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Adaptation of leukemia cells to hypoxic condition
through switching the energy metabolism or
avoiding the oxidative stress
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Abstract

Background: Like normal hematopoietic stem cells, leukemia cells proliferate in bone marrow, where oxygen
supply is limited. However, the growth and energy metabolism of leukemia cells under hypoxia have not been well
understood. Although it has been known that reactive oxygen species (ROS) is generated under hypoxic conditions,
normal and leukemia stem cells were characterized by relatively low levels of ROS. Roles of ROS on leukemia cells
under hypoxia also have not been well understood.

Methods: Four Leukemia cell lines were cultured under normoxia (21% O2) or hypoxia (1% O2), where NB4 and THP-1
were most extensively studied. To evaluate energy metabolism, we estimated whole cell number or apoptotic cells
with or without a glycolysis inhibitor or an oxidative phosphorylation (OXPHOS) inhibitor. Glucose consumption and
lactate production were also measured. To evaluate oxidative stress in hypoxic condition, the ROS level and GSH
(reduced glutathione) / GSSG (oxidized glutathione) ratio was measured. In addition, pyruvate dehydrogenase kinase 1
(PDK1) and cytochrome c oxidase subunit 4 (COX4) were examined by western blotting or RT-PCR.

Results: NB4, which grows well under normoxia depending on glycolysis, demonstrated prominent apoptosis and
growth suppression after 48 hours culture under hypoxia. NB4 cells cultured under hypoxia showed significantly
increased ROS. Culture with a ROS scavenger resulted in decrease of apoptotic cell death of NB4 under hypoxia. NB4
cells cultured for longer period (7 days) under hypoxia did not come to extinction, but grew slowly by upregulating
GSH synthesis to protect from ROS generated in hypoxic condition. By contrast, THP-1, which largely depends on
OXPHOS in mitochondria under normoxia, demonstrated more growth under hypoxia by changing metabolism from
OXPHOS to glycolysis through upregulating PDK1. Moreover, THP-1 avoided ROS generation by substituting COX 4
subunit (from COX 4–1 to COX 4–2) through upregulation of LON, a mitochondrial protease under hypoxia.

Conclusions: We showed that leukemia cells survive and adapt to the hypoxic condition through various pathways.
Our results will help understanding energy metabolism of leukemia cells and creating novel therapeutics.
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Background
Hematopoietic stem cells are localized in bone marrow,
where oxygen supply is limited. Hematopoietic stem cells
(HSCs) in hypoxic bone marrow have been demonstrated
to generate ATPs by anaerobic glycolysis rather than mito-
chondrial oxidative phosphorylation [1,2]. It has recently
been shown that characteristics of HSCs such as cell cycle
quiescence and transplantation capacity are secured by
glycolytic metabolic status through pyruvate dehydrogen-
ase kinase (PDK)-dependent mechanism [3]. It has been
demonstrated that the bone marrow microenvironment
also plays a pivotal role in the initiation and propagation of
leukemia. Leukemic cells can infiltrate the microenviron-
ment (niche) and may hijack the homeostatic mechanisms
of normal hematopoiesis, leading to enhanced self-renewal
and proliferation, quiescence, and resistance to chemo-
therapeutic agents [4-6].
It has been demonstrated that reactive oxygen species

(ROS) is generated by mitochondria under hypoxic condi-
tions [7-10]. Like normal hematopoietic stem cells,
leukemia stem cells are characterized by relatively low
levels of ROS (ROS-low) [11-13]. However, ROS can
modulate the activation of signal transduction pathways
involved in cellular proliferation and differentiation [14].
We also examined the contribution of ROS to the growth
of leukemia cells under hypoxia.
Recent studies have indicated that some cancer cells

do not dependent on glycolysis but on oxidative phos-
phorylation (OXPHOS) in mitochondria [12,15]. Some
reports indicated that cancer cell subsets with different
dependencies in energy generating pathways coexist
within tumors in a symbiotic manner [16,17].
We previously described that energy metabolism of

leukemia cells under normoxia and found that some
leukemia cell lines depended on glycolysis and others on
OXPHOS [18-20]. In these reports, we noted the neces-
sity of studying the energy metabolism under hypoxia
such as bone marrow environment where leukemia cells
proliferate, which has rarely been reported. Here, we
examined the growth and energy metabolism of leukemia
cells under hypoxia to clarify how leukemic cells survive
and proliferate in hypoxic bone marrow.

Methods
Cell line
Four acute myelogenous leukemia (AML) cell lines were
used in this study. NB4, a t(15;17) APL cell line, was pro-
vided by Dr. M. Lanotte (Saint Louis Hospital, France).
Kasumi-1, a t(8;21) AML cell line, was provided by Dr.
N. Kamada (Hiroshima University, Japan). THP-1, a
monocytic AML cell line, and HL-60, a differentiative
AML cell line were provided from Cell Resource Center
for Biomedical Research (Tohoku University, Japan). It
was confirmed that all cell lines were the same as the
cells registered in Japanese Collection of Research Bio-
resources (JCRB) Cell Bank (Osaka, Japan), by the compari-
son with the database of JCRB cell bank. Cell lines were
usually grown in RPMI1640 medium containing 10% fetal
calf serum (FCS, Thermo Electron, Melbourne, Australia) in
humidified atmosphere of 5% CO2 and 95% air at 37°C.

Cell cultures
Cell line cells in logarithmic growth were cultured at the
density of 2 × 105/ml (0.5 ml RPMI1640 containing 3%
FCS/well) in tissue culture plate, 24 wells (Becton Dick-
inson, NJ, USA) under normoxia (21% O2) or hypoxia
(1% O2). Then, cell number was estimated at 24 hours
and at 48 hours by Particle Analyzer (PA-2000, Erma
Inc., Japan). Cell line cells were cultured in the same
condition with various concentrations of 2-fluoro-2-
deoxy-D-glucose (2-FDG: Sigma #F5006) (2, 5 and
10 mM) or oligomycin (oligo: Sigma #O4876) (0.05, 0.2
and 1 μg/ml) or N-acetyl-L-cysteine (NAC: Sigma
#A7250) (0.5 mM). Control culture containing same
amount of solvent (H2O for 2-FDG, DMSO for oligo)
was done simultaneously. After 24 or 48 hours culture,
cell number was estimated by Particle Analyzer.

Enzymatic measurement of glucose, lactic acid
Cell lines were cultured in the same condition as in the
section of Cell Cultures for 48 hours. Then, concentra-
tion of glucose and lactic acid in the culture supernatant
was measured by using D-Glucose kit or L-Lactic acid
kit (UV method: R-Biopharm AG, Darmstadt, Germany).
Glucose consumption was calculated as follows: [glucose
consumption (g/l)] = [glucose concentration of cell free
medium = 1.92 (g/l)] – [measured glucose concentration
after culture (g/l)]. Lactate production (g/l) was defined
as measured lactate concentration after culture (g/l),
since cell free medium did not contain lactate.

Apoptosis assay
After 12 or 24 hours culture in the same condition as in
the section of Cell Cultures, apoptosis of NB4 and THP-1
was examined by annexin V / propidium iodide (PI) stain-
ing (TACS Annexin V-FITC Apoptosis Detection Kit,
TREVIGEN, Gaithersburg, MD), and analyzed by flow cyt-
ometer (FACS Canto II, BD Biosciences, San Jose, CA).
Annexin V positive cells were defined as apoptotic cells,
and annexin V negative and PI negative (annexin-/PI-)
cells were defined as viable cells. The viable cell number
with or without NAC (0.5 mM) were examined after
48 hours culture.

ROS and GSH (reduced glutathione) / GSSG (oxidized
glutathione) measurements
After 48 hours culture in the same condition as in the
section of Cell Cultures with or without NAC (0.5 mM),



Figure 1 Cell proliferation of four leukemia cell lines with no treatment under normoxia or hypoxia. 2 × 105/ml cells in 0.5 ml RPMI1640 +
3% FCS were cultured under normoxia (21% O2) or hypoxia (1% O2) for 48 hours in triplicate. Then, cell count was measured after 24 and 48 hours,
respectively. NB4 (A) significantly diminished their proliferation under hypoxia compared with normoxia (48 hours) (p = 0.0001). In contrast, THP-1
(B) significantly increased more under hypoxia than normoxia (48 hours) (p = 0.005). Kasumi-1 (C) and HL-60 (D) did not show significant difference of cell
growth between normoxia and hypoxia (48 hours).▲: under hypoxia, ●: under normoxia. *** p < 0.001, ** p < 0.01, ns p > 0.05 (unpaired, two-tailed t-test).
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CellROX Deep Red Reagent (Life Technologies Corpo-
ration, CA) (1 μM) was added and incubated for 30 min,
then washed and analyzed by flow cytometry to detect
ROS level.
After 24 hours culture at the density of 2 × 105/ml

(0.02 ml RPMI1640 containing 3% FCS/each well) in
tissue cluture plate, 96 wells, U-bottom (Becton Dickin-
son, NJ, USA) under normoxia or hypoxia (short term
hypoxia: SH), cells were collected and assayed for GSH /
GSSG-Glo Assay (Promega, USA). After 7 days culture
under hypoxia with two medium changes, GSH / GSSG
measurement was also done using these cells cultured for
24 more hours under hypoxia (long term hypoxia: LH).
Figure 2 Apoptosis assay by annexin V staining under hypoxia versu
same condition as cell proliferation assay for 24 hours in triplicate. Then, ap
method. Apoptotic cells of NB4 (A) under 24 hours hypoxia were significan
apoptosis under hypoxia at least 24 hours (p = 0.7876). ▲: under hypoxia, ●
ns p > 0.05 (unpaired, two-tailed t-test).
Reverse transcriptase- polymerase chain reaction (PCR)
After 24 hours culture under normoxia or hypoxia, total
RNA was isolated from NB4 and THP-1 using RNeasy
Mini Kit (Qiagen, Germany). 1 μg of total RNA was re-
verse transcribed using random hexamer priming and
SuperScriptIII reverse transcriptase (Life Technologies,
Carlsbad, CA) to generate cDNA. Then, PCR was done
using KOD FX Neo (TOYOBO, Osaka, Japan) with 50 ng
cDNA in the following conditions: After predenature at
94°C for 2 min, 15 sec at 98°C, 30 sec at 53°C, 15 sec at
68°C (28 cycles) for COX 4 isoform 1 (4–1); After prede-
nature at 94°C for 2 min, 15 sec at 98°C, 30 sec at 57°C,
20 sec at 68°C (38 cycles) for COX4 isoform 2 (4–2); After
s normoxia on NB4 and THP-1. NB4 and THP-1 were cultured in the
optotic cells were examined after 12 and 24 hours by annexin V / PI
tly increased (p = 0.0031), although THP-1 (B) did not show increased
: under normoxia. H: under hypoxia, N: under normoxia. *** p < 0.001,
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predenature at 94°C for 2 min, 15 sec at 98°C, 30 sec at
56°C, 20 sec at 68°C (28 cycles) for LON; After predena-
ture at 94°C for 2 min, 10 sec at 98°C, 30 sec at 58°C,
18 sec at 68°C (25 cycles) for β-actin. Primers for PCR
were as follows: COX 4–1 Fw 5′-GAGCAATTTC-
CACCTCTG-3′, Rev 5′-CAGGAGGCCTTCTCCTT
CTC-3′, COX 4–2 Fw 5′-GCTATGCCCAGCGCTACTA
C-3′, Rev 5′-CATCTCCGCAAAGGTCTCAT-3′, LON
Fw 5′-CGGGAAGATCATCCAGTGTT-3′, Rev 5′-ACG
TCCAGGTAGTGGTCCAG-3′ and β-actin (as a control
gene) Fw 5′-CGGCGACGACCCATTCGAAC-3′, Rev 5′-
GAATCGAACCCTGATTCCCCGTC-3′.

Western blot
After 24 hours culture under normoxia or hypoxia, 1 × 106

cells of NB4 or THP-1 were lysed in 0.1 ml Blue Loading
Buffer Pack (Cell Signaling #7722, Danvers, MA) and
0.02 ml of lysed cells were electrophoresed in 7.5% poly-
acrylamide gel. The gel was electroblotted onto hybond-P
(GE Healthcare, UK). The membrane was hybridized with
antibody to PDK1 (mouse monoclonal antibody, IgG1:
abcam #ab110335, UK) at 1:1000 dilution and reacted with
anti-mouse IgG secondary antibody (Cell Signaling #7076,
Figure 3 ROS and its effects on the viability of NB4 and THP-1 under
cell proliferation assay for 48 hours with or without NAC 0.5 mM. ROS leve
numbers of NB4 and THP-1 with or without NAC 0.5 mM were examined b
higher under 48 hours hypoxia (red line) than normoxia (black line). Incu
(blue line). NAC treatment increased viable cells cultured under hypoxia
under normoxia (p = 0.0285) (B left). On the other hand, THP-1 did not s
as same as NB4 (C, D). black line: ROS level under normoxia as control,
hypoxia, N: under normoxia. *** p < 0.001, * p < 0.05, ns p > 0.05 (unpaire
Danvers, MA) at 1:2000 dilution. The membrane was
visualized by ECL-prime Detection System (GE Health-
care, UK). β-actin (horseradish peroxidase-conjugated
rabbit monoclonal antibody, IgG: Cell Signaling #5125,
Danvers, MA) was also tested as control.

Statistical analysis
The statistical analyses were done by t-test (unpaired, two-
tailed) using Graph Pad Prism software. Data were pre-
sented as mean ± SEM of three independent experiments.

Results
Proliferation of leukemia cell line cells under hypoxia
versus normoxia
To investigate the proliferation of leukemia cell line cells
under hypoxia, the number of four leukemia cell line
cells was estimated under normoxia or hypoxia after 24
and 48 hours incubation (Figure 1). NB4 grew more than
other three leukemia cell lines under normoxia. How-
ever, the proliferation of NB4 under hypoxia was less
than that under normoxia (p = 0.0001). After 48 hours
culture, only THP-1 grew more under hypoxia than
under normoxia (p = 0.005). HL-60 and Kasumi-1 did
hypoxia. NB4 and THP-1 were cultured in the same condition as
ls were measured by using CellROX Deep Red Reagent. The viable cell
y annexin V / PI method in triplicate. ROS level of NB4 (A) was much
bation with NAC made ROS level decreased in NB4 under hypoxia
(p = 0.0002) (B right), although the effect of NAC was not so obvious
how ROS increase under hypoxia and addition of NAC did not work
red line: under hypoxia, blue line: under hypoxia with NAC. H: under
d, two-tailed t-test).



Figure 4 GSH / GSSG ratio measurement under normoxia and
two different terms of hypoxia. 2 × 105/ml cells in 0.02 ml
RPMI1640 + 3% FCS were cultured under normoxia (21% O2) or
hypoxia (1% O2) (short term hypoxia) for 24 hours in triplicate.
Then, GSH / GSSG ratio was measured by using GSH / GSSG-Glo
Assay. After 7 days culture under hypoxia with two medium changes,
GSH / GSSG ratio was also measured by using these cells cultured for
24 more hours under hypoxia (long term hypoxia). GSH / GSSG ratio of
NB4 under normoxia was 3.02 ± 0.067 and that under short term hypoxia
was 2.31 ± 0.020 (p = 0.0005). GSH / GSSG ratio under long term hypoxia
(2.69 ± 0.028) was significantly higher than that of short term hypoxia (p
= 0.0004). GSH / GSSG ratio of THP-1 under normoxia (1.50 ± 0.094) and
hypoxia (1.50 ± 0.083) was almost equal. THP-1 under longer hypoxia
showed increase of GSH / GSSG ratio (2.09 ± 0.077) compared with that
under short term hypoxia (p = 0.0065). SH: under short term hypoxia, LH
under long term hypoxia, N: under normoxia. *** p < 0.001, ** p < 0.01,
* p < 0.05, ns p > 0.05 (unpaired, two-tailed t-test).
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not show significant difference of growth after 48 hours
culture under normoxia and hypoxia (HL-60 p = 0.1906;
Kasumi-1 p = 0.1161). Then, we compared NB4 and
THP-1 under hypoxia to understand the influence of
hypoxia on leukemia cell growth.

Apoptosis assay under hypoxia versus normoxia
After 24 hours culture under hypoxia, NB4 showed sig-
nificant increase of apoptotic cells when compared with
that under normoxia (p = 0.0031) (Figure 2A). However,
there was no increase of annexin V positive cells in
THP-1 after 24 hours culture under hypoxia (p = 0.7876)
(Figure 2B).

ROS measurement and the effects of ROS scavenger
Since some reports indicated that ROS was increased
under hypoxia, we determined the ROS level of NB4 and
THP-1 under normoxia and hypoxia. ROS level was much
higher in NB4 under 48 hours hypoxia than normoxia.
Moreover, incubation with NAC as ROS scavenger made
ROS level decreased in NB4 under hypoxia (Figure 3A). In
addition, NAC treatment increased viable cells cultured
under hypoxia (p = 0.0002), although the effect of NAC was
not so obvious under normoxia (p = 0.0285) (Figure 3B). On
the other hand, THP-1 did not show ROS increase under
hypoxia and addition of NAC did not work as same as NB4
(Figure 3C and D).

GSH / GSSG measurement
To evaluate oxidative stress such as ROS, we performed
GSH / GSSG ratio measurement. We compared normoxia
to hypoxia (short term or long term) in NB4 and THP-1.
GSH / GSSG ratio of NB4 under normoxia was 3.02 ± 0.067
and that of NB4 under hypoxia was 2.31 ± 0.020, suggesting
that NB4 under hypoxia had much oxidative stress. GSH /
GSSG ratio of NB4 under long term (7 days) hypoxia (the
ratio was 2.69 ± 0.028) was higher than short term (24 hours)
hypoxia (the ratio was 2.31 ± 0.020). GSH / GSSG ratio
of THP-1 under normoxia (1.50 ± 0.094) and hypoxia
(1.50 ± 0.083) was almost equal, suggesting that THP-1
had equal oxidative stress regardless of oxygen concen-
tration. THP-1 under longer hypoxia showed increase
of GSH / GSSG ratio (the ratio was 2.09 ± 0.077)
(Figure 4).

Glucose consumption and lactate production
Glucose consumption of NB4 under normoxia (for
48 hours) was 0.6589 ± 0.04879 g/l and that under hypoxia
was 1.056 ± 0.00552 g/l, respectively. In THP-1, glucose
consumption under normoxia (for 48 hours) was 0.2258
± 0.01804 g/l and that under hypoxia was 0.4366
±0.03404 g/l, respectively. Both cell lines had significant
difference between normoxia and hypoxia in glucose
consumption (p = 0.0013 in NB4, p = 0.0054 in THP-1)
(Figure 5A). Then, lactate production of NB4 under
normoxia (for 48 hours) was 0.6847 ± 0.01780 g/l and
that under hypoxia was 0.7323 ± 0.006692 g/l, which
were not significantly different (p = 0.0663). In THP-1,
lactate production under normoxia (for 48 hours) was
0.3010 ± 0.003512 g/l and that under hypoxia was
0.4663 ± 0.004096 g/l, where the difference was signifi-
cant (p < 0.0001) (Figure 5B).

Growth inhibition with 2-FDG or oligo under hypoxia
versus normoxia
The cell count assay with 2-FDG as a glycolysis inhibitor
was performed on NB4 and THP-1 under normoxia and
hypoxia. The growth suppression of THP-1 by 2-FDG
even at 2 mM under hypoxia was significantly more pro-
nounced than that under normoxia, although the growth
inhibition of NB4 by 2-FDG under hypoxia was slightly
less than that under normoxia (Figure 6A).



Figure 5 Glucose consumption and lactate production in NB4 and THP-1 under normoxia versus hypoxia. NB4 and THP-1 were cultured in
the same condition as cell proliferation assay for 48 hours in triplicate. Then, concentration of glucose and lactic acid in the culture supernatant was
measured by using D-Glucose kit or L-Lactic acid kit. Both cell lines showed increased glucose consumption under hypoxia compared with normoxia
with statistical significance (p = 0.0013 in NB4, p = 0.0054 in THP-1) (A). THP-1 demonstrated increased lactate production under hypoxia (p < 0.0001),
but NB4 did not (p = 0.0663) (B). H: under hypoxia, N: under normoxia. *** p < 0.001, ** p < 0.01, ns p > 0.05 (unpaired, two-tailed t-test).

Figure 6 Growth inhibition by 2-FDG or oligo on NB4 and THP-1 under normoxia and hypoxia. NB4 and THP-1 were cultured in the same
condition as cell proliferation assay for 48 hours with 2-FDG (0, 2, 5 10 mM) or oligo (0, 0.05, 0.2, 1 μg/ml) in triplicate. The cell numbers after
48 hours culture under normoxia or hypoxia with 2-FDG or oligo were divided by cell numbers of control (average of triplicated experiments) to
obtain cell number ratios, in which the cell number with no treatment corresponded to 100%. The growth suppression of THP-1 by 2-FDG even
at 2 mM under hypoxia was significantly more pronounced than that under normoxia (p = 0.0005), although the growth inhibition of NB4 by
2-FDG under hypoxia was slightly less than that under normoxia (A). Oligo did not suppress the growth of NB4 under hypoxia, but suppressed
that under normoxia (at 1 μg/ml, p < 0.0001). Oligo similarly suppressed the growth of THP-1 under normoxia and hypoxia (B). ▲: under hypoxia,
●: under normoxia. *** p < 0.001, ** p < 0.01, ns p > 0.05 (unpaired, two-tailed t-test).
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The cell count assay with oligo as a mitochondrial oxi-
dative phosphorylation inhibitor was performed on NB4
and THP-1 under normoxia and hypoxia. Oligo did not
suppress the growth of NB4 under hypoxia, but sup-
pressed that under normoxia (p < 0.0001). Oligo similarly
suppressed the growth of THP-1 under normoxia and
hypoxia (Figure 6B).
Figure 8 RT-PCR analysis of COX 4–1 and LON on NB4 and
THP-1 under normoxia or hypoxia. NB4 and THP-1 were cultured
in the same condition as cell proliferation assay for 24 hours. The
expression of COX 4–1 in THP-1 under hypoxia was decreased
compared with normoxia. In addition, mRNA expression of LON in
THP-1 under hypoxia was increased compared with that in
normoxia. In NB4, mRNA expression of COX 4–1 and LON was not
influenced by O2 concentration. β-actin was performed as an
internal control. Top, COX 4–1; middle, LON; bottom, β-actin.
H: under hypoxia, N: under normoxia.
Western blotting for detecting upregulation of PDK1
PDK1 inactivates pyruvate dehydrogenase (PDH) com-
plex and leads to suppression of the influx of glycolytic
metabolites into mitochondria. PDK1 is induced by hy-
poxia in normal cell for adaptation to hypoxia and often
expressed constantly in some cancer. Western blot
showed that PDK1 was abundantly expressed in NB4
even under normoxia, and culture under hypoxia did
not augment the expression of PDK1 in NB4. Expression
of PDK1 was augmented by hypoxia in THP-1, which
was demonstrated by western blotting (Figure 7).
mRNA expression of COX 4 and mitochondrial protease
LON
It has been demonstrated that expression of the COX 4–1
and 4–2 isoforms is O2 regulated. Under hypoxia, isoform
is switched from COX 4–1 to COX 4–2 by inducing
LON, a mitochondrial protease that is required for COX
4–1 degradation to optimize the efficiency of respiration
at low O2 concentration [21]. As shown in Figure 8,
mRNA expression of COX 4–1 in THP-1 under hypoxia
was decreased compared with that in normoxia. In
addition, mRNA expression of LON in THP-1 under hyp-
oxia was increased compared with that in normoxia. In
this experiment, mRNA expression of COX 4–2 could not
be detected even repeated experiments. In NB4, mRNA
expression of COX 4–1 and LON was not influenced by
O2 concentration.
Figure 7 Western blotting of PDK1. NB4 and THP-1 were cultured
in the same condition as cell proliferation assay for 24 hours. PDK1
was abundantly expressed in NB4 even under normoxia, culture
under hypoxia did not augment the expression of PDK1 in NB4.
Expression of PDK1 was augmented by hypoxia in THP-1. Top,
PDK1; bottom, β-actin. H: under hypoxia, N: under normoxia.
Discussion
Recently, inhibiting glycolysis draws attention as novel
cancer therapeutics. Since there are alternative pathways
to overcome energy depletion by glycolysis inhibition
[12,15], the effectiveness of anti-glycolysis therapy alone
is controversial. We thought therapeutic strategies tar-
geting leukemia cell metabolism would be improved by
studying energy metabolism more precisely, especially
under hypoxia where leukemia cells grow.
We examined the proliferation of leukemia cell line

cells under hypoxia and compared with that under nor-
moxia. NB4, an APL cell line, which mainly depends on
glycolysis for energy production [18-20], demonstrated
prominent apoptosis and growth suppression after
48 hours culture under hypoxia. It was contrary to our
expectation that NB4, already dependent on glycolysis,
would proliferate well under hypoxia. However, NB4
utilizes OXPHOS in mitochondria to some extent for
energy production, which is validated by growth sup-
pression with oligo treatment. Then, we examined the
ROS, since it has been demonstrated that ROS is gener-
ated by mitochondria under hypoxic conditions [7-10]
and checked if apoptosis induced by hypoxia is caused by
increased ROS. NB4 cells cultured under hypoxia showed
significantly increased ROS and culture with NAC, a
ROS scavenger or oligo, an inhibitor of OXPHOS in
mitochondria resulted in decrease of apoptotic cell death
of NB4 under hypoxia. However, leukemia cells prolife-
rate in hypoxic bone marrow. NB4 cells cultured for
longer period (7 days) under hypoxia did not come
to extinction, but grew slowly. NB4 cells cultured
under hypoxia for longer period showed improved
GSH / GSSG ratio compared with shorter hypoxia.
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Collectively, NB4 can survive and proliferate in hypoxic
bone marrow by upregulating GSH synthesis to protect
from ROS generated in hypoxic condition.
THP-1 showed more growth under hypoxia than nor-

moxia. THP-1 largely depended on OXPHOS in mito-
chondria when grown under normoxia [18-20]. However,
we demonstrated that THP-1 changed the main energy
metabolism from OXPHOS to glycolysis by upregulating
PDK1 under hypoxia. THP-1 consumed more glucose and
produced more lactate under hypoxia than normoxia, and
the growth of THP-1 was significantly more suppressed
by a glycolysis inhibitor, 2-FDG under hypoxia. However,
oligo suppressed the growth of THP-1 under hypoxia to
the almost same extent as under normoxia, which means
that OXPHOS in mitochondria is still functional under
hypoxia. If OXPHOS in mitochondria is functional under
hypoxia, ROS would be produced to induce apoptosis like
NB4. However, ROS was not increased under hypoxia in
THP-1. We thought that THP-1 has mechanisms to avoid
ROS generation under hypoxia. Since Fukuda et al. de-
monstrated that cancer cells survive hypoxic condition by
COX 4 subunit exchange to minimize ROS production,
we examined COX 4 system. We found that in THP-1
under hypoxia, expression of COX 4–1 was decreased and
LON, a mitochondrial protease that might be required for
COX 4–1 degradation, is upregulated (switched from
COX 4–1 to COX 4–2) to avoid ROS generation by ef-
ficient electron transport under hypoxia. We could not
detect COX 4–2 expression, which might be due to
paucity of expression in hematopoietic cells [22].
From our observation described here, leukemia cells

survive environmental change such as hypoxia by vari-
ous mechanisms. Determining detailed metabolic system
would lead to novel leukemia therapy suitable for each
leukemia cells, for example, inhibition of GSH produc-
tion for NB4 and inhibition of LON protease for THP-1
under hypoxia.

Conclusions
We have demonstrated that leukemia cells do not always
depend on glycolysis for energy production but on
OXPHOS, and present study have shown that leukemia
cells survive and adapt to the hypoxic condition through
various pathways; scavenging ROS or metabolism switch
by upregulating PDK1 and COX 4 subunit exchange.
The concept of targeting cancer metabolism has
emerged as an intriguing approach to the development
of improved therapeutic regimens. Understanding fur-
ther the metabolic regulation of leukemia cells may yield
improved therapeutic strategies.

Abbreviations
AML: Acute myelogenous leukemia; COX: Cytochrome c oxidase; FCS: Fetal
calf serum; GSH: Reduced glutathione; GSSG: Oxidized glutathione;
HSCs: Hematopoietic stem cells; NAC: N-acetyl-L-cysteine; oligo: Oligomycin;
OXPHOS: Oxidative phosphorylation; PDH: Pyruvate dehydrogenase;
PDK: Pyruvate dehydrogenase kinase; PI: Propidium iodide; ROS: Reactive
oxygen species; RT-PCR: Reverse transcriptase-polymerase chain reaction;
2-FDG: 2-fluoro-2-deoxy-D-glucose.

Competing interests
The authors declare that they have no competing financial interests.

Authors’ contributions
MG, KS, NT-I and MS performed experiments. MG and HM designed the
research, carried out statistical analyses and wrote the manuscript. MM, SM,
IH and MN participated in its design and coordination and helped to draft
the manuscript. All authors read and approved the final manuscript.

Acknowledgments
We thank Drs. H Mihara, A Imamura, M Watarai, M Wakabayashi, H
Yamamoto, M Gotou, M Takahashi, T Horio and K Uchino for general help.
We also thank Ms A Nakamura for her secretarial assistance.
This study was supported in part by MEXT1-Supported Program for the
Strategic Research Foundation at Private Universities, 2011–2015 (S1101027).
1 Ministry of Education, Culture, Sports, Science, and Technology, Japan.
This work was in part done in division of advanced research promotion,
Aichi Medical University.

Author details
1Department of Internal Medicine, Division of Hematology, Aichi Medical
University School of Medicine, 1-1 Yazakokarimata, Nagakute, Aichi 480-1195,
Japan. 2Department of Internal Medicine, Division of Hematology, Daiyukai
General Hospital, Ichinomiya, Aichi 491-0113, Japan.

Received: 29 July 2013 Accepted: 6 February 2014
Published: 10 February 2014

References
1. Simsek T, Kocabas F, Zheng J, Deberardinis RJ, Mahmoud AI, Olson EN,

Schneider JW, Zhang CC, Sadek HA: The distinct metabolic profile of
hematopoietic stem cells reflects their location in a hypoxic niche.
Cell Stem Cell 2010, 7:380–390.

2. Norddahl GL, Pronk CJ, Wahlestedt M, Sten G, Nygren JM, Ugale A,
Sigvardsson M, Bryder D: Accumulating mitochondrial DNA mutations
drive premature hematopoietic aging phenotypes distinct from
physiological stem cell aging. Cell Stem Cell 2011, 8:499–510.

3. Takubo K, Nagamatsu G, Kobayashi CI, Nakamura-Ishizu A, Kobayashi H,
Ikeda E, Goda N, Rahimi Y, Johnson RS, Soga T, Hirao A, Suematsu M, Suda
T: Regulation of glycolysis by Pdk functions as a metabolic checkpoint
for cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell 2013,
12:49–61.

4. Lane SW, Scadden DT, Gilliland DG: The leukemic stem cell niche: current
concepts and therapeutic opportunities. Blood 2009, 114:1150–1157.

5. Konopleva MY, Jordan CT: Leukemia stem cells and microenvironment:
biology and therapeutic targeting. J Clin Oncol 2011, 29:591–599.

6. Lane SW, Wang YJ, Lo Celso C, Ragu C, Bullinger L, Sykes SM, Ferraro F,
Shterental S, Lin CP, Gilliland DG, Scadden DT, Armstrong SA, Williams DA:
Differential niche and Wnt requirements during acute myeloid leukemia
progression. Blood 2011, 118:2849–2856.

7. Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker
PT: Mitochondrial reactive oxygen species trigger hypoxia-induced
transcription. Proc Natl Acad Sci USA 1998, 95:11715–11720.

8. Mansfield KD, Guzy RD, Pan Y, Young RM, Cash TP, Schumacker PT, Simon
MC: Mitochondrial dysfunction resulting from loss of cytochrome
c impairs cellular oxygen sensing and hypoxic HIF-alpha activation.
Cell Metab 2005, 1:393–399.

9. Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Simon MC,
Hammerling U, Schumacker PT: Mitochondrial complex III is required for
hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab
2005, 1:401–408.

10. Brunelle JK, Bell EL, Quesada NM, Vercauteren K, Tiranti V, Zeviani M,
Scarpulla RC, Chandel NS: Oxygen sensing requires mitochondrial ROS
but not oxidative phosphorylation. Cell Metab 2005, 1:409–414.



Goto et al. BMC Cancer 2014, 14:76 Page 9 of 9
http://www.biomedcentral.com/1471-2407/14/76
11. Jang YY, Sharkis SJ: A low level of reactive oxygen species selects for
primitive hematopoietic stem cells that may reside in the low-oxygenic
niche. Blood 2007, 110:3056–3063.

12. Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering SJ, Minhajuddin M,
Ashton JM, Pei S, Grose V, O’Dwyer KM, Liesveld JL, Brookes PS, Becker MW,
Jordan CT: BCL-2 inhibition targets oxidative phosphorylation and
selectively eradicates quiescent human leukemia stem cells. Cell Stem Cell
2013, 12:329–341.

13. Herault O, Hope KJ, Deneault E, Mayotte N, Chagraoui J, Wilhelm BT, Cellot
S, Sauvageau M, Andrade-Navarro MA, Hebert J, Sauvageau G: A role for
GPx3 in activity of normal and leukemia stem cells. J Exp Med 2012,
209:895–901.

14. Owusu-Ansah E, Banerjee U: Reactive oxygen species prime Drosophila
haematopoietic progenitors for differentiation. Nature 2009, 461:537–541.

15. Vlashi E, Lagadec C, Vergnes L, Matsutani T, Masui K, Poulou M, Popescu R,
Della Donna L, Evers P, Dekmezian C, Reue K, Christofk H, Mischel PS, Pajonk
F: Metabolic state of glioma stem cells and nontumorigenic cells. Proc
Natl Acad Sci USA 2011, 108:16062–16067.

16. Nakajima EC, Van Houten B: Metabolic symbiosis in cancer: refocusing the
Warburg lens. Mol Carcinog 2013, 52:329–337.

17. Sonveaux P, Vegran F, Schroeder T, Wergin MC, Verrax J, Rabbani ZN, De
Saedeleer CJ, Kennedy KM, Diepart C, Jordan BF, Kelley MJ, Gallez B, Wahl
ML, Feron O, Dewhirst MW: Targeting lactate-fueled respiration selectively
kills hypoxic tumor cells in mice. J Clin Invest 2008, 118:3930–3942.

18. Suganuma K, Miwa H, Imai N, Shikami M, Gotou M, Goto M, Mizuno S,
Takahashi M, Yamamoto H, Hiramatsu A, Wakabayashi M, Watarai M,
Hanamura I, Imamura A, Mihara H, Nitta M: Energy metabolism of
leukemia cells: glycolysis versus oxidative phosphorylation. Leuk
Lymphoma 2010, 51:2112–2119.

19. Miwa H, Shikami M, Goto M, Mizuno S, Takahashi M, Tsunekawa-Imai N,
Ishikawa T, Mizutani M, Horio T, Gotou M, Yamamoto H, Wakabayashi M,
Watarai M, Hanamura I, Imamura A, Mihara H, Nitta M: Leukemia cells
demonstrate a different metabolic perturbation provoked by
2-deoxyglucose. Oncol Rep 2013, 29:2053–2057.

20. Tsunekawa-Imai N, Miwa H, Shikami M, Suganuma K, Goto M, Mizuno S,
Takahashi M, Mizutani M, Horio T, Komatsubara H, Gotou M, Yamamoto H,
Wakabayashi M, Watarai M, Hanamura I, Imamura A, Mihara H, Nitta M:
Growth of xenotransplanted leukemia cells is influenced by diet
nutrients and is attenuated with 2-deoxyglucose. Leuk Res 2013,
37:1132–1136.

21. Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, Semenza GL: HIF-1
regulates cytochrome oxidase subunits to optimize efficiency of
respiration in hypoxic cells. Cell 2007, 129:111–122.

22. Shteyer E, Saada A, Shaag A, Al-Hijawi FA, Kidess R, Revel-Vilk S, Elpeleg O:
Exocrine pancreatic insufficiency, dyserythropoeitic anemia, and calvarial
hyperostosis are caused by a mutation in the COX4I2 gene. Am J Hum
Genet 2009, 84:412–417.

doi:10.1186/1471-2407-14-76
Cite this article as: Goto et al.: Adaptation of leukemia cells to hypoxic
condition through switching the energy metabolism or avoiding the
oxidative stress. BMC Cancer 2014 14:76.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell line
	Cell cultures
	Enzymatic measurement of glucose, lactic acid
	Apoptosis assay
	ROS and GSH (reduced glutathione) / GSSG (oxidized glutathione) measurements
	Reverse transcriptase- polymerase chain reaction (PCR)
	Western blot
	Statistical analysis

	Results
	Proliferation of leukemia cell line cells under hypoxia versus normoxia
	Apoptosis assay under hypoxia versus normoxia
	ROS measurement and the effects of ROS scavenger
	GSH / GSSG measurement
	Glucose consumption and lactate production
	Growth inhibition with 2-FDG or oligo under hypoxia versus normoxia
	Western blotting for detecting upregulation of PDK1
	mRNA expression of COX 4 and mitochondrial protease LON

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


