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Background
b-thalassemic syndromes are inherited red cell disorders characterized by severe ineffective
erythropoiesis and increased levels of reactive oxygen species whose contribution to b-tha-
lassemic anemia is only partially understood. 

Design and Methods
We studied erythroid precursors from normal and b-thalassemic peripheral CD34+ cells in two-
phase liquid culture by proteomic, reverse transcriptase polymerase chain reaction and
immunoblot analyses. We measured intracellular reactive oxygen species, heme levels and the
activity of d-aminolevulinate-synthase-2. We exposed normal cells and K562 cells with silenced
peroxiredoxin-2 to H2O2 and generated a recombinant peroxiredoxin-2 for kinetic measure-
ments in the presence of H2O2 or hemin.

Results
In b-thalassemia the increased production of reactive oxygen species was associated with
down-regulation of heme oxygenase-1 and biliverdin reductase and up-regulation of peroxire-
doxin-2. In agreement with these observations in b-thalassemic cells we found decreased heme
levels related to significantly reduced activity of the first enzyme of the heme pathway, d-ami-
nolevulinate synthase-2 without differences in its expression. We demonstrated that the activ-
ity of recombinant d-aminolevulinate synthase-2 is inhibited by both reactive oxygen species
and hemin as a protective mechanism in b-thalassemic cells. We then addressed the question
of the protective role of peroxiredoxin-2 in erythropoiesis by exposing normal cells to oxidative
stress and silencing peroxiredoxin-2 in human erythroleukemia K562 cells. We found that per-
oxiredoxin-2  expression is up-regulated in response to oxidative stress and required for K562
cells to survive oxidative stress. We then showed that peroxiredoxin-2 binds heme in erythroid
precursors with high affinity, suggesting a possible multifunctional cytoprotective role of per-
oxiredoxin-2 in b-thalassemia. 

Conclusions
In b-thalassemic erythroid cells the reduction of d-aminolevulinate synthase-2 activity and the
increased expression of peroxiredoxin-2 might represent two novel stress-response protective
systems.
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Introduction

b-thalassemias are common inherited red cell disorders
characterized by absent or reduced synthesis of b globin
chains. Despite extensive knowledge of the molecular
defects causing b-thalassemia, less is known about the
mechanisms responsible for the associated ineffective ery-
thropoiesis and reduced red cell survival.1,2 b-thalassemic
erythropoiesis is characterized by an imbalance of a/b glo-
bin chain synthesis, mostly evident in the homozygous
forms, leading to the accumulation of excess free a globin
chains associated with reduced heme production. How
the globin chain imbalance might affect the rate of heme
synthesis is still a matter of investigation.3,4 Increased lev-
els of reactive oxygen species (ROS) have been reported to
contribute to the anemia of b-thalassemia; the mecha-
nisms protecting against ROS have been only partially
investigated.1,5,6

Previous studies identified a small protein that stabilizes
the a chains (AHSP, a hemoglobin-stabilizing protein) and
that partially protects the erythroid precursors from the a
chain excess. Indeed, anemia in b-thalassemic mice is
more severe in those animals which are AHSP-deficient.7-9

However, the impact of AHSP deficiency in b thalassemia
patients is still under evaluation and the link between
decreased AHSP expression and severity of b-thalassemic
syndromes remains speculative.9 Another protective factor
in b-thalassemic erythropoiesis is the heme-regulated
inhibitor of protein translation, which represses globin
translation in heme-deficient erythroid precursors.10

Heme-regulated inhibitor of protein translation plays a
role in murine b-thalassemia, since anemia is more severe
in b-thalassemic mice genetically lacking this protein.10,11

While the heme-mediated mechanisms of globin synthe-
sis control are partially understood, less is known about
factors that modulate heme synthesis in erythroid cells.
d-aminolevulinate synthase-2 (ALAS-2) is the first and

rate-limiting enzyme of the heme biosynthetic pathway in
erythroid precursors12-15 Heme regulates the non-erythroid
ALAS-1 at multiple levels including reduction of transcrip-
tion and translation, destabilization of mRNA, inhibition of
mitochondrial transport of precursor protein and direct
heme-dependent inhibition of the enzyme activity.15 It is
well known that heme binding may inhibit mitochondrial
translocation of ALAS-2 precursor, and that the post-tran-
scriptional control of the enzyme’s synthesis is iron-depen-
dent through iron-regulatory proteins.16 However, regula-
tory mechanisms of ALAS-2 activity remain unknown.12-14

Heme turnover is controlled by heme-oxygenases: HO-1,
the inducible form, and HO-2, the constitutive isoform.17

Both isoforms catalyze the rate-limiting step in the oxida-
tive degradation of heme to biliverdin. Subsequently
biliverdin reductase (BVR) degrades biliverdin to bilirubin,
which has strong cytoprotective properties.18

Design and Methods

Cell culture of erythroid precursors 
from CD34+ and K562 cells

Peripheral blood from adult normal volunteers and from trans-
fusion-independent b-thalassemia patients (i.e., patients with b-
thalassemia intermedia) was collected, after informed consent had
been obtained according to the guidelines established by the

Ethics Committee for human subject studies of the University of
Milan. We analyzed 20 erythroid cultures obtained from peripher-
al blood of different normal subjects and 20 erythroid cultures
obtained from ten homozygous b-thalassemic patients (b0cod39) (see
Online Supplementary Design and Methods). We evaluated the mor-
phology and the expression of the surface markers, CD71 and gly-
cophorin A, in erythroid cells at days 7 and 14 of culture, corre-
sponding to early and late erythroid precursors, as previously
described19,20 (Online Supplemental Design and Methods and Online
Supplementary Figure S1A-C).

The K562 human erythroleukemia cell line was obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). K562 cells were maintained in Iscove’s medium (Sigma
Aldrich, Milan, Italy), supplemented with 10% fetal bovine serum
(Celbio Pero, Milan, Italy), 10 U/mL penicillin and 0.1 mg/mL
streptomycin (Pen/Step) (Celbio Pero). The cell line was grown in
a humidified, 5% CO2 atmosphere, at 37 °C.

Measurements of hydrogen peroxide and superoxide
anion as reactive oxygen species in erythroid 
precursors

ROS production in erythroid precursors was measured as
reported in the Online Supplementary Design and Methods.

Proteomic analysis of cultured cells 
Two-dimensional cell culture analysis

Cells for two-dimensional (2D) electrophoresis were lysed (in
medium containing bicine 25 mM, NaF 25 mM, NaCl 0.4 M,
EDTA 20 mM, Triton 1.5%, Na3VO4 1 mM, benzamidine 3 mM
and a tablet with a cocktail of protease inhibitors) and delipidated
as previously described.21,22 Details on the generation of 2D maps
are reported in the Online Supplementary Design and Methods.

Image analysis and statistical analytic strategy
Spots differently expressed were identified by Progenesis

SameSpots software (Non Linear Dynamics, Newcastle-Upon-
Tyne, UK).22 Details are reported in the Online Supplementary
Design and Methods. The selected spots were excised from colloidal
Coomassie-stained gels and identified by MALDI-TOF MS/MS
analysis. Details are reported in the Online Supplementary Design
and Methods.

Immunoblot analysis
Cells for one-dimensional electrophoresis were solubilized as

described by Karur et al.,23 with a few modifications. The details
are reported in the Online Supplementary Design and Methods.
Whenever indicated culture media underwent a purification step
using a Qproteome Albumin/IgG Depletion column, according to
the manufacturer’s protocol (Qiagen, Vancouver, Canada) and 80
μg of proteins were studied by immunoblot analysis. 

Peroxiredoxin-2: cytofluorimetric and immunoprecipitation assay
To evaluate the effects of oxidative damage on peroxiredoxin-2

(PRDX2) expression, we exposed normal erythroid precursors  to
hydrogen peroxide (H2O2) (16 μM), as previously reported.24

Details on cytoflourimetric analysis are reporetd in the Online
Supplementary Design and Methods. Whenever indicated, PRDX2
was immunoprecipitated from cell lysates (11¥106 cells). Details
are given in the Online Supplementary Design and Methods.

Heme concentration measurement
Heme concentration in erythroid precursors was determined by

a spectrophotometric method that exploits the heme peroxidative
activity on chlorpromazine dye; for details and related references
see the Online Supplementary Design and Methods.
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Quantitative real-time polymerase chain reaction
For quantitative real-time polymerase chain reaction (qRT-PCR)

total RNA was isolated from cell pellets on days 7 and 14 of cul-
ture by the method of Chomczynski and Sacchi;25 for details see
the Online Supplementary Design and Methods. 

d-aminolevulinate synthase-2 activity assay 
ALAS-2 was a generous gift of Dr. Gloria C. Ferreira (University

of Tampa, FL; USA). ALAS-2 activity was determined as reported
by Hunter et al.26 on the cytoplasmic fraction of erythroid precur-
sors from controls, control-treated H2O2 cells and b-thalassemic
cells on days 7 and 14 of culture; for details see the Online
Supplementary Design and Methods. Analyses of the tertiary and sec-
ondary structure of ALAS-2 are reported in the Online
Supplementary Design and Methods.

Silencing of peroxiredoxin-2 in K562 cells 
and exposure to oxidative stress

Details on silencing of PRDX2, the treatment of K562 cells and
measurement of cell growth are provided in the Online
Supplementary Design and Methods.27

Kinetic and inhibition assays of peroxidase activity 
of peroxiredoxin-2 and measurements of hemin 
binding to peroxiredoxin-2

Human PRDX2 was cloned, expressed and purified to homo-
geneity as reported in the Online Supplementary Design and
Methods. The measurement of PRDX2 kinetic parameters, using
H2O2 in substrate and inhibition assays in the presence of hemin,
were performed as reported in the Online Supplementary Design and
Methods. The equilibrium dissociation binding constant of PRDX2
with hemin was evaluated by exploiting protein tryptophan
intrinsic fluorescence quenching, following addition of increasing
hemin concentration, as a sensor of hemin binding. Details on the
analysis of kinetics and inhibition of PRDX2 and equilibrium bind-
ing studies are reported in the Online Supplementary Design and
Methods. 

Results 

Increased oxidative stress in b-thalassemic erythroid
precursors showing different proteomic 
two-dimensional maps 

We studied erythroid precursors from normal and b-tha-
lassemic peripheral CD34+ cells in two-phase liquid cul-
ture in early (7 days of culture) and late (14 days of culture)
phases of maturation (Online Supplementary Figure S1A,B).
We previously validated this in vitro model of b-tha-
lassemic ineffective erythropoiesis by both morphological
and cytofluorimetric analyses.19 Since the percentage of
cells positive for the surface markers CD71 and gly-
cophorin A were similar in normal and b-thalassemic cells
at 7 and 14 days of culture, we studied the cells at these
time points (Online Supplementary Figure S1C).

We first measured the amount of ROS as markers of
oxidative stress during maturation of both normal and b-
thalassemic erythroid precursors. We observed a signifi-
cant increase of ROS production in both early and late b-
thalassemic erythroid precursors (Online Supplementary
Figure S1D). No significant differences were observed
within b-thalassemic erythroid cells in different stages of
maturation, whereas normal controls showed a slight
increase in ROS production only in late erythroblasts

(Online Supplementary Figure S1D).
We then evaluated the proteomes of normal and b-tha-

lassemic erythroid precursors. Comparing normal and b
thalassemic cells, at 7 and 14 days of culture 55 spots were
differently expressed, of which 25 were identified by mass
spectrometry (Figure 1A, Table 1). The proteins differently
expressed were grouped into eight functional clusters: (i)
cell structure-related proteins; (ii) metabolic enzymes; (iii)
stress-response and chaperones; (iv) ras-related system; (v)
intracellular signaling cascade; (vi) ubiquitin-proteasome
system; (vii) hemoglobin complex and (viii) not function-
ally classified protein (Table 1). As expected, b-globin
chains were detected in normal mature (day 14 of culture)
but not in normal early erythroid precursors nor in b-tha-
lassemia cells (Figure 1A, Table 1).  

In control cells the following proteins were found in a
more acid form compared to their theoretical pI: BVR
(spots 14, 15), carbonic anhydrase 1 (spots 9, 12), Ras-GEF
domain containing family member 1A (spot 4) and inor-
ganic pyrophosphase 2 mitochondrial precursors (spot 2)
(Table 1; Figure 1A). In b-thalassemia cells the following
proteins were in a more acid form compared to their the-
oretical pI: PRDX2 (spots 43, 48) and phospho 2, pyridoxal
5'-phosphate phosphatase (spot 30), while stathmin was
detected at higher molecular weight than the theoretical
one (Table 1, Figure 1A). 

Among the differently expressed proteins in b-tha-
lassemia we found decreased expression of BVR and
increased expression of three proteins involved in oxida-
tive defense: glutathione peroxidase 1, in the early phase
of b-thalassemic erythropoiesis, PRDX2 throughout all b-
thalassemic erythropoiesis and heat shock protein 27
(HSP27) in the late phase of b-thalassemic erythropoiesis
(Table 1). We validated the proteomic results by both qRT-
PCR for the mRNA expression and immunoblot analysis
with specific antibodies for the following genes/proteins:
BVR, PRDX2 and HSP27.

b-thalassemic erythroid precursors show reduced
biliverdin reductase/ heme oxygenase-1 expression
and decreased intracellular heme levels 

In b-thalassemic erythropoiesis mRNA levels of BVR
were almost unmodified during erythroid maturation and
were markedly lower than those in controls (Online
Supplementary Figure S2B). BVR protein expression was
modulated during erythropoiesis in both cell types but
markedly reduced in b-thalassemic erythroid precursors
compared to in control cells, in agreement with the pro-
teomic data (Figure 1A,B, Online Supplementary Figure
S2C). 

Since BVR is a part of the protective system involved in
heme metabolism through heme-oxygenases, we then
evaluated heme-oxygenase expression and  heme content
in both normal and b-thalassemic erythroid precursors.
We observed increased expression of HO-1 gene and pro-
tein in both normal and b thalassemic cultures during mat-
uration. However, both mRNA and protein HO-1 were
markedly lower in b-thalassemic cells than in controls
(Online Supplementary Figures S1B and S2C, Figure 1B), in
agreement with the reduced BVR expression observed in
b-thalassemic erythroid precursors. HO-2 gene expression
was up-regulated in late normal erythroid precursors and
down-regulated in b-thalassemic erythroid precursors.
The expression of HO-2 protein was similar in both cell
types with a reduction at day 14 of culture (Online

Peroxiredoxin-2 is a high affinity heme binding protein
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Supplementary Figures S1B and S2C, Figure 1B). The dis-
crepancy between HO-2 gene-protein levels in normal
cells may be related either to a regulation of HO-2 tran-
scriptional levels as shown in other models28 or to HO-2
protein stability as recently reported by Ding et al.29

We then asked whether the reduction of the elements of
the BVR/HO-1 system was paralleled by changes in intra-
cellular heme levels in b-thalassemic erythropoiesis. As
shown in Figure 1C, the intracellular heme content was
significantly increased in early b-thalassemic precursors
but strongly reduced in late b thalassemic precursors, com-
pared to the levels in controls. Since ALAS-2 catalyzes the
rate-limiting step in heme biosynthesis in erythroid cells,
we evaluated ALAS-2 expression and activity during ery-
thropoiesis.

d-aminolevulinate synthase-2 activity is reduced 
in b-thalassemic precursors and is down-regulated
by reactive oxygen species and heme 

We found low expression of ALAS-2 gene and almost
undetectable protein during early erythroid erythropoiesis
but markedly and similarly increased ALAS-2 gene and
protein expression in late erythroid precursors from both
cell types (Figure 1B, Online Supplementary Figure S1B,C). 

We then measured the activity of ALAS-2 during ery-
thropoiesis and found that it was increased in normal late
erythropoiesis, as expected, but significantly reduced in b-
thalassemic erythropoiesis (Figure 2A). This result is in
line with the lower heme levels in b-thalassemic late ery-
thropoiesis than in normal late erythropoiesis. In addition
we treated the control cells with 16 μM H2O2, as previous-
ly reported by Uchida et al.,24 and found a marked reduc-
tion in ALAS-2 activity and in heme content compared to
the activity of normal controls at day 14 of culture (data not
shown).

To address whether ROS or heme levels might affect
ALAS-2 activity, we used recombinant ALAS-2. As shown
in Figure 2B, ALAS-2 activity was reduced in the presence
of increasing concentrations of either hemin, (a commonly
used heme analog) or H2O2 (ROS agent). The Ki values
(inset) calculated from the IC50 were 5±2 μm and 2±0.5 μM
for H2O2 and hemin, respectively. These Ki values are in
the range of the ROS and heme concentrations measured
(Figure 1C and Online Supplementary Figure S1D), support-
ing the observation of reduced ALAS-2 activity as a pro-
tective mechanism in b-thalassemic cells characterized by
high ROS production. We also determined that the sec-
ondary structure of ALAS-2 is unaffected by the presence
of heme or H2O2 (Online Supplementary Figure S2D), thus
excluding the possibility that these ligands damage the
structural integrity of the protein. Interestingly, subtle
pyridoxal 5'-phosphate active site changes could be
detected by visible CD analysis, thus corroborating heme
and/or hydrogen peroxide binding (Online Supplementary
Figure S2D, inset). Based on all these data, we propose that
heme biosynthesis in b-thalassemic erythropoiesis might
be regulated by an interplay between itself and ROS lev-
els, resulting in ALAS-2 inhibition likely with the aim of
protecting the developing cells from the cytotoxic effects
of newly synthesized heme.

Peroxiredoxin-2 expression is increased 
in b-thalassemic erythropoiesis 

We then evaluated expression of PRDX2, CATALASE,
and HSP27 genes and protein during erythropoiesis in nor-
mal and b-thalassemic cells. 

In control erythroid precursors PRDX2, CATALASE, and
HSP27 genes were up-regulated at day 14 of culture corre-
sponding to late erythropoiesis (Online Supplementary
Figure S3A). In b thalassemic cells mRNA levels of PRDX2
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Figure 1. b-thalassemic erythroid precursors show
increased oxidative stress, reduced biliverdin reduc-
tase/ heme-oxygenase 1 expression and heme con-
tent. (A) Two-dimensional (2D) gel analysis of ery-
throid precursors from normal (control) and b-tha-
lassemic (b thal cells) subjects  at 7 and 14 days of
culture. The images show representative gels of ten
others with similar results. The differently expressed
spots were identified (black circle) by image analy-
sis, excised from the colloidal Coomassie-stained
gels and analyzed by mass spectrometry (see also
Design and Methods and Online Supplementary
Design and Methods). Spot numbers correspond to
those reported in Table 1. (B) Immunoblot analysis
of BVR, HO-1, HO-2 and ALAS-2 in normal (C7, C14)
and b-thalassemic (T7 and T14) cells. We showed
on the colloidal Coomassie-stained gel the band at
~ 37 kDa used as a loading control and identified by
mass spectrometry as the glycerol 3P-dehydroge-
nase cytoplasmic domain (Acc. n: P21695, 12%
sequence coverage). One representative gel of ten
others with similar results is presented. (C)
Intracellular heme levels in normal (white bars: C7,
C14) and b-thalassemic (gray bars: T7 and T14) ery-
throid cells. Experiments were repeated in triplicate,
the error bars represent the S.E.M.
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and CATALASE genes were almost unmodified during ery-
throid maturation, but the expression of PRDX2 and
CATALASE genes was 5-fold increased and 2-fold
decreased, respectively, compared to the expression in
controls (Online Supplementary Figure 3SA). HSP27 mRNA
levels were similarly up-regulated in late erythropoiesis in
both cell models (Online Supplementary Figure 3SA). 

PRDX2 protein expression was strongly increased in b
thalassemic cells, especially at day 7 when it was present
as a double band (Figure 3). This finding may be related to
post-translational modifications of the protein, which
would be consistent with the proteomic data and similar
to what has been described in other cell models.30-33 In
more mature (day 14) cells PRDX2 expression was slightly
increased in b-thalassemia, but was abundant in culture
media, further strengthening the increased PRDX2 expres-
sion at this stage (Figure 3 and Online Supplementary Figure
S3C). In contrast the expression of PRDX1 and six pro-
teins was similar in both types of cell and almost exclu-

sively limited to the early phase of maturation (Online
Supplementary Figure S3D). The abundance of catalase pro-
tein was similar in both normal and b-thalassemic early
erythroid cells, but was slightly increased in late normal
cells (Figure 3, Online Supplementary Figure S3B). HSP27
protein expression was significantly higher in b-tha-
lassemic cells in late erythropoiesis than in normal cells
(Figure 3, Online Supplementary Figure S3B). The discrepan-
cy between HSP27 mRNA and protein levels observed in
normal cells might be related to mRNA translational
events, as reported for other types of cells.34 Collectively
these data indicate up-regulation of PRDX2 and HSP27,
likely as a response to the high pro-oxidant status of b-tha-
lassemic cells. In addition, the finding of PRDX2 in the cul-
ture media seems to reflect modulation rather than non-
specific release, since there were no significant changes in
catalase release into the culture media during early or late
erythropoiesis in both cell types.

Since the anti-oxidant system was sensitive to H2O2, as
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Table 1. Identification of proteins from normal and b-thassemic erythroid progenitors.
Spot # Functional Cluster Accession Protein Identification % Sequence n-Fold ANOVA Theoretical Theoretical      

number coverage P value molecular pI
mass (kDa)

28 Cell structure P16949 Stathmin 1 19 -2.7 0.034 17.3 5.76
2 Metabolic enzymes Q9H2U2 Inorganic pyrophospate 2 8 2.8 0.005 37.9 7.07

mitochondrial precursor
37 P07203 Gluthatione peroxidase 1 12 -3.2 0.002 22.09 6.15

C7 vs. T7  30 Q8TCD6 Pyridoxal phosphate 16 -3.2 0.041 27.77 6.31
3 Stress response/chaperones P32119 Peroxiredoxin 2 19 2.1 0.005 21.89 5.66
31 P32119 Peroxiredoxin 2 21 -2.5 0.004 21.89 5.66
32 P32119 Peroxiredoxin 2 25 -2.6 0.009 21.89 5.66
29 Ras-related system P20337 Ras related Rab_3B 16 -3.1 0.002 24.76 4.85
36 P20337 Ras related Rab_3B 18 -4.1 0.032 24.76 4.85

40 Intracellular signaling cascade Q6Q788 Apolipoprotein A-V precursor 15 -2.9 0.041 41.21 5.98
38 Cell structure Q9UI46 Dynein intermediate chain 1 8 -5.2 0.033 79.28 6.40
9 Metabolic enzymes P00915 Carbonic anhydrase 1 21 2.8 0.028 28.87 6.59
12 P00915 Carbonic anhydrase 1 25 2.9 0.031 28.87 6.59
5 P31930 Ubiquitinal cytochrome c 10 3.1 0.004 52.65 5.94

reductase complex 1
42 Ubiquitin-proteasome system Q86YJ5 Ubiquitin E3 protein ligase MARCH9 9 -3.8 0.031 37.78 9.36
4 Ras-related system Q8N9B8 Ras GEF domain containing 12 2.5 0.025 54.56 7.60

C14 vs. T14 family member 1A
14 Stress response/chaperones P30043 Biliverdin reductase 16 2.5 0.004 22.12 7.13
15 P30043 Biliverdin reductase 23 3.2 0.003 22.12 7.13
48 P32119 Peroxiredoxin 2 22 -3.8 0.022 21.89 5.66
43 P32119 Peroxiredoxin 2 26 -2.5 0.001 21.89 5.66
49 Q8NBS9 Thioredoxin domain containing 12 -4.2 0.004 47.63 5.63

protein 5 precursor
47 P04792 Heat shock protein 27 14 -3.2 0.003 22.78 5.98
10 Hemoglobinic complex P68871 Hemoglobin subunit beta 46 10.9 0.0004 16.00 6.74
13 P68871 Hemoglobin subunit beta 59 10.5 0.0005 16.00 6.74
7 Not classified Q9NZN9 Aryl hydrocarbon interacting 10 3 0.0015 43.90 5.63

protein like 1

List of the proteins identified by mass spectrometry as differently expressed (see details in Design and Methods and Supplementary Design and Methods). The changes in protein expression
are indicated as n-fold increase or decrease of control at 7 days  (C7) versus b-thalassemic cells at 7 days (T7) of cultures, control at 14 days of cultures (C14) versus b-thalassemic cells at
14 days (T14)



catalase was similarly expressed in both normal and b-tha-
lassemic cells, while PRDX2 was up-regulated during all b-
thalassemic erythropoiesis, we considered PRDX2 an
interesting candidate as a new cytoprotective system in
stress erythropoiesis such as that occurring in b-tha-
lassemia.

Peroxiredoxin-2 is up-regulated in response to oxida-
tive stress and protects erythroid precursor 

PRDX2 is a typical 2-cysteine (Cys-51 and Cys-172) per-
oxiredoxin. Previous studies have shown that oxidative
stress can up-regulate the expression of PRDX2 in other
cell types and that genetically modified cells over-express-
ing PRDX2 are generally more protected from severe
oxidative stress.32,35

To evaluate the possible protective role of PRDX2
against oxidative stress  in erythropoiesis, we added H2O2

to normal erythroid precursors (Figure 4A,B). We observed

a delay in cell growth between days 7 to 10 and increased
PRDX2 protein expression on day 10 followed by cell
recovery on day 14 of culture (Figure 4A,B, Online
Supplementary Figure S3E-G). 

We then silenced PRDX2 in K562 and observed
decreased cell viability and a decreased capacity of shK562
cells to differentiate (Figure 4C,D). When shK562 cells
were exposed to oxidative stress (H2O2), we observed a
marked reduction of their viability compared to that of
cells expressing PRDX2 (Figure 4D). These data support a
protective role of PRDX2 in stress erythropoiesis. 

Peroxiredoxin-2 binds heme in erythroid precursors
and shows high affinity heme-binding features 

We then hypothesized that PRDX2 might be involved in
additional protective mechanism(s) in stress erythro-
poiesis as observed with some bacterial and eukaryotic
peroxiredoxin isoforms.36,37 As shown in Figure 5A, we
observed the presence of heme-specific colorimetric reac-
tivity in immunoprecipitated PRDX2 from both normal
and b thalassemic cells, suggesting that heme is bound to
PRDX2. This observation supports the hypothesis that
PRDX2 interacts with heme during erythropoiesis. It is
interesting to note that PRDX2-heme complexes were
more abundant in b thalassemic cells on day 7 than in con-
trol cells and in normal cells in late erythropoiesis than in
either b thalassemic cells at day 14 of culture or early nor-
mal erythropoiesis, reflecting the differences in heme lev-
els observed during erythropoiesis (Figure 1A).

In order to characterize the features of PRDX2 better,
we generated a recombinant human PRDX2 as a useful
instrument for studying PRDX2 in the presence of ROS
and heme and for evaluating whether heme binding might
affect PRDX2 peroxidase activity. The kinetic parameters
of the purified PRDX2 using H2O2 as a substrate (see also
the Online Supplementary Design and Methods) showed the
dependence of the initial rate of PRDX2 on H2O2 concen-
tration, displaying substrate inhibition behavior. Fitting to
equation (1) gave the values, kcat= 13.2±0.4 s-1, Km=
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Figure 2. ALAS-2 activity is reduced in b-thalassemic erythroid pre-
cursors and is affected by oxidative stress. (A) ALAS-2 activity in nor-
mal and b-thalassemic erythroid cells at day 7 ( white bars: C7, T7)
and day 14 of culture (gray bars: C14, T14). An aliquot of 20 μL of
the cytoplasmic fractions of day 7 and 14 erythroid precursors from
normal controls or b-thalassemic patients was diluted into the assay
reaction mixture and activity was measured in the presence of 10
μM pyridoxal 5’-phosphate (see Design and Methods and Online
Supplementary Design and Methods). The activity determined at 14
days in control cells was set as 100%. Experiments were repeated
in triplicate, the error bars represent the S.E.M.; *P< 0.05 compared
to control cells; °P<0.05 comparing 14 vs. 7 days. (B) Recombinant
5-d aminolevulinate synthase (ALAS-2) activity in the presence of
saturating concentrations of H2O2 or hemin. Error bars represent the
means ± SD, *P<0.05 compared to control cells; °P<0.05 com-
pared to baseline. Inset: The IC50 value measured was then used to
determine the Ki value. 5-d aminolevulinate synthase (ALAS-2) activ-
ity in the presence of increasing concentrations of H2O2 or hemin.
The IC50 value measured was then used to determine the Ki value.
Errors were less than 10%.

Figure 3. Peroxiredoxin-2 expression is increased in b-thalassemic
erythroid precursors. Immunoblot analysis of PRDX2, CATALASE and
HSP27 protein in normal and b thalassemic erythroid cells. PRDX2,
CATALASE and HSP27 protein expression in normal (C7, C14) and b
thalassemic (T7 and T14) cells. We showed on the colloidal
Coomassie stained gel the band at ~ 37 kDa used as loading con-
trol and identified by mass spectrometry as the glycerol 3P-dehydro-
genase cytoplasmic domain (Accession number: P21695, 12%
sequence coverage). One representative gel of ten others with sim-
ilar results is presented.
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0.34±0.04 μM and Ki= 33±3 μM, this last value probably
being due to overoxidation of the catalytic cysteine (Cys-
51) in the recombinant enzyme (Figure 5B). We then eval-
uated the binding of PRDX2 to hemin by fluorescence.
The addition of hemin to PRDX2 caused a concentration-
dependent quenching of tryptophan emission allowing
the calculation of a Kd value of 46±7 nM (inset of Figure
5C). The high affinity binding of hemin to PRDX2 induced
a decrease in the peroxidase activity of PRDX2 (Figure

5C).The inhibition assays carried out at a saturating con-
centration of H2O2 (8 μM) in the presence of various con-
centrations of hemin led to the determination of an IC50

value of 57±6 nM, a value in good agreement with the Kd
determined (Figure 5C). In order to gain insight into the
mode of heme binding, the spectrophotometric features of
PRDX2 were measured in the absence or presence of
hemin (Figure 5D). While the native PRDX2 did not dis-
play absorbance in the 400-700 nm region, the addition of
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Figure 4. Effects of oxidative stress on PRDX2 protein expression in normal erythroid precursors and in K562 cells with PRDX2 depletion.
(A) Effect of H2O2 (16 μM) on cell proliferation of control erythroid precursors. Data are presented as mean ± SD (n=3). (B) Flow-cytometric
analysis of PRDX2 in normal erythroid precursors exposed to H2O2 (16 μM). Each culture was divided into two separate cultures with and
without H2O2 (16 μM).  The ordinate represents the number of cells displaying the fluorescent intensity given by the abscissa (see also Online
Supplementary Data for cell gating strategy). The figure shows the results from one typical erythroid culture representative of three studied.
(C) Effect of PRDX2 depletion during erythroid differentiation of K562 cells. Human K562 cells were induced to differentiate with hemin (50
μM) after 24 h of transfection with K562 wild type and non-silencing vector as control (Crtl), and shRNAmir plasmid against PRDX2. Samples
were collected at specific time points (after transfection): before hemin addition, and at days 4 and 6 after hemin addition. Erythroid differ-
entiation was assessed by FACS analysis for glycophorin A (CD235A). Analyses were performed using a FACSCalibur (Becton Dickinson, San
Jose, CA, USA) with CELL Quest software, version 3.3, after gating for viable cells. The upper panel shows the immunoblot analysis with spe-
cific anti-PRDX2 antibody in silenced cells (shPRDX2), non-silencing vector as control cells (Crtl) and K562 cells. One representative gel of
three other with similar results is presented. (D) Effect of H2O2 on cell viability of parental (upper panel) and hemin-induced (lower panel)
k562 cells after silencing. Data are presented as mean ± SD (n=3). Cells were treated by 30 min incubation with  50 μM H2O2 ( K562 wild
type, Ctrl, non-silencing vector, and shPRDX2 after transfection; K562 wild type,  Ctrl, non-silencing vector, and shPRDX2, hemin-
induced cells). Cell growth was evaluated by seeding the cells, after repeated washing, in Iscove’s complete medium (1.5x105 cells/mL); the
number of viable cells was evaluated at 24 and 48 h by the trypan blue dye exclusion test;47 Data are presented as ratio of trypan blue-pos-
itive cells; n=3 for all points. 
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hemin caused the appearance of a band at 417 nm (Soret
band) and a large broad peak in the 550 nm region. This
spectrum is different from that of free hemin whose
absorbance maxima were centered at 385 and 650 nm
(data not shown). Following the addition of PRDX2, the
heme spectrum showed significant changes when reduced
with a 1000-fold molar excess of sodium dithionite (a
common iron-reducing agent). As shown in Figure 5D the
Soret band became slightly sharper and red-shifted to 428
nm, whereas in the 550 nm region the absorbance split
into two well-resolved 530 and 560 nm bands. The addi-
tion of 1 mM DTT (a cysteine-reducing agent) determined
a red-shift of the absorbance band of the PRDX2-hemin
complex to 419 nm and broad absorbance in the 550 nm
region. Overall, the spectral data, displaying features typi-
cal of coordination of iron in a low spin and hexacoordi-
nated state, indicate that hemin (heme) binds specifically
to PRDX2.

Discussion

Among the defense strategies used by b-thalassemic
erythroid precursors against oxidative stress2,7,10,38 we iden-
tified two novel cytoprotective mechanisms. The first is
the negative feedback of ROS/ heme levels on ALAS-2
activity; the second is the up-regulation of PRDX2 as both
an anti-oxidant and a heme-binding protein (Figure 6). 

In b thalassemic erythroid precursors the finding of low
intracellular heme levels, confirming results of a previous
study,4 is in agreement with the observed down-regulation
of the HO-1/BVR system, involved in heme catabolism.
This observation led us to determine the activity of ALAS-
2 in b-thalassemic erythroid precursors and investigate
whether the activity of ALAS-2 was affected by ROS
and/or heme. Here, we first demonstrated the reduction of
ALAS-2 activity in b-thalassemic erythroid precursors,
possibly related to the inhibitory effects of ROS on ALAS-
2 function. In fact, recombinant ALAS-2 activity is inhibit-
ed by H2O2 and hemin with similar Ki, suggesting a com-
mon binding site, possibly the Cys-Pro motifs (Cys70-
Pro71) in the mature form of ALAS-2.39 Moreover, since
the Ki values are in the range of the ROS concentrations
found  in b-thalassemic precursors (Figure 1B), we suggest
that ALAS-2 is inhibited by ROS in b-thalassemic cells.
Similar effects of ROS have been reported for the activity
of ALAS-1, the constitutive ubiquitous isoform, through a
still unknown molecular mechanism.40 Based on this
experimental evidence, we propose that ALAS-2 activity
in erythroid precursors is affected by both heme and ROS
levels. The resulting reduction of heme biosynthesis
observed in late b-thalassemic erythropoiesis, prevents the
cytotoxic effect of excess free heme. 

The other novel protective mechanism we found in b-
thalassemic cells is the up-regulation of PRDX2 expres-
sion. PRDX2 is a typical 2-cysteine (Cys) peroxiredoxin,
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Figure 5. Recovery of heme
bound to immunoprecipitated
PRDX2 and functional features
of recombinant PRDX2 in the
presence or absence of heme.
(A) Heme bound to immunopre-
cipitated PRDX2 is expressed
as a ratio between the heme
levels measured as reported in
the Design and Methods sec-
tion and the amount of PRDX2
immunoprecipitated and evalu-
ated by densitometric analyses.
The heme levels were meas-
ured in the following samples:
column 1: anti-peroxiredoxin-2
antibody (Ab) incubated with
heme; column 2: recombinant
PRDX2 alone; column 3:
recombinant PRDX2 previously
bound to heme and then
immunoprecipitated (Ab) with
specific anti-PRDX2 antibody
(black); columns 4-7 immuno-
precipitated PRDX2 from nor-
mal controls (C) and b-tha-
lassemic (T) erythroid precur-
sors at the different time points
studied C7 and T7 (white bars,
7 days of culture), C14 and T14
(gray bars, 14 days of culture).

Errors were reported as the S.E.M. as bars. *compared to control cells; °comparison of 14 versus 7 days. (B) Kinetic parameters of recom-
binant PRDX2 in the presence of increasing concentrations of H2O2. The data points were fitted to equation 1 which accounts for substrate
inhibition. Errors were less than 10%. (C) Inhibitory effect of increasing concentrations of hemin on recombinant PRDX2 activity in the pres-
ence of saturating concentrations of H2O2. The IC50 was determined by fitting inhibition data to a dose-response sigmoidal curve. The inset
shows the binding of hemin to PRDX2 determined by following tryptophan emission quenching after the addition of increasing concentra-
tions of hemin. Data were fitted to equation 2. (D) The absorption spectra of the PRDX2-heme complex measured in the presence of: oxi-
dized (Fe3+) (⎯), reduced (Fe2+) (…) and 1 mM DTT (−.−.). Equimolar amounts of PRDX2 and hemin were mixed and UV-visual spectra recorded
in 50 mM Hepes pH 7.5 at room temperature. Heme bound to recombinant PRDX2 was reduced with a 1000-fold molar excess of sodium
dithionite. The visible spectrum of unbound PRDX2 is reported (- - -).
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whose catalytic and resolving cysteine residues are Cys 51
and 172, respectively. In other cell types it has been
demonstrated that PRDX2 is induced by oxidative stress
and that PRDX2 over-expression protects cells against
oxidative damage.41,42 In erythroid cells, PRDX2 expression
was reported in the mouse erythroleukemia (MEL) cell
line, in normal erythroid precursors31,43,44 and in bone mar-
row and spleen from normal mice.30,45 We recently report-
ed increased PRDX2 expression in the spleen and bone
marrow from two β-thalassemia mouse models, com-
pared to the expression in controls.30 Here, we found
increased levels of PRDX2 mRNA/protein during β-tha-
lassemic erythropoiesis. In addition, PRDX2 was present
in a more acidic form, similarly to that found in Jurkat T
cells exposed to oxidative stress as reported by Rabilloud
et al.,32 suggesting a possible protective role of Prdx2 in β-
thalassemic erythropoiesis, which is characterized by a
high oxidative cell environment. In fact, when normal ery-
throid precursors were exposed to oxidative stress, we
observed up-regulation of PRDX2 expression and cell
recovery. In addition, after silencing PRDX2, K562 cells
showed decreased differentiation and reduced survival in
conditions of oxidative stress, supporting the cytoprotec-
tive role of PRDX2 during stress erythropoiesis. 

The observation that PRDX2 is abundantly expressed
during β-thalassemic erythropoiesis and is required for cell
survival during oxidative stress together with its high evo-
lutionary conservation suggests a broader role for PRDX2
besides its anti-oxidant function. In fact, we showed that
PRDX2 binds heme in erythroid precursors, possibly play-
ing an additional role to protect maturing cells by free
heme. Using recombinant PRDX2 we showed that
PRDX2 specifically binds heme with decreased PRDX2
peroxidase activity. The heme-binding affinity of PRDX2
is greater than that reported for other members of the per-
oxiredoxin family. In particular, PRDX2 binds heme with
a Kd that is approximately 2- and 10-fold lower than that
reported for PRDX136 and the bacterial peroxiredoxin
counterpart AhpC,37 respectively. With regards to AhpC,
Lechardeur et al. recently showed no involvement of cat-
alytic cysteines in interaction with hemin, indicating that
hemin binding is dissociable from catalysis and multimer-
ization.41 In the human PRDX2, we showed that the
PRDX2-hemin complex displays characteristics of a hexa-
coordinated heme iron, even if it has not yet been possible
to establish whether it is bis-His, bis-Met or His-Met coor-
dination (i.e. amino acids whose side chains are known to
be favored in cytochromes).46

We propose that in early β thalassemic erythroid precur-
sors, characterized by high levels of ROS and heme,
PRDX2 targets both ROS and heme to reduce oxidative
stress. In late β-thalassemic erythropoiesis, when ROS lev-
els are still high but heme levels are reduced, ROS might
become the major target of PRDX2 (Figure 6). Further
studies are needed to characterize these novel cytoprotec-
tive systems better in both normal and pathological ery-
thropoiesis. 
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Figure 6. Schematic model of cytoprotective mechanisms in
response to oxidative stress in β-thalassemic erythroid cells. In β-
thalassemic erythropoiesis ROS inhibits 5-δ aminolevulinate syn-
thase (ALAS-2) activity, reducing the neosynthesis of heme, and
induces peroxiredoxin-2 (PRDX2) expression. In the early stage of β-
thalassemic eythropoiesis, ROS and heme levels are both increased
and PRDX2 acts on both targets; in more mature cells, when ROS
levels are still high and heme levels are reduced, ROS might become
the PRDX2 major target (see text for details).
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