. 3, it contains one WW (tryptophane-rich, proline-
proline-leucine-proline sequence binding) domain (Erme-
kova et al., 1997) and two PTB (phosphotyrosine bind-
ing) domains (review in Russo ¢z al., 1998). The WW do-
main binds the ABL kinase (Petkinton e# al., 2004). Also
the nucleosome assembly factor SET/TAF1B and the
mammalian homologue of the Drosophila actin cytoskele-
ton regulatory protein enabled (Mena) interact with FEG5
WW domain (Ermekova ef al, 1997; Telese et al., 2005).
The PTB1 domain binds among others TIP60 (Cao &
Suedhof, 2001) and the transcription factor CP2/LSF/
LBP1 (Zambrano ez al, 1998), whereas PTB2 interacts
with the APP intracellular domain (Fiore ez al., 1995).

Numerous cellular functions of APP and its proteoly-
sis product, AICD, alone or in complex with FE65 have
been identified (e.g., Williamson ez al, 2002; Sondag ez
al., 2004; Lopez-Lopez et al., 2007; Minopoli e al., 2007,
Giliberto et al., 2008; Nikolaev e al., 2009; Vazquez et
al., 2009). In particular, modulation of gene expression,
apoptosis and regulation of actin cytoskeleton function
have been reviewed by Miiller ez a/. (2008). The recently
identified function of AICD and FEG5 in DSB repair is
presented further in the text. The functional diversity of
both proteins can be explained by their modular struc-
ture enabling interactions with various proteins, thus
producing scaffolds for the proper spatial arrangement
of active enzyme complexes.

AICD AND FE65 AS TRANSCRIPTION MODULATORS

Activation of transcription was initially ascribed to
AICD and FEG65 bound to the transcription factor
CP2/LSF/LBP1 (Zambrano e al., 1998) or complexed
with TIP60 (Cao & Suedhof, 2001; von Rotz et al.,
2004). However, further studies brought discrepancies
and disagreement concerning the detailed mechanism of
nuclear translocation and activation of the participating
proteins (review by Miller e @/, 2008). The most often
accepted model is that of AICD release by y-secretase,
induction of an open conformation of FEG65, followed
by nuclear translocation of both proteins separately
(Nakaya & Suzuki, 2006) or bound together (Stante ez
al., 2009). FEG5 seems to be essential for the nucle-
ar translocation of AICD, and AICD mutated at the
FEOG5 interaction site remains largely cytosolic (Kimber-

ly et al., 2001; Kinoshita ef al., 2002a, 2002b). In con-
trast to FEG65, the X11o adaptor protein arrests AICD
within the cytosol (von Rotz et al, 2004). Binding of
FEG65 or both proteins to TIP60 activates its histone
acetyltransferase function necessary to produce a locally
relaxed chromatin conformation, a requirement for fur-
ther steps of transcription. Which protein is the “true”
activator remains uncertain, and there are several mod-
els of AICD and FEG65 function in transcription activa-
tion, as discussed below.

Whether FEG5 is a transport protein or a necessary
component of the TIP60 complex is a matter of contro-
versy. In the model of Cao and Suedhof (2004), AICD
remains at the plasma membrane as a part of APP and
serves to induce the open conformation of FE65. Upon
translocation to the nucleus, FEG5 binds to and activates
TIP60. Another model, also supported by convincing
experimental data, is that of Hass and Yankner (2005).
According to those authors, APP and Fe65 activate tran-
scription even in cells that are unable to generate AICD
or are treated with y-secretase inhibitor. The explanation
is that APP recruits TIP60 to the plasma membrane,
where TIP60 becomes phosphorylated by a cyclin de-
pendent kinase (CDK) and binds to FE65. Thus acti-
vated and stabilized, TIP60 returns to the nucleus, re-
maining bound to FE65. A CDK inhibitor, roscovitine,
blocks TIP60 activation, whereas treatment with lepto-
mycin B considerably decreases activation by inhibiting
TIP6O export to the cytoplasm, thus preventing its con-
tact with APP. This effect and microscopic co-localiza-
tion images of APP and TIP60 at the plasma membrane
support the concept of TIP60 shuttling between the
membrane and nuclear compartments.

It should be added that these different models are
supported by well documented experimental data and
the reasons for the discrepancies remain, so far, unclear.
Nevertheless, there is enough evidence that the function
of FEG65 and AICD in the nucleus is linked to TIP60 —
both in transcription and DSB repair, as described in the
next section.

AICD AND FE65 IN DSB REPAIR

The first observation indicating a role of FEG5 in
DNA repair was made by Minopoli ez a/. (2007): mouse
embryo fibroblasts derived from FEG5 knockout mice
were more sensitive to DNA damaging agents than the
wild type cells. This effect was reversed by FE65 expres-
sion but not by an FEG5 transfectant with a MAPK-de-
rived nuclear export sequence (NES) unable to accumu-
late in the nucleus (Minopoli ¢# al., 2007). When either
full FEG5 or a APTB1 mutant unable to interact with
TIP60 were used for transfection, only the latter did not
abrogate the high sensitivity of FEG65 knockout mouse
embryo fibroblasts to etoposide (the sensitivity measure
was tail moment in the comet assay).

Furthermore, in FE65 null cells TIP60/TRRAP re-
cruitment to the damaged DNA sites as well as TIPG60-
dependent histone H4 acetylation were significantly
decreased. Simultaneously, DNA repair efficiency was
markedly lower. These observations were made in NIH
GS cells stably transfected with a tamoxifen-inducible
form of the I-Scel restriction enzyme that produced
DSB. Chromatin was then immunoprecipitated (ChIP)
with TIP6O or acetylated histone H4 antibody and ana-
lysed with the use of real time PCR (polymerase chain
reaction) (Stante e al., 2009).



Vol. 58

Chromatin acetylation in DNA double strand break repair 15

gl —
[

INTACT CELL
‘ TRANSCRIPTION
@ P ACTIVATION
\ TIP6O Transcription
complex | factor
¥ secretase
1 rten) ATM ac:\/at\on CONDENSED

CHROMATIN

TIP80
complex ﬂ
i DECONDENSED
CHROMATIN
s (e)

CELL WITH DAMAGED DNA

|

cytosol

plasma membrane' nuclear

envelope

Figure 4. Model of APP and FE65 function in DSB repair

The model (in the lower part of the diagram) is according to Mi-
nopoli et al. (2007) and Stante et al. (2009) and is compared to the
function of APP and FE65 in the intact cell (see text for discus-
sion).

An FEG65-AICD interaction was required for the DNA
repair-stimulating effect. This was indicated by demon-
strating that AICD suppression caused a significant de-
crease in TIPG60/TRRAP recruitment to the I-Scel en-
donuclease induced breaks, in the extent of histone H4
acetylation induced by DNA cleavage, as well as in the
DNA repair efficiency. Further support for the role of
AICD came from the observation that in contrast to
WT FEG65, an FE65 mutant (C655F) unable to interact
with AICD did not bind to chromatin. WT' FEG65 was
associated with chromatin both in undamaged cells and
those treated with DNA-damaging agents (Stante e/ al,
2009).

Although there are still further details to be estab-
lished, the observations of Minoli ¢/ a/. (2007) and Stante
et al. (2009) presented above are sufficient to support a
hypothetical model of function of the AICD-FE65 com-
plex in DSB repair shown diagrammatically in Fig. 4. In
the intact cell, there is a basal level of AICD which is
either degraded or binds FEG5 thus favouring its nuclear
translocation. In the damaged cell (upon treatment with
X-rays, hydrogen peroxide or topoisomerase II poisons)
in a few minutes after DNA damage infliction, nuclear
FEG65 becomes phosphorylated (Minopoli e al., 2007).
In parallel, y-secretase cleaves APP, thus producing an
additional amount of AICD. The mechanism of activa-
tion and the nature of the signal triggering this response
remain to be established. The activity of y-secretase is
a possible regulatory factor involved in maintaining the
balance between cytosolic and nuclear FE65 and AICD
(Kinoshita ez al, 2002a; 2002b). Since y-secretase acti-
vation can be mediated by JNK (Liao ¢z al, 2004) it is
plausible that X-irradiation may indirectly activate this
protease, because JNK is activated by this damaging
agent (Narang ez al., 2009).

Although there is still much to be discovered about
the function of FEG65 in DSB repair, it seems that it is
an important part of the molecular machine that acts in
the damaged cell at different steps of chromatin remod-
elling and recruiting the repair proteins in a concerted
way. FEOG5 interacts with oncoprotein SET/TAF-IB
which is a subunit of the complex that inhibits histone
acetylation (Seo et al, 2001; 2002). It has been noted
that induction of histone acetylation promotes demeth-
ylation of ectopically methylated DNA (Cervoni & Szyf,
2001), whereas overexpression of SET/TAF-IB inhibits
demethylation (Cervoni et al, 2002). SET/TAF-If also

plays the role of histone chaperone with nucleosome as-
sembly and disassembly activities (Muto e al., 2007) and
inhibits protein phosphatase 2 (Li e al., 19906). The latter
dephosphorylates histone yH2AX, a step required dur-
ing disassembly of yH2AX foci. So, FE65 may indirectly
be involved in the regulatory role of SET/TAF-I8 in
the post-repair steps of chromatin modifications and in
correlating epigenetic states of histones and DNA, both
important for the proper reconstruction of the damaged
site following DSB repair.

TIP60 ACTIVATION AND HETEROCHROMATIN PROTEIN 1

One may wonder how general the mechanism of
TIPG6O activation described above is. Is it related to the
choice of the DNA repair pathway? Is it cell type spe-
cific? Answers to these questions may explain some of
the differences in experimental results that lead to a va-
tiety of models of AICD/FEG5 action. Interestingly, an
alternative mechanism of TIP60 activation has recently
been proposed.

Sun et al. (2009; 2010) describe TTP60 activation based
on a totally different principle. Their model takes into
consideration the fact that both TIP60 and HP1 (het-
erochromatin protein 1) chromodomains recognise tri-
methylated lysine 9 of histone H3 (H3K9me3) residues.
Ayoub e al. (2008) report that in response to DNA
damage HP1 transiently dissociates from chromatin at
the damaged sites. Upon damage infliction, CK2 kinase
phosphorylates Thr-51 localized in the chromodomain
of HP1 thus disrupting its interaction with H3K9me3.
The model of Sun ez al (2010) predicts that an inac-
tive ATM-TIP60 complex is recruited to the DSB by
MRN, and this enables interaction between TIP60 and
H3K9me3 previously occupied by HP1. The interaction
acts as an allosteric regulator of the acetyltransferase ac-
tivity, leading to ATM acetylation and activation. The
model is based on several experimental observations
listed by Sun e# al. (2009; 2010). Significantly, inactivating
mutations in the HP1 chromodomain prevent both the
interaction between TIP60 and H3K9me3 and the up-
regulation of acetyltransferase activity by DNA damage.
This inhibits the subsequent acetylation and activation of
ATM kinase. Furthermore, reduction of H3K9 methyla-
tion in chromatin increases radiation sensitivity and ge-
nomic instability (Sun ez al, 2009). Three isoforms of
HP1, considered the hallmark of heterochromatin, inter-
act with histones, transcriptional co-repressors and DNA
replication factors and are also present in euchromatin
(Kwon & Workman, 2008). Therefore, it is difficult to
reconcile the release of HP1 from H3K9me3 residues,
unevenly distributed within chromatin, with activation of
TIP60-ATM taking place at randomly inflicted DSB. On
the other hand, as already mentioned, the DSB sensor
complex MRN directs TIP6O to its site of action by in-
teraction with TRRAP (Chailleux ¢z @/, 2010). The pres-
ence of H3K9me3 at that site would be fortuitous.

CONCLUDING REMARKS

Observations concerning HP1 in cells with damaged
DNA modify our views on the genomic “alarm system”.
DNA damage infliction (not only DSB but also UV and
oxidative lesions) is followed by recruitment of HP1 to
the damaged sites (Luijsterburg ez al, 2009; Zar¢bski ef
al., 2009). Thus, MRN would be the DSB sensor, where-
as HP1 would act as a universal sensor, switching on an
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Figure 5. Domain structure of HP1 and functions induced
by X-irradiation

Alterations following X-irradiation include phosphorylation of
threonine 51 by CK2 kinase, loss of the capability of binding
H3K9me3 (trimethylated lysine 9 of histone H3) and acquired ca-
pability to target the damaged DNA site (see text for discussion).

alarm signal for various types of DNA lesions. It now
seems that upon DNA damage infliction, after the ini-
tial dissociation from H3K9me3, HP1 re-associates with
chromatin independently of H3K9me3 and the HP1
chromodomain. The latter becomes phosphorylated on
Thr-51 (T51-P) and this is expected to transiently relax
heterochromatin or create an interaction surface with
DNA repair proteins containing BRCT (C-terminal do-
main of the breast cancer susceptibility protein) or FHA
(forkhead-associated) domains specifically recognising
T51-P (Luijsterburg ez al., 2009; reviewed by Ayoub e al.,
2009; Dinant & Luijsterburg, 2009).

So, HP1 recruitment occurs independently of its abil-
ity to associate with H3K9me3 involving chromodomain
and dependent on the phosphorylation status of Thr-51.
In contrast, it is dependent on the chromoshadow do-
main (cf. Fig. 5). Ball and Yokomori (2009) discussing
the contribution of HP1 to DNA repair mention the
possibility that repair of DSB localized in heterochroma-
tin may depend on HP1 in contrast with that in euchro-
matin. They recall that siRNA-mediated depletion of all
three HP1 variants in mammalian cells exerts a negative
effect on DSB repair only with a simultaneous ATM de-
pletion and the latter is necessary for DSB repair in het-
erochromatin (Goodarzi ¢t al., 2008). This contrasts with
the clear effect of FE65/AICD on DSB repair reported
by Minoli ez al. (2007) and Stante ef al. (2009).

The relations between the two routes of TIP60 activa-
tion are so far unknown. Both models need further ex-
petimental support. Whether TIPGO activation by FE65/
AICD is restricted 7z vivo to some cell types only or to
certain nuclear compartments, remains to be established.
Further research may open new perspectives on our un-
derstanding of the early steps of the cellular response to
DNA damaging factors.
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