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High levels of reactive oxygen species (ROS) can exhaust 
hematopoietic stem cells (HSCs). Thus, maintaining a 
low state of redox in HSCs by modulating ROS-detoxi-
fying enzymes may augment the regeneration potential 
of HSCs. Our results show that basal expression of man-
ganese superoxide dismutase (MnSOD) and catalase 
were at low levels in long-term and short-term repopu-
lating HSCs, and administration of a MnSOD plasmid 
and lipofectin complex (MnSOD-PL) conferred radiation 
protection on irradiated recipient mice. To assess the 
intrinsic role of elevated MnSOD or catalase in HSCs and 
hematopoietic progenitor cells, the MnSOD or catalase 
gene was overexpressed in mouse hematopoietic cells 
via retroviral transduction. The impact of MnSOD and 
catalase on hematopoietic progenitor cells was mild, 
as measured by colony-forming units (CFUs). However, 
overexpressed catalase had a significant beneficial effect 
on long-term engraftment of transplanted HSCs, and 
this effect was further enhanced after an insult of low-
dose γ-irradiation in the transplant mice. In contrast, 
overexpressed MnSOD exhibited an insignificant effect 
on long-term engraftment of transplanted HSCs, but 
had a significant beneficial effect after an insult of sub-
lethal irradiation. Taken together, these results demon-
strate that HSC function can be enhanced by ectopic 
expression of ROS-detoxifying enzymes, especially after 
radiation exposure in vivo.
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IntroductIon
While reactive oxygen species (ROS) is traditionally considered a 
toxic by-product of cellular metabolism, studies have shown that 
ROS play a central role as second messengers in the signal trans-
duction of many cell types, including hematopoietic stem cells 

(HSCs).1–4 ROS can also influence cell cycle progression depend-
ing upon the amount of ROS.5–7 HSCs and their niche were shown 
to be predominantly located at the lowest end of an oxygen gradi-
ent in the bone marrow (BM), with the implication that region-
ally defined hypoxia plays a fundamental role in regulating stem 
cell function.8 Jang and colleagues demonstrated that low-oxygen 
niche-derived HSCs, isolated indirectly based upon their low 
level of intracellular ROS expression, had a higher self-renewal 
potential than their high ROS counterparts.9 Moreover, in Atm- or 
FoxO-deficient mice, HSCs were exhausted due to increased ROS 
levels,10–13 and treatment with the antioxidative agent, N-acetyl-L-
cysteine, resulted in reversion of the Atm- or FoxO-deficient HSC 
phenotype. Multiple lines of evidence have shown that ROS, which 
may be caused by ionizing radiation, are destructive to HSCs.4,14,15 
Our recent studies demonstrated that ROS generated in irradi-
ated hosts may also pose a significant negative “bystander” effect 
on transplanted HSCs.16 These results suggest that low physi-
ological levels of ROS are beneficial for maintaining HSC func-
tion, while deregulated increases of ROS can cause defects in HSC 
repopulation.

Excessive intracellular ROS are scavenged by antioxidant 
enzymes, such as superoxide dismutase (SOD), which converts 
superoxide anion radicals (O2

−) into hydrogen peroxide (H2O2) 
that can then be detoxified into water by catalase17 and gluta-
thione peroxidase.18 There are three forms of SOD in eukaryotic 
cells: a copper- and zinc-containing enzyme (CuZnSOD, SOD1) 
found in the cytoplasm and nucleus,19 a manganese-containing 
enzyme (MnSOD, SOD2) present in mitochondria,20 and an 
extracellular form (EC-SOD, SOD3).21 Mitochondria are a major 
source of intracellular ROS generation and previous studies inves-
tigating the effects of overexpressing MnSOD to decrease mito-
chondrial ROS have yielded diverse results. Overexpression of 
MnSOD was shown to prevent oxidative stress-induced apopto-
sis in two hematopoietic cell lines, 32Dcl3 and K562, and in pri-
mary murine BM cells.22–24 However, in NIH/3T3 cells, MnSOD 
overexpression decreased cell growth.6,7 Meanwhile, MnSOD was 
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shown to provide significant radioprotection to cultured cells in 
vitro as well as some tissues in vivo.25 In order to investigate the 
potential for possible clinical therapies, we previously generated a 
MnSOD plasmid and lipofectin complex (MnSOD-PL),26,27 which 
was a FDA-approved therapeutic agent being evaluated in a phase 
I/II trial for radioprotection of patients with non-small cell lung 
cancer,28,29 to target specific tissues or cells.

This study aims to investigate the effects of MnSOD and cata-
lase on HSC engraftment following BM transplant. We first evalu-
ated the ability of MnSOD-PL to enhance the efficiency of HSC 
transplants, and then determined the intrinsic effect of MnSOD 
and catalase in HSCs by retroviral transduction. Our results dem-
onstrate that HSC function can be enhanced by ectopic expres-
sion of these ROS-detoxifying enzymes, especially after radiation 
damage.

results
Basal expression of ros-detoxifying enzymes in 
mouse hematopoietic cell subsets
To determine the baseline levels of antioxidant enzymes in 
HSCs, we first measured the mRNA levels of MnSOD and cata-
lase in the BM-derived HSC and hematopoietic progenitor cell 
compartments of C57BL/6J mice. To evaluate the expression lev-
els of these enzymes following irradiation, 4 or 8 Gy of ionizing 
radiation was delivered into each cellular compartment. In the 
long-term repopulating HSCs, the basal mRNA level of MnSOD 
was 0.4% and the basal mRNA level of catalase was 1.7%, relative 
to the β-actin control level. The basal mRNA levels of MnSOD 
and catalase were two to fourfold higher in the short-term 
repopulating HSCs than in the long-term repopulating HSCs 
(Figure 1a,b). Irradiation of common myeloid progenitors, com-
mon lymphoid progenitors, granulocyte/macrophage progeni-
tors or megakaryocyte/erythrocyte progenitors did not cause an 
increase in the mRNA expression of MnSOD (Figure 1a), but 
megakaryocyte/erythrocyte progenitor exposure to 8 Gy radia-
tion did cause a substantial increase in the mRNA expression of 
catalase (P < 0.05, Figure 1b).

Beneficial effects of Mnsod-Pl on mice transplanted 
with a limiting dose of Hscs
We hypothesized that a relatively low basal expression level of 
MnSOD in HSCs would not be sufficient enough to protect HSCs 
from oxidative stress caused by irradiation, and explored whether 
administration of MnSOD-PL would confer a protective effect on 
a limiting dose of HSCs transplanted into lethally irradiated mice. 
Hence, either the MnSOD-PL, a vector control plasmid lacking 
the MnSOD gene (mock vector control), or a phosphate-buffered 
saline (PBS) control was injected 24 hours before total body irra-
diation (TBI) and BM transplantation (Figure 2a). After TBI, 8 × 
104 total BM cells (a limiting dose of hematopoietic cells needed 
for animal survival) were transplanted into lethally irradiated mice 
and individual mouse survival was followed for 40 days. The mice 
in both PBS and mock vector control groups began dying 8 days 
after TBI, and the 30-day survival fractions dropped to 75% in 
the mock vector control group and 40% in the PBS control group. 
In contrast, no animals in the MnSOD-PL preconditioned group 
died from the lethal dose of radiation within 40 days (Figure 2b). 

The results demonstrate that MnSOD-PL was able to provide a 
significant protection for irradiated hosts transplanted with a lim-
iting dose of HSCs. Notably, some protection for irradiated hosts 
was also observed in the mock vector control group as compared 
with the PBS control group.
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Figure 1 expression of Mnsod or catalase mrnA in different 
hematopoietic cell subsets after ionizing radiation. A quantitative 
analysis of (a) MnSOD and (b) catalase mRNA levels in C57BL/6J mice 
was performed with real-time RT-PCR; 4 or 8 Gy of TBI was used for the 
radiation exposure. Results are normalized to the levels of β-actin. Data 
are reported as means ± SEM (n = 3, *P < 0.05). CLP, common lymphoid 
progenitor; CMP, common myeloid progenitor; GMP, granulocyte/
macrophage progenitor; LT-HSC, long-term repopulating hematopoi-
etic stem cell; MEP, megakaryocyte/erythrocyte progenitor; MnSOD, 
manganese superoxide dismutase; RT-PCR, reverse transcription-PCR; 
ST-HSC, short-term repopulating HSC; TBI, total body irradiation.
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dissection of hematopoietic regeneration between 
donor and host cells after Mnsod-Pl treatment
To investigate whether the administration of exogenous 
MnSOD-PL can enhance either donor HSC repopulation (coun-
tering the “bystander effect” in the irradiated host) or endogenous 
hematopoietic recovery in the transplantation recipients after 
γ-irradiation exposure, we performed a competitive repopulation 
assay using a suboptimal dose of lethal irradiation (9 Gy). This 
dose should allow for the survival of some residual HSCs in the 
host, and in our previous experience, most animals could survive 
under this condition. The experimental donor cells were trans-
planted 12 hours after TBI, and the MnSOD-PL was administered 
at different time points (Figure 3a). The level of donor hematopoi-
etic cell engraftment and endogenous hematopoietic recovery 
within the recipients was monitored for 24 weeks before the trans-
plant animals were killed. The relative contribution of donor ver-
sus endogenous hematopoietic cells to the overall hematopoietic 
recovery in the irradiated recipients was modulated significantly 
by MnSOD-PL administration, and the modulation patterns were 
dependent on the specific timing of MnSOD-PL administration. 
Specifically, when the MnSOD-PL was only administered before 
TBI (pre-TBI) or at multiple time points (multi-inj., including an 
injection before TBI), the donor engraftment level was signifi-
cantly lower than the engraftment level in the mock vector con-
trol group, indicating a higher ratio of endogenous hematopoietic 
cell regeneration (Figure 3b). Consistent with this, the engraft-
ment levels of donor cells in the blood (Figure 3c) and in the BM 
(Figure 3d) of the pre-TBI or multi-inj. group were much lower 
than engraftment levels in the mock vector control group at 24 
weeks after transplantation (Figure 3c,d). However, the donor-
derived HSCs, as characterized by the CD34−LKS or SLAM 

phenotype for HSCs, were much more abundant in the pre-TBI 
or multi-inj. group than in the mock vector control group when 
quantified by either percentage or absolute yield (Figure 3e). This 
data suggests that although the transplanted HSCs were better 
preserved, they did not generate proportional progeny in com-
parison with the endogenous cells.

The repopulation potential of donor HSCs was examined fur-
ther by a secondary transplant experiment in which donor-derived 
cells were sorted and re-transplanted with an equal amount of 
fresh BM competitor cells into lethally irradiated secondary hosts. 
The peripheral blood engraftment level in the Pre-TBI group was 
significantly higher than in the mock vector control or post-TBI 
groups within 12 weeks after transplantation (Figure 3f). This 
data confirms that donor HSCs were better protected from ROS 
damage and proliferative stress if MnSOD-PL was administered 
before TBI.

extrinsic versus intrinsic effects of Mnsod and 
catalase on hematopoietic cells
To define the “target cells” of the MnSOD-PL treatment, reverse 
transcription-PCR (RT-PCRs) were performed to detect human 
MnSOD expression in various BM cell compartments of treated 
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mice. The results showed that ectopic expression of human MnSOD 
was only detected in BM CD45− stromal cells, but not in LKS 
(Lineage−cKit+Sca1+) cells or Lin+ differentiated cells (Figure 4a). 
To further examine the effect of MnSOD-PL on HSCs, ROS levels 
were detected by flow cytometry. The results demonstrated that 
after a challenge of 2 Gy TBI, all BM cell fractions in the MnSOD-
PL–treated mice, including LKS cells, Lin+ differentiated cells, 
and whole BM cells, have significantly reduced ROS levels in 
comparison with their mock vector control-treated counterparts 
(Figure 4b). These data suggest that a reduction of ROS in HSCs 
and their progenies by MnSOD-PL was likely through a paracrine 
action of BM stromal cells or other host cells.

To explore the intrinsic role of elevated ROS-detoxifying 
enzymes in HSCs, we genetically engineered the HSCs to over-
express human MnSOD and green fluorescent protein (GFP) or 
human catalase and GFP by retroviral transduction (Figure 5a). 
The efficiency of retroviral transduction was more than 90% 
in the mouse stromal cell line, AFT024, and 80% in the mouse 
lineage-depleted BM cells. Western blot results confirmed both 
enzymes were overexpressed (Figure 5b) with correlated enzy-
matic activities (Figure 5c) following transduction. Primary BM 
Lin−Sca1+ cells were also shown to be successfully transduced with 
the human MnSOD or catalase (Figure 5d). Sorted GFP+ cells 

were first used for the colony-forming unit (CFU) assay to test 
the direct effects of these two enzymes on cultured hematopoietic 
progenitor cells. There was no difference in the number of CFUs 
identified in each treatment group of the nonirradiated culture 
plates (Figure 6a). However, the CFU-macrophage count in the 
2 Gy-irradiated plate was significantly higher in the MnSOD (P < 
0.05) and catalase (P  < 0.01) groups than in the mock vector con-
trol group (Figure 6b). Next, we focused on the long-term repop-
ulating potential of HSCs overexpressing MnSOD or catalase by 
using a competitive transplant model in which we transplanted 
various numbers of transduced CD45.1 BM cells into lethally 
irradiated CD45.2 recipients. We then analyzed peripheral blood 
for donor cell engraftment and multilineage reconstitution poten-
tial by co-staining with antibodies for CD45.1, CD45.2, CD11b, 
B220, and CD3. At 3 months after transplantation, the relative 
repopulation activity of donor HSCs in the catalase-transduced 
group increased by threefold (P < 0.05) compared with the vec-
tor control, as shown in our previous report,16 and strikingly, this 
increased again to 7.5-fold (P < 0.05) after 2 Gy re-irradiation 
(Figure 6c). In contrast, a relative increase (1.6-fold) of the repop-
ulation activity of donor HSCs in the MnSOD-transduced group 
versus the vector control group was not significant (P > 0.05) at 
3 months after transplantation. However, a significant increase 
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of 3.4-fold (P < 0.05) was observed after a challenge of 2 Gy re-
irradiation in the MnSOD group (Figure 6c).

To further explore the underlying cellular and molecular 
mechanisms, MnSOD- or catalase-transduced LKS cells were 
examined for cell cycle, apoptosis, and gene expression profil-
ing. While cell cycle analysis did not show significant differences 
among MnSOD-, catalase-, and vector-transduced LKS cells 
(data not shown), both MnSOD- and catalase-transduced LKS 
cells had significantly reduced apoptotic rates compared with 
the vector control (Figure 7a). γH2AX staining demonstrated 
that DNA repair was significantly enhanced in the MnSOD- and 
catalase-transduced LKS cells compared with the vector control 
(Figure 7b,c). In addition, a quantitative RT-PCR analysis using 
the “Fluidigm” technology was performed on a limited number 
of 50 cells. Forty-eight genes related to cell cycle, apoptosis, and 
redox regulation were selected for the RT-PCR array study. Our 
results showed that the expression profile of multiple genes was 
altered significantly in the MnSOD- and catalase-transduced cells 
compared with the vector control. Especially, Puma, a potent 
apoptotic gene in the p53 pathway, which was previously shown 
to mediate the apoptotic effect in HSCs after radiation damage,30 

was significantly downregulated in both MnSOD- and catalase-
transduced LKS cells. In contrast, the mRNA expression of p21, a 
downstream mediator for cell cycle arrest in the p53 pathway, was 
not altered. In addition, we also observed a significant increase of 
Rad 51, a DNA repair enzyme, in MnSOD-transduced LKS cells, 
but interestingly, not in the catalase-transduced cells (Figure 7d). 
These data will lead our future investigations toward the molecu-
lar circuit upon MnSOD or catalase overexpression in HSCs.

dIscussIon
Our current study provides evidence for radioprotective effects 
of antioxidant enzymes on HSCs in mice via systemic delivery of 
MnSOD-PL and retroviral transduction of MnSOD or catalase.

Functional studies of MnSOD in HSCs have not been possible 
due to early lethality of MnSOD knockout mice.31,32 To circum-
vent this problem, Friedman and colleagues performed in vivo 
transplantation with fetal liver hematopoietic cells deficient in 
the MnSOD gene.33 It was shown that loss of MnSOD resulted in 
murine hemolytic anemia due to oxidative damage in erythroid 
progenitor cells, whereas it had no overt effect on lymphoid and 
myeloid engraftment. Our results indicate that, in mice receiving a 
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Figure 7 exploration of the potential cellular and molecular mechanisms. Control vector, MnSOD or catalase retrovirus-transduced LKS cells were 
repopulated through in vivo transplantation and harvested 2 weeks after transplantation for the subsequent analyses below. (a) The percentages of 
apoptotic cells in the MnSOD and catalase groups relative to the vector control group. Data are presented as means ± SEM of three independent 
transplantation experiments (n = 15 per group, **P < 0.01). (b) Representative images of ionizing radiation-induced foci (IRIF) of γH2AX in nonirradi-
ated or 2 Gy-irradiated vector, MnSOD- and catalase-transduced HSCs after 0.5 and 24 hours (Bar represents 10 μm). (c) Quantification of γH2AX-
positive cells (≥3 γH2AX foci) in nonirradiated or 2 Gy-irradiated vector, MnSOD- and catalase-transduced HSCs after 0.5 and 24 hours. Unpaired 
Student’s t-test was applied to analyze the means ± SD (**P ≤ 0.01; ***P ≤ 0.001). (d) mRNA expression of representative genes related to apoptosis 
and DNA repair detected by RT-PCR array assays. Data are presented as means ± SEM of three independent experiments (n = 9–15 per group; each 
sample repeated three times; *P < 0.05; **P < 0.01; ***P < 0.001). MnSOD, manganese superoxide dismutase; RT-PCR, reverse transcription-PCR.
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lethal dose of irradiation (10 Gy) followed by BM transplantation 
using a limiting dose of BM cells, HSC repopulation and animal 
survival can be dramatically improved by MnSOD-PL adminis-
tration. While 100% of the mice that received MnSOD-PL sur-
vived, a significant nonspecific protective effect was also observed 
in the mock vector control group when compared with the PBS-
treated group. It is possible that lipofectin can induce an immune 
response when injected into animals, and this immune response 
may overlap with the function of the delivered genes. According to 
our data, however, lipofectin by itself did not provide any protec-
tion on the irradiated mice when compared with the PBS control 
(data not shown). Therefore, the nonspecific effect was likely due 
to the known cofounding effects of the liposome–DNA complex. 
Noticeably, however, this nonspecific effect did not mask the spe-
cific effect of ectopic MnSOD delivered by the injected plasmids 
when a limiting dose of BM cells was transplanted (Figure 2b). 
A specific effect of human MnSOD was further validated using 
the competitive repopulation transplant model, in which donor 
versus host hematopoietic cells were not equally affected and 
donor HSCs were greatly enriched by MnSOD-PL treatment in 
comparison with the control plasmid (Figure 3e). This potential 
utility of MnSOD-PL suggests an alternative therapeutic strategy 
to enhance the HSC engraftment efficiency in BM transplants. 
Our current study provides a rationale for potential applications 
of MnSOD-PL in clinical HSC transplantation involving TBI pre-
conditioning regimens, though further studies for optimizing the 
vector delivery system are still needed.

How MnSOD-PL affects HSCs and their repopulation must be 
multifactorial. Although our data showed that MnSOD was only 
detected in BM stromal cells and not in LKS or Lin+ differentiated 
cells (Figure 4a), ROS levels were significantly reduced in LKS and 
Lin+ differentiated cells of MnSOD-PL–treated mice after a low 
dosage of irradiation (Figure 4b). This may indicate a paracrine 
manner of ROS reduction in HSCs by the MnSOD-PL contain-
ing stromal cells. Therefore, MnSOD-PL may affect hematopoi-
etic engraftment largely by influencing the BM niche, rather than 
by direct effects resulting from its uptake by HSCs. Nevertheless, 
the subsequent experiments employing retrovirus transductions 
also support an intrinsic role of ectopic expression of MnSOD or 
catalase in hematopoietic cells for HSC protection after radiation 
damage (Figures 5–7).

In this study, we demonstrate that retroviral gene transfer 
of catalase in hematopoietic cells leads to a higher repopulat-
ing capacity in competitive BM transplantation when compared 
to transduction with MnSOD or mock vector control. After an 
exposure of low-dose irradiation 3 months post-transplantation, 
the catalase-overexpressing HSCs exhibited an even greater 
reconstitution capability of up to 7.5-fold in the recipient mice 
(Figure 6c). The catalase enzyme is one of the main regulators of 
H2O2 metabolism, but functional studies of catalase in HSCs have 
been limited. In one study, Gupta and colleagues demonstrated 
that in long-term BM cultures with catalase added to the medium, 
Lin−Sca-1+cells accumulated more than 200-fold compared with 
control cultures.34 In addition, these cultured cells showed multi-
lineage repopulating activity in lethally irradiated mice, indicating 
that manipulation of H2O2 levels could be used to enhance the 
growth of HSCs in culture. Proportions of donor-derived CD45.1+ 

cells at 12 weeks after transplantation were 21.2 ± 11.49–30.5 ± 
8.11% in our study. In the study by Gupta et al., proportions were 
5.3 ± 0.3–22.6 ± 6.6%. Although cell nature and infused cell dos-
age were different, our results show that the retroviral catalase 
gene transfer method is comparable to, but more definitive and 
significant than, the “expansion” of HSCs in long-term in vitro 
culture.

The differential results obtained following MnSOD or catalase 
overexpression in hematopoietic cells may be linked to the impact 
of the enzyme activity level. In our study, the MnSOD protein 
expression was increased 2.4-fold by retroviral gene transfer, but 
enzyme activity was increased by only 2.6-fold in the transduced 
cell line. However, catalase protein expression and activity was 
increased by 21- and 31-fold, respectively. Oberley and colleagues 
demonstrated that the tumor-suppressive effect of the MnSOD 
protein depends largely on its enzyme activity.35 In addition, 
MnSOD activity leads to the generation of H2O2. H2O2 produces 
a highly toxic hydroxyl radical (·OH) in the presence of reduced 
metal atoms unless the H2O2 is removed by the action of catalase 
or glutathione peroxidase 1. In this study, the basal mRNA level of 
catalase was <2–4% relative to β-actin in the long-term and short-
term repopulating HSCs. Furthermore, it could not be activated by 
ionizing radiation. Therefore, overexpression of MnSOD without 
coactivation of catalase or glutathione peroxidase 1 may be harm-
ful to the cells. Indeed, a number of previous studies have reported 
that overexpression of MnSOD suppressed cell growth in several 
types of cancer cells36–41 and this effect is reversed when the steady 
state levels of H2O2 are decreased by overexpressing catalase.42

To explore the underlying mechanisms of enhanced functions 
of MnSOD- and catalase-transduced LKS cells, additional experi-
ments were performed. Although MnSOD and catalase transduc-
tions did not significantly alter the cell cycle parameters, they did 
reduce the apoptotic rates; γH2AX staining clearly showed that 
both MnSOD and catalase transductions could potently enhance 
the DNA repair capability (Figure 7b,c). Finally, RT-PCR profil-
ing revealed that MnSOD and catalase transductions could alter 
the expression of several genes related to apoptosis and DNA 
repair, namely Puma and Rad51 (Figure 7d). Our previous work 
showed that deletion of Puma in HSCs can confer potent radiation 
protection,30 therefore we hypothesize that reduction of Puma in 
MnSOD- and catalase-transduced LKS cells may be responsible for 
the enhanced radiation protection (Figure 7d). Literature showed 
that Rad 51 is an important enzyme involved in DNA repair,43 
therefore, a dramatic increase in Rad 51 may be responsible for 
the enhanced ability of DNA repair in MnSOD-transduced cells 
(Figure 7b,c). While the altered gene expressions may be directly 
caused by overexpression of MnSOD or catalase in LKS cells, it 
may also result from feed-back effects of a reduced ROS level, con-
sidering ROS itself a signaling molecule. Apparently, more experi-
ments are needed to dissect the precise molecular circuit.

Although our study showed that catalase overexpression 
alone is sufficient to preserve or augment HSC function even in 
stressful conditions, greater benefits may be obtained by combin-
ing MnSOD and catalase gene transfers in order to maintain low 
ROS status in the HSCs. Given the fact that multiple antioxidant 
enzymes are involved in the ROS detoxification,3 and the func-
tion of each enzyme is often cell type-specific, it is necessary to 
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test other more potent antioxidant enzymes or the combination 
of these enzymes for their potential application in hematopoietic 
transplantation as well.

MAterIAls And MetHods
Mice and cell preparation. C57BL/6J (CD45.2) mice were used for in 
vitro experiments and were used as transplantation recipients, and B6.SJL 
(CD45.1) mice were used as transplantation donors. For retrovirus trans-
duction, flushed BM cells were depleted of lineage-positive cells at 4 °C with 
biotin conjugated anti-mouse CD3, CD4, CD8a (T lymphocyte), CD45R 
(B lymphocyte), Ly-6G (granulocyte), CD11b (macrophage/monocyte), 
TER-119 (erythroid cell), and streptavidin microbeads (Miltenyi Biotec, 
Auburn, CA) using a MACS LS column and magnetic cell separator 
(Miltenyi Biotec). Animal experiments were approved by the Institutional 
Animal Care and Use Committee of the University of Pittsburgh and the 
Institute of Hematology, Chinese Academy of Medical Sciences.

Flow cytometry analysis. The following antibodies were used for flow cyot-
metry analysis: FITC-CD34, PE-CD45.2, PE-CD127 (IL-7Rα), PEcy5.5-
CD45.1 (SJL), a PEcy7-labeled cocktail of antibodies against lineage marker 
(CD3e, CD4, CD8, B220, CD11b, Gr-1, and TER-119), and biotinylated 
CD45.2 (eBioscience, San Diego, CA). Purified rat anti-mouse CD16/CD32, 
PE-Sca1 (Ly-6A/E), PE-TexasRed-CD45R (B220), APC-c-kit (CD117), 
APC-CD11b, streptavidin-PE, streptavidin-TexasRed, and streptavidin-
PEcy7 (BD Pharmingen, San Diego, CA) were also used. The cells were 
incubated with purified rat anti-mouse CD16/32 to block FcγRII/III before 
primary antibody incubation. Cells stained with biotinylated antibodies 
were washed twice with PBS and labeled with streptavidin-PE, streptavi-
din-TexasRed, or PEcy7. Before analysis, the cells were stained with 4′,6-
diamidino-2-phenylindole (DAPI) to select for viable cells. Experiments were  
performed using a CyANADP flow cytometer (DakoCytomation, Carpinteria, 
CA) and analyzed with Summit v4.3 software (Summit Software, Fort 
Wayne, IN). ROS levels in MnSOD-PL– or vector-PL–treated BM cells were 
detected by flow cytometry. Briefly, 100 μg MnSOD-PL or vector-PL was 
administered into C57BL/BJ (CD45.2) mice via tail vein injection. After 24 
hours, each mouse received a 2 Gy TBI; 12 hours later, mice were killed and 
BM cells were harvested. Intracellular ROS levels of whole BM cells, Lin+ 
cells, and LKS cells were determined by staining with the probe of 2′,7′-
dichlorofluorescene diacetate (DCF-DA) (Invitrogen, Carlsbad, CA).

Retroviral vector construction and transduction. The modified pMSCV-
PGK-GFP retroviral vector was a gift from Dr Guy Sauvageau of Université 
de Montréal. The plasmids containing human MnSOD and catalase cDNA 
(pRevTRE-MnSOD and pSVZeo-CAT) were a gift from Dr Michael W 
Epperly. Each cDNA was amplified by PCR reactions and flanked with 
EcoRI-BglII and HpaI-BglII sites, respectively. The MnSOD PCR product 
was then cloned into the pMSCV-PGK-GFP precut with EcoRI and BglII. 
For catalase cloning, pMSCV was cut with EcoRI, treated with Klenow poly-
merase for HpaI end ligation, and then cut with BglII. Each DNA insert 
was sequenced at the Genomic and Proteomics Core Laboratories of the 
University of Pittsburgh. For viral transduction, retrovirus particles were 
produced by cotransfection of HEK 293T cells with each retroviral vector 
(catalase, MnSOD, or mock vector only) with plasmid vesicular stomatitis 
virus glycoprotein (pVSVG) and pKat. Supernatants were then collected 
and used to infect lineage-depleted mouse BM cells or AFT024 stromal 
cells. For primary BM cell transduction, lineage-depleted cells were pre-
stimulated with 50 ng/ml of recombinant mouse stem cell factor, 10 ng/
ml of thrombopoietin, and 10 ng/ml of Flt3-ligand (Flt3L) in RetroNectin 
(Takara Bio, Otsu, Japan) coated 24-well plates. GFP+ transduced cells were 
sorted in a MoFlo Sorter (DakoCytomation).

Quantitative RT-PCR. For the quantification of endogenous mouse mRNA 
of MnSOD and catalase, pooled BM cells from 20 female C57BL/6J 
(CD45.2) mice (age 6–12 weeks) were stained with a mixture of antibodies 

against CD34 and a cocktail of lineage markers, Sca1, c-Kit, IL-7Rα, and 
CD16/CD32 (FcγRII/III), and then sorted into LKS (long-term and short-
term), common myeloid progenitors, granulocyte/macrophage progeni-
tors, megakaryocyte/erythrocyte progenitors, and common lymphoid 
progenitors populations using a FACSAria (Becton Dickinson, Franklin 
Lakes, NJ) as previously described.12 After 0, 4 or 8 Gy irradiation, the cells 
were cultured at 37 °C for 2 hours. Total RNAs were isolated from each 
cell population using an Absolute RNA Nanoprep kit (Stratagene, Santa 
Clara, CA). First strand cDNA was synthesized from total RNA using 
the Superscript First Strand Synthesis system (Invitrogen). Quantitative 
RT-PCR reactions were performed in a PTC-200 Peltier Thermal Cycler 
(MJ Research, Waltham, MA) using the DyNAmo HS SYBR Green qPCR 
Kit according to the manufacturer’s instructions (Finnzyme, Espoo, 
Finland). Three independent reactions were performed using the fol-
lowing program: 1 cycle at 95 °C for 15 minutes and 44 cycles at 94 °C 
for 15 seconds, 61 °C for 20 seconds, and 72 °C for 20 seconds. For the 
verification of transduced human MnSOD and catalase gene expres-
sion, we sorted Lin−Sca1+ BM cells from the transplanted mice. RT-PCR 
primers used were (5′-3′): GCGGTCGTGTAAACCTCAATAATG and 
CCAGAGCCTCGTGGTACTTCTC for mouse MnSOD; ACATGGTCT 
GGGACTTCTGG and CAAGTTTTTGATGCCCTGGTC for mouse  
catalase; CTGGACAAACCTCAGCCCTA and CTGATTTGGACAAGCA 
GCAA for human MnSOD; and GCCTGGGACCCAATTATCTT and 
GAATCT CCGCACTTCTCCAG for human catalase. For the detection of 
human MnSOD mRNAs in various BM cell fractions of MnSOD-PL– or 
vector-PL–treated mice, mice were injected with 100 μg MnSOD-PL or vec-
tor-PL via tail vein injection; 24 hours later, mice were killed and BM cells 
were isolated. The BM cells were further fractionated into LKS cells, Lin+ 
cells and CD45− stromal cells with magnetic bead separation and FACS, 
followed by the RT-PCR protocol as described above. For the detection of 
gene expression profile in the MnSOD- or catalase-transduced LKS cells, 
the RT-PCR analysis was performed with the BioMark system (Fluidigm, 
South San Francisco, CA) following the manufacturer’s recommended pro-
tocol. Data were analyzed using BioMark Real-Time PCR Analysis Software 
(Fluidigm).

Western blot analysis. To assay for total cellular SOD or catalase protein 
expression, MnSOD- or catalase-transduced AFT024 cells were sonicated 
at amplitude 10 for 24 seconds. The sonicated suspensions were centrifuged 
at 13,000 rpm for 10 minutes at 4 °C. The supernatant was transferred to 
a new tube, and the protein concentration was measured using the Bio-
Rad Protein Assay Reagent (Bio-Rad, Hercules, CA). Denatured protein 
was resolved by 12% SDS-PAGE and electroblotted onto PVDF transfer 
membrane (PerkinElmer, Waltham MA). The membrane was incubated 
with rabbit anti-SOD (1:2,000; Upstate, Billerica, MA), rabbit anti-cata-
lase (1:8,000; Calbiochem, Billerica, MA), or mouse anti-actin polyclonal 
antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), followed by 
incubation with horseradish peroxidase conjugated to anti-rabbit or anti-
mouse IgG (1:2,500; Santa Cruz Biotechnology). The blots were visualized 
using Western Lightning Chemiluminescence Reagent Plus (PerkinElmer 
LAS, Norton, OH).

Enzymatic activity assays. The MnSOD virus-transduced AFT024 cells 
were sonicated as described above and the supernatant was used to measure 
MnSOD activity using the MnSOD Assay Kit-WST (Dojindo Molecular 
Technologies, Rockville, MD) as previously described.44 Briefly, after add-
ing WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2-
H-tetrazolium, monosodium salt) and xanthine oxidase working solution 
to the samples, the microplate was stirred thoroughly and then incubated 
at 37 °C for 20 minutes. The absorbance at 450 nm was measured using 
a microplate reader. MnSOD activity was calculated as the percentage of 
WST-1 formazan inhibition rate by using the following equation: [[(A1 − 
A3) − (AS − A2)]/(A1 − A3)] × 100, where A1, A2, A3, and AS were the absor-
bance at 450 nm for the uninhibited test, blank sample, blank reagent, and 
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sample, respectively. For catalase activity assay, fresh, sonicated extracts 
from the catalase-transduced AFT024 cells were used, and catalase activ-
ity was measured using the Amplex Red Catalase Assay Kit (Molecular 
Probes, Carlsbad, CA) according to the manufacturer’s protocol. Briefly, 
the sample was mixed with H2O2 solution and incubated for 30 minutes 
at room temperature. Then, Amplex Red and horseradish peroxidase were 
added and incubated at 37 °C. After 30 minutes, fluorescence was mea-
sured in a fluorescence microplate reader using excitation at 530 nm and 
emission 590 nm. Catalase concentration was determined by plotting to 
the catalase standard curve.

CFU assay. For CFU assays, 4 × 103 transduced BM cells were plated in meth-
ylcellulose medium (MethoCult M3434; StemCell Technologies, Vancouver, 
British Columbia, Canada) containing 50 ng/ml of recombinant mouse stem 
cell factor, 10 ng/ml of recombinant mouse IL-3, 10 ng/ml of recombinant 
human IL-6 (Peprotech, Rocky Hill, NJ), and 3 U/ml of human erythropoi-
etin at 37 °C with 5% CO2 and high humidity, and scored for colony forma-
tion at 8 and 14 days. To observe the radioprotective effect, 2 Gy radiation 
was delivered to one set of plates 2 days after the plates were made.

Competitive reconstitution assay and serial transplantation. Six to eight 
weeks old C57BL/6J (CD45.2) mice or B6.SJL (CD45.1) mice were used 
as recipients or donors, respectively. We sorted catalase-, MnSOD-, and 
vector-transduced GFP+ cells from lineage-depleted donor BM cells and 
intravenously injected them into 9.5 Gy-irradiated female CD45.2 mice in 
competition with CD45.1/45.2 double-positive BM mononuclear cells. Three 
independent transplantations were performed with designated cell doses, 
and 13–20 mice were used as recipients in each group. Multilineage repopu-
lation of donor myeloid and lymphoid cells was assessed monthly by staining 
the peripheral blood with antibodies against CD45.1, CD45.2, CD3e, B220, 
and CD11b. For serial transplantation analysis, we collected CD45.1+GFP+ 
donor-derived cells from two CD45.2+ recipient mice 14 weeks after the first 
BM transplantation and pooled them. A total of 4 × 105 CD45.1 cells from 
primary recipient marrow, and 1 × 105 CD45.2+ BM cells, were cotrans-
planted into lethally irradiated (10 Gy) secondary recipient CD45.2+ female 
mice. Six to eight mice were used as recipients in each group.

Cell cycle and apoptosis analyses. MnSOD, catalase, and vector control 
retrovirus-transduced Lin−GFP+ (CD45.1) mouse BM cells were trans-
planted into 9.5 Gy lethally irradiated 8-week-old female recipient mice 
(CD45.2). Each mouse received 2 × 105 cells and five mice were used per 
group. At 2 weeks after transplantations, recipient mice were killed and 
BM cells were sorted by flow cytometry for CD45.1 LKS cells; 1 × 104 
functional MnSOD, catalase, and vector control-transduced LKS cells, 
prepared as above, were used for cell cycle and apoptosis analyses by flow 
cytometry. Briefly, to analyze cell cycle status, the cells were first stained 
using antibodies against cell surface markers (Lin-APC-CY7, c-kit-APC, 
and Scal-1-PE-CY7), and then fixed and stained using anti-Ki67 antibody 
(Pharmingen, San Diego, CA) and Hoechst 33342. To assay apoptosis, cells 
stained for cell surface markers (Lin-APC-CY7, c-kit-APC, and Scal-1-PE-
CY7) were further incubated for 15 minutes with Annexin V and 7-ADD 
per the manufacturer’s protocol using the Annexin V-PE Apoptosis 
Detection Kit (Pharmingen).

γH2AX staining. 3 × 104 functional MnSOD, catalase, and vector control-
transduced LKS cells, prepared as above, were sorted respectively and 
spun onto slides. The slides were then fixed in 2% paraformaldehyde for 
15 minutes, permeabilized by 0.1% Triton X-100 in PBS, and blocked by 
1% BSA in PBS for 1 hour at room temperature. The slides were incubated 
with 1:500 diluted mouse monoclonal antibodies against γH2AX (Abcam, 
Cambrige, MA) overnight at 4 °C and 1:500 diluted secondary antibodies 
goat anti-mouse IgG conjugated with Dylight 549 (Multisciences, Lachine, 
Quebec, Canada) for 1 hour at room temperature the next day. DAPI was 
used for nuclear staining. Images were produced from an immunofluo-
rescence microscope at ×63 magnification and analyzed for percentage of 

positive cells containing more than three γH2AX foci. Statistical analyses 
were performed using GraphPad Prism software (GraphPad Software, La 
Jolla, CA) and Microsoft Excel. P values were calculated using an unpaired 
two-tailed Student’s t-test.
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