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Abstract. Aim: We determined whether bone marrow from
Nrf27'= compared with Nrf2*'* mice differed in response to
the oxidative stress of continuous marrow culture, and in
radiosensitivity of derived stromal and interleukin-3 (IL-3)-
dependent hematopoietic progenitor cells. Materials and
Methods: Hematopoiesis longevity in Nrf2~'~ was compared
with Nrf2*'* mice in long-term bone marrow cultures.
Clonogenic irradiation survival curves were performed on
derived cell lines. Total antioxidant capacity at baseline in
nonirradiated cells and at 24 hours after 5 Gy and 10 Gy
irradiation was quantitated using an antioxidant reductive
capacity assay. Results: Long-term cultures of bone marrow
from Nrf2'= compared to Nrf2*'* mice demonstrated
equivalent longevity of production of total cells and
hematopoietic progenitor cells forming multi-lineage
hematopoietic colonies over 26 weeks in culture. Both bone
marrow stromal cell lines and I1-3-dependent hematopoietic
progenitor cell lines derived from Nrf2™'~ mouse marrow
cultures were radioresistant compared to Nrf2*'*-derived
cell lines. Both DNA repair assay and total antioxidant
capacity assay showed no defect in Nrf2~~ compared to
Nrf2*"* stromal cells and IL-3-dependent cells. Conclusion:
The absence of a functional Nrf2 gene product does not alter
cellular interactions in continuous marrow culture, nor
response to dsDNA damage repair and antioxidant response.
However, lack of the Nrf2 gene does confer radioresistance
on marrow stromal and hematopoietic cells.
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The redox sensitive transcriptional activating factor Nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) has been shown to
be sensitive to radical oxygen species (ROS) for its induction
(1-3). Furthermore, Nrf2 responsive binding sites on
promoters for inflammatory cytokines and other stress
response genes have a prominent role in cellular, tissue, and
organ response to various forms of oxidative stress, including
irradiation (4-9). The cellular response to ionizing irradiation
is complex and involves many molecular biological events
initiated at the nucleus, communicated to the mitochondria,
leading to the induction of apoptosis (10, 11). The
complexity of the irradiation response also involves indirect
effects between cells and tissues mediated by inflammatory
cytokines, the induction of which is dependent upon both
redox-sensitive and DNA repair-dependent transcriptional
activators. While Nrf2 homozygous deletion recombinant
mice have a reduced lung fibrotic response following
irradiation (4), the lifetime of these mice is also shortened
(5). Nrf2 has also been shown to be necessary for a
successful resolution of the normal acute inflammatory
response (8, 9). The data suggest that Nrf2-induced
molecular biological downstream events may be involved in
both early and the late tissue effects of irradiation (5-7).

A critical tissue in the irradiation response in which the
interaction between stem cells and supportive stromal cells
can be studied is the bone marrow (10). Total-body irradiated
mice demonstrate many parameters of genetic control of the
hematopoietic cellular response to irradiation (12). The role
of Nrf2 in hematopoiesis is a subject of interest (3). Recent
data show that Nrf2~"~ mice have an enlarged stem cell pool
attributable to faster self-renewal, but leading to increasing
senescence and less regulatory control (28). The interaction
of Nrf2 with the stem cell quiescence controlling factor
chemokine receptor type-4 (CXCR4) has recently been
reported (28). In the present studies, we used a continuous
bone marrow culture system (13-19) to evaluate the effect of
homozygous deletion of the Nrf2 gene and its protein
product, on the size and stability of the hematopoietic stem
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cell pool and the response of mouse bone marrow to
oxidative stress. The high oxygen incubator system has been
used to test whether mouse genotype (14), oxidative stress
response elements (10), and inflammatory cytokine pathway
gene products (18) influence longevity of hematopoietic stem
cell maintenance in vitro.

We also tested the radiation sensitivity of culture-derived
bone marrow stromal cells (mesenchymal stem cells) (16)
and IL-3 dependent hematopoietic progenitor cell lines
derived from these marrow cultures (15), compared to those
from wild type Nrf2** mice.

Materials and Methods

Mice. Homologous recombinant negative Nrf2-/~ mice and Nrf2+/+
littermates were obtained from Dr. Thomas Kensler and Dr.
Dionysios Chartoumpekis, University of Pittsburgh, Pittsburgh, PA,
USA.

Mice were housed five per cage and fed standard Purina Laboratory
Chow according to University of Pittsburgh Institutional Animal
Care and Use Committee (IACUC) Institutional regulations.

Continuous bone marrow cultures. The methods for establishment
of long-term (continuous) bone marrow cultures have been
published previously (13-14). Briefly, the contents of adult mouse
femurs and tibias were flushed through a 17-gauge needle into 25
cm. square plastic flasks (Corning, Corning, NY, USA) and
maintained in a high humidity incubator with 7% CO-2, in
Fisher’s medium supplemented with 15% heat-inactivated fetal
calf serum with penicillin and streptomycin. Cultures were
supplemented with 10-5 M hydrocortisone sodium hemisuecinate
(13). Fresh corticosteroid was added weekly according to
published methods (13).

Non-adherent cells were removed weekly and total cells counted,
and then plated in 0.8% methylcellulose-containing medium
supplemented with growth factors for hematopoiesis according to
published methods (15). For described experiments, eight cultures
were established from four mice (one tibia and one femur per flask)
for each of the genotypes studied. Cultures were scored weekly for
the percentage of surface area covered with adherent cells, number
of cobblestone islands (representative of adherent hematopoietic
stem cell-containing cell populations), as well as for non-adherent
cells produced per flask, and number of non-adherent cells
producing day 7 and day 14 colony-forming units (17-19). Day 7
and 14 granulocyte-macrophage progenitor (CFU-GM) colonies
were counted by inverted microscopy at each time point as
published elsewhere (10).

Data for weekly cobblestone island numbers, non-adherent cell
numbers, percentage confluence of adherent cells, day 7 colony
counts and day 14 colony counts were collected at week 1 through
week 18. Each week, the cobblestone numbers for each mouse
(collected from two flasks) were averaged. Three mice were
compared in each group (Nrf2-/- and Nrf2++) (total of six data
points). The two groups were compared each week with the two-
sided two-sample t-test, using the averaged numbers. Similar
calculations were performed for non-adherent cell numbers and for
the percentage confluence of adherent cells. For day 7 and day 14
colony-forming progenitor cell counts, observations were compared
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between the two groups each week with the two-sided two-sample
t-test. As this was an exploratory study, p-values were not adjusted
for multiple comparisons.

Derivation of bone marrow stromal cell lines. Adherent cells from
long-term bone marrow cultures at 20 weeks were transferred by
trypsinization to plastic petri dishes and grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum,
penicillin and streptomycin (19). Cell lines were expanded
conservatively and then cloned in Poisson distribution methods
according to published procedures (19). Clonal lines of Nrf2-/~ and
Nrf2++ bone marrow stromal cell cultures were expanded according
to published methods (17, 19).

Derivation of IL-3-dependent hematopoietic progenitor cell lines.
Non-adherent cells were harvested from long-term culture of bone
marrow cells from Nrf2-- and Nrf2+/+ mice at week 4 and cultured
in six-well tissue culture plate with 4.0 ml of Iscoves modified
Eagles medium supplemented with 20% fetal calf serum and 1.0
ng/ml of recombinant IL-3 (Peprotech, Rocky Hill, NJ, USA). The
cells were passaged weekly by cytocentrifugation at 300 xg and
replenished with 4.0 ml medium. Cells were kept at high density
and passaged weekly by this method for 10 weeks, at which time
the mixture was split to two. From the passage at week 10, the cells
were frozen at —80°C for one week, and thawed for culture in the
same medium as described above. The re-cultured cells were termed
as primary Il-3-dependent cell lines and split for colony assay and
sub-cloning (15, 16, 19-22).

Clonogenic radiation survival curves. The methods for radiation
survival curves for adherent cell lines (29) and non-adherent
hematopoietic progenitor cell lines (20-21) have been published
previously. Briefly, cells were irradiated to doses between 0 and
800 cGy using a J. L. Shepard Mark I Cesium irradiator (JL
Shepard and Associates, San Fernando, CA, USA) at 70 cGy per
minute. Adherent cells were plated in quadruplicate in 4-well tissue
culture plates and stained seven days later with crystal violet, and
colonies of greater than or equal to 50 cells were scored at seven
days. Non-adherent cells were plated in triplicate in methylcellulose
containing recombinant mouse stem cell factor (Scf), I1-3, 11-6, and
erythropoetin (Epo) (Stem Cell Technologies, Vancouver, BC,
Canada) and CFU-GM colonies were scored on day seven. Survival
curves were analyzed by linear regression and single-hit multi-
targeted analysis according to published methods (21). D, (slope of
the linear portion of the irradiation survival curve) and i
(measurement of the shoulder on the survival curve which is
calculated as the back extrapolation of the linear portion of the
survival curve to the Y axis) were determined using linear quadratic
and single-hit, multi-target models. The plating efficiency was
determined by dividing the number of colonies per well at 0 Gy by
the number of cells plated per well.

DNA repair measurements by comet assay. Measurement of DNA
strand breaks after irradiation was performed as described
previously (29). Cells of the Nrf2-~ and Nrf2*/+ bone marrow
stromal cell lines were irradiated and incubated at 37°C for 0, 10
min., 1 h, 6 h, or 24 h, at which time the cells were rapidly chilled
to 4°C to stop DNA repair. The cells were mixed in low-melt
agarose, and 500 cells were placed on the sample area of a
CometSlide (Comet Assay 4250-050-K; Travigen, Inc.,
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Gaithersburg, MD, USA). The slides were rapidly chilled to 4°C and
kept in the dark to prevent DNA repair. The slides were then placed
in prechilled lysis solution and kept at 4°C for 60 min, followed by
washing in neutral electrophoresis buffer for 30 min at 4°C and
electrophoresis at 21 V for 1 hour at 4°C. They were then immersed
in DNA precipitation solution for 30 min at room temperature,
immersed in 70% ethanol for 30 min, and dried at 45°C for 15 min.
The cells were then stained with SYBR Green 1 and examined
under a fluorescence microscope, and the comet tails for each of at
least 150 cells were quantified using Comet Assay IV software (29).

Measurements of antioxidant stores by Trolox assay. Total
antioxidant status of the adherent Nrf2-/~ and Nrf2+/+ cell lines was
determined using an antioxidant reductive capacity assay (Northwest
Life Science Specialties, Vancouver, BC, Canada) as previously
published (23). Cells were assayed at 24 h after irradiation to 0, 5, or
10 Gy. Protein samples were standardized to 1 mg/ml using the
Bradford protein assay. The antioxidant reductive assay measures the
antioxidant capacity of cells based on the ability of cellular
antioxidants to reduce Cu*+ to Cu*, which reacts with bathocuproine
to form a color complex with absorbance at 480 to 490 nm. The net
absorbance values were compared to those of a standard curve and
results reported as mM Trolox equivalents per mg protein (29).

Statistical analysis of cell line antioxidant levels and comet assays.
The comet tail intensity was summarized by median and interquartile
range (IQR) for each stromal cell or Il-3-dependent cell line and
radiation dose (0 or 5 Gy) at different time (10, 20, or 30 min) after
irradiation. The data distribution was skewed to the right. The two-
sided Wilcoxon rank sum test was used to compare between the cell
lines at different radiation doses and different times after irradiation.
The data were then log-transformed so that their distribution was
close to normal and a linear mixed model was built on the log-
transformed data in all the 5 Gy-irradiated groups, using cell line and
time of measurement, and their interaction term as fixed explanatory
variables. Each experiment was considered as a random effect,
therefore, a total of six experiments were carried out. The F-test in
this model was used to compare slopes between the cell lines and a
significant p-value indicates a significant different in the change of
tail intensity with time after radiation.

Student’s #-test was used to analyze statistical differences in
radiation sensitivity and antioxidant levels. In all these tests, a p-
value of less than 0.05 was regarded as significant. We did not
adjust p-values for multiple comparisons. These analyses were
carried out with SAS software (SAS Institute, Inc, Cary, NC, USA).

Results

Long-term bone marrow cultures were established by
flushing the femur and tibia bone marrow from groups of
four Nrf27~ and Nrf2** mice using the contents of one
femur and one tibia per flask, two flasks per mouse, and
eight flasks per group (13, 14). Long-term marrow cultures
were maintained at 37°C in a high humidity incubator
according to published methods (14). The adherent layer of
each marrow culture was scored for the percentage
confluence using an inverted microscope and for the number
of cobblestone islands, reflective of hematopoietic adherent
islands, on the stromal cell layer weekly as described

previously (10). Hematopoiesis was compared over the
duration of generation of non-adherent cells and production
by these non-adherent cells of hematopoietic progenitors
capable of forming greater than 50 cell colonies in semi-solid
medium was scored at day 7 or day 14 after subculture in
secondary cultures (18).

Hematopoiesis in long-term cultures of bone marrow from
Nrf27'= mice is not diminished compared to those from wild-
type Nrf2*'* mice. We compared several parameters of
hematopoiesis in long-term cultures from Nrf2~'~ compared
to Nrf2+/ * mice. As shown in Figure 1A, the time for cultures
to reach confluence was indistinguishable between the two
genotypes. The establishment of an adherent layer is
associated with formation on that adherent layer of flattened
hematopoietic cell islands termed cobblestone islands (13,
14, 27). As shown in Figure 1B, there was no difference in
the number of cobblestone islands detected weekly in
marrow cultures, nor in the cumulative number of
cobblestone islands detected over multiple weeks of
observation (Figure 1B and C, respectively).

These data establish that the oxidative stress of culture in a
high humidity incubator did not produce a condition in which
absence of the Nrf2 gene product negatively impacted the
capacity of adherent cell progenitors to proliferate and cover
the surface of the tissue culture flask, in comparison to the
stromal cell proliferation of marrow derived from Nrf2** mice.

Cobblestone islands in long-term marrow culture generate
non-adherent cells which are released weekly into the fluid
phase of the cultures (13, 14). Demi-de-population of the cell
number by removing tissue culture medium and replacing it
with a fresh volume of tissue culture medium is associated
with harvest of non-adherent cells. As shown in Figure 1D,
the weekly production of non-adherent cells from long-term
marrow cultures derived from Ner’/ ~ mice showed
equivalent patterns of production of cells comparable to
those of Nrf2*/*. Cycling and production of cells is a
common phenomenon in long-term bone marrow cultures
and reflects varying rates of proliferation of differentiated
progenitor cells derived from the cobblestone islands in the
adherent layer (13-14).

The cumulative production of non-adherent cells (Figure
1E) showed no detectable difference between Nrf2’/’ and
Nrf2+/ * long-term bone marrow cultures. Thus, the
fluctuation and cycling in production of non-adherent cells
is comparable between the cultures derived from the bone
marrow of each of the two mouse genotypes.

Long-term bone marrow culture produced non-adherent
cells with the capacity for proliferation to form colonies in
semi-solid medium. Colony-forming progenitors cultured in
semi-solid medium containing hematopoietic growth factors,
including I1-3, granulocyte macrophage colony-stimulating
factor I1-3, I1-6, Scf, and other combinations of growth
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factors, have been classified as those rapidly proliferating to
form a 50-cell or greater colony within several days, and a
slower proliferating population, more characteristic of the
multi-lineage hematopoietic stem cell, which forms colonies
at day 14 (17, 18).

As shown in Figure 1F, weekly production of day 7
colony-forming progenitor cells was similar between Nrf2~/~
and Nrf2** cultures. Cumulative production of day 7 colony-
forming progenitors was also indistinguishable between bone
marrow cultures from mice of each of the two genotypes
(Figure 1G).

At day 14, patterns of colony formation were
indistinguishable between cultures from Nrf27~ and Nrf2+*
mice (Figure 1H), and cumulative production of day 14 colony-
forming progenitor cells was similar in the two cultures (Figure

| = Nrf27
-+ N2 M

Cumulative day 14 colonies
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Figure 1. Hematopoiesis longevity in long-term cultures of marrow from
Nrf2=/— mice. A: percentage confluence; B: healthy cobblestone islands;
C: cumulative cobblestone islands; D: weekly nonadherent cells; E:
cumulative nonadherent cells; F: weekly day 7 colony-forming
progenitor cells; G: cumulative day 7 colony-forming progenitor cells;
H: weekly day 14 colony-forming progenitor cells; and 1: cumulative
day 14 colony-forming progenitor cells.

11). Therefore, in each of the metrics of health and proliferation
in tissue culture of adherent bone marrow stromal cells and
hematopoietic cells forming cobblestone islands, non-adherent
cells, and colony-forming progenitor cells, there was no
detectable difference between the biology of those cultures
derived from Nrf2~~ compared to Nrf2*'* mice (Tables I-V).

Radioresistance of Nrf2”'~ bone marrow stromal and II-3-
dependent hematopoietic progenitor cell lines. Permanent
bone marrow stromal cell lines were derived from the
adherent layer of week 4 long-term cultures of bone marrow
from Nrf2~'~ and Nrf2** mice using previously published
methods (18). The radiobiology of cell lines was compared
using the clonogenic survival curve methods previously
described (29). As shown in Figure 2A, bone marrow stromal
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Table 1. Analysis of hematopoiesis in long-term marrow cultures of Nrf2=/=

mice: weekly percent confluence of adherent cells.

Week 1

Week 2

Week 3

Week 4

Week 5

Nrf2--
Nrf2+/+
P

Nrf2--
Nrﬂ+/+
P

Nrf2-/=
Nif2++
P

Nrf2--
Nrf2+/+
P

Nrf2--
Nrﬂ+/+
P

Nrf2-/=
Nif2++
P

33.8+2.5 (n=4)
40.6+3.7 (n=4)
0.0225
Week 6
90.0+0.0 (n=4)
90.0+0.0 (n=4)
1
Week 11
90.0+0.0 (n=4)
90.0+0.0 (n=2)
1
Week 16
90.0+0.0 (n=4)
90.0+. (n=1)
1
Week 21
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 26
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1

63.8+3.2 (n=4)
82.5£2.0 (n=4)
<0.0001
Week 7
90.0+0.0 (n=4)
90.0+0.0 (n=3)
1
Week 12
90.0+0.0 (n=4)
90.0+. (n=1)
1
Week 17
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 22
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 27

85.6+1.2 (n=4)
80.0+0.0 (n=4)
0.0001
Week 8
90.0+0.0 (n=4)
90.0+0.0 (n=3)
1
Week 13
90.0+0.0 (n=4)
90.0+. (n=1)
1
Week18
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 23
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 28

85.6+1.2 (n=4)
85.0+0.0 (n=4)
0.3910
Week 9
90.0+0.0 (n=4)
90.0+0.0 (n=3)
1
Week 14
90.0+0.0 (n=4)
90.0+. (n=1)
1
Week 19
90.0+0.0 (n=4)
90.0+.0.0 (n=1)
1
Week 24
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 29

85.6+1.2 (n=4)
85.0£0.0 (n=4)
0.3910
Week 10
90.0+0.0 (n=4)
90.0+0.0 (n=2)
1
Week 15
90.0+0.0 (n=4)
90.0+. (n=1)
1
Week 20
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
‘Week?25
90.0+0.0 (n=4)
90.0+0.0 (n=1)
1
Week 30

Data are summarized as meanzstandard deviation, n is the number of mice used, and p-values were calculated with the two-sided two sample #-test.
Significant p-values are shown in bold.

Table I1. Analysis of hematopoiesis in long-term marrow cultures of Nrf2~~ mice: weekly cobblestone number.

Week 1

Week 2

Week 3

Week 4

Week 5

Nrf2--
Nrf2+/+
P

Nrf2-/=
Nrf2+/+
P

Nrf2-/-
Nrf2+/+
P

Nrf2--
Nrf2+/+
P

Nrf2-/=
Nrf2+/+
P

Nrf2-/-
Nrf2+/+
P

129.5+53.4 (n=4)
348.5+81.1 (n=4)
0.0041
Week 6
1001.0£157.2 (n=4)
1303.0+£200.2 (n=4)
0.0553
Week 11
431.0+181.3 (n=4)
808.0+186.7 (n=2)
0.0757
Week 16
594.0+£293.5 (n=4)
429.0+. (n=1)

Week 21
200.8+238.5 (n=4)
189.0+. (n=1)

Week 26
93.0+158.0 (n=4)
118.0+. (n=1)

327.0+101.3 (n=4)
941.0+£122.7 (n=4)
0.0002
Week 7
1016.8+135.2 (n=4)
1042.3+207.6 (n=3)
0.8498
Week 12
415.5+£219.8 (n=4)
671.0+. (n=1)

Week 17
518.0+455.9 (n=4)
313.0+. (n=1)

Week 22
176.8+220.8 (n=4)
127.0«. (n=1)

Week 27

398.3+152.8 (n=4)
935.5+253.6 (n=4)
0.0110
Week 8
792.0+£105.9 (n=4)
969.3+166.6 (n=3)
0.1425
Week 13
680.5+246.3 (n=4)
478.5+. (n=1)

Week18
278.0+£235.4 (n=4)
206.0+. (n=1)

Week 23
150.3+205.1 (n=4)
38.0+. (n=1)

Week 28

1070.0£172.8 (n=4)
1161.8+200.6 (n=4)
0.5142
Week 9
580.3+166 .4 (n=4)
557.0+£162.2 (n=3)
0.8607
Week 14
399.8+135.0 (n=4)
272.0+. (n=1)

Week 19
1453+111.9 (n=4)
118.0+. (n=1)

Week 24
184.3+318.8 (n=4)
120.0+. (n=1)

Week 29

1220.5+£202.5 (n=4)
1433.0+118.1 (n=4)
0.1198
Week 10
561.3+155.4 (n=4)
567.5+238.3 (n=2)
0.9699
Week 15
250.3+58.3 (n=4)
525.0+. (n=1)

Week 20
148.8+182.0 (n=4)
44 0+. (n=1)

Week25
205.8+395.0 (n=4)
55.0+. (n=1)

Week 30

Data are summarized as mean+standard deviation, n is the number of mice used, and p-values were calculated with the two-sided two sample #-test.
Significant p-values are shown in bold.
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Table I11. Analysis of hematopoiesis in long-term marrow cultures from Nrf2=/— mice: weekly non-adherent cell number.

Week 3

Week 4

Week 5

8.08+0.31 (n=4)
12.44+1.60 (n=4)
0.0106
Week 8
5.91+1.48 (n=4)
8.45+0.82 (n=3)

6.32+1.54 (n=4)
21.27+4.36 (n=4)
0.0007
Week 9
4.80+1.38 (n=4)
8.10+0.65 (n=3)

6.98+0.82 (n=4)
16.34+2.55 (n=4)
0.0004
Week 10
1.87+2.24 (n=4)
7.15+2.89 (n=2)

0.0452 0.0128 0.0655
Week 13 Week 14 Week 15
3.79+£2.19 (n=4) 3.99+1.44 (n=4) 3.84+1.01 (n=4)
4.13+. (n=1) 6.60+. (n=1) 8.57+. (n=1)
Week18 Week 19 Week 20
3.41+1.35 (n=4) 2.66x1.13 (n=4) 2.78+1.67 (n=4)
1.89+. (n=1) 2.37+. (n=1) 2.90+. (n=1)
Week 23 Week 24 Week25
3.16+1.79 (n=4) 3.09+2.67 (n=4) 2.81£2.47 (n=4)
2.05+. (n=1) 2.05+. (n=1) 2.46+. (n=1)
Week 28 Week 29 Week 30

Week 1 Week 2
Nrf2-/- 17.81£1.55 (n=4) 9.97+1.55 (n=4)
Nrf2++ 22.22+1.28 (n=4) 15.15+1.47 (n=4)
P 0.0047 0.0028

Week 6 Week 7
Nrf2-- 6.01+£0.89 (n=4) 6.91+1.16 (n=4)
Nrf2++ 9.92+1.86 (n=4) 10.61+1.42 (n=3)
P 0.0090 0.0124

Week 11 Week 12
Nrf2-- 3.09+0.37 (n=4) 3.84+1.31 (n=4)
Nrf2++ 7.51+0.81 (n=2) 7.34+. (n=1)
P 0.0006

Week 16 Week 17
Nrf2-/- 4.15+1.43 (n=4) 4.36x1.85 (n=4)
Nrf2++ 4.73+. (n=1) 3.14+. (n=1)
P

Week 21 Week 22
Nrf2-- 3.35+2.54 (n=4) 3.71£2.90 (n=4)
Nrf2++ 3.57+. (n=1) 2.04+. (n=1)
P

Week 26 Week 27
Nrf2-- 2.70+1.76 (n=4)
Nrf2++ 2.77+. (n=1)
P

Data are summarized as meanzstandard deviation, n is the number of mice used, and p-values were calculated with the two-sided two sample #-test.

Significant p-values are shown in bold. (x100000).

cell lines from long-term cultures, bone marrow from Ner’/ -
mice demonstrated radioresistance by increase in both Dy
(dose required to reduce the fraction of cells to 37%) and i
(measurement of the shoulder of the survival curve by
extrapolating the slope of the survival curve to the Y axis
with a larger number correlating to an larger shoulder)
compared to cell lines derived from control Nrf2** mice.
Clonogenic survival of Nrf2~~ 11-3 dependent hematopoietic
progenitor cell lines also showed radioresistance by increase
in both Dy and fi compared to cell lines derived from Nrf2+*
marrow cultures (Figure 2B).

Therefore, while there was no difference in the longevity
and robustness of hematopoiesis in long-term bone marrow
cultures, there was a clearly detectable difference in the
clonogenic irradiation survival curves of both adherent bone
marrow stromal cells and Il-3-dependent hematopoietic
progenitor cells derived from Nrf2~/~ compared to Nrf2*'*
mice.

DNA repair measured by the comet assay. We next measured
DNA repair kinetics in marrow stromal cell lines according
to published methods (29). Ner’/ ~ bone marrow stromal cell
lines showed no differences in DNA repair by the comet
assay compared to Nrf2** stromal cells (Figure 3). Both
Nrf2*"* and Nrf27'~ stromal cells initiated DNA repair within

an hour and completed repair by six hours. The lack of
difference in DNA repair by comet assay suggests that the
radioresistance of Ner’/’ cells is attributable to differences
in radiobiology following DNA damage such as
mitochondrial ~membrane  depolarization, increased
production of reactive oxygen species (ROS) and might be
related to differences in antioxidant stress relative to a
mitochondrial mechanism of apoptosis or autophagy.

Antioxidant stress assay. Radioresistance of Ner’/ ~ cell lines
may have been attributable to differences in post-nuclear
events leading to apoptosis. We next measured antioxidant
stores in cell lines by Trolox assay. There was a significant
decrease in baseline antioxidant levels in Nrf2’/’ marrow
stromal cells compared to the level in Nrf2** cells
(p=0.0205). Nrf2*'* stromal cells exhibited depletion of
antioxidant stores at 24 h after 10 Gy irradiation. The Nrf2*+'*
stromal cells had a significant decrease in the antioxidant
stores compared to the level prior to irradiation (p=0.0035)
(Figure 4A). In contrast, Nrf27~ cells exhibited no significant
decrease in antioxidant levels following 5 or 10 Gy irradiation.
With 11-3 dependent cell lines, the results were similar for the
Nrf2+/ * stromal cells; however, Nrf2’/’ 11-3-dependent cells
exhibited an increase in antioxidant stores after 5 Gy and a
further increase after 10 Gy irradiation (Figure 4B).
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Table IV. Analysis of hematopoiesis in long-term marrow cultures from Nrf2=/=

mice: day 7 colony forming progenitor cell counts.

Week 3

Week 4

Week 5

Week 1 Week 2
Nrf2-- 68.0+6.0 (n=3) 59.7+3.5 (n=3)
Nrf2t/+ 80.3+4.0 (n=3) 112.3+£6.5 (n=3)
P 0.0418 0.0002

Week 6 Week 7
Nrf2-- 211.0+£7.0 (n=3) 98.7+8.6 (n=3)
Nrf2++ 162.0+£9.0 (n=3) 79.7+11.0 (n=3)
P 0.0017 0.0778

Week 11 Week 12
Nrf2-/= 86.7+6.5 (n=3) 61.0+5.0 (n=3)
Nrf2+/+ 39.0+7.0 (n=3) 38.3+6.0 (n=3)
P 0.0010 0.0074

Week 16 Week 17
Nrf2-- 35.7+4.0 (n=3) 16.0£5.0 (n=3)
Nrf2t/+ 72.3+2.5 (n=3) 43.0+4.0 (n=3)
P 0.0002 0.0019

Week 21 Week 22
Nrf2-- 34.3+£5.0 (n=3) 45.7+5.5 (n=3)
Nrf2++ 29.3+4.2 (n=3) 7.0+1.0 (n=3)
P 0.2555 0.0003

68.7+5.5 (n=3)
167.7£6.5 (n=3)
<0.0001
Week 8
97.0+£9.6 (n=3)
75.7+5.1 (n=3)
0.0277
Week 13
34.3+4.5 (n=3)
31.3+4.5 (n=3)
0.4609
Week18
26.3+4.5 (n=3)
13.0£3.6 (n=3)
0.0161
Week 23
28.0+6.0 (n=3)
24.0+4.0 (n=3)
0.3911

167.324.7 (n=3)
137.7+6.5 (n=3)
0.0031
Week 9
95.3+5.5 (n=3)
60.0+2.0 (n=3)
0.0005
Week 14
68.0+6.0 (n=3)
84.0+£6.0 (n=3)
0.0309
Week 19
40.0+£3.6 (n=3)
21.7+4.5 (n=3)
0.0053
Week 24
22.0+3.6 (n=3)
25.7+3.5 (n=3)
0.2756

172.0+4.0 (n=3)
114.7£6.0 (n=3)
0.0002
Week 10
98.3+6.0 (n=3)
83.7+6.0 (n=3)
0.0407
Week 15
68.3+6.0 (n=3)
51.3+4.5 (n=3)
0.0174
Week 20
35.3+6.5 (n=3)
58.0+6.0 (n=3)
0.0114
Week25
10.7£2.5 (n=3)
33.0+3.0 (n=3)
0.0006

Data are summarized as meanzstandard deviation, n is the number of observations, and p-values were calculated with the two-sided two sample #-test.

Significant p-values are shown in bold. (5x104 cells/ml).

Table V. Analysis of hematopoiesis in long-term marrow cultures from Nrf2~~ mice: day 14 colony forming progenitor cell counts.

Week 3

Week 4

Week 5

Week 1 Week 2
Nrf2-- 329.0+13.7 (n=3) 146.7+8.6 (n=3)
Nrf2++ 354.7+13.5 (n=3) 288.7£9.3 (n=3)
P 0.0823 <0.0001

Week 6 Week 7
Nrf2-/= 419.3x12.1 (n=3) 227.3£6.5 (n=3)
Nif2++ 275.3%£16.6 (n=3) 172.0+8.0 (n=3)
P 0.0003 0.0007

Week 11 Week 12
Nrf2-- 138.0+£6.0 (n=3) 129.7+4.0 (n=3)
Nirf2++ 146.0+6.0 (n=3) 177.0¢15.0 (n=3)
P 0.1778 0.0062

Week 16 Week 17
Nrf2-- 82.0+5.6 (n=3) 37.0+4.6 (n=3)
Nrf2++ 182.3+10.6 (n=3) 84.7+6.0 (n=3)
P 0.0001 0.0004

Week 21 Week 22
Nrf2-- 48.7+3.2 (n=3) 83.0+5.6 (n=3)
Nif2++ 50.0+4.0 (n=3) 48.7+6.5 (n=3)
P 0.6760 0.0023

177.7+11.9 (n=3)
303.0+14.9 (n=3)
0.0003
Week 8
214.3+11.9 (n=3)
186.3+8.0 (n=3)
0.0280
Week 13
103.0+9.2 (n=3)
114.0£11.1 (n=3)
0.2570
Week18
87.3+£6.1 (n=3)
58.3+6.0 (n=3)
0.0043
Week 23
74.0+4.0 (n=3)
95.0+4.0 (n=3)
0.0030

300.7+6.5 (n=3)
204.7+£16.3 (n=3)
0.0007
Week 9
217.0+8.2 (n=3)
179.7+6.5 (n=3)
0.0035
Week 14
221.3+£7.0 (n=3)
192.7£10.6 (n=3)
0.0175
Week 19
90.0+6.0 (n=3)
86.7+£7.0 (n=3)
0.5659
Week 24
74.3+5.5 (n=3)
84.0+£6.0 (n=3)
0.1090

323.3+6.5 (n=3)
222.0+15.9 (n=3)
0.0005
Week 10
208.3+7.0 (n=3)
240.3+8.6 (n=3)
0.0076
Week 15
193.0+12.1 (n=3)
224.7+11.0 (n=3)
0.0286
Week 20
47.0+4.6 (n=3)
109.7+10.0 (n=3)
0.0006
Week25

Data are summarized as meansstandard deviation, n is the number of observations, and p-values were calculated with the two-sided two sample r-test.

Significant p-values are shown in bold.

Discussion

Nrf2 is a transcriptional activator which binds to specific
regions on the promoter of a wide variety of stress response
genes, cytokine reactive genes, and genes involved in the
cell cycle and metabolic function of cells. Furthermore, Nrf2
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has been described as a proto-oncogene because of its
activity in multiple pathways associated with malignant
transformation (24). Activation of the Nrf2 gene product has
been shown to be sensitive to oxidative stress and is induced
by ROS leading to its designation as a ROS-sensitive
promoter (3).
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Figure 2. Radiosensitivity of cell lines derived from long-term culture of marrow from (Nrf2=/=) mice: bone marrow stromal (A) and II-3 dependent cell
lines. Dy (slope of the linear portion of the survival curve), ii (back extrapolation of the linear portion of the survival curve to the Y axis representing
the width of the shoulder on the survival curve), and plating efficiency were calculated as described in the Materials and Methods and in (11).

Based on the known functions of Nrf2 and its putative
involvement in multiple cell biological pathways including
malignant transformation, we tested the hypothesis that the
oxidative stress of prolonged culture of bone marrow would
lead to activation of Nrf2 and the downstream activation of
stress response genes and cytokines associated with the ROS
response. Therefore, we expected that the absence of Nrf2 in
Nrf27"~ mice would lead to a detectable difference in oxidative
stress response in their bone marrow stromal cells and
hematopoietic stem cells, resulting in reduced longevity of
hematopoiesis. A defect in oxidative stress handling has been
associated with reduced longevity of hematopoietic stem cells
in the adherent layer of marrow cultures (cobblestone islands),
along with a reduced cumulative production of hematopoietic
cells and colony-forming progenitor cells (10, 14, 17-19). We
did not observe a detectable reduction in these parameters in
long-term bone marrow cultures of Nrf2~~ compared to Nrf2*/*
wild type C57BL/6J cells. The lack of detectable differences
in production of day 14 colony forming unit-granulocyte,
erythrocyte, monocyte/macrophage, megakaryocyte (CFU-
GEMM), representing the most primitive colony-forming cells
released by long term bone marrow cultures may be

attributable to balanced effects of an increase in the
hematopoietic stem cell pool of Nrf2~~ mice but more rapid
senescence of those same cells (28). Alternatively, the in vitro
culture system may have removed other factors regulating the
effects of the Nrf2”'~ genotype in vivo.

We saw no detectable indication of increase in the
oxidative stress from Nrf2~'~ mice. The effect of oxidative
stress on the adherent bone marrow stromal cells in long-
term culture has been associated with adipocyte
differentiation (25) and sloughing of the adherent layer in
marrow cultures associated with accumulation of lipid (13).
If handling of oxidative stress were a critical component of
maintaining the adherent layer in long-term bone marrow
cultures and/or accumulation of lipid in stromal cells led to
sloughing and deformation of the hematopoietic
microenvironment, we would expect to see reduced longevity
of hematopoiesis. We did not see such an effect on longevity
of hematopoiesis in long-term cultures of bone marrow from
Nrf27/= compared to Nrf2*/* mice.

The interaction between bone marrow stromal and
hematopoietic stem cell adherent islands (cobblestone
islands) has been shown to be critically involved in the
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Figure 3. DNA repair in Nrf2== compared to Nrf2*/* bone marrow
stromal cells. DNA repair in irradiated stromal cell lines was
quantitated using the comet assay according to published methods (29).

generation of most primitive hematopoietic stem cells (26,
27). If the functional association between hematopoietic and
stromal cells were defective in Nrf?‘/‘ marrow cultures, we
would have expected to see a decrease in day 14 CFU-
GEMM hematopoietic progenitor cells representative of the
more primitive hematopoietic stem cells, compared to those
scored at day 7. We also saw no evidence of a reduction in
this parameter of interaction of hematopoietic and stromal
cells in long-term culture.

Bone marrow stromal cell and hematopoietic stem cell
radiation biology has been shown to correlate with defects
in DNA repair, inability to handle oxidative stress of the
exposure to ionizing irradiation, and other abnormalities in
inflammatory cytokine responses (10, 18, 29). The results
of radiation survival curves of Nrf2‘/‘ compared to wild-
type Nrf2*/* bone marrow stromal cells and hematopoietic
stem cells showed clear radioresistance of Nrf2‘/‘ cells, with
an increase in both Dy and i in Nrf2‘/‘ cells. Thus, the
oxidative stress involved in clonogenic survival of ionizing
irradiation was paradoxically handled more effectively by
Nrf2~'~ compared to Nrf2*'* bone marrow stromal and II-3-
dependent hematopoietic cells. The radioresistance of
Nrj2‘/‘ cells was not a result of compensatory response to
DNA damage repair as shown by comet assay. Since both
stromal and Il-3-dependent cell lines exhibited a robust
increase in levels of antioxidant stores after irradiation, we
conclude that an enhanced cellular response leading to
reduced apoptosis of Nrj?‘/‘ cells occurred at the
mitochondrial level.
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Figure 4. Measurement of antioxidant stores in (Nrf2~/~) marrow stromal
and (11-3) dependent hematopoietic cells 24 hours after 0, 5 Gy or 10 Gy
irradiation. Marrow stromal cell lines (A) and IL-3 dependent
hematopoietic progenitor cell lines (B) were assayed for antioxidant
stores using the Trolox assay (29). Data is presented as total antioxidant
capacity in mM trolox equivalents per 1 mg/ml of sample. For the marrow
stromal cell lines (A), ¥p=0.0035 comparing Nrf2+/+ cells 24 h after 10
Gy to Nrf2*/+ cells while # has a p=0.0205 comparing nonirradiated
Nrf2== cells to nonirradiated Nrf2='~ cells. In figure 4B, * has a p<0.05
compared to nonirradiated Nrf2+/+ 1I-3 dependent hematopoietic cells
while # has a p<0.015 when compared to Nrf2~~ at 0 Gy.

Our results indicate that the absence of Nrf2 does not have
a deleterious effect on hematopoiesis in vitro by altering
interaction between hematopoietic stem cells with stromal
cells in long term bone marrow cultures. The Nrf2‘/‘
genotype did influence the intrinsic radiation biology as
reflected in radioresistance of bone marrow stromal cell lines
and I1-3-dependent hematopoietic progenitor cell lines. Thus,
our results support a redundant system in the management of
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oxidative stress leading to normalization of continuous
hematopoiesis under high oxygen incubation long term bone
marrow culture and improved handling of the acute oxidative
stress as a result of ionizing irradiation.
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