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Stability and repair of DNA is of principal importance in cell survival.
Heme oxygenase-1 (HO-1; Hmox1) is critical in maintaining cellular
homeostasis, in large part through its ability to generate CO, but
neither molecule has been studied in the setting of DNA damage.
Naive Hmox1~~ mice exhibit excessive tissue levels of y-histone
H2A, whereas administration of genotoxic stressors or irradia-
tion in HO-1-deficient cells resulted in loss of ataxia-telangiectasia
mutated/ataxia telangiectasia and Rad3-related protein and breast
cancer 1, early onset induction with dysfunctional y-H2AX foci and
marked elevations in DNA damage. HO-1 induction or exposure
to CO induced homologous recombination-mediated DNA repair
through ataxia-telangiectasia mutated/ataxia telangiectasia and
Rad3-related protein. In vivo, exposure of mice to CO followed by
genotoxin (Adriamycin) or radiation-induced injury led to dimin-
ished tissue DNA damage and improved survival. We characterize
a joint role for HO-1 and the gasotransmitter CO for appropriate
DNA repair and provide a mechanism for their potent cytoprotec-
tive effects in various pathologies.

chemotherapy | heme degradation | gas biology | cytoprotection

fficient DNA damage repair and checkpoint mechanisms are
critical components of normal cellular function to maintain
the integrity of genomic DNA (reviewed in refs. 1 and 2). DNA
lesions are induced in response to UV or ionizing radiation as
well as many chemicals including endogenous metabolites and
reactive oxygen species (ROS) (1). DNA repair pathways include
repair of damaged bases or single-strand DNA breaks (base ex-
cision repair) and repair of double-strand DNA breaks (DSB)
including homologous recombination (HR) and nonhomologous
end-joining (NHEJ). The cellular response to DNA DSBs occurs
via an integrated sensing and signaling network that maintains
and restores genomic stability (3). DSBs are detected initially by
damage sensors that trigger the activation of transducing ki-
nases. These transducers amplify the damage signal and relay it
to effector proteins, which in turn regulate cell-cycle progres-
sion, DNA repair, and apoptosis (4). DSBs are recognized by the
Mrel1-Rad50-Nbsl (MRN) mediator complex which recruits
ataxia telangiectasia-mutated (ATM) to the broken DNA (4).
Cells also are faced with detection of replication blocks, which is
mediated by an ssDNA-replication protein A complex recruiting
the kinases ataxia-telangiectasia and rad3-related (ATR) and
Radl7 (5). Both ATR and ATM can phosphorylate multiple
target proteins [p53 binding protein 1, breast cancer 1, early onset
(Brcal), checkpoint kinase 1, checkpoint kinase 2 (Chk2), and the
MRN complex, among others; more than 700 proteins have been
identified so far] that mediate the downstream signaling. Further,
in response to DNA damage or structural alterations of chro-
matin, histone H2A is phosphorylated on Ser139 by ATM, ATR,
or by DNA-dependent protein kinases. This phosphorylation
allows recruitment of additional DNA damage-responsive pro-
teins and the formation of DNA damage foci, which further ac-
commodate the repair process.
The degradation of heme to biliverdin, CO, and iron is cata-
lyzed by one of two isoforms of heme oxygenase (HO). HO-1 is
the inducible isoform that is thought to be a homeostatic and
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protective gene against various stress-related conditions. The di-
versity of HO-1 inducers supports the speculation that HO-1 also
may play a vital function in maintaining cellular homeostasis.
Analysis of HO-1-null (HmoxI ") mice and the report of a HO-
1-deficient human support the paradigm that HO-1 is an im-
portant molecule in defense against oxidant stress (6, 7). Given
the agents that induce HO-1 and potentially DNA damage, we
hypothesized a role for HO-1 and CO, a product of HO-1 activity,
as defense molecules involved in limiting the mutation of DNA
and also participating in the DNA-repair process. Evidence that
HO-1 was protective was demonstrated in a model of UV-induced
cell death driven in part by oxidative stress and UV-induced DNA
damage, although DNA repair was not evaluated (8). Expression
of HO-1 is increased 40-fold in the lung after irradiation (9) and in
the liver after doxorubicin treatment (10), suggesting that HO-1
and CO may be induced rapidly and be involved in repair mech-
anisms. The levels of HO-1, an accepted marker of oxidative
stress, also were elevated significantly in ataxia telangiectasia (A-
T) fibroblasts, in which the ATM gene is mutated (11), as well as
in the brain of ATM-knockout mice (12). However, a functional
role for HO-1 in DNA damage signaling and response has not
been studied. Here we describe a function for HO-1, via genera-
tion of CO, as an important modulator of DNA repair and identify
ATM kinase as a downstream target.

Results

Lack of HO-1 Results in Accumulation of y-H2AX Foci in Vive. To eval-
uate the possible role of HO-1 in DNA damage and repair sig-
naling, we performed immunohistochemical analyses of y-H2AX
staining, a marker of ongoing and chronic DNA damage, on var-
ious tissues harvested from HmoxI ™~ mice. We observed a low
degree of y-H2AX in the spleens and lungs of wild-type animals
and nearly undetectable expression in the kidney and liver (Fig. 1
A and B). In contrast, the number of y-H2AX foci was statisti-
cally significantly greater in HmoxI~'~ animals than in wild-type
controls (Fig. 1 A-C). These data suggested that HmoxI ™'~ cells
are unable to repair broken DNA efficiently or that the extensive
oxidative stress in the tissues of HmoxI ™'~ mice results in accel-
erated DNA damage.

To elucidate whether absence of HO-1 results in accelerated
accumulation of DNA damage, we treated cells with doxorubi-
cin or camptothecin, which induce DSBs or single-strand DNA
breaks, respectively, as measured by H2AX phosphorylation
(Fig. 2). Treatment of HmoxI*'* fibroblasts with doxorubicin or
camptothecin resulted in a strong increase in phosphorylation of
histone H2AX and formation of multiple y-H2AX foci (Fig. 2 4
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Fig. 1. Levels of H2AXy in tissues from Hmox1~'~ mice. (A and B) Immuno-
histochemical analysis of H2AXy in kidney, lung, liver, and spleen of wild-type
(Hmox1*"*; black bars) and Hmox1~'~ mice (white bars). (A) Quantification of
the number of H2AXy foci per field of view. (n = 5-10 fields of view from
three or four mice; *P = 0.03; **P < 0.001.) (B) Representative images. (Scale
bar: 100 pm.) (C) Immunoblotting with antibodies against H2AXy and HO-1 in
the spleen lysates of wild-type (***), Hmox1*~ (*"-), and Hmox1™~ (7'") mice.
Western blot shown is representative of two experiments.

and B). Fibroblasts from HmoxI =/~ mice also showed increased
foci in response to camptothecin, similar to the response, in wild-
type cells (Fig. 24), but unlike wild-type cells, HmoxI ™'~ fibro-
blasts treated with doxorubicin showed no y-H2AX foci forma-
tion or phosphorylation of y-H2AX at any time point tested (Fig.
2 A-C). These data suggested that HO-1 may mediate DNA re-
pair responses specifically to DSBs that are induced by doxoru-
bicin but not those induced by camptothecin, which targets DNA
topoisomerase I.

Absence of HO-1 Results in Decreased DNA Repair Signaling. Next we
tested the direct effects of HO-1 on signaling pathways in response
to the DNA-damaging agents doxorubicin or camptothecin or
irradiation in loss- and gain-of-function studies with HO-1.
HEK293T (HEK) cells express high basal levels of HO-1 because
of the presence of large T antigen. HEK cells were transduced
with microRNA-adapted shRNA against HO-1 (mirHO-1) to
deplete HO-1 stably and then were exposed to camptothecin,
doxorubicin, or irradiation. As expected, camptothecin induced
phosphorylation of H2AX in wild-type HEK cells, and this
phosphorylation was enhanced slightly in cells without HO-1 (Fig.
3A4). These findings correlated with phosphorylatlon of H2AX
observed in the tissues from HmoxI~'~ mice (Fig. 1). We next
evaluated the status of the major DNA repair kinases, ATR and
ATM, and their downstream targets in HEK cells treated with
camptothecin. Phosphorylation of ATR, ATM, p53, Chk2, and
Brcal was relatively unchanged in stable latent membrane protein
(LMP)-infected HEK control cells compared with nontransfected
naive HEK cells (Fig. 3B). However, knockdown of HO-1 resulted
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Fig. 2. Lack of HO-1 results in altered H2AXy activation in response to DNA
damage. (A) Fibroblasts from Hmox1*"* and Hmox1~'~ mice were isolated and
treated with camptothecin (1 pg/mL) or doxorubicin (10 pg/mL) for 1 h and
stained with antibodies against H2AXy. Images are shown representative of
at least two independent experiments conducted in duplicate. (Scale bar: 25
um.) (B and C) Immunoblotting analysis of H2AXy in the lysates of Hmox1*",
Hmox1~"*, and Hmox1~'~ fibroblasts treated with doxorubicin (10 pg/mL) for
2-4 h. (B) Representative immunoblot. (C) Quantitation. Data are represen-
tative of at least two independent experiments. *P < 0.05, Hmox1** 4-h
treatment versus control; *P < 0.05, Hmox1~'~ versus Hmox1*'*.

in a significant decrease in phosphorylation of ATM, Brcal, ATR,
and Chk2 (Fig. 3B). Importantly, there were no significant changes
in phosphorylation of p53, suggesting that HO-1 may be specific
and important in DNA repair rather than regulating apoptosis or
cell-cycle progression in the presence of a genotoxic stressor.

HEK cells treated with doxorubicin responded similarly, with
an increase in phosphorylation of ATM, p53, and H2AX (Fig.
3C). Knockdown of HO-1 under these conditions resulted in in-
hibition in phosphorylated ATM and a delay in Brcal activation.
We did not observe any significant changes in phosphorylated p53
(P-p53) or y-H2AX in control or mirHO-1-transfected HEK cells
in the absence of doxorubicin. Formation of y-H2AX foci or DNA
repair signaling in response to camptothecin or doxorubicin in
HEK mirHO-1 cells versus control cells was not ROS depen-
dent (Fig. S14). Doxorubicin treatment, unlike camptothecin
treatment was associated with superoxide production (Fig. S14),
but we did not observe any major differences in ROS generation
between mirHO-1 and control HEK cells in response to the two
agents (Fig. S14). There was no significant difference in cell-cycle
progression between mirHO-1 HEK and control HEK cells (Fig.
S1B) or in the total levels of major DNA repair complexes in-
volved in HR-mediated DNA repair (Fig. S24).

Further, we investigated the effects of irradiation on DNA in
HEK cells in the presence and absence of HO-1 after irradiation
(10 Gy). The phosphorylation levels of ATM, Brcal, H2AX, and
p53 were significantly decreased or delayed in mirHO-1 HEK
cells compared with controls (Fig. 3D).

HO-1/CO Facilitates HR Repair of DSBs. Because HmoxI ™'~ cells
showed altered H2AXy foci formation in response to doxorubicin,
and mirHO-1 HEK cells showed diminished activation of major
signaling cascades leading to DNA repair in response to camp-
tothecin or irradiation, we next assessed the role of HO-1 in HR-
mediated DNA repair, which is critical in repair of DSBs induced
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Fig. 3. DNA repair signaling in the absence of HO-1. (A and B) HEK293 cells
with stable knockdown of HO-1 (mirHO-1) and control cells were treated
with camptothecin (1 pg/mL) for 2 min to 2 h. The activation levels of HO-1
and DNA repair signaling proteins were measured by Western blot. (C) Im-
munoblot analysis in HEK mirHO-1 and control cells treated with doxorubicin
(10 pg/mL) for 5 min to 2 h. Data are representative of two experiments. (D)
Immunoblot analysis with antibodies against P-ATM, P-Brcal, P-H2AX, and
P-p53 in the lysates of HEK293 mirHO-1 and control cells treated with 10
Gy y-irradiation and harvested 5 min to 1 h after irradiation. Akt is a loading
control for the immunoblot for P-p53. Data are representative of two
independent experiments conducted in triplicate.

by doxorubicin, irradiation, or camptothecin (during replication).
We used the U20S cell line containing the homologous recom-
bination/sister chromatid recombination (HR/SCR) reporter as
previously described (13, 14). I-Scel endonuclease was used to
introduce a DSB within the reporter in U20S cells. The efficiency
of HR induced by I-Scel correlated with generation of wild-type
GFP by gene conversion (15).

To test the role of HO-1 in DSB, we transiently overexpressed
HO-1 together with I-Scel plasmid in U20S cells and tested the
number of cells positive for GFP 24 h posttransfection (Fig. 4 A-C).
We observed a significant, twofold increase in GFP levels in cells
overexpressing HO-1 as assessed by fluorescence microscopy and
flow cytometry (Fig. 4 B-D),whereas nontransfected control cells
and vector-transfected control cells showed a low frequency of GFP
positivity, indicating poor repair (Fig. 4 B-D). These data support
a role for HO-1 in the induction of HR in response to DSBs.

The majority, if not all, of the effects observed with HO-1 are
mediated by one or more of its enzymatic products, biliverdin or
CO. Therefore, we tested the role of biliverdin and CO sepa-
rately in HR during DSB and DNA repair. Biliverdin treatment
had no effect on the number of GFP™ cells, but CO (250 ppm)
significantly increased the number of GFP* cells (Fig. 4 E-G),
suggesting that HO-1 acts in part via CO to regulate DNA repair
pathways and facilitate HR in response to DNA damage. Im-
portantly, we did not observed any effects of CO on NHEIJ-
mediated DNA repair as measured by the number of XHATM-
resistant colonies (Fig. S2B).

DNA Repair Responses Modulated by CO/HO-1 Are Dependent on
ATM/ATR Activity. CO induced rapid phosphorylation of Brcal as
well as the upstream kinases ATR and ATM (Fig. 5 4 and B),
suggesting that CO induces DNA repair pathways in cells that are
constantly under risk of oxidative DNA damage. Therefore, we
next asked if the two major DNA repair kinases, ATM and ATR,
are implicated in accelerated HR in the presence of CO or HO-1.
We used the selective inhibitor of ATM and ATR kinases,

Otterbein et al.

A C HO-1
— HO-1
S e B-Actin
C .
2
=1
8
°
208
B
2
a 0.6 fu
= .
g g C_onlrol § HO-1
0.4 - s T
® I
0.2 3
a

Control HO-1

SSC-H

% of GFP-postive cells
R I e

SSC-H

Air co

Fig. 4. HO-1/CO induces HR-mediated DNA repair. (A) U20S-SCR reporter
cells were cotransfected transiently with Scel and HO-1 or control plasmid.
HO-1 levels were measured by Western blot. (B-D) The number of GFP*
U20S-SCR reporter cells was measured by fluorescence microscopy (B) and
flow cytometry (C and D). Cells were transfected with HO-1 construct, and
the number of GFP* cells was measured 48 h after transfection. Data shown
are + SD and are representative of at least five experiments conducted in
duplicate. *P < 0.05, CO versus air. (Scale bar in B: 25 pm.) (E-G) U20S-SCR
reporter cells after transfection with Scel for 24 h were treated with CO (250
ppm) for 24 h. The level of GFP* cells was measured by fluorescence mi-
croscopy (E) or flow cytometry (F and G). Data shown are averages + SD of
three independent experiments. (Scale bar: 25 um.)

CGK733, and the more selective inhibitor of ATM, KU55933, to
test this hypothesis. Blockade of ATM/ATR or ATM alone
significantly decreased CO-mediated HR (Fig. 5 C-E). Further,
induction of HO-1 did not increase HR in the presence of
CGK733, as otherwise observed in vehicle controls (Fig. 5F and
Fig. S2C), strongly suggesting that both ATR and ATM are
used by CO/HO-1 in part to regulate HR and DNA repair
following damage.

CO Protects Against DNA Damage in Vivo in Response to Chemo-
therapy or Radiation. Based on the effects observed in vitro, we
next tested the salutary effects of CO in an in vivo model of DNA
damage in mice. We used doxorubicin-induced DNA damage in
the tissues during chemotherapeutic treatment of tumor xeno-
grafts in nude mice. Doxorubicin led to substantial DNA damage
in the lung, liver, kidney, and colon and, to a lower extent, in the
spleen as determined by accumulation of H2AXy foci and was
associated with increased expression of HO-1 (Fig. 6 A-E and
Fig. S3). CO significantly decreased the severity of DNA damage
in all organs (Fig. 6 A-F).

To support the observations with chemical genotoxins, we also
used a radiation-induced model of DNA damage. Endogenous
HO-1 is induced early in response to irradiation (IR) or doxo-
rubicin, and its expression is sustained for 24-72 h in the spleen,
liver, and kidney (Fig. 7 A and B and Fig. S3). To evaluate the
role of exogenous CO, mice were pretreated with CO for 1 h
before either a lethal or sublethal dose of irradiation and then
were treated with CO for 1 h daily. We observed a chronic ele-
vation of H2AXy foci in the spleen and intestine of irradiated
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Fig. 5. CO induces activation of DNA repair signaling. (A and B) Immuno-
blotting with antibody against P-Brcal and P-ATM (A) and P-ATR (B) in the
lysates of PC3 and HEK cells treated with CO (250 ppm) for 2 min to 1 h. Data
are representative of three independent experiments. (C and D) U20S-SCR
reporter cells were transfected with Scel for 24 h and treated with CGK733 (10
1M) or DMSO for 1 h before treatment with CO (250 ppm) for 24 h. The level
of GFP* cells was measured by flow cytometry. Quantitation and represen-
tative dot plot figures are shown in Cand D, respectively. *P < 0.05, CO versus
air; #P < 0.05, CO + CGK733 versus CO. (E) U20S-SCR reporter cells were
cotransfected with Scel for 24 h and KU55933 (20 pM) or DMSO for 1 h before
treatment with CO (250 ppm) for 24 h. The level of GFP* cells was measured
by flow cytometry. *P < 0.05, CO versus air; **P < 0.01, CO + KU55933 versus
CO; (-), untransfected cells. (F) U20S-SCR reporter cells were cotransfected
with Scel and HO-1 for 24 h; then CGK733 was applied for 24 h. The level of
GFP™* cells was measured by flow cytometry. Data are representative of three
independent experiments conducted in duplicate. *P < 0.05, HO-1 versus
control (C), *P < 0.05, HO-1 + CGK733 versus HO-1.

mice (Fig. 7 C and D). In contrast, treatment of mice with CO
led to significant inhibition in sustained H2AXy foci formation
that corresponded to a longer survival rate, with 80% of irradi-
ated, CO-treated mice alive >10 d vs. 50% of air-treated animals
(P = 0.031, CO versus air; n = six mice per group). There was
a strong induction of P-p53, phosphorylated Brcal (P-Brcal),
and phosphorylated ATM (P-ATM) and early induction of
phosphorylated H2AX (P-H2AX), suggesting early resolution of
DNA damage, in peripheral blood mononuclear cells and bone
marrow (BM) of irradiated animals treated with CO for 1 h
compared with air-treated controls (Fig. 7 E and F and Fig. S4
A-F). To evaluate the role of H2AX signaling in CO effects on
DNA repair, we used marginal BM transplantation of BM cells
from H2ax™”~ and H2ax™'* mice into wild-type irradiated
recipients. Lack of H2AX in donor BM cells reversed CO-me-
diated protection against irradiation-induced death, suggesting
a critical role of the H2AX pathway in CO effects (Fig. 7G).

Discussion

We demonstrate that HO-1 and CO, both well-characterized sal-
utary molecules, are critically important in the ability of the cell to
elicit a repair response after damage to DNA. Indeed, it is possible
that the ability of HO-1 and CO to regulate DNA stability
underlies their cytoprotective effects in the numerous reports
describing their protective capabilities. Here we show that HO-1
and CO are involved directly in the process of DNA repair and
describe a mechanism through which the HO-1/CO system acts to
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Fig. 6. CO blocks DNA damage in tissues of mice treated with doxorubicin
(Dox). (A-E) Immunohistochemistry with antibody against H2AXy was per-
formed in colon (A), kidney (B), lung (C), liver (D), and spleen (E) tissue. Tissues
from nude mice with established PC3 tumors (2 wk) were harvested 14 d after
treatment with CO (control) or doxorubicin (8 mg/kg i.v., twice per week) +
CO (250 ppm, 1 h, daily). (Magnification: 40x.) (F) Quantitation of H2AXy
staining in the tissues. Air or CO, n = 3; doxorubicin + CO, n = 5. Data shown
are the number (average + SD) of H2AXy" cells per field of view. (Magnifi-
cation: 20x for colon and kidney; 40x for spleen, liver, and lung.) #pP < 0.05,
doxorubicin versus control; *P < 0.05, CO + doxorubicin versus air + doxoru-
bicin; **P < 0.001, CO + doxorubicin versus air + doxorubicin.

limit accumulation of DNA mutations and apoptotic responses in
normal cells exposed to oxidative stress or chemotherapeutics.
This mechanism is best evidenced in tissues from HmoxI ™~ mice,
which are characterized by deposition of iron (6) and elevated
levels of ROS that probably contribute to DNA damage.

In the original characterization of the HmoxI ™'~ mice by Poss
et al. (6), the mice were described as exhibiting a very low weight
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Fig. 7. CO decreased tissue damage induced by
lethal-dose irradiation. (A and B) Immunoblot (A)
and immunohistochemistry (B) with antibody
against HO-1 in tissues from mice irradiated with
10 Gy. (A) Kidneys and spleen harvested 2 h after
irradiation. (B) Liver and spleen harvested 1 and
3 d postirradiation. (C and D) Immunohistochem-
ical analysis of P-H2AX in the spleens and intes-
tines of mice pretreated with air or CO (250 ppm)
1 h before a lethal dose of irradiation (10 Gy) and
treated daily with CO for 11 d. Representative
images are shown in C, and quantitation of the
number of y-H2AX* cells is shown in D.n =3 or 4
views per section from three or four mice per
group. *P < 0.05. (E and F) Immunofluorescence
staining of P-ATM and P-p53 in mononuclear
blood cells of mice treated with CO or air for 1 h
before lethal irradiation. Tissues were harvested 2
h after irradiation. Representative images (Lower)
and quantitation of the number of positive cells
per field of view (Upper) are shown. n = 3 or 4

CO+R i AirtIR | COHIR

B A h2AX
- €O, H2AX 4
A Al H2AX
- CO, H2AX-

= 5
8 ¢ e ‘
a
7] 4
A
C Naive Air+iR, 11 days CO+IR, 11 days
; » i
- =
@
]
& -3
» « ~ 7]
o
&
I
=
@
E
B
@
1 E
AirtIR
12 4
E ., F s G
& =10 1
ge g
2 2 g 100
A 8"
g4 2 6 3 ]
H G
g3 2 4 g 604
=2 a T
5 3 g 404
¥ a 2 @
d 9 & S
k3 - 204
=0 0
Naive  AIR+IR CO+IR Naive AIR+IR  CO+IR
Naive AlrHIR CO+HR Naive Alr+IR CO+IR
= ]
< 8
o d

and a significant reductlon in life span that, to date, remains un-
explained. Hmox1~'~ mice (8- to 12-mo-old) showed high levels of
y-H2AX foci in all tissues analyzed as compared with aged-
matched control mice. The incidence of y-H2AX foci is signifi-
cantly elevated in tissues of aged mice as well as in patients who
have Werner or Bloom syndrome of premature aging, genomic
instability, or who are at an increased risk of cancer. Loss of one
copy of H2AX leads to genomic instability (16). HmoxI™'~ ani-
mals do not show typical premature aging characteristics, but
>90% of these animals die in utero. Accelerated ROS generation
in HmoxI ™'~ tissues may be responsible for DNA damage but does
not explain why the y-H2AX foci accumulate and DNA breaks are
not repaired.

DNA DSBs are the most cytotoxic lesions and must be repaired
for survival. If the damage becomes too extensive, programmed
cell death machinery is activated to initiate apoptosis. HO-1-de-
ficient fibroblasts do not form functional y-H2AX foci in response
to the DSB inducer and topoisomerase II poison, doxorubicin,
although the presence of H2AX foci in response to camptothecm
is not altered. Doxorubicin-treated cells from HmoxI ™'~ mice are
more prone to apoptosis than cells from wild-type mice (17),
probably because of abnormalities in the DNA damage response.
We determined that HO-1, acting in part through generation of its
product CO, directly regulates DNA DSB repair. Lack of HO-1
under conditions of mild to moderate oxidative stress leads to the
accumulation of DNA lesions in susceptible tissues such as the
lung, liver, and spleen. These organs, in which cellular turnover and
metabolic demands are great, are exposed to an increased oxida-
tive burden. Under such conditions, the inability to express HO-1
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S0 B W B X B mice group. (G). Survival of mice after marginal
BM transplantation from H2ax™'~ and H2ax**
mice to wild-type recipients. Mice were treated
with CO before a lethal dose of irradiation (10 Gy)

and after receiving BM. n = 5-10 mice per group.

and produce CO results in increased sensitivity to damage and
inappropriate repair, ultimately leading to higher mutation rates.

Lack of HO-1 resulted in pronounced inhibition of ATM
phosphorylation and its downstream target Brcal in response to
camptothecin, doxorubicin, or IR treatment. In response to DSB,
ATM is activated and phosphorylates a wide number of down-
stream target proteins to coordinate the appropriate cellular
responses, including DNA repair. ATM is missing or inactivated
in patients with the genetic disorder A-T, characterized by im-
munodeficiency, radiation sensitivity, chromosomal instability,
and cancer predisposition (18). HO-1 is basally expressed in A-T
fibroblasts. A functional MRN complex is required for ATM ac-
tivation and, consequently, timely activation of ATM-mediated
signaling pathways (19). We speculate that HO-1 may be a more
proximal signaling molecule acting in part via generation of CO,
which induces ATM-dependent DNA repair. CO has been shown
to activate signaling pathways that involve hemoproteins such as
guanylate cyclase, nitric oxide synthase, and the mitochondrial
cytochromes and also has been shown to influence the activation
of the nonheme signaling molecules including p38, MAPK,
STATS3, peroxisome proliferator-activated receptor-y, and hyp-
oxia-inducible transcription factor-1a (20, 21). ATM phosphory-
lation in response to ischemia reperfusion is severely impaired
with blockade of the MAPK pathway (22), which is a well-de-
scribed target for HO-1/CO (23). Importantly, inhibition of the
MAPK-ERK pathway reduced the levels of phosphorylated
ATM foci, but not y-H2AX (22), and cells lacking STAT3 showed
decreased DNA repair through ATM and ATR (24). We specu-
late that CO targets the DNA structure either directly or by
binding to the metal ions on DNA and thereby influences the
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function of DNA-associated enzymes. Indeed, one of the nuclear
targets of CO may be the heme-binding, RNA-binding protein
DiGeorge critical region-8 (25) that has been linked to the DNA
damage-associated functions of p53 (26).

Overexpression of HO-1 or treatment with exogenous CO ac-
celerated DNA repair. A GT length-promoter polymorphism for
HO-1 has been described that controls the level of HO-1 ex-
pression and has been shown to be highly correlative with severity
of disease, including cancer (27). Individuals with a long (GT)n
repeat, which is associated with low expression levels of HO-1,
showed a higher frequency of gastric or lung adenocarcinoma (28)
and oral squamous cancer (29) than individuals with short GT
repeats and higher HO-1 expression. Additionally, application of
CO via a CO-releasing molecule provided a significant inhibition
in photocarcinogenesis in mice (30). Early studies by Tyrrell and
coworkers (31) elucidated the protective capabilities of HO-1
using a model of UV irradiation. Conclusions made in these
reports pioneered the investigation of HO-1 as a cytoprotective
gene. Our studies build on this work and provide a potential
mechanism of action for HO-1 in addition to its broad anti-
inflammatory activity.

In conclusion, we describe a mechanism by which HO-1 and
CO promote cell survival and maintain homeostasis. Low or in-
appropriate HO-1 expression and activity in a prooxidant envi-
ronment leads to genomic instability, accelerated DNA damage,
poor DNA repair, and potentially to the development of disease
pathologies. We demonstrate that HO-1 modulates the cellular
response to DSBs in genomic DNA via CO and thus probably is
involved in preventing cancerogenesis and premature aging.
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Materials and Methods

Animals, Irradiation and CO Treatment. Male C57BL/6 mice 7-9 wk of age were
purchased from Jackson Laboratories. H2ax™'~ and control littermates were
kindly provided by Fred Alt and Shan Zhan (Children’s Hospital, Boston, MA).
Mice were held under specific pathogen-free conditions, and the experiments
were approved by the Institutional Animal Care and Use Committee (IACUC)
at Beth Israel Deaconess Medical Center (BIDMC). Mice were irradiated with
10 Gy (lethal dose) or 5 Gy (sublethal dose) in a protocol approved by the
Radiation Safety Officer at BIDMC and the IACUC. Mice in a Plexiglas chamber
were exposed to CO (250 ppm) for 1 h before irradiation and thereafter for
1 h every day as described previously (32).

HR/SCR Reporter Assay, Flow Cytometry, and Fluorescence Microscopy. HR/SCR
reporter U20S cells were used as previously described (14, 15). Briefly, GFP*
cells were analyzed 2 d posttransfection by flow cytometry (FACScan; BD
Biosciences) and fluorescence microscopy. Images of GFP* cells in randomized
fields were captured using a Zeiss Apotome fluorescent microscope.

Statistical Analyses. The significance of differences was determined using
ANOVA or student’s t test (SPSS Inc.) with significance accepted at P < 0.05.
For survival analysis, the log rank Mantel-Cox test was applied.
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