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UCP2, an inner membrane mitochondrial protein, has been
implicated in bioenergetics and reactive oxygen species (ROS)
modulation. High levels of UCP2mRNAwere recently found in
erythroid cells where UCP2 is hypothesized to function as a
facilitator of heme synthesis and iron metabolism by reducing
ROS production. We examined UCP2 protein expression and
role in mice erythropoiesis in vivo. UCP2 was mainly expressed
at early stages of erythroid maturation when cells are not fully
committed in heme synthesis. Iron incorporation into hemewas
unaltered in reticulocytes fromUCP2-deficient mice. Although
heme synthesis was not influenced by UCP2 deficiency, mice
lacking UCP2 had a delayed recovery from chemically induced
hemolytic anemia. Analysis of progenitor cells from bone mar-
row and fetal liver both in vitro and in vivo revealed that UCP2
deficiency results in a significant decrease in cell proliferation at
the erythropoietin-dependent phase of erythropoiesis. This was
accompanied by reduction in the phosphorylated formof ERK, a
ROS-dependent cytosolic regulator of cell proliferation. Analy-
sis of ROS in UCP2 null erythroid cells revealed altered distri-
bution of ROS, resulting in decreased cytosolic and increased
mitochondrial ROS. Restoration of the cytosol oxidative state of
erythroid progenitor cells by the pro-oxidant Paraquat reversed
the effect of UCP2 deficiency on cell proliferation in in vitro
differentiation assays. Together, these results indicate that
UCP2 is a regulator of erythropoiesis and suggests that inhibi-
tion of UCP2 function may contribute to the development of
anemia.

Uncoupling proteins (UCPs)4 are members of the anion car-
rier protein family located in the innermembrane ofmitochon-

dria. At least in the case of UCP1, it has been demonstrated that
the protein disseminates the proton gradient across the mito-
chondrial inner membrane and generates heat (1–5).
UCP2 was first described by Fleury et al. (6). It shares 59%

identity to UCP1 and is expressed most abundantly in mito-
chondria from spleen, certain regions of the brain, the pancreas,
macrophages (6–8), and mast cells.5 In contrast to UCP1, its
function has not been related to heat production but, rather, to
the control of reactive oxygen species (ROS) production
(9–13). UCP2 is induced by treatments that elevate ROS, and
its induction can be inhibited by antioxidants (8, 14). Expres-
sion of UCP2 has been shown to result in a decrease in mito-
chondrial superoxide (9, 10, 15–18). UCP2 has been shown to
have a protective effect in brain, preventing acute damage pro-
duced by ischemia (19–22), in the circulatory system, prevent-
ing atherosclerotic plaques (23), and in cardiomyocytes, where
its overexpression is anti-apoptotic (12). Other studies have
shown thatUCP2 acts inmacrophages and pancreatic beta cells
as a regulator of secretion, affecting the killing capacity and
glucose-induced insulin secretion, respectively (9, 16, 24–26).
We have previously shown that UCP2 is induced as a result of

GATA-1 activation in the proerythroblast cell line, G1E-ER (27).
UCP2 may play a protective role during erythroid differentiation
where ROS may be generated by the large quantities of iron
imported into the mitochondria during the process of heme bio-
synthesis (28). Indeed,mitochondrial oxidative stresswas found to
play a key role in sideroblastic anemia and the myelodysplastic
syndrome inhumans and in zebrafish (29–31).The importance of
controlling ROS generation during erythropoiesis is also demon-
strated by the severe hematopoietic phenotype of SOD2 null
embryos and by the hemolytic anemia of the peroxiredoxin II null
mice (32–37). Additionally, it has been proposed that through
uncoupling,UCP2may facilitatehemesynthesisbycreatinga local
lowoxygenenvironment in themitochondrialmatrix (29), thereby
maintaining iron in the reduced ferrous iron (Fe2�) state, keeping
it available for ferrochelatase. Although it has been proposed that
UCP2 plays a role in heme synthesis during erythroid differentia-
tion, this hypothesis has not been tested thus far.
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In the present study we have examined the role of UCP2
during the process of erythropoiesis using UCP2 null mice.
Although we found that deficiency of UCP2 does not affect
heme biosynthesis, UCP2 null mice exhibited a lower prolifer-
ation rate of the proerythroblasts and early basophilic erythro-
blasts during the EPO-dependent phase. Interestingly, our
results indicate that UCP2 is modulating proliferation through
ERK, a signaling pathway that has been implicated in cell pro-
liferation during erythropoiesis and is regulated by ROS
(38–40).

EXPERIMENTAL PROCEDURES

Cell Lines—G1E-ER cells were cultured in Iscove’s modified
Dulbecco’s media (Invitrogen-Invitrogen) containing 15% heat
inactivated fetal bovine serum, 2% pen/strep (Invitrogen), 120
nM monothioglycerol (Sigma), 2 units/ml EPO (StemCell
Tech), and 50 ng/ml SCF/KL (StemCell Tech). Cell density was
kept below 1 � 106 cells/ml. Upon activation of GATA-1 by
10�6 M �-estradiol, G1E-ER cells undergo synchronous cell
cycle arrest followed by terminal erythroid maturation.
Animals—12–16-week-oldUCP2KO (9) andwild type (WT,

The Jackson Laboratory) C57BL/6J mice were used. All proce-
dures were performed in accordance with the Institutional
Guidelines for Animal Care at Tufts University (IACUC no.
11-04) in compliance with United States Public Health Service
Regulations.
BoneMarrow and Fetal Liver Isolation—Fetal liver cells were

isolated from E13.5 UCP2 KO andWT embryos and mechani-
cally dissociated by pipetting in isolation media (Iscove modi-
fied Dulbecco’s medium, 2% fetal bovine serum). Bone marrow
cells were harvested by flushing femurs with isolation media.
Single-cell suspensions were prepared by drawingmedium and
cells up and down through a 1-ml syringe and 27-gauge needle
and then passed through 40-�m cell strainers (41, 42).
Osmotic Fragility Assay—Osmotic fragility of erythrocytes

was measured on freshly collected blood from 12–16-week-old
UCP2 KO and WT mice. Red blood cells (RBCs) were washed
with PBS and suspended in varying concentrations of NaCl.
Samples were incubated at room temperature for 30 min and
centrifuged at 1500� g for 10min at 4 °C. The supernatant was
collected, and absorbance wasmeasured at 540 nmwith appro-
priate controls. The lysis percentage of RBCs was calculated
from the absorbance, and a fragility curve was generated by
plotting varying salt concentrations versus hemolysis (43, 44).
Induction of Hemolytic Anemiawith Phenylhydrazine—Mice

received intraperitoneal injections of 50 mg phenylhydrazine
(PH)/kg body weight on experimental days 0, 1, and 3. PH chlo-
ride (Sigma)was dissolved in PBS (5�g/�l) and filtered through
0.22-�m membrane. Blood and bone marrow were collected
for analysis on experimental days 0, 3, 6, and 9 unless stated
otherwise (41, 45).

59Fe Heme Incorporation—Heme incorporation was per-
formed as described in Zhang et al. (46). Briefly, mice reticulo-
cytes were exposed to 2 �M [59Fe]transferrin on ice to saturate
membrane receptors. Endocytosis was allowed by transferring
the samples to 37 °C. Total protein fraction was obtained and
precipitated in 10% trichloroacetic acid for 15 min at 4 °C and
washed twice in 7% trichloroacetic acid. 59Fe radioactivity

counting was performed in both pellet and supernatant frac-
tions utilizing the 1470 WIZARD automatic gamma counter
(PerkinElmer Life Sciences). Percentage of iron incorporated
into heme fractionwas calculated as follows: (59Fe pellet/reticu-
locyte number)� 100/((59Fe pellet� 59Fe supernatant)/reticu-
locyte number). 59FeCl3 was purchased from Amersham Bio-
sciences (Buckinghamshire, UK), Apo-Tf (Sigma) was labeled
with 59Fe using 59Fe-labeled citrate as described in Martinez-
Medellin and Schulman (47).
Fluorescence-activated Cell Sorting (FACS) Analysis—Bone

marrow or fetal liver cells (�1 � 105) were immunostained
simultaneously with phycoerythrin-conjugated anti-TER119
(1:100) (BD Pharmingen) and fluorescein isothiocyanate-con-
jugated anti-CD71 (1:100) (BD Pharmingen) and either allo-
phycocyanin-conjugated anti-C-KIT (1:100) (BD Pharmingen)
antibodies in FACS buffer (PBS, 1% bovine serum albumin) as
previously described (41) or annexin V (3:100) (APC-conju-
gated, BD Pharmingen). For apoptosis analysis the poly-
caspases FLICA (6-carboxyfluorescein-VAD-fluoromethyl
ketone) substrate (Immunochemistry Technologies, LLC) was
used according to manufacture’s instructions. Flow cytometry
was performed using a FACSCalibur (BD Bioscience), and
R1-R5 gating was selected according to Rooke and Orkin (48).
FACS data analysis was performed with FACS Express V3 soft-
ware. Cell debris was excluded by gating on the forward and
side scatter plot.
Erythroid Differentiation in Vitro—Total fetal liver or bone

marrow cells previously treated with ACK lysis buffer (0.8%
NH4Cl, 0.1 mM EDTA, Stemcell Technologies, Vancouver, BC,
Canada) were labeled with biotin-conjugated anti-TER119 or
anti C-KIT antibody (1:100) (BD Pharmingen), respectively.
TER119� or C-KIT� cells were purified through a StemSep
column as per themanufacturer’s instructions (StemCell Tech-
nologies). Purified cells were seeded in fibronectin-coatedwells
(BD Discovery Labware) at a cell density of 1 � 105/ml. On the
first day the purified cells were cultured in Iscove’s modified
Dulbecco’s medium supplemented with 15% fetal bovine
serum, 20% BIT 9500 (StemCell Technologies), 10�4 M �-mer-
captoethanol, and 2 units/ml EPO (Amgen, Thousand Oaks,
CA). On the second day this medium was replaced with eryth-
roid differentiation media according to Zhang et al. (41).
Mitochondrial Isolation—Mitochondrial isolationwas achieved

using a mitochondrial isolation kit for tissue (Pierce, catalog
#89801) following the manufacturer’s instructions.
ProteinOxidationDetection—Todetect oxidized proteinswe

used theOxyblotTM protein oxidation detection kit (Chemicon
International) according to manufacturer’s manual. It is based
on detection of carbonyl groups which are introduced into pro-
tein side chains when proteins are exposed to oxidative stress.
Reactive Radical Species Detection—Bone marrow was col-

lected as described, and 1 � 106 cells were stained with 5 �M
dihydroethidium (Invitrogen) or Mitosox (Invitrogen) for 30
min at 37 °C. Mitosox-stained samples were also treated simul-
taneously with 10 �M Verapamil (Sigma-Aldrich). After the
incubation time, cells were washed twice in warm FACS buffer
and immunostained with fluorescein isothiocyanate-conju-
gated anti-CD71 antibody as described above and analyzed by
FACS.
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Western Blot—Samples were prepared according to Kefaloy-
ianni et al. (49) and fractionated in 12% polyacrylamide gel and
transferred onto a polyvinylidene difluoride membrane using a
semidry transfer machine. UCP2 (Santa Cruz), Porin (Calbio-
chem), �-actin (Novus Biologicals), Complex III (Mito-
sciences), and ERK (Cell signaling) antibodies were used
according to manufacturer’s instruction.
Statistical Analysis—Data were analyzed by Student’s t test

or analysis of variance (� � 0.05) with the GraphPad Prism
software.

RESULTS

UCP2 Expression in Erythroid Cells—If UCP2 is involved in
heme synthesis, we expected the expression levels of the pro-
tein to peakwhen cells are heavily involved in hemeproduction.
UCP2 expression was analyzed in three main populations of
primary erythropoietic cells; Ter119 negative (BFU-E, CFU-E,
proerythroblast; not actively involved in heme synthesis),
Ter119 positive cells (early and late basophilic erythroblasts;
involved in heme synthesis; highly proliferative), and reticulo-
cytes (actively involved in heme synthesis; non proliferative).
Ter119� and Ter119� cells were derived from E13.5 fetal livers
and reticulocytes from the peripheral blood of PH-treatedmice
as described (“Experimental Procedures”). Unexpectedly,
UCP2 proteinwas expressed in the early progenitors (Ter119�)
and reached its maximum level of expression in the basophilic
erythroblasts (Ter119�). Reticulocytes expressed very low lev-
els of UCP2 (Fig. 1A).
To determine the temporal relationship between UCP2

expression and heme production, we investigated the kinetics
of UCP2 protein expression in G1E-ER cells. G1E-ER cells are
arrested at proerythroblast stage due to the lack of endogenous
GATA-1 and, thus, offer an excellent model to track early
erythroid differentiation. After inductionwith�-estradiol, cells
were collected at 0, 12, 24, 48, and 72 h, and UCP2 expression
was analyzed. Interestingly, UCP2 protein peaks at 12 h and
decreases thereafter (p � 0.0084 for the decrease between 12
and 48 h, Fig. 1B). The induction ofUCP2during the first 12–24
h correlates with early erythropoiesis, which is characterized by
an increased rate of cell division and very limited hemoglobin
synthesis (50). At 48 h cells no longer divide and are at the stage
characterized by high hemoglobin synthesis activity. The
biphasic pattern of UCP2 expression in G1E-ER cells reflects
the pattern found in primary cells during the transition from
TER119� to reticulocytes. This pattern of induction early in
erythroid differentiation also supports that UCP2 expression is
induced by the GATA-1 transcription factor.
UCP2 Function in Erythropoiesis—To determine the role of

UCP2 in erythropoiesis in vivo, WT and UCP2 KO C57BL/6J
mice were induced to develop hemolytic anemia, and the pro-
gression of reticulocytosis was monitored. Thirty male mice
(12–16-week-old) were injected intraperitoneally with 50
mg/kg PH and 10mice with PBS (control) at experimental days
0 (D0), 1 (D1), and 3 (D3), and sampleswere collected atD0,D3,
D6, andD9 (n� 5 per treatment). Blood profile was analyzed at
3 different stages: (i) immediately before treatment (D0), (ii)
acute marrow response (D3), and (iii) recovery phase (D6 and
D9).

At D0 (PBS-injected mice) WT and UCP2 KO mice pre-
sented a similar complete blood count profile, and the PH treat-
ment resulted in an acute decline in RBC count, hematocrit,
and hemoglobin in both genotypes (supplemental Fig. S1). The
acute marrow response was characterized by reticulocytosis
that developed on D3 (Fig. 2A). During this phase, reticulocyte
production was attenuated in the UCP2 KO and reached only
47.22% that of theWT (p� 0.0271). During the recovery phase,
reticulocyte count of UCP2 and WT reached similar values.
This difference in kinetics supports a UCP2 role in expansion
rather than maturation of the erythroid cells. Serum chemistry
analysis was also performed, and no differences were found
between UCP2 KO andWTmice (supplemental Table S1).

FIGURE 1. Expression of UCP2 in erythropoietic cells. A, E13.5 Fetal livers
from WT and KO mice were treated with ACK lysis buffer to eliminate hemo-
globin containing cells (mainly chromatophilic erythroblasts and reticulo-
cytes). Ter119� (BFU-E, CFU-E and proerythroblasts) and Ter119� (early and
late basophilic erythroblast) cells were then isolated using anti-Ter119 anti-
body. Reticulocytes were obtained from peripheral blood at day 6 post-in-
duction of hemolytic anemia with phenylhydrazine. Reticulocyte content was
50 –70%. Samples were analyzed by Western blot. Maximal expression of
UCP2 was seen in the Ter119� samples and was minimal in reticulocytes
(RETICS). Complex III of the mitochondrial respiratory chain was used as load-
ing control. B, kinetic study of UCP2 expression during differentiation of the
inducible proerythroblast cell line, G1E-ER. After induction of differentiation
with 1 � 10�6

M �-estradiol, samples were collected at 0, 12, 24, 48, and 72 h
and analyzed by Western blot (upper panel). UCP2 is induced during the first
12 h of differentiation and decreases thereafter. This expression pattern cor-
relates with the proliferation phase (0 –24 h) and the onset of hemoglobin
synthesis, respectively. �-Actin was used as loading control. Lower panel, den-
sitometry analysis of UCP2 expression during G1E-ER differentiation. (p �
0.0084, one way analysis of variance).

UCP2 Function in Erythropoiesis

NOVEMBER 7, 2008 • VOLUME 283 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 30463

http://www.jbc.org/cgi/content/full/M805400200/DC1


To determine the mechanism responsible for the attenuated
acutemarrow response, we analyzed the response of bonemar-
row progenitors to PH treatment in terms of differentiation,
expansion, maturation, and survival.
Differentiation and maturation of erythroid progenitors was

determined by FACS analysis of the relative size of five popula-
tions of cells that were identified by the expression of a combi-

nation of the membrane markers
CD71 and TER119 (Fig. 2B). The
five cell populations represent
primitive progenitor cells, including
BFU-E and CFU-E (R1, CD71med,
TER119low), proerythroblasts and
early basophilic erythroblasts (R2,
CD71high, TER119low), early and
late basophilic erythroblasts (R3,
CD71high, TER119high), polychro-
matophilic erythroblasts (R4,
CD71med, TER119high) and ortho-
chromatophilic erythroblasts (R5,
CD71low, TER119High) (41, 45, 48)
as shown in Fig. 2B. Note that in the
PH-induced acute marrow re-
sponse (D3), the R5 population is
decreased, and R2 population is
increased. R5 reappears at the
recovery phase (D6), and by D9 it is
fully recovered (supplemental Fig.
S2). Bone marrow cell expansion
and maturation throughout eryth-
ropoiesis are presented as cumula-
tive percentage of each erythroid
population (Fig. 2C). The acute
marrow response at D3 is delayed at
the level of R2-R3 populations in the
UCP2 KO mice (Fig. 2C). Further
analysis showed that R3 was
reduced by 24.19% (p � 0.0040) in
the KO mice as compared with WT
(Fig. 2D). This reduction in R3 was
not due to increased cell death or
reduced number of earlier progeni-
tors BFU-E and CFU-E. FACS anal-
ysis of C-KIT� cells (supplemental
Fig. S2) and colony assay in methyl-
cellulose (data not shown) did not
show a reduction in the amount of
BFU-E or CFU-E. Analysis of
annexin V staining did not demon-
strate any increase in the rate of
apoptosis (supplemental Fig. S2).
The possibility that UCP2 defi-

ciency inhibits the generation of R3
was tested using a two step in vitro
differentiation assay. C-KIT� cells
were isolated from UCP2 KO and
WT bone marrow samples and
allowed to differentiate over 2 days.

Cells were cultured in the presence of EPO to induce differen-
tiation to late basophilic erythroblast, i.e. the R3 population.
After the first 24 h, EPO was removed from the media, and R3
cells progressed until terminal maturation. In vitro differentia-
tion revealed that C-KIT� cells fromUCP2 KO exhibit delayed
maturation at stage R2-R3 (Fig. 3,A andC). The total number of
erythroid cells after EPO induction was 14.36% less in UCP2

FIGURE 2. Erythropoietic response of UCP2 KO and WT mice to PH-induced hemolytic anemia. Mice were
injected with 50 mg/K PH at D0, D1, and D3 and samples collected at D0, D3, D6, and D9. A, peripheral blood
analysis of reticulocyte percentage. Both genotypes increased reticulocyte percentage throughout the course
of the experiment. However, UCP2 KO mouse exhibited a reduced level during the acute marrow response
phase (D3) (p � 0.0271, one-tailed Mann Whitney test, n � 40; 5 mice per experimental day and per genotype).
Error bars represent S.D. See also Fig. S2. B, bone marrow analysis. Five erythroid populations from immature to
mature (R1, R2, R3, R4, and R5) are distinguished by CD71 and TER119 expression levels in freshly isolated
marrow by flow cytometry. Note that control samples D0 are characterized by a minor R2 and a large R5
population. During PH-induced acute marrow response D3, R5 disappears and R2 increases. At the recovery
phase D6, R5 is restored. C and D, quantitative analysis of cell progression in acute marrow response D3. C,
cumulative percentage at each erythroid population, i.e. R1 � R1; R2 � R1 � R2; R3 � R1 � R2 � R3 and so on.
The curve represents both expansion and maturation throughout erythropoiesis. UCP2 KO mice are charac-
terized by reduced expansion at the R2-R3 stage. D, statistical analysis of R3 population, not cumulative (p �
0.0040, two-tailed Student’s t test).
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KO mouse as compared with WT (p � 0.0307, Fig. 3C, right
panel). At day 2, EPO-independent maturation from R3 to R5
occurred at a similar rate in the two genotypes (supplemental
Fig. S3). To determine whether cell loss through apoptosis con-
tributes to the reduced total cell number in UCP2 KO, samples
were stained with a fluorescent caspase-3 substrate to detect
activated caspase-3 along with TER119 surface marker and
analyzed by FACS. Fig. 3B shows that the rate of apoptosis was
similar in the two genotypes, suggesting that apoptosis does not

contribute to the reduced cell num-
ber observed in UCP2 KO samples.
The in vitro results (Fig. 3) match
those obtained in the in vivo exper-
iments (Fig. 2) and suggest that
UCP2 affects cell proliferation dur-
ing the EPO-dependent phase (R2-
R3) of erythropoiesis.
Effect of UCP2 on Heme Biosyn-

thesis, Globin Expression, and RBC
Survival—Heme synthesis has been
shown to be attenuated by in-
creased oxidative environment (51).
Because UCP2 might function to
reduce ROS generation, we ratio-
nalized that its deficiencymay affect
heme and globin biosynthesis as
well the stability ofmature cells (43).
To determine the effect of UCP2
deficiency on heme biosynthesis, we
measured the rate of iron incorpo-
ration into heme in reticulocytes
isolated from UCP2 KO and WT
mice 7 days after induction of ane-
mia. Reticulocyte samples were
incubated for 0, 5, 10, and 30 min in
the presence of [59Fe]transferrin,
and total iron incorporation into
heme was determined. UCP2 KO
reticulocytes did not show a re-
duced rate of iron incorporation
into heme, indicating that UCP2 is
neither essential nor rate-limiting in
heme biosynthesis (Fig. 4A).

Expression of the different globin
chains was determined using re-
verse transcription-PCR. Analysis
of adult blood for � and � globins
and E13.5 fetal liver for x, y, and z
globins revealed that the globin
chain profile of the UCP2 KO
mouse is unaltered (supplemental
Fig. S4). Furthermore, UCP2 KO
and WT mature red blood cells
showed similar fragility, even
though the higher oxidative stress in
UCP2 KO is expected to result in
increased resistance to the osmotic
challenge (Fig. 4B).

The lack of effect of UCP2 deficiency on heme synthesis was
in agreementwith the lack of effect onmean corpuscular hemo-
globin concentration (supplemental Fig. S1) and the absence of
increased rate of apoptosis (supplemental Figs. S2 and S3).
Effect of UCP2 on Erythroid Cell ROS—UCP2 expression in

cardiomyocytes and neurons has been shown to alter the levels
of ROS (12, 13). We tested the levels of protein oxidation in
isolated mitochondria and in whole cells from untreated bone
marrow samples of UCP2KO andWT (Fig. 5,A andB). Protein

FIGURE 3. Kinetics of in vitro erythroid differentiation. C-KIT� cells were isolated from bone marrow and
were analyzed in a two stage in vitro differentiation assay. The first stage (0 –24 h) was in the presence of EPO;
the second stage (24 – 48 h) was in the absence of EPO (see “Experimental Procedures”). A, FACS dot plots as
described in Fig. 2B. Cells were immunostained with fluorescein isothiocyanate-CD71 and phycoerythrin-
TER119 to follow erythroid differentiation. D0 BD, day 0 of fresh whole marrow; D0 AD, day 0 of isolated C-KIT�

cells; D1, C-KIT� cells cultured with EPO for 24 h. Note the propagation of cells from R2 to R3. B, analysis of
apoptosis. Cells were stained with phycoerythrin-TER119 and FLICA (6-carboxyfluorescein-VAD-fluoromethyl
ketone), a green fluorescent caspase substrate. No differences were found between the UCP2 KO and WT mice.
C, quantitative analysis of cell progression. Left panel, cumulative percentage during the first 24 h (D1) at each
erythroid population as described in Fig. 2C (n � 4). Note the same pattern of erythroid differentiation as
compared with the marrow response (Fig. 2C). Right panel, statistical analysis of total erythroid cells
(R1�R2�R3�R4�R5) at D1 (p � 0.0307, Student’s t test).
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oxidationwas determined by the occurrence of carbonyl groups
in amino acid side chains as described under “Experimental
Procedures.” Bone marrow samples from UCP2 KO mice
showed higher levels of protein oxidation in isolatedmitochon-
dria as compared with WT (p � 0.0352, Fig. 5A). Remarkably,
however, total cellular protein oxidation from UCP2 KO was
significantly reduced (p � 0.0021, Fig. 5B) as compared with
WT. These findings suggested the possibility that mitochon-
drial ROS levels are increased, whereas cytosolic levels are
decreased in UCP2 deficient cells. MitoSox and dihydro-
ethidiumwere used to probemitochondrial and cytosolic ROS,
respectively, in CD71� erythropoietic marrow cells (Fig. 5,
C–E). In UCP2 KO cells, mitochondrial ROS was increased by
31.7% (p � 0.0230, one-tailed Student’s t test), whereas cytoso-
lic ROSwas decreased by 14% (p� 0.0314, one-tailed Student’s
t test) as comparedwithWTcells. These results suggest that the
intracellular distribution rather than the net production of ROS
was altered by UCP2 deficiency in erythropoietic cells.
Effect of Oxidative Environment on Erythropoiesis—Our

results suggested that altered distribution of ROS may influ-
ence red blood cell expansion. Thus, we tested whether chem-
ically induced changes in redox environment can reverse the
altered progression of erythropoiesis in theUCP2deficient cells
during the EPO-dependent phase. C-KIT� bone marrow cells
from UCP2 KO and WT mice were treated with the reductive
agent, TBAP (a superoxide dismutase mimetic), or with the
pro-oxidant, Paraquat, for 24 h in an in vitro differentiation

assay and analyzed by FACS (Fig. 6). Interestingly, 40�MTBAP
in both UCP2 KO and WT cells delayed cell maturation at the
proerythroblast stage, which is seen as an increase in R2 but
decrease in R3 (Fig. 6A). In addition, the total cell number of
cells committed in erythropoiesis was also decreased (Fig. 6B).
Conversely, 3 �M Paraquat caused the opposite effect, increas-
ing the number of cells in the R2 population (Fig. 6A). The
erythropoietic effect of Paraquat was particularly strong in the
UCP2-deficient cells. Paraquat increased up to 14% (p �
0.0494) the total number of cells as compared with no treat-
ment (Fig. 6B).
UCP2 and theMAPK Signaling Pathway—The control of cell

proliferation during maturation from progenitors to late baso-
philic erythroblasts has been linked to the ERK signaling path-
way (38). ERK is activated by phosphorylation during the EPO-
dependent phase, and its activation is ROS-dependent (39, 52).
We first determined ERK expression and phosphorylation in
WT bone marrow TER119� and TER119� cells marking the
onset of the EPO-dependent and independent phases, respec-
tively. Phosphorylated ERK (P-ERK), total ERK, and the mito-
chondrial protein Porin were detected byWestern blot analysis
(Fig. 7A). In agreement with published literature, P-ERK is
abundant in TER119� cells. To determine ERK phosphoryla-
tion during the acute marrow response, ERK was analyzed in
bone marrow samples from hemolytic anemia-induced UCP2
KO andWTmice at D0, D2, and D3. P-ERK was normalized to
total ERK and Porin according to the expression P-ERK �
Porin/total ERK2. Levels of phosphorylated ERK in UCP2 KO
were significantly lower (p � 0.0281) than in WT at all experi-
mental days analyzed (Fig. 7B). Total ERK on the other hand
was increased in the UCP2 KO samples. Similar results were
found in in vitro differentiation assays from E13.5 fetal liver
TER119� cells. In E13.5 fetal livers, more than 90% of the
TER119� cells are C-KIT�

, i.e. erythroid progenitor cells (41).
P-ERK was abundant in progenitors from both UCP2 KO and
WT fetal livers. However, the levels of P-ERK were diminished
in theUCP2KOcomparedwithWTwhen cellswere induced to
differentiate into TER119� early and late stage basophilic
erythroblasts for 24 h with EPO (Fig. 7C). The role of ERK
during earlier stages of maturation was also demonstrated by
the inhibition of ERK phosphorylation. C-KIT� cells induced
to differentiate in vitro in the presence of ERK inhibitor U0126
demonstrate that inhibition of ERK blocks cell proliferation but
does not block maturation (supplemental Fig. S5A) and that
UCP2KO samples aremore sensitive to ERK inhibition as com-
pared withWT (supplemental Fig. S5B). The effect of UCP2 on
ERK phosphorylation may explain the reduced proliferation
rate of R2 and R3 populations and the lack of effect on terminal
maturation.

DISCUSSION

Here we studied the function of UCP2 in erythropoiesis. We
have previously reported that activation of the erythroid tran-
scription factor GATA-1 in G1E-ER cells up-regulates expres-
sion of UCP2 mRNA (27). Recently, UCP2 transcription was
reported in mouse fetal liver and in adult mouse reticulocytes,
suggesting its involvement in erythropoiesis (53). Here we
report increasedUCP2 protein expression in primary proeryth-

FIGURE 4. Effect of UCP2 on heme biosynthesis and RBC survival. A, 59Fe
incorporation into the heme fraction in reticulocytes. Data were normalized
against reticulocyte number per sample and radioactivity in the non-protein
fraction. No significant differences were found in iron incorporation rate
between the two genotypes. B, osmotic fragility test. Peripheral blood was
collected and exposed to different concentration of NaCl (%) for 30 min at
room temperature. Hemolysis was assessed by spectrometry of supernatant
at 540 nm. Cell oxidative damage is expected to increase the resistance to the
insult, i.e. to shift the curve toward the left. No significant differences were
found.
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roblasts and basophilic erythro-
blasts from E13.5 fetal livers, differ-
entiation stages that feature high
cell division rates (45, 54). On the
other hand, in cells that are heavily
involved in heme synthesis, such as
reticulocytes, UCP2 expression was
hardly detectable. In contrast to
protein levels, UCP2 mRNA is ele-
vated in reticulocytes, indicating
that expression patterns of UCP2
protein do not correlate with
mRNA levels at different stages of
blood cell development (53). Mis-
correlation of UCP2 protein and
mRNA was previously shown to be
mediated by regulation of UCP2
translation (8). Kinetic studies in the
erythropoietic cell line G1E-ER
showed similar protein expression
profile after induction of differenti-
ation with �-estradiol. UCP2 pro-
tein increases 12 h after activation
and declines thereafter, correlating
with cell proliferation and the early
stage of hemoglobinization. After
24 h post-induction, G1E-ER cell
proliferation is arrested, and hemo-
globin synthesis achieves maximal
levels (50). Together, these findings
indicate that UCP2 protein expres-
sion is higher at pre- and early
hemoglobinization stages, when
high levels of ROS are not expected,
and is down-regulated at later stages
when hemoglobinization occurs at
its highest rate.
To examine the role of UCP2

in erythropoiesis, we chemically
induced hemolytic anemia in UCP2
KOandWTmice and followed their
recovery, monitoring the develop-
ment of reticulocytosis during the
acute marrow response. UCP2 KO
mice had a slower recovery evi-
denced by slower development of
reticulocytosis. Potential involve-
ment of UCP2 at early and late
stages of erythropoiesis was ad-
dressed. UCP2 deficiency did not
affect late stages of maturation as
demonstrated by normal rate of
heme synthesis, hemoglobin con-
tent, and physical stability of the
mature erythrocyte. The role of
UCP2 during differentiation at early
stages of maturation of RBC was
assessed in bone marrow of PH-

FIGURE 5. Effect of UCP2 on protein oxidation and ROS generation. A and B, analysis of oxidized protein
in WT and UCP2 KO bone marrow samples. A, mitochondrial proteins. B, total cellular proteins. Samples
were reacted with 2,4-dinitrophenylhydrazine to derivatize the protein carbonyl groups, which were then
detected with an anti-2,4-dinitrophenol antibody after SDS-PAGE. �, positive derivatization; �, negative
control of derivatization. Complex III and �-actin were used as loading control. Densitometry analysis was
calculated by measuring all protein intensities along the left-side gray bar. Note that UCP2 KO is more
oxidized at the mitochondria level (p � 0.0352, Student’s t test) but surprisingly less at the total protein
level (p � 0.0021, Student’s t test) as compared with WT. C, D, and E, ROS generation by erythropoietic
cells. Mitochondrial and cytosolic ROS were analyzed in bone marrow CD71� erythroid cells selected by
gating shown in C according to fluorescein isothiocyanate-CD71 antibody staining and Forward Scatter
parameter (FSC-H) of bone marrow samples. D, superoxide levels inside mitochondria were determined by
the mitochondrial superoxide probe, MitoSox (p � 0.0230, one-tailed Student’s t test). E, cellular ROS
levels were determined by dihydroethidium (DHE), which mainly identifies cytosolic superoxide radicals
(p � 0.0314, one-tailed Student’s t test). Dashed curves in C and D represent control unstained cells.
Because of the low overall dihydroethidium fluorescence intensity, the M1 region was used for densitom-
etry. Error bars represent S.D.
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treated mice. Analysis by FACS using CD71 and TER119 cell
membrane markers to follow RBC maturation (41) displayed a
lower percentage of R3 population (early and late basophilic
erythroblasts) at D3 in UCP2 KO mice as compared with WT.
Although increased apoptosis in R3 population could explain
this result, annexin V staining ruled out this possibility. Assess-
ment of the amount of early progenitors by FACS and colony
assays showed that the number of BFU-E and CFU-E were sim-
ilar in the two genotypes. Thus, UCP2 function and expression
appears to be limited to the EPO-dependent phase, taking place
from CFU-E to the late basophilic erythroblast stage (55, 56).
The possibility that the effects of UCP2 deficiency were indi-
rectly mediated by non erythroid cells responding to lack of

UCP2 was ruled out in in vitro dif-
ferentiation experiments of marrow
C-KIT� cells, which displayed a
similar delay in maturation during
the first 24 h (EPO-dependent
phase), again resulting in a decrease
in R3 population. Our data demon-
strate that UCP2 protein induction
and UCP2 KO phenotype is strong-
est during early erythropoiesis dur-
ing the EPO dependent phase and
suggest that its function as a ROS
modifier (9, 10, 16, 57) might influ-
ence erythroid proliferation.
Proliferation signaling pathways

such as Rb/E2F, c-Myc, and Ras are
characterized by their ability to acti-
vate nuclear transcription factors
located in the cytosol (58). If UCP2
is involved in cell proliferation, it is
imperative that the signal generated
within mitochondria is exported to
the cytosol to effect a nuclear
response. Evidence of UCP2 func-
tion in signal transduction was first
suggested by the activation of the
IKK and the NF-�B cascade in mac-
rophages from UCP2 KOmice (16).
This effect was inhibited whenmac-
rophages were treated with ROS
inhibitors superoxide dismutase
and catalase, indicating that lack of
UCP2 results in greater O2

. /H2O2
release from mitochondria. Indeed,
H2O2 serves as an activator of
NF-�B (59).

We have shown here that mito-
chondria of UCP2KObonemarrow
contain increased concentrations of
superoxide radical which is accom-
panied by higher levels of oxidized
proteins as compared with WT.
This agrees with Bai et al. (16), who
found spleen mitochondria from
UCP2 KO to contain twice the

amount of H2O2 as compared withWT basal conditions. Inter-
estingly, the cytosolic ROS and the total cellular levels of oxi-
dized protein were reduced in UCP2 KO. One explanation for
this finding is that erythroid UCP2 protein modulates the dis-
tribution of reactive radicals between mitochondria to cytosol.
This is consistent with prior studies which demonstrated that
overexpression (20) or knockdown (60)of UCP2 does not affect
the net generation of ROS bymitochondria. Rather, expression
of UCP2 shifted ROS from the mitochondrial matrix to the
cytosolic side of the inner mitochondrial membrane (20).
To test whether this ROS relocation from mitochondria to

cytosol can influence the expansion of erythropoietic cells, we
challenged marrow C-Kit� cells to undergo in vitro differenti-

FIGURE 6. Effect of oxidative/reductive environment on the kinetics of in vitro erythroid differentiation.
C-KIT� cells isolated from bone marrow were cultured in the presence or absence of 40 �M TBAP (anti-oxidant;
SOD2 mimetic) or 3 �M Paraquat (pro-oxidant) during the EPO-dependent phase (first 24 h). Samples were
collected as described in Fig. 3 and immunostained with fluorescein isothiocyanate-CD71 and phycoerythrin-
TER119 to follow erythroid differentiation by FACS. A, FACS dot plots at D1 as described in Fig. 2B under
different culture conditions. Note that cell number in R2 and R3 is reduced in UCP2 KO as compared with WT
under untreated (Control) conditions. TBAP inhibits progression from R2 to R3, indicated by the accumulation
of cells in R2 in both genotypes. Treatment with paraquat resulted in the restoration of the reduced R2 and R3
populations of the UCP2 KO sample, whereas in WT it had comparatively little effect. B, quantification of the
effect of TBAP and Paraquat on total erythroid cells. Paraquat treatment significantly increases the number of
erythropoietic cells in UCP2 KO samples as compared with control (p � 0.0494, one-tailed T-Student). After
treatment with paraquat, UCP2 KO cells show no significant differences as compared with untreated WT cells.
(Control, n � 7; TBAP, n � 3; Paraquat n � 4). Error bars represent S.D.
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ation either in the presence of pro-oxidants or antioxidants.
Paraquat, a pro-oxidant, enhanced cell proliferation and matu-
ration in UCP2 KO cells, exhibiting a rescue effect of UCP2
deficiency. Conversely, TBAP inhibited erythropoiesis, arrest-
ing or delaying cells at the R2 stage. These data suggest that
UCP2modulates the cell redox environment and consequently
cell expansion.
The function of ROS as a second messenger during erythro-

poiesis has been reported previously; ROS regulates theMAPK/
ERK pathway, activation of which is critical to maintaining the
proliferative capability of progenitor cells (38, 61, 62). ROSwere

shown to be generated in response to EPO (52, 63), leading to
the stimulation of the Ras/MAPK/ERK pathway (39).
We have hypothesized that deficiency of UCP2 directly

impactsMAPK/ERK cascade signaling. Both in vivo and in vitro
differentiation experiments showed that UCP2 KO samples
have a diminished amount of phosphorylated ERK as compared
withWT. This result would explain whyUCP2 KOproerythro-
blast cells divide at a lower rate thanWT cells, and it identifies
a link between UCP2 and ERK activation in erythropoiesis.
UCP2 might modulate ERK phosphorylation and dephospho-
rylation through ROS signaling and act as a molecular switch.
The possibility that UCP2 regulates MAPK/ERK pathway is
further supported by the reports, indicating that phosphoryla-
tion of ERK-1 and ERK-2 proteins are modulated by O2

. but not
H2O2 (59, 64), the sameROS species that ismodulated byUCP2
(20).
A relationship between UCP2 and the MAPK/ERK pathway

has been demonstrated in the elevated inflammatory response
whichwas found inUCP2KOmacrophages after a lipopolysac-
charide injection (16, 65). Here we report the UCP2-MAPK/
ERK interaction in erythropoiesis, with an effect on cell pro-
liferation during the EPO-dependent phase both in vivo and
in vitro.
Our experiments did not identify an antioxidant role for

UCP2 in erythroid heme biosynthesis. In turn, we demonstrate
that UCP2 has a role early in erythropoiesis, specifically during
the EPO-dependent phase, where it likely controls the amount
of ROS available for the activation ofMAPK/ERK pathway and,
thus, modulates cell proliferation and maturation.
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