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tion, nuclear exclusion, and inhibition of FOXO and in reentry
of cells mto the cell cycle as a consequence of the loss of the
effects of FOXO on the expression of these target genes.

FOXO also plays a role in G, phase of the cell cycle. Ec-
topic expression or conditional expression of a constitutively
active form of FOXO induces G, delay or G, arrest in addi-
tion to G, arrest (20, 66). DNA microarray analysis has impli-
cated GADD45a (growth arrest— and DNA damage—inducible
protein a of 45 kDa) as a potential mediator of G, arrest in-
duced by FOXO activation (20, 66). A role for GADD45a in
G,-M checkpoint control (71) has also been suggested by the
observation that purified recombinant GADD45a inhibits the
histone H1 kinase activity associated with the cyclin B—Cdc2
complex by inducing the dissociation of this complex, which
is required for G, transition (74). A central region of human
GADD45a (amino acids 65-84) has been shown to mediate
its interaction with Cde2 (also known as CDK 1) and to be re-
quired for inhibition of the kinase activity of Cdc2. FOXO di-
rectly binds and activates the promoter of the GADD45a gene
and increases the amount of GADD43a protein (20, 66). Fur-
ther evidence that FOXO-induced G, arrest is mediated by
GADD45a was provided by the observation that such arrest is
partially compromised in GADD43a-deficient mouse embry-
onic fibroblasts (66). GADD45a is also a stress-inducible
protein, and its induction by FOXO is implicated in the cellu-
lar stress response (see below)..

OXIDATIVE STRESS AND FOXO

An absence of Akt signaling in C. elegans results in activa-
tion of the FOXO homologue DAF-16 and in dauer formation,
a phenotype that is characterized by mcreased resistance to ox-
idative stress (27, 49, 50). The stress resistance phenotype is
dependent on DAF-16, implicating this transcription factor in
the regulation of genes related to stress resistance (30, 65).
Similarly, mammalian FOXO plays a role in cellular resistance
to oxidative stress. In quiescent cells that lack Akt activity,
FOXO localizes to the nucleus and induces the expression of
manganese superoxide dismutase, an antioxidant enzyme that
confers resistance to oxidative stress (35). FOXO3a also up-
regulates the expression of sterol carrier protein x (SCPx) and
SCP2 (13). SCPx is a thiolase that contributes to the break-
down of branched chain fatty acids and to the biosynthesis of
bile acids, whereas SCP2 has been shown to protect bound
fatty acids against oxidative damage induced by the combina-
tion of hydrogen peroxide (H,O,) and Cu?* (13).

REGULATION OF FOXO IN RESPONSE
TO OXIDATIVE STRESS

Among various genes that are regulated by FOXO, that for
GADD45a is induced by a variety of stressors, including ioniz-
ing radiation, UV, and reactive oxygen species such as H,0,,
suggesting that FOXO might also be activated by cellular
stress. DAF-16 translocates from the cytoplasm to the nucleus
in response to certain types of oxidative stress in C. elegans
(24). Similarly, oxidative stress caused by H,0,, menadione, or
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heat shock triggers the relocalization of FOXO from the cyto-
plasm to the nucleus in mammalian fibroblasts exposed to
growth factors (9, 33) (Fig. 4). The apparent nuclear accumula-
tion of FOXO in the nucleus of cells not exposed to growth fac-
tors is not further increased by stimulation of these cells with
H,0,. FOX03a is phosphorylated on eight serine or threonine
residues, not including those residues targeted by Akt, in re-
sponse to oxidative stress, although the kinases responsible for
such phosphorylation remain to be identified (9). It is possible
that some of these phosphorylation events triggered by stress
interfere with the interaction between FOXO and 14-3-3,
thereby inducing nuclear accumulation of FOXO. Alterna-
tively, in this regard, c-Jun NH,-terminal kinase (JNK) phos-
phorylates 14-3-3 and thereby induces dissociation of its target
protein Bax (67). JNK is a member of a group of mitogen-
activated protein kinases, known as stress-activated protein ki-
nases, that are activated by oxidative stress (15). It is therefore
possible that 14-3-3 is phosphorylated by JNK that has been
activated by oxidative stress and that its phosphorylation pro-
motes its dissociation from FOXQ, thereby allowing transloca-
tion of FOXO to the nucleus.

In addition to inducing its nuclear translocation, oxidative
stress promotes the interaction of FOXO with protein acety-
lases, including p300 [or the related protein CREB-binding
protein (CBP)] and p300/CBP-associated factor (PCAF), and
its consequent acetylation at several lysine residues (9, 19, 33,
40, 44, 48, 68). Human FOX(4 is acetylated by CBP at lysines

Oxidative
stress

Cell cycle
ON/OFF Apoptosis
DNA repair
Stress resistance
Metabolismm

FIG. 4. Relocalization and activation of FOXO in re-
spense to oxidative stress. Oxidative stress induces the phos-
phorylation of FOXO by unidentified kinases and its conse-
quent translocation to the nucleus. The transcriptional coactivator
300 {or CBP) interacts with FOXO and catalyzes its acetyla-
tion on several lysine residues, resulting in inhibition of its
transactivation activity. The deacetylase SIRT1 also binds to
and deacetylates FOXO, thereby reversing the inhibitory effect
of p300 on FOXO activity. The effects of acetylation and
deacetylation of FOXO, however, appear to be promoter-
specific; whereas SIRT1 enhances the FOXO-mediated ex-
pression of genes that contribute to cell-cycle regulation or the
stregs response, it suppresses that of genes whose products par-
ticipate in apoptosis.
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186, 189, and 408 in vitro (19). An additional lysine tesidue of
FOXO04, lysine 237, is also acetylated by p300 and CBP in vive
(33). The acetylation of FOXO4 by p300 (or CBP) inhibited its
activation of a promoter containing multiple copies of the
FOXO response element linked to a reporter gene, as well as of
p278irl expression, indicating that acetylation inhibits the
transactivation activity of FOXO4 directly (19, 33). Human
FOX03a is also acetylated on five lysine residues (lysines 242,
259,271, 290, and 569) in response to oxidative stress (9).

A physiological interaction of FOXO with SIRTI, an
NAD*dependent deacetylase and the closest homologue of
yeast SIR2 among the seven members of the mammalian sir-
tuin family (9, 33, 44, 68), has also been demonstrated. The
binding of SIRT1 to FOXO is accompanied by deacetylation
of the latter in an NAD"-dependent manner. Deacetylation of
transcriptional complexes including transcription factors and
histones has been traditionally associated with repression of
target gene expression. However, deacetylation of histones
and unidentified molecules by the yeast histone deacetylase
Rpd3 was recently shown to be required for gene expression
in response to stress, including oxidative stress (16). The
deacetylation of FOXO by SIRT1 also appears to reverse the
inhibitory etfect of acetylation on its transactivation activity.
Depletion of endogenous SIRT1 in SaoS2 cells (which lack
p53) by RNA interference thus resulted in impairment of
FOXO-mediated GADD43a expression induced by oxidative
stress {33). However, the effect of FOXO acetylation—
deacetylation on the transcription of target genes is not quite
so straightforward. SIRTI has thus been shown to suppress
the FOXO-mediated expression of genes, such as those for
Bim and Fas ligand, that contribute to the apoptotic response,
suggesting that the regulation of FOXO activity by acetyla-
tion—deacetylation is promoter-specific (9).

CONCLUSION

The FOXO family of proteins regulates various biological
activities, including cell-cycle progression, the cellular re-
sponse to oxidative stress, DNA repair, and apoptosis. The ac-
tivity of FOXO proteins is regulated by phosphorylation by
multiple protein kinases, as well as by acetylation and deacety-
lation. Phosphorylation of three highly conserved residues of
FOXO by the PI3SK-Akt signaling pathway results in the nuclear
exclusion of FOXO mediated by interactions with 14-3-3, the
Ran GTPase, and Crm1 and in the consequent nhibition of tar-
get gene transcription. Deregnlation of the PI3K-Akt signaling
pathway is implicated in tumorigenesis. The tumor suppressor
PTEN regulates FOXO through the PI3K-Akt signaling path-
way (47). In addition, like the tumor suppressor p53, FOXO is
activated by oxidative stress and other stressors and induces the
expression of genes that contribute to cell-cycle arrest, suggest-
ing that FOXO also functions as a tumor suppressor.
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CBP, CREB-binding protein; CDK, cyclin-dependent ki-
nase; CK1, casein kinase 1; CKI, CDK inhibitor; DYRKIA,
dual-specificity tyrosine-phosphorylated and regulated kinase
1A; FOXO, forkhead member of the class Q; GADD45a,
growth arrest— and DNA damage-inducible protein a of 45
kDya; H,0,, hydrogen peroxide; 1GF-1, insulin-like growth fac-
tor—1; JNK, c-Jun NH,-terminal kinase; NES, nuclear export
sequence; NLS, nuclear localization sequence; PDK1, 3'-phos-
phoinositide—dependent kinase 1; PI3K, phosphatidylinositol
3-kinase; PIP,, phosphatidylinositol 3,4,5-trisphosphate; PTEN,
phosphatase and tensin homologue on chromosome 10; SCP,
sterol carrier protein; SGK, serum- and glucocorticoid-induced
kinase; UV, ultraviolet light.
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Abstract. Forkhead transcription factor, DAF-16, regulates
genes that contribute both to longevity and resistance to
various stresses in C. elegans. We and others have reported
that members of the FOX0, mammalian homologs of DAT-16,
also regulate genes related to stress resistance, such as
GADD4S. The NAD-dependent protein deacetylase, SIRZ, is
required for life span extension in yeast induced by caloric
restriction, which also increases longevity in a wide variety
of other organisms, including mammals. 8ir2.1, a homolog of
yeast SIRZ2, also extends life span by acting in a DAF-16
signaling pathway in C. elegans. We demonstrate that
mammalian SIRT1 (5ixla) physiologically interacts with
FOXO. Acetyiation of FOXO04, by the transcriptional
coactivator p300, counteracted transcriptional activation of
FOX04 by p300. In contrast, mammalian SIRT] was found
to bind to FOX0O4, catalyze its deacetylation in an NAD-
dependent manner, and thereby increase its transactivation
activity. The activity of FOXO4 1s suppressed or enhanced
by SIRT1 mnhibitor, nicotinamide, or its activator, regveratrol,
respectively. In response to oxidative stress, FOXO accunuilates
within the nucleus and induces GADDA4S expression. FOXO-
mediated GADD4S mduction is markedly impaired in the
celi, which depleted SIRT1 expression by RNA-nterference.
These results mdicate that mammalkian SIRT1 plays a pivotal
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role for FOXO function via NAD-dependent deacetylation in
response to oxidative stress, and thereby may contribute o
celludar stress resistance and longevity.

Introduction

Certain single-gene mutations, such as daf-2 and age-/, extend
Life span and increase resistance to a variety of environmental
effects, including oxidative stress and uliraviolet radiation in the
nematode C. elegans (1.2, The longevity and swess-resistant
phenotypes are dependent on the forkhead transcription factor,
DAF-16, which acts downsweam of DAF-Z/AGE-1 signaling,
pnplicating this protein in the regulation of genes related to
stress resistance (3 4). This signal cascade is conserved in
mammals. The msuliv/insulin-like growth factor (IGF) receptor
(DAF-2) activates protein kinase B (PKB; also known as
c-Akt) through the phosphatidylinositol-3-0OH kinase (PI-3K),
which phosphorylates and inhibits mammalian FOXO family
proteins by stimulating their nuclear exclusion (5.6). Members
of the mammalian FOXO family. including FOX03 and
FOXO4, also contribute to stress resistance by regulating genes,
such as those for GADDA5 (7.8) and MaSQD (9), suggesting
that FOXO also may participate in the regulation of life span
in mammalian cells, such as in invertebrates.

Yeast SIR2 mediates genomic silencing at telomeres,
mating-type loci. and ribosomal DNA repeats, as well as
regulating aging. SIR2 possesses an NAD-dependent histone
deacetylase activity that is reguired for both chromatin silencing
and life span extension (10-12). SIRTT (SirZa), a mammalian
homolog of yeast SIR2, funcuons as an NAD-dependent
deacetylase for transcription factors such ag p33, as well as
for histone (13-15). The extension of life span in . elegans
induced by overexpression of Sir2.1, also a homolog of yeast
SIR2. s thought to result from the action of thig protein in a
DAF-2-AGE-1-DAF-16 signaling pathway (16). These
observations prompted us to examine whether mammalian
SIRTI divectly regulates FOXO function.

In the present study, we have discovered that oxidative
stress, FOXOs and SIRT1 are linked. Our results indicare
that SIRT1 plays a key role in the FOXQ-mediated gene
EXPIEssion in response to oxidative stress.
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Materials and methods

Plasmids. Mouse SIRT1 and SIRT3 cDNAs were described
previously (17). The ¢DNA for SIRTI-HY, in which Hig*®
of SIRTT is replaced by tyrosine, was generated with the use
of a QuickChange Mutagenesis kit (Invitrogen). The expression
vector for HA-p300 and HA-CBP were kindly provided by
R. Eckner, M. lkeda and A. Fukamizu. The pCXN2Z-FLAG-
FOX04-WT, pCXNZ-FLAG-FOX04-TM, and pG45-817
plasmids weve described previously (8). The peDNA3ZL-
myc-FOX04-TM vector was generated by subcloning the
FOX04 cDNA fragment into peDNAS L-myc-his. The
several Myc epitope-tagged mutants of FOXO04-TM, in
which lysine (K) residues were repiaced by arginine (R),
were generated with the use of a QuickChange Mutagenesis
kit. Retroviral vectors, pMX-puro and pMX-neo, were
provided by T. Kitamura.

Cell lines, transfection and infection. The 293T, COS-7,
HCT-116, Saos2, MEF and NIH 3713 cells were culmred in
Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine sevum. Jurkat cells were maintained in
RPMI medium supplemented with 10% fetal bovine serum.
Transfection of cells with the various expression plasmids
was performed with the use of the FuGENEG reagent (Roche).
Retroviruses expressing FLAG-FOX04, FLAG-FOX04-TM,
FLAG-SIRT! and FLAG-SIRTI-HY were produced by
transfection into PLAT-E packaging cells {provided by
T. Kitamura), and infected NIH3T3 or MEFs were then
selected in medium containing 2 ug/ml puromycin or 1.2 pug/
ml neomy<in.
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Innumoprecipitation and Immmnoblot analysis. Cells were
lysed and subjected to immunoprecipitation as described
{18). For the detection of acetylated FOXO proteins, cells
were lysed in a lysis buffer containing 530 uM michostatin A
and 100 mM nicotinamide (Sigma). The primary antibodies
used in this study included those for FLAG (M2 and M5,
Sigma), Myc and HA (Medical Biological Laboratory), His6
{Covance), SIRTIL, p27, FOX0O3 and FOX0O4 (Santa Cruz
Biotechnology), acetyl lysine {Cell Signaling and UP State),
and o-tubulin (Sigma). Immune complexes were developed
with the ECL Plus system (Amersham).

In vitro deacetylation assay. In vifre deacetylation assay was
performed as reported by North er af (19). Briefly, 2937 cells
were transfected with pcBNA3Z, pcDNA3-FLAG- SIRTL, or
peDNA3-FLAG- SIRTI-HY expression plasmids, then
subjected to immunoprecipitation with antibodies for FLAG
and protein G-coupled magnetic beads (Dyna beads); the
resulting precipitates were used for dercetylation reactions.
Acetylated FOXO04 and FOXO3a were prepared by co-
transfection of 2937 cells with vectors for Myc-FOX04-TM
or FLAG-FOX03a-TM and HA-p300. Whole cell lysates
containing acetylated FOX0O4 or FOX03a were then incubated
for 2 b at 30°C with the mmmunoprecipitated SIRT1 in HDAC
buffer (50 mM Tris-HCI pH 9.0, 4 oM MgCl,, and 02 mM
dithiothreitol} in the absence or presence of 1 mM NAD,
0.5 uM trichostatin A, or 5 mM nicotinamide. Reaction
mixtures were immunoprecipitated with antibodies to Myc
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for FOXG4, or FLAG for FOXO3a, then analyzed by
immuncblot analysis with antibodies for acatyl lysine.

Luciferase assay. Cells were transfected with pGL-0xDBE or
p(G45-817 reporter plasmids together with phRG-TK and
expression vectors for FOX0O4 or SIRTL. After incubation
the absence or presence of resveratrol (Biomol) or nicotinanude,
cells were Tysed and assayed for huciferase activities with the
Dual-Luciferase Reporter Assay System (Promega). frans-
fection efficiency was normalized by Renillo luciferase activity
derived from phRG-TK.

RNA interference. The 21-bp siRNA duplexes mncluded a
2-base overhang. The sequence of the pan-FOXO and SIRT!
SiIRNA were 5-GGAUAAGGGCGACAGCAACTT and 5-
CUUGUACGACGAAGACGACTT, respectively. The GIFP
siRNA was obtained from Qiagen. Cells were transfected
with the siRNA duplexes with the use of oligofectamine
(Invitrogen}.

Resulis

Acetvlation of FOXO4 by p300 decreases lts transcriptional
activity. Both FOXO3 and FOXO1 are acetylated by p300
in vitro, but the biological significance of this modification is
not clear (20). We first examined whether mouse FOX0O4
and FOXO3 is acetylated by p300 i vivo. We transfected
293T cells with expression vectors for hemagglutinin epitope
{HA»-tagged p300, and FLAG epitope-tagged FOX04-TM
and FOXO3-TM, a mouse FOXO04 and FOXO3 mutant, m
which the three sites for phosphorylation by Akt have been
replaced by alanine, which s both consttutively active and
restricted to the nuclens. Inmunoprecipitation and immunoblot
analysis of the transfected ceils revealed that FOX04-TM
and FOXO3-TM were acetylated in cells that overexpressed
p300, but not in those that did not (Fig. 1A and B). Although
it has been recently reported that FOXO4 are acetylated by
coactivator CBP on lysine () 186, 189 and 408 in virro (213,
FOXO4-TM-3KR (K186, 189 and 408 are replaced by
arginine (RY) were still acetylated by p300. To determine the
site of acetylation in FOX04, we generated several Myc
epitope-tagged mutants of FOXO04-TM in which lysine
residues, in addition to K186, 189 and 408, were replaced by
arginine, and tested whether the mutant proteins were
acetylated in 2937 cells coexpressing HA-p300. Of the
various mutants tested, only the K237 substitation nutant of
FOX0O4-TM-3KR (FOX04-TM-4KR) resulted in markedly
reduced acerylation by p300 in vive, suggesting that FOX0O4
is acetylated by p300 on K186, 189, 237 and 408 (Fig. 1C).
To clarify the functional consequence of FOX04 acetyl-
ation, we subjected COS-7 cells to transient transfection, both
with a luciferase reporter plasmid (pGL-6xDBE) that contains
six tandem repeats of the DNA binding consensus element
for FOXO proteias, and an expression vector for FOX04-TM
or FOX04-TM-4KR, in the absence or presence of a p300
expression plasmid. Coexpression of p300 mcreased the
transactivation activity of FOX0O4-TM or FOXO4-TM-4KR.
However, the effect of p300 on the activity of FOX04-TM-
4KR was mote pronounced than that on FOXO4-TM activity
with comparable expression of p300 (Fig. 1D). Thus, the
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Figure 1. Acetylation of FOXO protein and inhibition of its transactivation
activity by p300. (A and B)Y The 2937 cells were wransfected with expression
vectors for FLAG-tagged FOX04-TM, FLAG-FOXO3-TM, and HA-tagged
p300, as indicated. then subjected to immunoprecipitation (I1P) with
antibodies for FLAG. The resulting precipitat ¢ subjected to
nnmunoblot analysis with antibodies for HA (HA-p300). FLAG (FLAG-
FOX04-TM), acetyl lysine, or o-tubulin (control). Cell lysates (input) we
also subjected directly to irtununoblot analysis with the same antibodies.
(Cy The 293T cells were transfected with expression vectors for eith
FOXO4-TM
FOX04
RedreGntgee

re

pitation with antibody tor Myc. The resulting precipitates
subjected to immuonoeblot analysis with antibodies for Mye and acetyl Iysine.
(T3) COS-7 cells were wansfected with the pGL-0xDBE luciferase reporter
plasmid. as well as with an expression vector for either myc-tagged
FOX04-TM or FOX04-TM-4KR in the absence {open bars) or presence
(closed bars) of an expression plasmid for HA-p300. The cells were assayed
for luciferase activity 24 h after wansfection. The expression of p300
proteins is indicated at the top as an insert. Data are mean = SD of triplicates
from an experiment repeated twice with similar results.

p300-mediated acetylation of FOXO4 negatively regulates its
transactivation activity, although p300 is involved in FOXO-
mediated transactivation by recruiting the basal transcriptional
compex.

SIRTI interacts and deacervlates FOX0O4. Given thar SIRT!
fanctions as an NAD-dependent deacetylase, SIRT1 would
counteract p300-mediated mhibition of FOX0O4 transactivation
activity. To examine this possibility, we first subjected 2937
cells to transient transfection with expression vectors for
FLLAG-tagged wild-type SIRT1 and Myc-FOX0O4-TM.
Immunoprecipitation and immunoblot analysis of the
transfected cells revealed that SIRTI coprecipitated with
FOX0O4-TM and vice versa (Fig. 2A and B). To confirm the
physiological interaction between endogenous human
FOX04, FOX03a and SIRTI proteins, whole cell extracts
from Jurkar cells treated with PI-3K inhibitor, .Y 204002,
which mduces nuclear accumulation of FOXO4 (6), and from
confluent Hel.a cells in which FOX03a accumulated within
the nucleus (9}, were subjected to immunoprecipitation. Co-
immunoprecipitations of FOX04 and SIRTI, and FOX(O3a
and SIRT1, were evident in L.Y294002-treated Jurkat and
confiuent Hela cells, respectively (Fig. 2C and D). These
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Figure 2. Interaction of mammalian SIRT! with FOXO4 and SIRT1-
mediated FOXO4 deacetylation. (A and B) The 293T cells were transfected
with expression vectors for FLAG-SIRT1 and Myc-FOX04-TM, as indicated.
Immunoprecipitates, prepared from transfected cells with antibodies for Myc
(A) or FLAG (B), were subjected to immunoblot analysis with antibodies for
FLAG (FLAG-SIRT1) or Myc (Myc-FOX04-TM). Cell lysates (input) were
also subjected directly to immunoblot analysis with the same antibodies.
(C) Jurkat cells treated (or not) with 20 1M LY 294002 for 1 h were lysed and
subjected to hnmunoprecipitation with antibodies for FOXO4 or controf 1gG.
and the resulting precipit subjected to immunoblot analysis with
antibodies for SIRTT or FOXO4. (D) Confluent Hela cells were lysed and
subjected to immunoprecipitation with antibodies for FOXO3a or control IgG.
and the resulting precipitates were subjected to immunoblot analysis with
antibodies for SIRT1 or FOXO3a. (£ The 2937 cells were transfected with
ex icn vectors for the indicated proteins and subjected to immuno-
precipitation with antibodies for Myc. The resulting precipitates and original
cell lysates were subjected to immunoblot analysis with antibodies for acetyl
lysine, Myve. FLAG, and w-tubulin. (F) Acetvlated Myc-FOXO4-TM from
wansfected 2937 cells coexpressing HA-p300 was incubated in the absence or
presence of NAD, nicotinamide (NIAY, or trichostatin A (TSA) with FLAG-
SIRTY or FLAG-SIRTI-HY, which had also been immunoprecipitated from
transfected 293T cells. The reaction mixtures were impwunoprecipitated with
antibody for Myc, then subjected to immunoblot analysis with antibodies for
acetyl tysine or Myc (upper two panels). The lower panel shows immuncblot
analysis with antibodies for FLAG, immunoprecipitated from cells transfected
with the SIRTT expression vectors.

results indicate that FOX0O4 and FOX(O3a proteins form a
complex with SIRT within the nuclei of mammalian cells.
We next investigated whether SIRTI catalyzes the
deacetylation of FOX04 in vivo. We wansfected 2937 cells
with various combinations of expression vectors for Myc-
FOXO4-TM, HA-p300, and FLAG- SIRTI or SIRT1-HY, a
catalytically inactive mutant (14). The acetylation of FOX04-
TM, apparent in cells overexpressing p300, was reduced by
coexpression of SIRT1, but not by that of SIRTI-HY Fig. 2E).
The acetylation of FOX0G3a-TM, induced by coexpression of
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p300, was also reduced by coexpression of SIRTI, but not by
that of SIRTI1-HY (data not shown). We then examined
whether SIRT!L directly deacervlates FOXO4 in vitro.
Acetylated Myc-FOX04-TM from transfected 2937 cells
coexpressing HA-p300 was incubated with FLAG-SIRT! or
FLAG- SIRTI-HY immunoprecipitated from transfected 2937
cells. Whereas the immmunoprecipitated SIRT1 deaceryiated
FOXO4-TM in an NAD-dependent manner, SIRT1-HY did
not (Fig. 2IF). The deacetylation of FOX0O4-TM by SIRTI
i virrg was prevented by nicotinamide, a specific inkhibitor
of SIRTI activity (13}, but not affected by trichostatin A, an
1nhibitor of classical histone deacetylases (HDACs).

SIRTI enhiances FOXO transcriptional activity by NAD-
dependent deacetylation. We exanuned whether the
deacetylation of FOX04 by SIRTI counteracts the negative
regulation of FOXO4 activity by p300-mediated acetylation.
We subjected HCT116 cells to ransient transfection, both
with the pGL-6xDBE reporter plasmid and an expression
vector for either FOXO4-TM, then incubated the cells in the
absence or presence of various concentrations of resveratrol,
a plant polyphenol that increases the NAD-dependent
deacetylase activity of SIRTI (22). The transactivation
activities of FOX0O4-TM were increased by resveratrol in a
dose-dependent manner (Fig. 34). Conversely, treatment of
the cells with nicotinamide resulted in the inhibition of the
transactivation activities of FOX04-TM (Fig. 3B). The
transactivation activities of FOX04 and FOX04-TM were
also increased m a dose-dependent manner by coexpression
of SIRTI, but not affected by coexpression of either SIRTI-HY
or S3IRT3, a mitochondrial member of the Sir2 fanuly
(Fig. 3C and D). Moreover, overexpression of SIRT! increased
the transactivation activity of FOX04-TM, as measured with &
luerferase reporter plasmid controlled by the native promoter
of human GADD45 (Fig. 3E). Furthermore, the mtroduction
of FOX04-TM by retroviral gene transter resulted in the
accumulation of p27 as reported (23). The co-introduction of
FOX04-TM with SIRTL, but not SIRTI-HY . led o increased
accumulation of p27 (Fig. 3F). These results indicate that
SIRTI! increases the tfransactivation activity of FOXO
proteins as a result of its NAD-dependent deacetylation activity.

SIRT1 is essential for FOXO-mediated GADDYS induction in
response to oxidative stress. We and others have previously
shown that members of FOXO activate the GADD4S promoter
1 response to oxidative stress and UV radiation (7,8). FOXO
usually localizes in the cytoplasm by PKB phosphorylation
leading to {4-3-3 and CRMI-mediated nuclear exclusion in
serum containing mediuwm. Therefore, FOXO should be
accumulated within the nucleus to activate gene expression
as a transcription factor. As reported, the treatment of NIH-
FOX04 cells, in which mouse FOX0O4 has been inwoduced
by retroviral-mediated gene transfer, with LY294002 resulted
in the accumulation of FOX0O4 within the nucleus. In response
to oxidative stress, FOXO4 also rapidly accumulated within
the nucleus (Fig. 4A). We next examined whether the
accunated FOXO04, in vesponse to oxidative stress, inferacts
with SIRT1. Whole cell lysates from the NIH-FOX04 cells,
with or without H,Q, treatment, were nmumunoprecipitated
with antibody for FOXO4. Co-tmmunoeprecipitations of FOX04
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and 5IRT1 were evident in cells treated with H,O, (Fig. 4B).
Inhibition by nicotinamide of endogenous SIRTI activity in
NIH-FOX04 cells weated with LY294002 or H,O, resulted
in a small increase in the amount of acetylated FOXQ4
(Fig. 4C). Trichostatin A also slightly increased the level
of FOX04 acetylation, whereas treating cells with both
nicotinamide and trichostatin A resulted m an additive increase
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in the amount of acetylated FOX0O4. These observations thus
indicated that acetylation and deacetylation of FOX04
occur physiologically, both the SIRT family and HDACs
contribute to FOX04 deacetylation, and the induction of
nuclear accumulation by both LY 294002 and H,0, markedly
induced the acetvlation of FOXO0O4, although the acetylation
was reversed by trichostatin A- and nicotinamide-sensitive
deacetylases. To address the contribution of FOXO on the
induction of GADDAS in response fo oxidative stress, we
rransfected Saos2 cells with an siRMA for pan-FOXO mRNA
(243, then treated them with H,O,. Although FOX03 was

237-243, 2005 041

highly expressed among the FOXO fanuly, the expression of
FOXO4 was not detected by immuneblot analysis in Saos2
cells. FOX0O3 expression was suppressed in cells transfected
with a pan-FOXO siRNA compared with those in cells
rransfected with a GFP siRNA as a control. Although GADD45
protein was induced in response to H.O, treatment in control
cells, the induction of GADDA45 was markedly impaired in
cell-depleted FOXO, indicating that FOXO is responsible for
GADD4S mduction in Saos2 cells in response to oxidative
stress (Fig. 45). To clarify the role of endogenous 5IRTT on
FOXO-mediated GADDA4S induction in response to oxidative
stress, cells depleted of SIRT1 and control cells were treated
with | mM H,0,, then GADD45 induction was monitored by
immunoblot analysis. The mnduction of GADD4S in response
to oxidative stress was inhibited in cells depleted of endogenous
SIRT1, compared with that in control cells (Fig. 4E). These
results demonstrated that SIRTL is essential for FOXO0-
mediated GADD45 induction in response to oxidative stress.

Discussion

We have shown that mammalan SIRT! interacts physically,
functionally, and physiologically with FOXO. Furthermore,
SIRTI regulates the transactivation activity of FOXO by
catalyzing #s deacetylation 1in an NAD-dependent manner in
response to oxidative stress. Similar results have been reported
by several groups (25-28). The present study extended these
findings, and showed that mammalian FOXO also accumulated
within the nucleus in response to oxidative stress, thereby
triggering the activauon of stress-inducible genes, such as
GADD45. While Motta er af reported that SIRT1 function
represses FOXO activity (25), Brunet ef af proposed that the
effects of deacetylation are target gene-gpecific, such that the
expression of proapoptotic genes is inhibited, while genes
that regulate cell cycle arrest and resistance to oxidative
stress are increased (26). The present study favors the second
hypothesis, 1.e. deacetvlation of FOXOs results in an increase
in transcription of stress-resistant genes such as GADD4S.
Histone deacetylase has been traditionally associated with the
repression of gene expression by deacetylating histone or
transcription factors. However, it has been reported that veast
histone deacetylase, Rpd3, 1s reguired for gene expression in
response to stress by, at least, deacetylating histones and also
unidentified molecules (29). Qur results indicate that the
acetylation of FOXO4 suppresses ifs transactivation activity,
and deacetylation of FOX04 by SIRTI counteracts its
acetylation-mediated suppression, As depletion of endogenous
SIRTI by siRNA results in impaired FOXO-mediated
GADD45 expression in response to oxidative stress, our
results suggest that oxidative stress triggers nuclear localization
of FOXO family members and induces interaction of FOXO
and SIRT! specifically, thereby leading 1o the activation of
GADDA4S expression by deacetylating FOXO and possibly
histones, such as yeast Rpd3 does.

Restriction of caloric intake extends life span in a wide
variety of organisins, including mammals (30). In yeast, the
NAD-dependent activity of SIR2 is essential for this effect,
suggesting that caloric restriction regulates SIR2 activity by
altering the celfular concentration of NAD or nicotinanide
(31). Indeed, an increase in the expression of pyrazinamidase/
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nicotinanudase 1 (PNC1), which deaminates nicotinamide
and thereby reduces its concentration and activates SIRZ, 1s
both necessary and sufficient for life span extension of yeast
in response to caloric restriction (32). Furthermore, caloric
restriction or mutation of Epd3. both of which extend life
span in Drosophila, results in a two-fold increase m Su2
expression (33). It has been reported that caloric restriction in
mice also mcreases SIRT1 expression {34). As calorie-
restricted antmals routinely have lower levels of insulin and
IGF-1 (35}, the actuvity of FOXO fanuly proteins would be
increased by prolonged nuclear retention. Together with our
present findings, these various observations suggest that
FOXO family proteins and SIRT1 may cooperate 1o extend
life span in response to the restriction of caloric intake in
manmmals.
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Abstract

The tumor suppressor protein p53 plays a central role in the induction of apoptosis in response to genotoxic stress. The protein
kinase Chk2 is an important regulator of p53 function in mammalian cells exposed to ionizing radiation (IR). Cells derived from
Chk2-deficient mice are resistant to the induction of apoptosis by IR, and this resistance has been thought to be a result of the defec-
tive transcriptional activation of p53 target genes. It was recently shown, however, that p53 itself and histone H1.2 translocate to
mitochondria and thereby induces apoptosis in a transcription-independent manner in response to IR. We have now examined
whether Chk?2 also regulates the transcription-independent induction of apoptosis by p53 and histone H1.2. The reduced ability
of IR to induce p33 stabilization in Chk2-deficient thymocytes was associated with a marked impairment of p53 and histone H1
translocation to mitochondria. These results suggest that Chk2 regulates the transcription-independent mechanism of p53-mediated

apoptosis by inducing stabilization of p53 in response to IR.
© 2005 Elsevier Inc. All rights reserved.
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The genome of cells is continually damaged by envi-
ronmental insults such as ultraviolet light and ionizing
radiation (IR); by oxidative stress, such as that attribut-
able to reactive oxygen species derived from oxidative
metabolism; and, in dividing cells, by errors in DNA
replication and mitosis, Maintenance of the integrity
of genomic DNA relies on the DNA damage check-
point, which either halts cell cycle progression to allow
cells time to repair DNA damage or triggers apoptosis,
depending on the extent of DNA damage and on cell
type [1-3]. By acting as a central regulator of cell cycle
arrest and apoptosis, the tumor suppressor protein p53
protects cells from malignant transformation. This role

* Abbreviations: IR, ionizing radiation; FITC, fluorescein isothiocy-
anate.
* Corresponding author. Fax: 481 562 46 8437.
E-mail address: motoyama@nils.gojp (N. Motoyama).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.05.126

has earned p53 the designation of “guardian of the gen-
ome” or “gatekeeper of the cell” [4,5]. Among the multi-
ple specific functions of p53, the induction of apoptosis
is thought to be especially important in preventing
tumor progression [6,7].

Regulation of the abundance and transcriptional reg-
ulatory activity of p53 is achieved primarily by posttran-
scriptional modification, including phosphorylation and
acetylation [8]. Exposure of cells to IR activates a signal-
ing pathway that includes sensors of DNA damage, sig-
nal transducers, and mediators and which results in the
stabilization and activation of p53 [1-3]. We and others
have previously shown that Chk2 contributes to p53 sta-
bilization in cells exposed to IR and that Chk2 is a crit-
ical regulator of p53 function, given that cells derived
from Chk2-deficient mice are defective in the
transcriptional induction of p53 target genes at the
G,-S checkpoint [9-11]. In addition to the defect in
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transcriptional activation of proapoptotic genes such as
those for Bax and Noxa, various cell types derived from
Chk2-deficient mice, including thymocytes, neurons,
and adenoviral ElA-transformed mouse embryonic
fibroblasts, are resistant to the induction of p53-medi-
ated apoptosis by IR [9-12].

Translocation of p53 to mitochondria and direct
induction of apoptosis [13-16] as well as the p53-depen-
dent release of histone H1.2 from the nucleus and conse-
quent induction of apoptosis [17] have been recently
described in cells exposed to IR, although the signaling
pathway to leading these translocations remain unclear.
Chk2 forms a stable complex with p53 in human cells

[18] and phosphorylates human p53 at Ser?® (Ser”® in

mouse) and COOH-terminal fragment including Ser*®¢,

Ser’”™®, and Thr*®’ of human p53 [10,19-21] These
observations prompted us to examine whether Chk2
regulates the induction of such transcription-indepen-
dent apoptosis by pS3 and histone H1.2. We now show
that the translocation of p53 and histone H1 to mito-
chondria is markedly reduced in Chk2-deficient cells as
a result of the defect in p53 stabilization. We therefore
conclude that Chk2 regulates both transcription-inde-
pendent and transcription-dependent mechanisms of
p53-mediated apoptosis by stabilizing p53 and by
increasing its transcriptional regulatory activity.

Materials and methods

Mice. The generation of Chk2-deficient mice was described previ-
ously [9] The endogenous and disrupted Chk2 genes were detected by
polymerase chain reaction analysis of mouse tail DNA either with
5'-CTCGCTGACCTAGGTAGCAGGACC-3' and 5'-TGTGCCGG
TAGAGGAGCTGG-3' or with 5'-CTCGCTGACCTAGGTAGCAG
GACC-3' and 5-GGGTGGGGTGGGATTAGATAAATG-3 as
primers, respectively. The amplification protocol comprised 35 cycles
of denaturation for 1 min at 94 °C, annealing for 90 s at 64 °C, and
elongation for 90 s at 72 °C. Mice deficient in p53 were obtained from
Taconic (Taconic, Germantown, NY).

X-irradiation of cells. Freshly isolated thymocytes from mice of the
indicated genotypes were suspended in RPMI 1640 medium
supplemented with 10% fetal bovine serum. They were exposed to the
indicated dose of X-radiation at a rate of 4.53 Gy/min and then cul-
tured for the indicated times under a humidified atmosphere of 6%
CO, at 37 °C.

Apoptosis assay. Apoptosis in irradiated thymocytes was assayed
with the use of an Annexin V-FITC Apoptosis Detection Kit (Sigma, St.
Louis, MO). In brief, harvested cells were washed with ice-cold phos-
phate-buffered saline, resuspended in 1x binding buffer [10 mM Hepes—
NaOH (pH 7.5), 140 mM NaCl, and 2.5 mM CaCl,] at a density of
1.0 x 10 cells/ml, and then incubated for 10 min with fluorescein iso-
thiocyanate (FITC)-conjugated annexin V. The proportion of cells po-
sitive for staining by annexin V-FITC was determined immediately
thereafter by flow cytometry with a FACScalibur instrument and data
analysis with CELL Quest software (BD Pharmingen, San Diego, CA).

Immunoblot analysis. Cells were lysed in a solution containing
50 mM Hepes-NaOH (pH 8.0), 150 mM NaCl, 25 mM EGTA, I mM
EDTA, 0.1% Tween 20, 10% glycerol, 0.1 M NaF, and a mixture of
protease inhibitors (Complete-Mini; Roche, Mannheim, Germany).
The protein concentration of the lysates was determined with the BCA

protein assay reagent (Pierce, Rockford, IL), after which samples
(10 pg of protein) were subjected to SDS-polyacrylamide gel electro-
phoresis and immunoblot analysis with mouse monoclonal antibodies
to mouse p53 (IMX25; Novocastra, Newcastle, UK) or to y-tubulin
(GTU-88, Sigma) or with rabbit polyclonal antibodies to Puma (Pro-
Sci, Poway, CA). Immune complexes were detected with horseradish
peroxidase-conjugated secondary antibodies and the ECL Plus system
(Amersham Bioscience. Piscataway, NJ).

Isolation of mitochondria. Mitochondria were isolated with the
use of a Mitochondria/Cytosol Fractionation Kit (BioVision,
Mountain View, CA). In brief, thymocytes were washed with ice-
cold phosphate-buffered saline, resuspended in 1ml of 1Xx cytosol
extraction buffer mix containing dithiothreitol and protease inhibitor
cocktail, and then incubated for 10 min on ice. The cells were dis-
rupted by 60 strokes of a Dounce homogenizer to yield a crude
extract, which was then centrifuged at 700g for 10 min at 4 °C. The
resulting supernatant was centrifuged at 10,000g for 30 min at 4 °C,
and the final pellet was washed twice with 1X cytosol extraction
buffer mix and saved as the mitochondrial fraction. Protein con-
centration was determined with a Dc Protein Assay Kit (Bio-Rad,
Hercules). The crude extract and mitochondrial fraction were solu-
bilized in SDS sample buffer and then subjected to SDS-poly-
acrylamide gel electrophoresis and immunoblot analysis with mouse
monoclonal antibodies to mouse p53 or to histone H1 (AE-~4; Santa
Cruz Biotechnology. Santa Cruz, CA). The purity of the mito-
chondrial fraction was assessed by immunoblot analysis with a
mouse monoclonal antibody (20EB; Molecular Probes, Eugene OR)
to OxPhos complex IV subunit IV (COX4) and rabbit polyclonal
antibodies (FL-261, Santa Cruz Biotechnology) to proliferating cell
nuclear antigen (PCNA), as markers for mitochondria and the
nucleus, respectively.

Results and discussion

Accunmilation of Puma and translocation of both p53
and histone HI coincide with the initiation of apoptosis

The tumor suppressor p53 induces apoptosis by tran-
scription-dependent and  transcription-independent
mechanisms in response to exposure of cells to IR.
Although the transcriptional activation of p53 target
genes for proapoptotic proteins such as Puma is relative-
ly rapid, the accumulation of these proteins to a level
sufficient to mediate apoptosis presumably requires
additional time. We therefore first examined the kinetics
both of the induction of apoptosis and of the expression
of Puma in thymocytes exposed to IR. Apoptotic cells
were detected 3 h after X-irradiation and their percent-
age increased thereafter (Fig. 1A). Although p33 was
stabilized within 1 h after X-irradiation, Puma accumu-
lation was not apparent until 3h (Fig, 1B), indicating
that the accumulation of Puma is coincident with the
initiation of apoptosis. We next examined the kinetics
of the translocation of p533 and histone HI to mitochon-
dria. Translocation of both p53 and histone H1 to mito-
chondria was detected 3h after X-irradiation of
thymocytes (Fig. 1C). Together, these results thus indi-
cated that both transcription-dependent and transcrip-
tion-independent pathways contribute to the initiation
of p53-mediated apoptosis in thymocytes exposed to IR.
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Fig. 1. Kinetics of apoptosis, Puma expression, and translocation of
p53 and histone H1 to mitochondria in thymocytes exposed to IR. (A)
Thymocytes from wild-type mice were exposed {or not) to 4 or 10 Gy
of X-radiation and then cultured for the indicated times before staining
with annexin V-FITC and determination of the percentage of annexin
V-positive cells by flow cytometry. Data are means £ SD of triplicates
from an experiment that was performed a total of two times with
similar results. (B) Total cell lysates prepared from thymocytes at the
indicated times after exposure to IR (4 or 10 Gy) were subjected to
immunoblot analysis with antibodies to mouse p53, to Puma, and to y-
tubulin (loading control). (C) Mitochondrial fractions were purified
from thymocytes at the indicated times after exposure to IR (10 Gy).
Both total crude extracts (10 pg of protein) and purified mitochondria
(10 ng of protein) were subjected to immunoblot analysis with
antibodies to mouse p53, to histone H1, to PCNA, and to COX4.

Stabilization of p53 is essential for IR-induced histone
Hltranslocation and apoptosis

The previous observation that IR triggered apoptosis
in E1A-transformed mouse embryonic fibroblasts in the
presence of the protein synthesis inhibitor cycloheximide
indicated that a latent p53 is able to induce apoptosis in
a transcription-independent manner [12,22]. We there-
fore examined whether p53 also induces apoptosis in
thymocytes in the presence of cycloheximide. Cyclohex-
imide treatment inhibited the increase in the number of
annexin V-positive cells induced by IR (Fig. 2A). The
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Fig. 2. Inhibitory effects of cycloheximide on p53 stabilization and
apoptosis induced by IR. (A) Freshly isolated thymocytes from wild-
type mice were incubated with or without cycloheximide (CHX, 10 pg/
ml) for 30 min, exposed to 10 Gy of X-radiation, and incubated for an
additional 5h in the continued presence of cycloheximide. The cells
were then stained with annexin V-FITC and analyzed by flow
cytometry. Data are means &+ SD of triplicates from an experiment
that was performed a total of two times with similar results. (B)
Thymocytes were treated with cycloheximide and irradiated as in (A)
and were then lysed at the indicated times after irradiation. Whole cell
extracts (10 pg of protein) were subjected to immunoblot analysis with
antibodies to the indicated proteins. (C) Thymocytes from wild-type
mice were treated with cycloheximide and irradiated as in (A). After
incubation of the cells for an additional 4 h, mitochondria (Mito) were
isolated and subjected together with total crude extracts (10 pg of
protein in each case) to immunoblot analysis with antibodies to the
indicated proteins.

IR-induced accumulation of p53 in thymocytes was also
prevented, with the amount of p53 actually decreasing
to below the basal level, in cycloheximide-treated thy-
mocytes (Fig. 2B). The amount of p53 protein is still
high at basal level in E1A-transformed MEF compared
to that of thymocytes in which p53 protein almost is not
detectable. These observations indicate that in contrast
to ElA-transformed MEFs, stabilization of p53 is essen-
tial for IR-induced apoptosis in thymocytes.
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We next examined whether cycloheximide also inhib-
ited the translocation of histone H1 to mitochondria in
wild-type thymocytes. Isolation of mitochondria at this
time revealed that the translocation of neither p53 nor
histone H1 to mitochondria was apparent in the cyclo-
heximide-treated cells (Fig. 2C). These data thus indicat-
ed that p53 stabilization is essential for the IR-induced
translocation of both p53 and histone H1 to mitochon-
dria as well as for IR-induced apoptosis.

Chk2 regulates p53 and histone HI translocation by
stabilizing p53

Thymocytes derived from Chk2-deficient mice were
markedly resistant to the induction of apoptosis by IR
compared with those from wild-type mice (Fig. 3A).
To examine whether Chk2 also regulates the transloca-
tion of p53 and histone H1 to mitochondria in response
to IR, we exposed thymocyties derived from wild-type or
Chk2-deficient mice to X-radiation and isolated the
mitochondrial fraction at various times thereafter.
Immunoblot analysis revealed that irradiation of wild-
type thymocytes increased both the amount of p53 in
the crude extract and mitochondrial fraction as well as
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Fig. 3. Resistance to IR-induced apoptosis and impaired translocation
of p53 and histone HI to mitochondria in Chk2-deficient thymocytes.
(A) Thymocytes derived from wild-type, Chk2-deficient, or p53-
deficient mice were exposed to the indicated doses of X-radiation and
incubated for 24h and analysis by flow cytometry. Data are
means + SD of triplicates from an experiment that was performed a
total of two times with similar results. (B) Mitochondrial fractions
were isolated from thymocytes of wild-type or Chk2-deficient mice at
the indicated times after exposure to IR (10 Gy). Both total crude
extracts (10 pg of protein} and mitochondria (10 pg of protein) were
subjected to immunoblot analysis with antibodies to the indicated
antibodies.

that of histone H! in the mitochondrial fraction (Fig.
3B). In contrast, the IR-induced stabilization of p53
was impaired in Chk2-deficient thymocytes and the ex-
tent of the IR-induced translocation of both p53 and
histone H1 to mitochondria was markedly reduced
(Fig. 3B). Together, these results indicated that apopto-
sis mediated by translocation of p53 and histone H1 to
mitochondria in response to IR is also impaired in
Chk2-deficient thymocytes as a result of the defective
stabilization of p53.

The tumor suppressor protein p53 performs multiple
functions related to cell cycle checkpoints, apoptosis,
and cellular senescence [4,5]. Among these functions,
induction of apoptosis has been thought to be the most
important for suppression of tumorigenesis [6,7]. The
p53 protein induces apoptosis by transcription-depen-
dent and transcription-independent mechanisms [23],
the latter being mediated by translocation of p53 and
histone H1.2 to mitochondria [13-17] It remains un-
known whether posttranslational modification of p353
is required for its IR-induced mitochondrial transloca-
tion, although other functions of p53 are regulated by
phosphorylation [§]. We have now shown that Chk2
regulates the transcription-independent mechanism of
p53-mediated apoptosis as well as the transcription-de-
pendent mechanism [9-11] in thymocytes exposed to
IR. Although the amount of p53 that translocated to
mitochondria in response to IR was greatly reduced in
Chk2-deficient thymocytes, this effect appeared to be
attributable to the lack of p53 stabilization in these cells
rather than to a requirement of Chk2 for such transloca-
tion per se.

The p53 protein was previously shown to be required
for the release of histone H1.2 from the nucleus in re-
sponse to IR [17]. The IR-induced translocation of his-
tone H1 to mitochondria was also reduced in extent in
thymocytes derived from Chk2-deficient mice compared
with that in wild-type cells. Furthermore, the amounts
of p53 and histone H! that translocated to mitochondria
appeared well correlated with each other, suggesting
that the stabilization (and translocation) of p53
determines the efficiency of histone HI translocation.
Together, our observations indicate that, in addition
to its regulation of the transcription-dependent mecha-
nism of p53-mediated apoptosis, Chk2 regulates IR-in-
duced apoptosis in thymocytes by increasing the
stability of p53, which in turn allows the translocation
of accumulated p53 as well as that of histone HI to
mitochondria.

Genetic studies in mice have shown that Chk2 plays
an important role in regulation of p53 functions, espe-
cially in the induction of apoptosis in response to IR
[9-12]. Chk2 was recently shown to collaborate with
Breal in tumorigenesis {24]. Brecal has pleiotropic func-
tions, contributing to homologous recombination repair
[25], transcription-coupled repair [26], and activation of
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the G,-M cell cycle checkpoint [27,28] Although the
defective differentiation and proliferation of Brcal-defi-
cient thymocytes are rescued by the defect in apoptosis
conferred by deficiency of Chk2, the double deficiency
leads to the onset of thymic lymphoma in mice [24]
Our present data therefore indicate that Chk2 functions
as a tumor suppressor by regulating both transcription-
dependent and transcription-independent mechanisms
of p53-mediated apoptosis.
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Abstract

ATM is a member of the PI-3 kinase protein family, encoded by the gene, ATA4, responsible for ataxia telangiectasia (AT). AT is
recognized as a genomic instability syndrome, sharing accelerated senescence symptoms in human and mouse. Here, we present evidence
that the bone phenotype of 4om knockout (AtmKQ) mice is similar to that observed in disuse and/or aging syndromes. A significant decrease
in 3-dimensional bone volume fraction (BV/TV) of the fifth lumbar vertebra was observed in AtmKO mice by uCT, compared with
heterozygous control mice at 10 weeks of age. Bone histomorphometry revealed that both BFR/BS and Oc.S/BS were significantly decreased
in KO mice. To determine the cellular basis of this bone phenotype, we employed in vitro osteoclastogenesis and colony formation assays
using bone marrow cells derived from KO and control mice. There was no difference in osteoclast formation in ex vivo cultures. CFU-F was
markedly reduced in AtmKO-derived cultures compared with control mice, whereas differentiation of calvaria-derived osteoblasts did not
differ between the genotypes. Furthermore, expression levels of IGF1R were significantly decreased, and p38 was aberrantly phosphorylated
in marrow stromal cells from AtmKO mice. These results indicate that the pathogenesis of the osteopenic phenotype in AimK QO mice is
similar to that of disuse and/or aging syndromes and is caused, at least in part, by a stem cell defect due to lack of IGF signaling.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Premature aging syndrome; Animal models; Mesenchymal stem cells; Knockout

Introduction

Much progress has been achieved in our understanding
of the pathogenesis of postmenopausal osteoporosis, char-
acterized by accelerated bone resorption {1,2]. On the other
hand, the pathophysiology of senile osteoporosis, caused
mainly by declining bone-forming capacity, remains an
enigma due to the lack of suitable animal models. Although
aged (2 to 3 years old) animals are good candidates, natural
aging is a complex phenomenon involving a plethora of

* Corresponding anthor. Fax: +81 562 44 6595.
E-mail address: kwatanab@nils.go.jp (K. Watanabe).
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factors and is difficult to dissect at the molecular level.
Recently, genetically engineered mouse models for studying
aging and age-related disorders have been developed [3].
Since they are caused by single gene mutations, they
provide valuable tools for studying the pathogenesis of
senile osteoporosis at the molecular level. For example,
osteopenia with reduced bone formation and resorption has
been reported in klothe (k&) and mutant p53-expressing
mice [4,5].

Ataxia telangiectasia (AT) is a human premature aging
syndrome characterized by neurodegeneration, immune
defects, tumor formation, hypersensitivity to ionizing
radiation, and genomic instability [6]. The responsible gene,
ATM (for AT mutated), is a large protein kinase that belongs
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to the P1-3 kinase family [10,11]. ATM functions in DNA
damage checkpoint and oxidative stress responses, thereby
playing a central role in the maintenance of genome
stability. Mouse models for AT have been generated by
knockout of the mouse Atm gene {7-9]. AtmKO mice
exhibit radiosensitivity, genomic instability, growth retarda-
tion, and tymphoma, recapitulating main features of human
AT [7-9]. The bone phenotype, however, has not been
defined. Interestingly, mice deficient in Abl, a downstream
protein kinase effector of ATM, exhibit an osteopenic
phenotype with reduced bone formation [27]. We report
here that AtmKO mice show osteopenia as carly as 10
weeks of age, when growth retardation is not apparent.
Histomorphometric and biochemical analyses revealed
impaired bone formation, which may be caused by limited
proliferative potential of osteogenic progenitors. Thus,
AtmKO mice may provide a suitable model for studying
senile osteoporosis.

Materials and methods
Mice

AtmKO mice (129/SvEv-Amn™ ") were obtained from
Jackson Labs (Bar Harbor, Maine. USA). All generations
were from matings of heterozygous parents. Genotyping
was performed as described [9,12] with the exception of the
primers used to detect the wild type allele. The primer
sequences used for genotyping were as follows:

oIMR640, 3'-GCTGCCATACTTGATCAATG-3
oIMR641, 3-TCCGAATTTGCAGGAGTTG-3'.

The sequences used were recommended by Jackson Labs.
All animal experiments were approved in advance by the
Ethics Review Committee for Animal Experimentation of
the National Institute for Longevity Sciences and the
National Center for Geriatrics and Gerontology.

Bone morphaological and histomorphometric analyses

Lumbar vertebrae and tibias were obtained from 6-, 10-,
and 14-week-old female and male mice and subjected to
motphological analyses (n = 3~ 6). Microcomputed tomog-
raphy (uCT) and bone histomorphometry of the vertebrae
and tibias, respectively, doubly labeled by calcein, were
performed as described previously [13].

CFU assay

Colony forming unit (CFU) assays were conducted
according to Jilka et al. [14]. Briefly, bone marrow cells
were obtained from femurs or tibias and seeded at 1.5 x 10°
{for CFU-F/CFU-ALP) or 2.5 % 10° (for CFU-Ob or CFU-
Adip) cells/well in a 6-well plate. For CFU-F and CFU-Ob,

the marrow cell cultures were maintained in phenol red-fiee
oaMEM containing 15% FCS and 1 mM Asc-2-P; one-half
of the medium was replaced every 5 days. For CFU-Adip,
the cultures were maintained in phenol red-free aMEM
(Invitrogen, Carlsbad, California, USA) containing 15%
FCS and MDI (0.5 mM methylisobutylxanthine, | M
dexamethasone, 1 pg/ml insulin) for 25-28 days. The cells
were cultured for 10 days and then stained for ALP and
counterstained with hematoxylin, Colonies of cells contain-
ing a minimum of 20 cells were designated as CFU-F, and
those positive for ALP activity as CFU-ALP. For CFU-Ob,
the cells were maintained for 25-~28 days, fixed in 50%
ethanol and 18% formaldehyde, and then stained using 2%
Alizarin Red. The oil drops in the adipocytic cells were
stained by Oil Red-O.

Osteoblastic cell cultures

Osteoblastic cells were isolated from calvarias of neo-
natal (P2—P3) AtmKO or wild-type mice following the
protocol described by Jochum et al. [15] with minor
modifications. For alkaline phosphatase (ALP) staining,
osteoblastic cells were cultured in 24-well tissue culture
plates. After reaching confluency, medium was supple-
mented with 60 pg/ml ascorbic acid and 10 nM dexame-
thasone and cultured for 7 more days. ALP staining was
performed using a leukocyte alkaline phosphatase staining
kit (SIGMA Diagnostics, St. Louis, USA). For ALP activity
measurement, cells from the same conditions described
above were washed with PBS and sonicated in RIPA buffer
(30 mM Tris—HCI (pH 7.5) containing 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% sodium
dodecyl sulfate). ALP activity in the lysate was measured
using an ALP activity measurement kit (Wako Pure
Chemical Industries, Osaka, Japan). The protein content
was determined using BCA protein assay rcagent (Pierce
Chemical Co., Rockford, Illinois, USA).

M-CSF-dependent cell proliferation assay

Bone marrow cells were isolated from AtmKO or control
mice, and the erythrocytes in the collected cells were
depleted by standard ammonium-chloride lysis. To assess
M-CSF-dependent proliferative response, cells (3 X 104
were cultured in flat-bottom 96-well plates for 2 days with
various amounts of M-CSF (R&D Systems, Minneapolis,
USA). Cultures were pulsed for 24 h with 1 uCifwell of
[*Hlthymidine, harvested on glass-fiber filters, and the
incorporated radioactivity was determined using a beta
counter.

In vitro osteoclustogenesis assay
Bone marrow cells were isolated from AtmKO or control

mice and incubated in tissue culture plates with aMEM
containing 10% FCS. After 4 h in culture, nonadherent cells
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were collected and counted. 5 x 107 cells were cultured for
3 days in 24-well tissue culture plates with 10 ng/ml M-CSF
and for an additional 3 days in the presence of both 10 ng/ml
M-CSF and 10 ng/ml RANKL (R&D Systems). Adherent
cells were then fixed with an acetone—citrate—formalin
solution (65:27:7) and stained for TRAP using a leukocyte
acid phosphatase kit (SIGMA Diagnostics). The number of
TRAP-positive multinucleated cells containing more than
three nuclei was counted as osteoclasts.

Inmmunoblot analysis

Adherent cells from bone marrow of AtmKG or control
mice were lysed in RIPA buffer containing 2 mM phenyl—
methyl—sulfonyl fluoride, 10 mM sodium fluoride, 2 mM
sodium vanadate, and proteinase inhibitor cocktail (Com-
plete™, Roche Diagnostics, GmbH Mannheim, Germany).
The cell lysates (15 ug each of protein) were subjected to
SDS-PAGE, transferred, and then detected with antibodies
using ECL-Plus (Amersham-Pharmacia). Anti-p38 (sc-335),
anti-IGFIR (sc-713), and anti-c-Abl (sc-131) antibodies
were purchased from Santa Cruz Biotechnology, California,
USA. Anti-phosphorylated p38 (9211) and anti-tubulin
(T5168) were obtained from Cell Signaling Technology
(Beverly, Massachusetts, USA) and SIGMA, respectively.

IGF-dependent cell proliferation assay

Bone marrow cells were obtained as described above. The
adherent cells were harvested and replated at a density of 5 x
10* cells/well in 96-well plates. After 24-h serum depriva-
tion, the cultures were labeled with [PH]thymidine with or
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without human recombinant IGF-I (10 ng/mi; Invitrogen).
The incorporated [*H] was measured as described.

Statistical analysis

Data are presented as mean + SD. All data were analyzed
by Student’s 7 test. Statistical significance was considered at
P < 0.05, unless otherwise indicated.

Results
Osteopenia due to impaired bone formation in AtmKQO mice

To characterize the bone phenotype of Atm homozygous
knockout mice with heterozygous littermates as controls,
NCT scanning technique was employed. We analyzed 6-, 10-,
and 14-week-old animals. At 6 weeks of age, there was no
significant decrease in bone mass of AtmKO mice (data not
shown). Since ovarian defect, which was possible to affect
bone metabolism, was observed in female KO mice [7-9],
we focused in the structural data from male animals. As
shown in Figs. 1A and B, 3-dimensional bone volume (BV/
TV) of the lumbar vertebrae was markedly decreased in
AtmKO mice at 10 weeks of age. At this age, there is no
significant difference in body weight between AtmKO and
littermate control mice (24.8 + 1.6 versus 21.5 £ 2.4 g). The
trabecular number (Fig. 1C) and thickness (Fig. 1D) were
also reduced in AtmKO mice compared to control. The
difference between KO and control mice was more
pronounced at age of 14 weeks, when some KO animals
became cachexic.

A
B BV/TV C TON
0.20 50
.
C KO C KO C KO

Fig. 1. Micro-CT analysis of lnmber vertebrae of AImKO mice. The fifth lumbar vertebra from heterozygous (C) and knockout (KO} mice were subjected to
pCT analysis at 10 weeks of age. {A) Representative 3D images of trabecular architectures are shown. Note that the osteopenic phenotype was observed in
knockout mice. (B) Trabecular bone volume fraction (BV/TV}); (C) trabecular number (Tb.N); (D) trabecular thickness (Th.Th.). The data were obtained in
male mice. 2P < 0.005 and "P < 0.05, significantly different from the respective heterozygous conirol group.



