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Fe65 is a binding partner of the Alzheimer’s �-amyloid precursor
protein APP. The possible involvement of this protein in the cellular
response to DNA damage was suggested by the observation that
Fe65 null mice are more sensitive to genotoxic stress than WT
counterpart. Fe65 associated with chromatin under basal condi-
tions and its involvement in DNA damage repair requires this
association. A known partner of Fe65 is the histone acetyltrans-
ferase Tip60. Considering the crucial role of Tip60 in DNA repair, we
explored the hypothesis that the phenotype of Fe65 null cells
depended on its interaction with Tip60. We demonstrated that
Fe65 knockdown impaired recruitment of Tip60-TRRAP complex to
DNA double strand breaks and decreased histone H4 acetylation.
Accordingly, the efficiency of DNA repair was decreased upon Fe65
suppression. To explore whether APP has a role in this mechanism,
we analyzed a Fe65 mutant unable to bind to APP. This mutant
failed to rescue the phenotypes of Fe65 null cells; furthermore,
APP/APLP2 suppression results in the impairment of recruitment of
Tip60-TRRAP complex to DNA double strand breaks, decreased
histone H4 acetylation and repair efficiency. On these bases, we
propose that Fe65 and its interaction with APP play an important
role in the response to DNA damage by assisting the recruitment
of Tip60-TRRAP to DNA damage sites.

Alzheimer � APP � DNA repair

The �-amyloid peptides, main constituents of senile plaques of
Alzheimer disease (AD), derive from the proteolytic processing

of a type I membrane protein, known as �-amyloid precursor
protein (APP) (1). APP functions are not completely understood,
and this knowledge could contribute, at least in principle, to the
understanding of AD. Possible cues to study the functions of APP
could emerge from the analysis of proteins interacting with the
short APP cytosolic domain. Several reports indicated that this
cytodomain interacts, among the others, with the Fe65 protein
(2–4). The latter has the characteristics of an adaptor protein,
whose distinctive traits are 3 protein–protein interaction domains,
1 WW and 2 PTB (PhosphoTyrosine Binding) domains (4). The
PTB domain located in the C-terminal part of the protein (PTB2)
interacts with the cytodomain of APP and of the 2 related proteins
APLP1 and APLP2. Similarly, Fe65 has also been found associated
with APP intracellular domain (AICD) (5), which is generated,
together with the �-amyloid peptides, upon the cleavage of APP by
secretases (1).

Experimental evidence from cultured cells suggested 2 possible
functions of Fe65, one depending on its presence in the cytosol and
another one on its nuclear localization. APP-Fe65 complexes are
present in neuronal growth cones (6) and regulate cell motility (7).
Considering that Fe65 WW domain interacts with Mena (8) and
APP also with mDab1 (9), these findings support the hypothesis
that the APP-Fe65 complex is involved in actin-based membrane
remodeling, neurite growth and/or synaptic plasticity. The analysis
of the phenotypes of APP/APLP1/APLP2 triple KO mice and that
of Fe65/Fe65L1 double KO animals support this hypothesis, be-
cause they show brain cortical dysplasia associated with altered
neuronal migration (10–11).

Another possible but not mutually exclusive model is that based
on the presence of Fe65 and Fe65-AICD complex in the nucleus (5,
12–13). In fact, Fe65 or Fe65-AICD complex interact with nuclear
proteins such as Tip60, SET, CP2/LSF (13–15) and experimental
evidence indicated that they could be involved in transcription
activation (16–20). However, several studies raised the question of
the specificity of this regulation; in particular, De Strooper and
colleagues (21) demonstrated that �-secretase inhibitors, suppres-
sion of presenilins or APP/APLP2 do not induce any significant
change in the expression levels of several candidate genes, whereas
Fe65 appears to have a rather nonspecific effect on transcription.

We previously observed an increased sensitivity of Fe65 KO
MEFs to DNA damaging agents, which is completely rescued by
Fe65 reexpression, but not by a Fe65 mutant unable to accumulate
in the nucleus (22). Fe65 KO mice also showed an increased
sensitivity to ionizing radiations (22). These observations indicate
that Fe65 has a role in the cellular response to DNA damage, and
in turn suggest that an altered function of the Fe65-APP complex
could negatively affect the response of neurons to DNA damage in
AD patients.

DNA double-strand-breaks (DSBs) are repaired in eukaryotic
cells by 2 different mechanisms, nonhomologous-end-joining and
homologous recombination (23). These mechanisms act down-
stream of the recognition of DNA lesions that are marked by several
modifications of surrounding chromatin (24). One of the events
common to both pathways is the recruitment of the NuA4 complex,
which acetylates histones, in particular histone H4, thus favoring
chromatin relaxation at DNA lesions (25). The histone acetyl
transferase Tip60, one of the partners of Fe65, has several well-
demonstrated roles in DNA repair (26). Among the others, Tip60,
in complex with TRRAP, is a key component of the NuA4 complex
in which it is responsible for histone H4 acetylation at DNA strand
breaks (27).

In this study we explored whether increased sensitivity to DNA
damage observed in Fe65 null cells depends on Fe65- Tip60
interaction. By using an experimental system where the I-SceI
restriction enzyme induces a DNA DSB at a definite genomic site,
we demonstrated that Fe65 suppression decreases Tip60/TRRAP
recruitment and Tip60-dependent acetylation of histone H4 at the
DNA strand break. These phenomena are accompanied by a
significant decrease of DNA repair efficiency. We also demon-
strated that the Fe65-APP interaction is required for the function
of Fe65 in DNA repair, considering that a Fe65 mutant, unable to
interact with APP, fails to rescue the phenotypes observed in Fe65
null cells and, opposite to what observed with WT Fe65, is not
associated with intact or damaged chromatin. The requirement of
Fe65-APP interaction is further supported by the observation that
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APP/APLP2 suppression results in a significant decreased of
Tip60/TRRAP complex recruitment, of histone H4 acetylation at
the DNA damage sites and of the DNA repair efficiency.

Results
Fe65 Suppression Prevents the Recruitment of Tip60-TRRAP at DNA
Double Strand Breaks. We have demonstrated that mouse embryo
fibroblasts (MEFs) derived from Fe65 null embryos are more
sensitive to DNA damage than WT cells (22). The results obtained
in KO MEFs, were confirmed in several cell lines where Fe65
knockdown (KD) was induced by RNA interference (Fig. S1).

To explore the possible involvement of the Fe65-Tip60 interac-
tion in the increased sensitivity to DNA damage observed in Fe65
KO and KD cells, we analyzed whether a Fe65 mutant lacking the
PTB1 domain (�-PTB1), and in turn unable to interact with Tip60
(28), can rescue Fe65 KO-associated phenotypes. As shown in Fig.
1A, whereas ectopic expression of Fe65 was able to rescue the
phenotype of Fe65 KO MEFs, the �-PTB1 mutant failed to rescue
the increased sensitivity to DNA damage of these cells.

These results suggest that the phenotype of Fe65 KO/KD cells
could depended on the interaction of Fe65 with Tip60. To analyze
this possibility we exploited the DR-GFP/I-SceI experimental
system (29) (see Fig. S2). To this aim, we generated clones of NIH
3T3 cells stably transfected with a DNA construct (DR-GFP)
containing 2 nonfunctional GFPs. The upstream (5�) GFP is under
the control of the �-actin gene promoter and contains a single
recognition site for the I-SceI endonuclease. Considering that no
I-SceI sites are present in mammalian genomes, the expression of
this enzyme results in generation of a single DNA DSB only at
DR-GFP sites (ref. 29 and Fig. S2A). We also generated an
I-SceI-ER expression vector, in which the I-SceI cDNA is fused in
frame with the cDNA fragment encoding the hormone-binding site
of the estrogen receptor. Clones of double stably transfected NIH
3T3 cells (NIH-GS) bearing DR-GFP and I-SceI-ER were pooled

and treated with tamoxifen. This treatment induced the activation
of I-SceI-ER and, in turn, the cleavage of 5� GFP (Fig. S2A). In
agreement with that observed by others (27), the cleavage induced
by I-SceI-ER in NIH-GS cells resulted in the recruitment of Tip60
to the site of DNA damage. In fact, ChIP experiments with Tip60
antibody showed a significant enrichment of Tip60 at the 5� GFP
site upon the induction of I-SceI-ER by tamoxifen. This enrichment
was clearly detectable with oligonucleotide pairs amplifying DNA
at 0.5 and 2 kb downstream of the cleavage site, but not with the
control oligonucleotide pair targeting the region 10 kb downstream
of the DSB (Fig. 1B). Interestingly, in cells where Fe65 was knocked
down Tip60 recruitment to DSB was strongly decreased (Fig. 1B).
Similar to Tip60, its partner TRRAP was recruited to DNA breaks
in WT cells. Fe65 KD resulted again in a significant decrease of
TRRAP recruitment (Fig. S3A). As a consequence of this impair-
ment of Tip60-TRRAP recruitment to DNA strand breaks, ChIP
experiments with acetyl-H4 antibody demonstrated that although in
WT cells I-SceI-driven cleavage induced the histone H4 acetylation
at the I-SceI site, the concomitant suppression of Fe65 significantly
decreased H4 acetylation (Fig. 1C). Furthermore, the expression of
the �-PTB1 mutant showed a dominant negative effect, strongly
reducing Tip60 interaction with damaged DNA (Fig. S3B) and, in
turn, H4 acetylation (Fig. 1D).

Fe65 Is Necessary for Efficient DNA Repair. To address the relevance
of the Fe65 in DSB repair we measured the efficiency of repair in
the same NIH-GS experimental system described before. These
cells are stably transfected with DR-GFP and I-SceI-ER. The
DR-GFP DNA fragment contains 2 nonfunctional GFPs. The 5�
GFP gene is under the control of the �-actin gene promoter, but it
is mutated to generate 2 in-frame stop codons that terminate
translation, thereby inactivating the GFP gene. The downstream
(3�) GFP is inactivated by upstream and downstream truncations,
leaving only �500 bp of GFP (see Fig. S2A). When NIH-GS cells

Fig. 1. Fe65 suppression affects Tip60 recruitment and histone H4 acetylation at DNA double strand breaks. (A) Fe65 mutant (�-PTB1) unable to interact with
Tip60 fails to rescue the hypersensitivity to DNA damage of Fe65 KO MEFs. The latter were infected with retroviruses encoding WT Fe65 or �-PTB1 mutant or
with empty virus (mock). DNA damage after the exposure to 20 �M etoposide for 1 h was measured by Comet assay as described in Materials and Methods.
Western blot with myc-Tag antibody demonstrated that WT and mutant Fe65 were expressed at comparable levels. (B) Fe65 knockdown is accompanied by a
decreased recruitment of Tip60 at DNA double strand breaks. NIH-GS cells, stably transfected with the inducible form of I-SceI-ER restriction enzyme and with
DR-GFP construct (see Materials and Methods) bearing a single I-SceI cleavage site, were treated with 1 �M tamoxifen for 6 h. ChIP was performed with Tip60
antibody (�) or control IgG (�). Immunoprecipitated chromatin was analyzed by real time PCR, using 3 oligonucleotide pairs located at �0.5, 2, and 10 kb
downstream of the I-SceI cleavage site. *, P � 0.01. (C) Fe65 KD reduced histone H4 acetylation at DNA breaks. Chromatin, immunoprecipitated with an antibody
recognizing acetylated histone H4, was analyzed as in B. (D) Overexpression of the Fe65 mutant �-PTB1 decreases histone H4 acetylation at DNA breaks. NIH-GS
cells were transfected with the vector represented in A. ChIP experiments were performed as described in C. **, P � 0.05
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were treated with tamoxifen, the resulting DSB induced intrach-
romosomal gene conversion leading to the reactivation of the 5�
GFP gene. In this system, the extent of repair by homologous
recombination was measured by counting GFP positive cells by
FACS (see Fig. S2B). Under these conditions, Fe65 KD is accom-
panied by a small but significant decrease in GFP positive cells, thus
clearly indicating Fe65 KD reduced the efficiency of DNA repair
(Fig. 2). A significant reduction of repair efficiency was also
observed by transfecting the cells with the �-PTB1 mutant, thus
confirming the dominant negative effect of this protein (Fig. S3C).

Interaction with APP Is Required for Fe65 Function in DNA Repair. An
important issue to be addressed is the possible involvement of
APP/AICD in the nuclear functions of Fe65. To explore this point
we studied the effects of a Fe65 mutant unable to interact with APP.
This mutant carries a point mutation (C655F), which prevents the
binding to APP (12). Its retroviral-directed expression in the Fe65
KO MEFs was unable to rescue their increased sensitivity to DNA
damage (Fig. 3A). This C655F mutant also showed a strong
dominant effect: As shown in Fig. 3 B and C, its transient trans-
fection in the DR-GFP/I-SceI system significantly affected Tip60
recruitment and H4 acetylation at DSB generated by I-SceI.
Accordingly, repair efficiency of NIH-GS cells significantly de-
creased upon the expression of the C655F mutant (Fig. 3D). These
results suggest that the interaction with APP/AICD is necessary to
allow Fe65 to adequately function in the response to DNA damage.
The analysis of the phenotypes induced by the suppression of APP
and of its paralogue APLP2 further supported to this hypothesis. In
fact, the suppression of APP and APLP2 in NIH-GS cells allowed
us to observe a strong decrease of Tip60/TRRAP recruitment at
the damaged site and, in turn, a decreased of histone H4 acetylation
(Figs. 3 E and F and Fig. S4). Accordingly, DNA damage repair was
less efficient in APP/APLP2 KD cells than in cells transfected with
nonsilencing siRNA (Fig. 3G).

Fe65 Involvement in DNA Repair Depends on Its Ability to Interact with
Intact Chromatin. These results suggest that Fe65 plays a significant
role in the recruitment of Tip60-TRRAP to the DNA breaks and

that this function depends on its interaction with APP. On this basis,
we first addressed whether Fe65 was associated to chromatin at
DNA strand breaks. ChIP experiments reported in Fig. 4A show
that Fe65 was bound to intact chromatin in the region of DR-GFP.
Furthermore, in contrast to what observed with Tip60 and
TRRAP, its association with chromatin did not significantly change
upon DNA cleavage by I-SceI. Then we analyzed Fe65 association
with chromatin at a global genomic level. To this aim, we immu-
noprecipitated cross-linked chromatin from N2A cells with histone
H3 antibody. This H3 immunoprecipitated chromatin, approxi-
mately representing the whole chromatin, was de-cross-linked and
analyzed by Western blot for the presence of Fe65. Fig. 4B shows
that Fe65 is indeed associated with intact chromatin and that this
association was only slightly increased upon genotoxic stress in-
duced by etoposide (Fig. 4B). We then explored the association of
Fe65 with 3 random genomic loci, i.e., those of RNA polymerase
II, albumin and GST genes. ChIP experiments demonstrated that
endogenous Fe65 was associated to all these sites (Fig. S5).

The association of Fe65 with chromatin is functionally relevant,
as demonstrated by the analysis of chromatin state in Fe65 KO and
KD cells. In fact, chromatin from Fe65 KO MEFs or Fe65 KD cells
was more accessible to micrococcal nuclease digestion, than chro-
matin from WT cells (Fig. 4C), thus demonstrating that Fe65
suppression leads to a significant degree of chromatin de-
condensation. This phenotype was rescued by Fe65 reexpression in
KO MEFs (Fig. 4C).

We then addressed whether Fe65 association with chromatin
requires the interaction with APP. Opposite to what observed with
WT Fe65, C655F mutant is not associated to immunoprecipitated,
intact or damaged chromatin (Fig. 4D and Fig. S6), thus suggesting
a convincing explanation for why this mutant failed to rescue the
phenotype observed in Fe65 KO MEFs. Furthermore, in APP/
APLP2 KD cells we observed a significant decrease of Fe65
associated with chromatin (Fig. 4F), thus clearly indicating that the
interaction of Fe65 with APP is necessary to allow its association to
chromatin.

Discussion
In a previous study, we demonstrated that ablation of Fe65 gene is
associated with an increased sensitivity to DNA damaging agents.
This observation suggested a possible function of Fe65 in the
molecular machinery of the cellular response to genotoxic stress. In
the present study, we addressed the question of whether the
phenotype provoked by Fe65 suppression is a consequence of an
altered function of one of its partners, Tip60. This hypothesis was
suggested by the notion that Tip60 is a major player in the molecular
machinery of DNA repair, thus Fe65 could have some role in the
regulation of Tip60 functions.

We made several main observations: (i) knockdown of Fe65
provokes a significant decrease in the recruitment of Tip60 and
TRRAP to DNA double strand breaks; (ii) accordingly, Fe65
suppression also provokes a dramatic decrease of histone H4
acetylation of lesioned chromatin and, in turn, (iii) the impairment
of DNA repair efficiency. Furthermore, we demonstrated that the
interaction of Fe65 with APP is necessary to allow Fe65 to associate
with chromatin and therefore to play its role in the response to
DNA damage. Based on these results, we propose the hypothesis
that Fe65 and its interaction with APP play a crucial role in the
association of the NuA4 complex containing Tip60 and TRRAP to
DNA lesion.

Although further studies are necessary to definitively address the
mechanisms of the Fe65 involvement in DNA repair and chromatin
remodeling, available knowledge allow us to propose the model
reported in Fig. 5. The first step of this model is the interaction of
Fe65 with APP. Our results demonstrate that a Fe65 mutant unable
to interact with APP fails to rescue the phenotype induced by Fe65
KO. Moreover, the same mutant has a clear dominant negative
effect on the recruitment of Tip60-TRRAP at the DNA lesion and,

Fig. 2. Fe65 suppression decreases DNA repair efficiency. DNA repair effi-
ciency in NIH-GS cells was measured by counting the percentage of GFP-
positive cells 48 h after the exposure of the cells to tamoxifen, which activates
I-SceI-ER. Representative FACS output of 1 experiment is shown. (Upper) Cells
transfected with nonsilencing control siRNA or Fe65 targeting siRNA and
exposed to vehicle. (Lower) Results obtained in cells treated with tamoxifen.
The histogram reports the mean values of 3 independent experiments. Gray
bars indicate the mean values obtained in the presence of vehicle. The
difference between the 2 black bars is significant (P � 0.01).
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in turn, on the DNA repair efficiency of the cells (see Fig. 3). One
possible explanation of the loss of function of the C655F mutant
could be based on the model proposed by Cao and Südhof (28).
This model suggests that the interaction of Fe65 with APP induces
a conformational change leading Fe65 from a ‘‘closed’’ to an
‘‘open’’ conformation. The ‘‘closed’’ conformation could be due to
an intramolecular interaction between the WW domain-containing
region and the PTB domain region (28). The APP cytodomain
opens this structure by competing for the binding of the WW
domain with the PTB2. A Fe65 deletion mutant, lacking the entire
PTB2 domain, is, similarly to the C655F mutant, completely unable
to interact with APP. However, this mutant protein, rescues the
phenotype of Fe65 KO cells (data not shown). On this basis it could
be speculated that this �-PTB2 mutant is in a constitutive ‘‘open’’
conformation, thus rescuing the absence of Fe65. On the contrary,
the C655F mutant could be in a constitutive ‘‘closed’’ conformation,
therefore being unable to rescue the effects of Fe65 suppression.
The loss of the function of this C655F mutant is likely because,
opposite to what observed with WT Fe65, it is unable to interact
with the chromatin (see Fig. 4D and Fig. S6), whereas it is still able
to interact with Tip60 (Fig. S7), thus explaining why it exerts a
strong dominant negative effect.

Further evidence supporting the involvement of APP in the
nuclear function of Fe65 comes from the results showing that the
suppression of APP/APLP2 leads to the impairment of Fe65
functions. In fact, in APP/APLP2 KD cells the association of Fe65
to chromatin is strongly reduced and accordingly the recruitment of

Tip60-TRRAP to damaged DNA, histone H4 acetylation and
DNA damage repair are decreased.

The second step of our model is the translocation of ‘‘active’’
Fe65 from its APP anchor site to the chromatin. One possible
mechanism for this event implies the proteolytic processing of APP
followed by the release of AICD-Fe65 from the membrane. An-
other possibility is that posttranslational modifications of APP
and/or Fe65 cause the release of Fe65 and its nuclear translocation.
For example, the phosphorylation of Thr-668 of APP is an inter-
esting candidate as a trigger mechanism inducing the release of
Fe65 (30).

Our results indicate that, in basal conditions, nuclear Fe65 is
associated to chromatin. As mentioned before, this association
requires the interaction with APP, because a mutant Fe65 unable
to interact with APP is not associated to chromatin and APP/
APLP2 suppression decreases the association to chromatin of
endogenous Fe65. The Fe65 KO or KD leads to a decondensation
of the chromatin structure, therefore, at least in basal conditions,
Fe65 seems to favor a condensed state of the chromatin. This Fe65
function remains to be studied in details. However, it seems to be
distinct from that involved in the response of the cells to DNA
damage and in the repair of the lesions. Chromatin fiber decom-
paction could depended at least in part on histone H4 acetylation,
likely catalyzed by Tip60 (31), thus Fe65 could also negatively
regulate, via its interaction with Tip60, global histone acetylation
and in turn the chromatin state. However, it is not expected that the
phenotype observed in Fe65 KD cells, i.e., reduced efficiency of
DNA repair (see Fig. 2), is a consequence of chromatin decom-

Fig. 3. Interaction with APP is necessary for Fe65 function in DNA repair. (A) C655F mutant of Fe65 looses the ability to rescue the increased sensitivity to DNA
damage of Fe65 KO MEFs. The latter were transfected with retroviral vectors driving the expression of WT Fe65 or C655F mutant or with empty virus (mock).
DNA damage after the exposure to 20 �M etoposide was measured by Comet assay as described in Materials and Methods. Western blot with myc antibody
demonstrated that WT and mutant Fe65 were expressed at comparable levels. (B) Overexpression of Fe65 mutant C655F decreases Tip60 recruitment at DNA
breaks induced by I-SceI-ER. NIH-GS cells were transfected with the vector encoding C655F or with empty vector (mock). ChIP experiments were performed as
described in Fig. 1B. *, P � 0.01. (C) Overexpression of Fe65 mutant C655F decreases histone H4 acetylation at DNA breaks. NIH-GS cells were transfected with
the vector encoding C655F or with empty vector (mock). ChIP experiments were performed as described in Fig. 1D. **, P � 0.001. (D) C655F mutant decreases
DNA repair efficiency. The experiments were performed as described in Fig. 2. NIH-GS cells were transfected with empty vector (mock) or with the C655F mutant.
The histogram reports the mean values of 3 independent experiments. The difference between mock and C655F transfected cells is significant with P � 0.001.
(E) APP and APLP2 suppression induces a decrease of Tip60 recruitment at DNA double strand breaks. NIH-GS cells were transfected with nonsilencing (NS) siRNA
or with siRNAs targeting APP and APLP2. ChIP were performed and analyzed as described in Fig. 1B. *, P � 0.01 Western blot with APP or APLP2 antibodies is
shown. NS, nonsilencing; DKD, double knock down. (F) APP/APLP2 suppression decreases histone H4 acetylation at DNA breaks. ChIP were performed as in Fig.
1C. **, P � 0.001; *, P � 0.01. (G) APP/APLP2 suppression decreases DNA repair efficiency. The experiments were performed as described in Fig. 2. Cells were
transfected with nonsilencing (NS) or APP � APLP2 targeting siRNAs (KD). The difference between NS and APP/APLP2 KD cells is significant (P � 0.01).
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paction, considering that, at least in principle, decompacted chro-
matin should favor and not hamper DNA repair. This paradox
could be explained by hypothesizing that Fe65 has 2 related but
distinct effects on chromatin: On intact chromatin, Fe65 favors the
compaction of the chromatin, whereas, upon DNA double strand
break, it stimulates the recruitment of Tip60, the acetylation of
histone H4 and in turn the local relaxation of the chromatin. This
possibility is reasonable if we consider that Fe65 is an adaptor
molecule, which can interact with several different ligands. The
�-PTB1 mutant has also a strong dominant negative effect. This
dominant effect is in part due to the fact the this mutant was found
associated with chromatin (Fig. S6C) and could be the consequence
of the titration of some other partners of Fe65, which may be
necessary for the proper function of Fe65. Among these Fe65
partners, possibly involved in the phenomena we have described,
there are the Set protein and the Abl tyrosine kinase. Both of them
interact with the WW domain of Fe65 (14, 32) and could be
involved in the nuclear functions of Fe65. Set is, in fact, a compo-
nent of the INHAT complex (inhibitor of histone acetyl trans-
ferase) (33) and nuclear Abl has a well-known role in the cellular
response to DNA damage (34).

The third step concerns with the mechanisms through which
Fe65 favors the recruitment of Tip60-TRRAP to the damaged

Fig. 4. Fe65 is associated with intact and damaged chromatin and this associ-
ation depends on its ability to interact with APP. (A) Fe65 is associated with intact
and cleaved DR-GFP locus in NIH-GS cells. The latter were treated with tamoxifen
or left untreated to activate I-SceI-ER. Cross-linked chromatin was immunopre-
cipitated with Fe65 antibody or control IgG (�). Association of Fe65 with DR-GFP
locus was measured by Real time PCR as reported in Fig. 1. (B) Fe65 is associated
with intact and damaged chromatin. N2A cells were treated with 100 �M eto-
poside or left untreated for the indicated times. Cross-linked chromatin was
immunoprecipitated with histone H3 antibody. De-cross-linked chromatin was
analyzed by Western blot with Fe65 antibody. Input indicates the nonimmuno-
precipitated cross-linked extract. (C) Fe65 knock out or knockdown induce chro-
matindecondensation.Chromatinfromtheindicatedcell lines, inwhichFe65was
suppressed by gene KO or by RNA interference, was digested with 2 mM micro-
coccal nuclease for the indicated times. Digested DNA was examined by agarose
gel electrophoresis. Fe65 KO or KD result in the accumulation of the smallest
bands of nucleosomal ladder. Retroviral-directed reexpression of WT Fe65 re-
storedthenormalcleavagepattern(LowerRight). (D)C655FmutantofFe65 isnot
associatedwithchromatin.NIH3T3cellsweretransfectedwithmyc-taggedC655F
mutant. Association of C655F mutant with chromatin was analyzed as in B.
(Upper) The C655F mutant was not associated to chromatin either in cells treated
with 100 �M etoposide (VP16) or not treated (DMSO). (Lower) Reblot of the filter
shown in Upper. Endogenous Fe65 is associated with chromatin. (E) APP/APLP2
suppression hampers the association of Fe65 with chromatin. NIH-GS cells were
transfected with nonsilencing (NS) or APP � APLP2 targeting siRNAs. ChIP were
performed with control IgG (gray bars) or with Fe65 antibody (black bars) and
with the oligonucleotide pairs used in Fig. 1. **, P � 0.001; **, P � 0.01.

Fig. 5. Fe65 involvement in chromatin remodeling and DNA damage repair.
Available results support the hypothesis that Fe65 exists in 2 conformations.
(A–D) The interaction with the cytodomain of APP induces Fe65 from a ‘‘close’’
(A) to an ‘‘open’’ (B) conformation. The cleavage of APP or its phosphorylation
may cause the release of Fe65 from the membrane anchor (C) thus allowing its
association with chromatin (D). (E) In basal conditions, chromatinized Fe65
appears to have a general role in favoring chromatin condensation. Chroma-
tin associated Fe65 is necessary for the recruitment of Tip60-TRRAP-containing
complex at DNA double strand breaks. Loss of function of the Fe65-APP
machinery induces a significant decrease of DNA repair efficiency.
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DNA. Because Fe65 is associated to chromatin in basal conditions,
one hypothesis is that Tip60-TRRAP containing complex is re-
cruited to DNA lesion by binding Fe65 that is already on the
chromatin. This hypothesis implies a signal inducing the interaction
between Fe65 and Tip60-TRRAP. This signal could be the phos-
phorylation of Fe65, which was demonstrated to take place few
minutes after the genotoxic stress (22).

The study of APP has tried to address the possible role of
dysfunction of this molecule in the pathogenesis of AD. Our results
suggest that the involvement of the Fe65-APP complex in the
response of the cells to DNA damage and in the DNA repair
machinery should be taken into account as a possible mechanism
contributing to neuronal dysfunction observed in AD pathology.
This possibility deserves further attention, also considering that
numerous studies have pointed to the accumulation of DNA
lesions, including double strand breaks mostly because of oxidative
damage, in mild cognitive impairment and in AD. These observa-
tions indicate that DNA damage occurs in all of the steps of the
disease progression and DNA repair defects could significantly
contribute to neurodysfunction and neurodegeneration observed in
dementia (35).

Materials and Methods
Fe65 KO MEFs, NIH3T3, Hepa 1–6 and N2A cells were cultured as reported in
SI Text. Fe65, APP and APLP2 silencing was obtained as described in SI Text.
NIH-GS clones were obtained as described in Fig. S2.

WT Fe65 and �-PTB1 and C655F mutants were cloned in the pBABE-puro
vector and the retroviruses were produced in 293 LinX cells (see also SI Text).

Etoposide (VP-16, Calbiochem, 100 mM stock in Me2SO) was used at 20 or 100
�M for the indicate times. 4-Hydroxytamoxifen (Sigma, 100 �M stock in 95%
ethanol) was used at 1 �M.

Antibodies are reported in SI Text. Neutral comet assay was carried out as
described in ref. 22. Chromatin immunoprecipirtatin was performed as de-
scribed in ref. 14 (see SI Text).

Fe65 interaction with chromatin was also measured by immunoprecipitating
cross-linked chromatin with histone H3 as described in SI Text. MNase experi-
ments were carried out as described in SI Text. For FACS analysis NIH-GS were
resuspended in PBS at 200,000 cells per mL and GFP positive cells were counted
with a FACScanto (BD Biosciences) instrument. Each experiment was performed
at least in triplicatebycounting30,000eventsper sample.TheStudent’s t testwas
used to measure statistical significance.

ACKNOWLEDGMENTS. We thank Caterina Missero, Nicola Zambrano and
Domenico Grieco for reading the manuscript and helpful suggestions. The
work was supported by grants from the U.S. Alzheimer Association, Associa-
zione Italiana Per La Ricerca Sul Cancro, and the Italian Ministry of Health.
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