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Hematologic toxicity is a major cause of mortality in radiation emergency scenarios and a primary side effect
concern in patients undergoing chemo-radiotherapy. Therefore, there is a critical need for the development of
novel and more effective approaches to manage this side effect. Catalase is a potent antioxidant enzyme that
coverts hydrogen peroxide into hydrogen and water. In this study, we evaluated the efficacy of catalase as a
protectant against ionizing radiation (IR)-induced toxicity in hematopoietic stem and progenitor cells (HSPCs).
The results revealed that catalase treatment markedly inhibits IR-induced apoptosis in murine hematopoietic
stem cells and hematopoietic progenitor cells. Subsequent colony-forming cell and cobble-stone area-forming
cell assays showed that catalase-treated HSPCs can not only survive irradiation-induced apoptosis but also have
higher clonogenic capacity, compared with vehicle-treated cells. Moreover, transplantation of catalase-treated
irradiated HSPCs results in high levels of multi-lineage and long-term engraftments, whereas vehicle-treated
irradiated HSPCs exhibit very limited hematopoiesis reconstituting capacity. Mechanistically, catalase treat-
ment attenuates IR-induced DNA double-strand breaks and inhibits reactive oxygen species. Unexpectedly, we
found that the radioprotective effect of catalase is associated with activation of the signal transducer and
activator of transcription 3 (STAT3) signaling pathway and pharmacological inhibition of STAT3 abolishes the
protective activity of catalase, suggesting that catalase may protect HSPCs against IR-induced toxicity via
promoting STAT3 activation. Collectively, these results demonstrate a previously unrecognized mechanism by
which catalase inhibits IR-induced DNA damage and apoptosis in HSPCs.

Introduction

Myelosuppression is the most common dose-limiting
side effect of conventional cancer therapy using ion-

izing radiation (IR) and/or certain chemotherapeutic agents
[1–3]. In the event of an acute radiation disaster caused by a
possible nuclear terrorism attack, a nuclear power plant ac-
cident, or nuclear warfare, a large population of civilians and
particularly the first responders are at high risk of IR expo-
sure. Bone marrow (BM) hematopoietic cells are highly
sensitive to chemotherapy and radiation-induced toxicity.
Even a moderate dose (eg, 3 Gy) of IR exposure can cause
acute myelosuppression characterized by neutropenia, lym-
phocytopenia, and thrombocytopenia. It is well documented
that hematopoietic acute radiation syndrome increases the
risk of infection, bleeding, and even death [4–9]. Moreover,

during the course of radiation and chemotherapy, therapy-
induced myelosuppression may cause high mortality and
morbidity and worsen the outcome of cancer treatment
[2,4–8]. Studies from ours and other laboratories have dem-
onstrated that radiation-caused acute myelosuppression is
largely attributable to the induction of apoptosis in hemato-
poietic stem and progenitor cells (HSPCs) [3,6]. Therefore,
there is a critical need for the development of new and more
effective radioprotective agents that can be used to protect
IR-induced apoptosis in BM HSPCs.

We and others have shown that the generation of reactive
oxygen species (ROS) plays a critical role in IR-induced
normal tissue toxicity, including BM radiation injury [10–13].
IR induces ROS production in cells as a consequence of ra-
diolysis of water, and these ROS include superoxide, hy-
drogen peroxide (H2O2), hydroxyl radicals, and so on. If the
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accumulation of ROS exceeds the capacity of the antioxidant
system, oxidative stress can cause DNA damage, leading to
apoptosis and/or cellular senescence [3,6,10,14–16]. Given
the significant involvement of ROS in IR-induced cell killing
and normal tissue damage, it has been proposed that the use
of certain antioxidants might be helpful for the prevention of
radiation toxicity [10,12,17,18].

Catalase (CAT) is an endogenous antioxidant enzyme
found in almost all living organisms, which functions as a
potent ROS scavenger via catalyzing the conversion of
H2O2 into water and oxygen. It has been shown that ectopic
overexpression of CAT can protect a variety of tissues
against oxidative stress-induced damage in animal models
[19–21]. Furthermore, there is evidence indicating that CAT
treatment may preserve hematopoietic stem cell (HSC) self-
renewal in long-term BM cultures [22]. However, the po-
tential of exogenous CAT to protect against IR-induced
HSPC apoptosis remains to be determined. In this study, we
have found that CAT treatment in vitro protects against
radiation-induced DNA damage and apoptosis via promot-
ing STAT3 activation in HSPCs. Importantly, data from
competitive repopulation assays (CRA) have shown that
CAT-rescued irradiated HSPCs retain the ability of self-
renewal and can reconstitute the hematopoietic system in
lethally irradiated recipient mice. These results demonstrate,
for the first time, the usefulness of exogenous CAT for
ameliorating radiation-induced hematologic toxicity.

Materials and Methods

Reagents

Phycoerythrin (PE)-conjugated anti-Sca-1 (Clone E13-
161.7, rat IgG2a); APC-conjugated anti-c-kit (Clone 2B8,
rat IgG2b); PE-conjugated anti-CD45R/B220 (Clone RA3-
6B2, rat IgG2a); anti-Gr-1 (Clone RB6-8C5, rat IgG2b);
anti-Mac-1 (Clone M1/70, rat IgG2b); anti-Ter-119 (Clone
Ter-119, rat IgG2b); and purified rat anti-CD 16/CD32
(Clone 2.4G2, Fcg receptor blocker, rat IgG2b) were pur-
chased from BD Pharmingen. Monoclonal antibodies against
cleaved caspase-3, survivin, p-chk1, chk1, p-chk2, chk2,
p-SATT3, STAT3, and ATM were purchased from Cell
Signaling. Mouse Hematopoietic Progenitor (Stem) Cell
Enrichment Set-DM was purchased from BD Biosciences.
Recombinant mouse thrombopoietin (Tpo) was purchased
from R&D Systems. Catalase was obtained from Sigma. The
mouse anti-phospho-histone H2AX (gH2AX) monoclonal
antibody was purchased from Millipore. The Alexa fluor-555-
conjugated goat anti-rabbit IgG antibody and 2¢, 7¢-dichloro-
dihydrofluorescein diacetate (DCF-DA) were purchased from
Invitrogen.

Mice

Male C57BL/6-Ly-5.2 (Ly5.2) and C57BL/6-Ly-5.1
(Ly5.1) mice were purchased from The Jackson Labora-
tories. Mice were housed four to five per cage at the Medical
University of South Carolina (MUSC) AAALAC-certified
animal facility. They received food and water ad libitum.
All mice were used at approximately 8 to 12 weeks of age.
The Institutional Animal Care and Use Committee of
MUSC approved all experimental procedures used in this
study.

Isolation of BM mononuclear cells
and lineage-negative HSPCs

BM mononuclear cells (BM-MNCs) were isolated as pre-
viously described [3,6]. Lineage-negative HSPCs (Lin-

HSPCs) were enriched and purified using a mouse Progenitor
and Stem Cell Enrichment Kit (BD Biosciences) according to
the manufacturer’s protocol. Briefly, mouse BM-MNCs were
labeled with the biotinylated mouse lineage depletion cocktail
containing monoclonal antibodies against mouse CD3e,
CD11b, CD45R/B220, Gr-1, and Ter-119. Cells committed to
the T- and B-lymphocytic, myeloid, and erythroid lineages
were then depleted by MACS using the BD IMagTM strep-
tavidin magnetic beads (BD Biosciences).

Flow cytometric apoptosis assay

Lin- HSPCs were cultured in IMDM medium containing
10% FBS and 20 ng/mL mouse recombinant Tpo. Cells were
preincubated with 100 U/mL CAT or an equal volume of
PBS as a vehicle control for 30 min before IR exposure (2
Gy). At 24 h after irradiation, cells were collected and
stained with PE-conjugated anti-Sca1 and APC-conjugated
anti-c-kit antibodies. Cells were then stained with FITC-
Annexin V using an apoptosis assay kit (BD Biosciences)
according to the manufacturer’s protocol. Apoptotic cells
were determined by flow cytometric analysis on an FACS
Caliber (Becton Dickinson), and the data were analyzed
using the CellQuest software as previously reported [3].

Colony-forming cell and cobblestone area-forming
cell assays

Colony-forming cell (CFC) assays were performed by
culturing the irradiated and control HSPCs in MethoCult GF
M3434 methylcellulose medium (Stem Cell Technologies)
according to the manufacturer’s protocol. Colonies of col-
ony-forming unit-granulocyte macrophage (CFU-GM) and
burst-forming unit-erythroid (BFU-E) were scored on day 7,
while colonies of CFU-granulocyte, -erythrocyte, -mono-
cyte, and -megakaryocyte (CFU-GEMM) were enumerated
on day 12 after incubation. Cobblestone area-forming cell
(CAFC) assays were conducted to evaluate HSC activity in
vitro as previously reported [3,6]. Day-14 and - 35 CAFC
frequencies were determined to measure the clonogenic
function of hematopoietic progenitor cells (HPCs) and
HSCs, respectively, as previously described [6,23].

Competitive repopulating assay

Lin- HSPCs were isolated from Ly5.1 (CD45.1) mice and
incubated with 100 U/mL CAT or PBS as a vehicle control
for 30 min before IR exposure (2 Gy). The irradiated cells
were then cultured at 50,000 cells/well in IMDM medium
containing 10% FBS and 20 ng/mL mouse recombinant Tpo
in a 12-well plate. Twenty-four hours after IR, cells (50,000
initial HSPCs and their progeny per well) were harvested
from cultures and mixed with 2 · 105 BM-MNCs isolated
from Ly5.2 (CD45.2) mice as competitor cells. The mixed
cells were then transplanted into lethally irradiated (9.5 Gy
TBI) Ly5.2 mice by tail-vein injection. Peripheral-blood
samples were obtained from the retro-orbital plexus using
heparin-coated micropipettes (Drummond Scientific) at 8
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and 16 weeks after transplantation. After red blood cells had
been removed by lyses with 0.15 M NH4Cl, samples were
stained with FITC-conjugated anti-CD45.1 and PE-conjugated
anti-CD45.2 to analyze donor-derived cells on an FACS
Caliber (Becton Dickinson). Donor-derived engraftment
(CD45.1 + cells) in T-, B-lymphocytic, and myeloid lineages
was evaluated by staining the cells with PE-conjugated anti-
Thy-1.2, B220, and Gr-1/Mac-1 monoclonal antibodies,
respectively.

Secondary transplantation

BM-MNCs were isolated from the primary recipients at
20 weeks after BM transplantation (BMT) and were used for
the secondary transplantation. Because the frequency of
HSCs in BM-MNCs is much lower than that in Lin- cells,
5 · 105 BM-MNCs (rather than 5 · 104 Lin - cells) were
transplanted into each lethally irradiated (9.5 Gy TBI) re-
cipient (CD 45.2) mouse. Eight weeks after secondary
transplantation, donor cell engraftment (CD45.1 + cells) was
determined by flow cytometric analysis as described earlier.

Flow cytometric analysis of ROS

Intracellular ROS were measured by flow cytometric
analysis as previously reported [10,12]. Briefly, Lin -

HSPCs were loaded with 5mM of DCF-DA and incubated at
37�C for 30 min. The levels of ROS in HSPCs were ana-
lyzed by measuring the mean fluorescence intensity of DCF-
DA staining using an FACSCalibur flow cytometer.

Immunofluorescent microscopic analysis
of cH2AX foci

Phosphorylated H2AX (gH2AX) foci assays were per-
formed to determine DNA double-strand breaks (DSBs) in
HSPCs after CAT and/or IR treatments using immuno-
fluorescent microscopic analysis as previously described
[10,24]. Briefly, HSPCs were harvested from cultures and
cytospun onto slides. Cells were fixed in 4% paraformal-
dehyde solution for 10 min and permeabilized with 0.2%
Triton X-100. After incubation with anti-gH2AX (1:500) for
2 h at room temperature, gH2AX foci were visualized using
Alexa Fluor 555-conjugated anti-mouse IgG antibody. Nu-
clei were counterstained with DAPI. The images were
captured and processed using a Zeiss Axio Observer Z1
microscope.

Comet assay

A neutral comet assay was employed to determine DNA
DSBs in HSPCs by using a Comet Assay� Kit (Trevigen) as
previously described [25]. Briefly, cells were mixed with
Comet Assay� low-melting agarose at a ratio of 1: 10 (v/v)
and spread evenly on slides. The cells were treated with
CometAssay lysis solution at 4�C for 1 h, submerged in cold
neutral electrophoresis buffer, and subjected to electropho-
resis at 21V for 30 min. The cells were stained with SYBR�

Green I and viewed using a Zeiss Axio Observer Z1 mi-
croscope. The images were captured and processed using the
AxioVision (4.7.1.0) software (Carl Zeiss). The percentage
of DNA tail moment was evaluated using the TriTek Comet
Score� software (Version 1.5.2.6; TriTek Corporation).

Western blotting analysis

Protein samples were extracted using cell lysis buffer
(Cell Signaling) supplemented with a cocktail of proteinase
inhibitors (Sigma). The protein concentrations were quan-
tified using the Bio-Rad Dc protein assay kit (Bio-Rad La-
boratories). Western blotting analysis was performed as
previously described [24]. Briefly, 50 mg of protein samples
were resolved on 10% Mini-Protean TGX gels (Bio-Rad)
and transferred onto 0.2 mM PVDF membrane (Millipore).
Blots were blocked with 5% nonfat milk for 1–2 h at room
temperature, then probed with primary antibodies, and in-
cubated at 4�C overnight. After extensive washing with TBS-
T, blots were incubated with appropriate HRP-conjugated
secondary antibody for 1.5 h at room temperature. Protein
bands were detected using an ECL Plus Western Blotting
Detection System (GE Healthcare Life Science).

Statistical analysis

Comparisons between two groups were carried out using
Student’s t-test. Multiple-group comparisons were per-
formed using analysis of variance. Differences were con-
sidered statistically significant at P < 0.05. All analyses were
carried out with the GraphPad Prism program (GraphPad
Software, Inc.).

Results

CAT inhibits IR-induced apoptosis in HSCs
and HPCs

Our previous studies have shown that radiation-induced
acute hematopoietic toxicity is, at least in part, attributable
to the induction of apoptosis in HSPCs [3,6]. Given the
important role of ROS production in mediating IR-induced
normal tissue injury [10–16], we hypothesized that inhibi-
tion of ROS by the addition of exogenous CAT to cultures in
vitro may protect HSPCs against IR-induced apoptosis. To
test this hypothesis, we pretreated Lin- HSPCs with exoge-
nous CAT before IR exposure to determine the effects of
CAT treatment on IR-induced apoptosis in HSPCs. The data
show that preincubation with CAT significantly reduces the
number of cells undergoing IR-induced apoptosis in both
Lin - Sca1 + c-Kit + (LSK + cells or HSCs) and Lin - Sca1 +

c-Kit - (LSK - cells, or HPCs) subpopulations (Fig. 1A–C).
These results indicate that exogenous CAT treatment in-
hibits IR-induced apoptosis in both HSCs and HPCs. In
addition, the ability of CAT to inhibit IR-induced apoptosis
in irradiated HSPCs was further confirmed by cleaved cas-
pase-3 assays (Fig. 1D, E).

CAT treatment protects the clonogenic capacity
of irradiated HSPCs

Next, we asked whether the CAT-rescued HSPCs have
the potential to generate hematopoietic colonies in cultures.
To address this question, CFU assays were performed to
determine the colony-forming activity of HPCs. As shown
in Fig. 2A–C, CAT-treated irradiated HSPCs produce a
greater number of CFU-GM, BFU-E, and CFU-GEMM than
do PBS-treated irradiated cells. These data suggest that CAT
treatment protects the clonogenic function of HSPCs and
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that CAT-rescued HSPCs retain the ability to differentiate
into multi-lineage hematopoietic colonies.

To further determine whether the CAT-rescued HSPCs
retain HSC functional activity, we employed CAFC assays
to evaluate the clonogenic capacity of HSCs in vitro. Both
day-14 and -35 CAFCs generated from CAT-treated HPSCs
were markedly higher relative to those generated from PBS-
treated cells (Fig. 2D, E). Given that the day-35 CAFC is a
surrogate of HSC measurement in vitro [6,23], these results
suggest that CAT treatment may protect the clonogenic
ability of irradiated HSCs.

CAT treatment retains the self-renewal
potential of irradiated HSPCs in vivo

BMT is the gold standard assay to evaluate the self-
renewal potential of HSCs. Therefore, we performed CRA

to further examine the self-renewal function of CAT-rescued
irradiated HSPCs in vivo. At 8 and 16 weeks after BMT,
peripheral blood cells from the recipient mice were analyzed
for donor cell-derived engraftment. The results indicate that
CAT-treated HSPCs exhibit significantly higher donor cell-
derived engraftment than do cells treated with PBS as ve-
hicle control (Fig. 3A, B). Moreover, flow cytometric assays
show that CAT-treated irradiated HSPCs give rise to higher
levels of myeloid, B- and T-lymphocytic lineage engraft-
ments in recipient mice as compared with PBS-treated ir-
radiated donor cells (Fig. 3C).

Secondary transplantation analyses reveal that CAT-
treated cells can repopulate all lineages of the blood cells,
while PBS-treated HSPCs exhibit only very limited ability
to generate donor-derived hematopoietic cells in recipient
mice (Fig. 3D, E). When examining donor-derived bone
marrow HSCs (LSK + Cells) reconstitution, we found that

FIG. 1. Catalase (CAT) inhibits IR-induced apoptosis in hematopoietic stem cells (HSCs) and hematopoietic progenitor
cells (HPCs). (A) Schematic illustration of apoptosis analysis in Lin - Sca1 + c-Kit + (LSK + ) HSCs and Lin - Sca1 + c-Kit -

(LSK - ) HPCs. (B) The percentage of apoptotic cells in HSCs after IR and CAT treatment is presented as mean – SEM of
three independent experiments. (C) The percentage of apoptotic cells in HPCs after IR and CAT treatment is presented as
mean – SEM of three independent experiments. (D) Lin - HSPCs were pretreated with CAT (100 U/mL) or PBS as vehicle
control for 30 min before IR. Cleaved caspase-3 immunostaining was performed at 16 h after IR. Representative photo-
micrographs of activated caspase-3 immunofluorescent staining (red) and nucleic counterstaining with DAPI (blue) are
shown. (E) The percentage of cells positively stained for cleaved caspase-3 in different groups of HSPCs is presented as
mean – SEM of three independent assays. aP < 0.001 versus PBS vehicle control; bP < 0.01 versus IR; cP < 0.05 versus PBS
vehicle control. Color images available online at www.liebertpub.com/scd
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CAT-treated irradiated HSPCs contribute to 16.3% of do-
nor-derived HSCs compared with only 2.6% of donor-
derived HSCs produced by PBS-treated irradiated HSPCs,
indicating a 6.3-fold increase in HSC reconstruction by CAT
treatment (Fig. 3F). Together, these findings demonstrate
that CAT-rescued irradiated HSPCs retain the self-renewal
ability and, thus, can reconstitute long-term and multi-
lineage hematopoiesis in lethally irradiated recipient mice.

CAT inhibits IR-induced ROS production in HSPCs

We and others have shown that the production of ROS
plays a critical role in IR-induced toxicity [10–16], sug-
gesting that CAT may protect HSPCs against radiation
toxicity via inhibiting IR-induced ROS production. To test
this hypothesis, we investigated the levels of ROS in irra-
diated HSPCs with or without CAT treatment. DCF-DA
staining and flow cytometric analyses reveal that IR in-
creases ROS levels in both HSCs and HPCs (Fig. 4). Fur-
thermore, CAT treatment significantly reduces the levels of
ROS in irradiated HSCs and HPCs (Fig. 4B, C). These re-
sults strongly support the hypothesis that CAT may protect
against radiation-induced apoptosis in HSPCs via inhibiting
the production of ROS caused by IR.

CAT treatment attenuates IR-induced DNA damage
in HSPCs

It has been shown that IR-induced DNA damage signifi-
cantly contributes to radiation toxicity [10,15,18]. However,
it has not been determined whether CAT treatment has any
effects on IR-induced DNA damage in HSPCs. To address
this important issue, we performed gH2AX foci assays to
assess the effects of CAT treatment on IR-induced DNA

double-strand breaks (DSBs) in irradiated HSPCs. As shown
in Fig. 5A–C, IR-induced gH2AX foci were substantially
reduced by CAT treatment in irradiated HSPCs, compared
with cells treated with PBS as a vehicle control. CAT
treatment significantly decreased IR-induced gH2AX foci at
60 min after irradiation (Fig. 5B), demonstrating that CAT
prevents IR-induced DNA damage in HSPCs. However, the
reduction of gH2AX foci by CAT at 24 h after irradiation
was not as pronounced as it did at 60 min post IR (Fig. 5B,
C), suggesting that CAT may protect HSPCs against irra-
diation mainly through inhibition of IR-induced DNA DSBs
while having only a limited effect on promoting DNA
repair.

Consistent with the earlier findings, comet assay data
further confirmed that CAT treatment inhibits IR-induced
DNA DSBs in HSPCs (Fig. 5D, E). Together with the ob-
servations that CAT treatment diminishes IR-induced pro-
duction of ROS (Fig. 4), these data suggest that CAT may
protect HSPCs against IR-induced apoptosis via inhibiting
ROS-mediated DNA damage.

CAT protects HSPCs against IR-induced apoptosis
via promoting STAT3 activation

STAT3 has been shown to play an important role in
HSPC survival, self-renewal, proliferation, and differentia-
tion [26–29]. To better understand the mechanisms by which
CAT protects HSPCs against IR-induced cell death, we in-
vestigated the effects of CAT treatment on STAT3 signaling
in HSPCs. Surprisingly, we found that CAT treatment
markedly increases the phosphorylation of STAT3, but it
shows no significant effects on total STAT3 protein levels
(Fig. 6A). These results demonstrate for the first time that
CAT treatment somehow can promote STAT3 activation in

FIG. 2. CAT treatment protects the clonogenic function of irradiated HSPCs. (A–C) Colony-forming cell (CFC) assays
were performed to determine the clonogenic capacity of HPCs to generate CFU-E, BFU-E, and CFU-GEMM as previously
reported [3,6]. (D, E) CAFC assays were employed to examine the clonogenic functions of HPCs (day-14 CAFCs) and
HSCs (day-35 CAFCs), respectively, as previously described [6,23]. Data are presented as mean – SEM of three inde-
pendent experiments. aP < 0.01 versus PBS vehicle control; bP < 0.05 versus IR; cP < 0.01 versus IR.
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HSPCs. To determine whether CAT treatment also affects
the activity of other cell survival signaling pathways in
HSPCs, we examined the effects of CAT treatment on the
phosphorylation of extracellular signal-regulated kinase
(Erk). The data show that CAT treatment has no significant
effect on the expression of phosphorylated Erk in HSPCs.
These results suggest that CAT may selectively promote the
activation of the STAT3 signaling pathway in HSPCs. In
agreement with this suggestion, our subsequent studies
further show that the expression of survivin, a down-stream
target of STAT3, is significantly increased in irradiated
HSPCs by CAT treatment (Fig. 6A).

Given the implications of the ATM-chk2 and ATR-chk1
pathways in modulating DNA damage response, we inves-
tigated whether CAT treatment affects the activation of
these two signaling pathways in HSPCs. As shown in Fig.
6B, western blot analyses indicate that CAT treatment
markedly enhances IR-induced increase in phosphorylated
chk2 expression. However, no significant changes were
observed in both phosphorylated chk1 and total chk1 ex-
pression. These results suggest that CAT treatment may also
enhance the activation of the ATM-chk2 pathway and thus
promote DNA damage response in HSPCs.

To verify the specificity of STAT3 activation by CAT,
we preincubated HSPCs with an STAT3 specific small-
molecule inhibitor, Stattic [30], and confirmed that Stattic
(ST) treatment blocks CAT-mediated STAT3 activation in
HSPCs (Fig. 6C). In addition, apoptosis assays demonstrate
that inhibition of STAT3 activation by ST abolishes the
protective effect of CAT in HSPCs (Fig. 6D, E). Together,
these novel observations suggest that CAT may protect
HSPCs against IR-induced apoptotic cell death via pro-
moting the activation of the STAT3 signaling pathway.

Discussion

Bone marrow is one of the most radiation sensitive tis-
sues; even a relatively low dose of radiation exposure may
lead to significant BM injury that will place victims at a life-
threatening risk of severe infections, hemorrhage, and even
death [4–10]. Previous studies, including those from our
laboratory, indicated that acute BM radiation injury is, at
least in part, attributable to the induction of apoptosis in
HSPCs [3,6,18], suggesting that inhibition of IR-induced
apoptosis may be an effective approach to protecting BM
radiation injury. CAT is an extremely potent antioxidant

FIG. 3. Transplantation of CAT-rescued irradiated HSPCs produces long-term engraftment in recipient mice. Competitive
repopulation assays (CRA) were performed to determine the self-renewal and multi-lineage differentiation capacity of HSCs.
(A) Short-term donor cell-derived engraftment in peripheral blood was determined at 8 weeks post transplantation using flow
cytometric analyses. (B) Long-term donor cell-derived engraftment in peripheral blood was determined at 16 weeks after
transplantation. (C) Shown is the percentage of donor cell-derived myeloid, B-, and T-lymphocytic lineage engraftment at 16
weeks post transplantation. Data are presented as mean – SEM (n = 10 mice per group). (D) Donor cell-derived engraftment in
peripheral blood was determined at 8 weeks after secondary bone marrow transplantation (BMT). (E) Shown is the percentage
of donor cell-derived myeloid, B-, and T-lymphocytic lineage engraftment at 8 weeks after secondary BMT. Data are
presented as mean – SEM (n = 5 mice per group). (F) Donor cell-derived HSC (LSK+ cell) reconstitutions in bone marrow of
recipient mice were determined at 8 weeks after secondary transplantation. aP < 0.001 versus Control (CTL); bP < 0.01 versus
CTL; cP < 0.01 versus IR + PBS; dP < 0.05 versus IR + PBS; *P < 0.001 versus IR + PBS.
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FIG. 4. CAT inhibits IR-induced
reactive oxygen species (ROS) pro-
duction in HSPCs. (A) Schematic il-
lustration of ROS analysis in HSCs
and HPCs using DCF staining along
with flow cytometric analysis as pre-
viously reported [10]. (B) ROS levels
in HSCs are presented as mean fluo-
rescence intensity (MFI) of 2¢, 7¢-
dichlorofluorescein (DCF) staining. (C)
ROS levels in HPCs are presented as
DCF MFI of three independent assays.
aP < 0.01 versus control; bP < 0.05
versus IR. Color images available on-
line at www.liebertpub.com/scd

FIG. 5. CAT treatment attenuates IR-induced DNA damage in HSPCs. (A) Representative photomicrographs of gH2AX
immunofluorescent staining (red) and nucleic counterstaining with DAPI (blue) are shown. (B) Numbers of gH2AX foci/
cell at 60 min after IR are presented as mean – SEM of three independent assays. (C) Numbers of gH2AX foci/cell at 24 h
post IR are presented as mean – SEM of three independent assays. (D) Representative photomicrographs of comet assays are
shown. (E) The percentage of tail DNA movement in HSPCs with different treatments was quantified and graphed. Data are
presented as mean – SEM of three independent assays. aP < 0.01 versus control; bP < 0.05 versus IR; cP < 0.05 versus
control. Color images available online at www.liebertpub.com/scd
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enzyme; one molecule of CAT is capable of converting
more than 6 million molecules of H2O2 to water and oxygen
every minute. H2O2 is a major component of ROS and ex-
cessive accumulation of intracellular H2O2 can cause oxi-
dative stress, resulting in apoptotic cell death. However, the
effects of exogenous CAT treatment on IR-induced oxida-
tive stress and apoptosis in HSPCs have not been reported
until this study. Here, we demonstrate for the first time that
exogenous CAT treatment can inhibit IR-induced DNA
damage and apoptosis in HSPCs.

We and others have demonstrated that IR-induced ROS
play a critical role in radiation tissue injury [10–12,18–20].
IR induces ROS production in irradiated cells as a conse-
quence of radiolysis of water, which can cause DNA
damage, ultimately leading to apoptosis and/or cellular se-
nescence. The toxicity of ROS is modified by several anti-
oxidant enzymes such as CAT, which function as ROS
scavengers. In this study, we found that IR-induced apo-
ptosis is associated with increased production of ROS in
irradiated HSPCs. Moreover, the data showed that inhibition
of ROS by CAT treatment attenuates IR-induced apoptosis
and DNA damage in HSPCs. These results suggest that in-
hibition of IR-induced oxidative stress by exogenous CAT
treatment could provide an effective strategy for protection
of BM from radiation injury through inhibition of ROS
production and ROS-mediated DNA damage in HSPCs.

It has been well documented that STAT3 is involved in
modulating HSPC functions [26–29]. STAT3 also can pro-
vide cells with a survival advantage via promoting the ex-
pression of anti-apoptotic proteins such as BCL-2 and
survivin [27,31]. Interestingly, we found here that the ra-

dioprotective effect of CAT is associated with increased
STAT3 activation and elevated survivin expression, and that
inhibition of STAT3 by ST abolishes the protective activity
of CAT in HSPCs. These novel observations suggest that
CAT may inhibit IR-induced oxidative stress, DNA damage,
and apoptosis, at least in part, through activating the STAT3
signaling pathway. In support of this idea, it has been re-
cently shown that STAT3 can bind to and affect the enzy-
matic activities of several subunit complexes of the
mitochondrial electron-transport chain, thus demonstrating a
new and noncanonical role for STAT3 in mitochondrial
function [32,33]. Furthermore, in agreement with our find-
ings, there is evidence that STAT3-deficient HSPCs show
increased ROS levels and impaired self-renewal function
[34]. Together, these results suggest that CAT may inhibit
IR-induced oxidative stress and apoptosis in HSPCs via
promoting STAT3 activation and, consequently, modulating
mitochondrial function.

The mechanisms by which CAT activates STAT3 in
HSPCs are unknown. However, it has been shown that H2O2

is involved in the regulation of several signaling pathways
via modulating protein phosphorylation. In fact, H2O2 can
modulate the activity of protein tyrosine phosphatases
(PTPs) such as leukocyte antigen-related and PTP-1 [35].
Therefore, it is possible that CAT may regulate the phos-
phorylation and activation of STAT3 signaling in HSPCs
through inhibition of H2O2 production, which, in turn, can
modulate H2O2-mediated alterations in the functions of
PTPs. Nevertheless, further in-depth mechanism studies are
needed to better understand how CAT treatment activates
the STAT3 signaling pathway in HSPCs.

FIG. 6. CAT treatment promotes STAT3 activation in HSPCs. (A) Western blots were performed to determine the
expression levels of phosphorylated Stat3 (p-Stat3) and phosphorylated Erk (p-Erk) as well as total Stat3, Erk, and survivin
proteins in HSPCs. b-actin was probed as a loading control. (B) The activation of the ATM-chk2 and ATR-chk1 pathways
was determined by western blots using phosphorylated chk1 (p-chk1) and phosphorylated chk2 (p-chk2) specific antibodies.
(C) Western blot analyses were performed to examine the effects of Stattic (ST) on CAT-mediated Stat3 activation in
HSPCs. (D) Annexin V staining and flow cytometric analyses were carried out to determine the impact of ST on the
radioprotective effect of CAT in HSCs. (E) CFU assay was employed to examine the clonogenic function of HSPCs after
different treatments. aP < 0.001 versus CTL; bP < 0.05 versus CTL; cP < 0.01 versus IR + CAT.
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In summary, this study demonstrates for the first time that
exogenous CAT treatment protects murine HSPCs against
radiation-induced DNA damage and apoptosis. We also
have discovered a novel link between the radioprotective
activity of CAT and activation of the STAT3 signaling
pathway. These findings support further exploration of CAT
as a radioprotective agent to ameliorate radiation-induced
hematologic toxicity in vivo in a preclinical setting.
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