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Background
Cells respond to stress stimuli through a number of response pathways, of which one of the
most important and well characterized is the unfolded protein response. Despite a large body
of work which suggests that stress in erythroblasts may play a pivotal role in the pathogenesis
of β-thalassemia/Hb E disease, this pathway remains uninvestigated.

Design and Methods
Day 10 erythroblasts from normal controls and β-thalassemia/Hb E patients were subjected to
internal (treatment with tunicamycin) and external (serum and growth factor withdrawal)
stress stimuli and the activation of the unfolded protein response pathway was investigated.

Results
Normal erythroblasts responded to both internal and external stress by activating the unfolded
protein response (UPR) pathway while in contrast, erythroblasts from β-thalassemia/Hb E
patients only showed activation of the unfolded protein response pathway in response to inter-
nal stress. This was reflected by a markedly increased induction of apoptosis in serum and
growth factor deprived β-thalassemia/Hb E erythroblasts as compared to control cells.
Modulation of the levels of intracellular Ca2+ in thalassemic erythroblasts restored UPR activa-
tion during serum deprivation and significantly reduced the level of serum deprivation induced
apoptosis to control levels.

Conclusions
These results suggest the failure of thalassemic erythroblasts to cope with cellular stress caused
by an impaired UPR function as a result of high Ca2+ levels may exacerbate thalassemic cell
death during erythropoiesis.

Key words: apoptosis, calcium, CD34+ erythroid progenitor cells, erythroblasts, stress, tha-
lassemia, unfolded protein response, XBP-1.
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Introduction

The thalassemias are worldwide genetic disorders that
result in defective globin-chain production as a conse-
quence of a large number of different genetic lesions.1 The
compound β-thalassemia/Hb E hemoglobinopathy is
common in Southeast Asia and carriers present with a
wide range of disease severity from essentially asympto-
matic to a severe transfusion dependent state.2 The under-
lying pathophysiology of the β-thalassemic patient is
associated with the deposition of unpaired a-globin
chains which is believed to lead to ineffective erythro-
poiesis through the induction of apoptosis at the poly-
chromatic normoblast stage of erythroid development.3
The ineffective erythropoiesis in β-thalassemia is often
coupled with a dramatic expansion of the hematopoietic
marrow presumably as a result of feedback of the anemic
state, which can lead to extensive bone deformity due to
the increased pressure of the bone marrow mass in severe
cases. The mechanism by which apoptosis is induced
remains unclear although it has been proposed that both
the precipitation of unmatched globin chains as well as
the accumulation of unbound iron could lead to oxidative
stress and subsequent hemolysis.4
Erythroid cells arise from hematopoietic progenitor cells

(HPCs) which are normally resident in the bone marrow,
although circulating peripheral blood contains a small
number of these cells that can be isolated and differentiat-
ed in vitro. Both bone marrow HPCs and peripheral blood
HPCs express the cell surface marker CD34, allowing the
purification of relatively pure populations of these cells. In
vivo, the maturation of HPCs is a highly regulated process
requiring responsiveness to the external micro-environ-
ment including the action of cytokines, and in particular
the lineage specific cytokine erythropoietin (EPO).5
One of the main sensors of the external microenviron-

ment is the unfolded protein response (UPR) pathway, and
the primary function of this pathway is to adapt to
changes in the environment and to re-impose normal
endoplasmic reticulum (ER) function.6 This is achieved
through the upregulation of a number of molecular chap-
erones, global attenuation of protein translation and
increased degradation of unfolded proteins. In the case of
a failure to re-impose normal ER function, or where the
stress cannot be relieved, the UPR will activate cellular
apoptosis6 and studies have shown that ER stress and the
UPR are critical mediators of a number of disease process-
es.7 No study has yet examined the major stress adaptive
pathway, the UPR, in either normal or thalassemic ery-
throblasts, which is particularly surprising given that
oxidative stress, and/or the deposition of unpaired globin
chains are both possible inducers of the UPR pathway in
thalassemic erythroblasts. To investigate this pathway,
day 10 erythroblasts were selected for study as at this
point globin chain synthesis and subsequent globin chain
imbalance should be prominent.8

Design and Methods

Patients and controls
Following Ethics Committee approval from the Mahidol

University Institutional Review Board and individual informed
consent, 50 mL (controls) and 20 ml (patients) of peripheral blood
from 10 β-thalassemia/Hb E patients (5 mild and 5 severe cases)

and 10 normal volunteers were collected in heparin-treated tubes.
The diagnosis and grading of β-thalassemia/Hb E severity was as
described elsewhere9 and all subjects (control and patient) were
screened to be free of any a-thalassemic hemoglobinopathy by
RBC indices, hemoglobin typing,10 multiplex Gap-PCR and allele
specific PCR.11,12 Clinical parameters of these patients are shown
in the Online Supplementary Table S1. No patient had received a
blood transfusion or been on any experimental treatment regime
for at least one month prior to blood collection.
Details concerning study methods and analyses are to be found

in the Online Supplementary Appendix.

Results

Maturation of isolated CD34+ peripheral blood
hematopoietic progenitor cells in culture
To generate erythroblasts from normal and β-tha-

lassemia/Hb E patients, CD34+ hematopoietic progenitor
cells from peripheral blood were isolated using a magnet-
ic bead isolation protocol which, as described previously,
selects a population of cells with at least 85% CD34+
cells.13 These cells were cultured for ten days under a pro-
tocol driving erythroid cell development.14 Morphological
observation of day 10 erythroblasts from 3 normal con-
trols and 4 thalassemic subjects by differential counting
after Wright-Giemsa’s staining showed greater than 60%
polychromatic normoblasts under both normal growth
conditions as well as after 12 h serum and growth factor
deprivation for both control and thalassemic samples
(Online Supplementary Figure S1A and B). To quantitatively
analyze the distribution of erythroblasts at each stage of
maturation on day 10 (with or without serum deprivation
in both groups), a flow cytometry analysis using gly-
cophorin A (CD235a) and CD71 as surface markers to
monitor erythroid differentiation was performed. The
areas (R1-R4) were gated according to the pattern of ery-
throid surface marker expression from erythroid progeni-
tors to mature erythrocytes.15 Results (Online
Supplementary Figure S1C) showed the majority of ery-
throblasts were in the R3 quadrant in which the CD71 and
glycophorin A expression levels are medium and high,
respectively indicating these cells are polychromatic nor-
moblasts which is consistent with the data from the dif-
ferential counting. Interestingly, we also observed a signif-
icantly higher percentage of polychromatic normoblasts in
thalassemic erythroblasts (77.42%) than in normal ery-
throblasts (57.45%) (P=0.0091) (Online Supplementary
Figure S1D) and in serum and cytokine deprived tha-
lassemic erythroblasts (79.97%) as compared to normal
serum and cytokine deprived erythroblasts (66.33%)
(P=0.0009). The higher maturation stage in thalassemic
compared to normal erythroblasts is consistent with a pre-
vious study3 and may result from the increased activation
of EPO mediated signal transduction pathway we have
reported previously.13

Serum and cytokine withdrawal induces activation 
of the UPR of erythroblasts
To determine the stress response of day 10 erythroblasts,

normal control day 10 erythroblasts were treated with an
internal stress inducer, tunicamycin which blocks the syn-
thesis of all N-linked glycoproteins and activates the UPR,16
as well as being subjected separately to serum and cytokine
withdrawal for four, eight and 12 h in parallel with control,
non-treated cells. Activation of the UPR was initially
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assessed by examining the stress induced alternative splic-
ing of the XBP-1 transcript by IRE-16 using primers able to
detect simultaneously the presence of both spliced (stress
induced; 416bp PCR product) and un-spliced (unstressed;
442 bp PCR product) forms of the XBP-1 transcript.
Examination of day 10 erythroblasts from 10 normal con-

trols showed a clear induction of the stress specific XBP-1
alternative splicing in response to both serum/cytokine
withdrawal and tunicamycin treatment in all samples
examined (Figure 1A). All normal samples additionally
showed the presence of a larger PCR product that is
believed to be a heteroduplex product formed by annealing
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Figure 1. UPR response of erythrob-
lasts from normal controls and β-
thalassemia/Hb E patients. (A) RT-
PCR analysis of induction of IRE-1
mediated alternative splicing of
XBP-1 in day 10 erythroblasts in
response to tunicamycin treatment
(+ve) or serum and cytokine depri-
vation (4, 8 and 12h) or normal
growth condition (-ve) from 3 nor-
mal controls and 3 β-tha-
lassemia/Hb E patients. S: alterna-
tively spliced transcript; Un: normal
transcript; H: heteroduplex tran-
script. (B) Characterization of the
induction of XBP-1 alternative splic-
ing in erythroblasts in response to
serum and/or cytokine withdrawal
in day 10 erythroblasts from 3 nor-
mal controls. (C) Representative
semi-quantitative transcription pro-
filing of day 10 erythroblasts from
one normal control and one β-tha-
lassemia/Hb E patient for expres-
sion of GRP78, EDEM1, ERdj4 and
CHOP and actin after tunicamycin
treatment (+ve) or serum and
cytokine deprivation (4, 8 and 12 h)
or normal growth condition (-ve).
(D) Quantitative real time RT-PCR of
transcriptional profiling of day 10
erythroblasts from 8 normal con-
trols (open bars) and 10 β-tha-
lassemia/Hb E patients (solid bars)
for GRP78, EDEM1, ERdj4 and
CHOP after tunicamycin treatment
(+ve) or serum and cytokine depri-
vation (4, 8 and 12 h) or normal
growth conditions (-ve). Data is nor-
malized against actin expression
levels. Error bars represent SEM (*,
P<0.05).
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between the spliced and un-spliced transcripts.17
A similar analysis on day 10 erythroblasts from 10

β−thalassemia/Hb E patients (5 patients with mild presen-
tation and 5 with severe presentation) showed a starkly
contrasting result. While the appropriate stress induced
alternative splicing of XBP-1 was seen in tunicamycin treat-
ed thalassemic erythroblasts, no induction of splicing was
seen in any thalassemic sample in response to serum and
cytokine withdrawal (Figure 1A).
To further characterize the factor or factors mediating the

induction of the stress mediated splicing of XBP-1 tran-
script, day 10 erythroblasts from 3 normal controls were
subjected to withdrawal of cytokines and/or serum in com-
bination for 12 hours. Results (Figure 1B) showed that
withdrawal of serum, even in the presence of both EPO
and SCF, activates the stress specific splicing of XBP-1. This
indicates that serum deprivation alone is the key factor trig-
gering UPR induction in normal erythroblasts.
To examine the response of other stress inducible genes,

the level of gene transcription of four other stress inducible
genes (ERdj4, GRP78, EDEM-1 and CHOP) was examined
using semi-quantitative RT-PCR and quantitative real time
RT-PCR. Eight samples from normal controls and 10 β-tha-
lassemic patients (5 mild and 5 severe β-thalassemic
patients) were examined. Figure 1C shows an example of
serum deprivation inducible mRNA transcriptional profil-
ing from one normal control and one β-thalassemia/Hb E
patient together with actin as a control, while Figure 1D
shows a graphical analysis of data from all patients and
controls after quantitation by quantitative real time RT-
PCR (qRT-PCR) and normalization against actin.
In both normal controls and β-thalassemia/Hb E patients,

tunicamycin was seen to be a potent activator of the UPR
pathway as compared to non-serum deprived erythroblasts
in both normal and thalassemic erythroblasts for all tran-
scripts examined (Figure 1C and D). In response to serum
deprivation GRP78 expression was shown to be up-regulat-
ed in normal erythroblasts as compared to non-serum
deprived control cells (4 fold increase, P<0.05), but showed
a significant decrease in erythroblasts from β−thalassemic
patients under similar conditions (3.51 fold decrease,
P<0.05). While both ERdj4 and CHOP showed an increase
in transcripts in response to serum deprivation in normal
controls (6.11 and 2.98 fold increase with significance
P<0.05, respectively), no significant alteration of levels
were seen in erythroblasts from β-thalassemia/Hb E
patients under the same conditions. Interestingly, EDEM-1,
which is present at higher levels in thalassemic erythrob-
lasts as compared to normal erythroblasts (Figure 1C)
showed a significant decrease in the level of expression
over the period of serum deprivation as compared to nor-
mal erythroblasts which showed an increase (Figure 1D). 
When comparing between normal and thalassemic ery-

throblasts after 12 h of serum deprivation, all transcripts
examined showed significant differences between tha-
lassemic erythroblasts and normal control erythroblasts
(GRP78: P=0.0001, ERdj4: P=0.0157, CHOP: P=0.0017 and
EDEM-1: P=0.0092 P<0.05; Figure 1D). No difference was
noted in the levels or pattern of expression of stress related
genes between mild and severe β-thalassemia/Hb E cases. 

Protein profiling of the UPR response
The results seen at the level of messenger RNA suggest

that there is a significant deficit in the activation of the
UPR in response to serum deprivation in thalassemic ery-

throblasts. In particular the reduction of expression of
GRP78 seen in serum deprived erythroblasts from β-tha-
lassemia/Hb E patients is of particular importance, as
upregulation of GRP78 expression is considered a hall-
mark of UPR activation.6 To validate the reduction of
GRP78 in erythroblasts from β-thalassemia/Hb E patients
in response to serum deprivation at the level of the pro-
tein, day 10 cultured erythroblasts from 3 normal and 3
thalassemic patients were used to determine the level of
GRP78 protein, as well as the phosphorylation status of
eIF2a by Western blot analysis. Consistent with the data
obtained for the GRP78 messenger RNA, normal ery-
throblasts serum deprived for 12 h showed a significant
increase in the level of GRP78 protein as well as in
response to tunicamycin treatment (Figure 2A and C).
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Figure 2. Analysis of UPR responsive proteins in erythroblast cells
from normal controls and β-thalassemia/Hb E patients. Western
blot analysis of GRP78, p-eIF2a and total protein of eIF2a and actin
from day 10 erythroblasts from 3 normal (A) and 3 β-tha-
lassemia/Hb E patients (B) under conditions of normal growth (-ve),
after tunicamycin treatment (+ve) or after 12 h serum and growth
factor withdrawal (Dpv). (C and D) Quantitative analysis of band
intensities of Western analysis as in A and B for 3 normal controls
(C) and 3 β-thalassemia/Hb E patients. Error bars represent SEM (*,
P<0.05). 
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Again confirming the data from transcriptional studies,
thalassemic erythroblasts showed a significant downregu-
lation of GRP78 in response to 12-hour serum deprivation,
but increased protein levels in response to tunicamycin
treatment (Figure 2B and C).
Similarly, levels of phosphorylated eIF2a (peIF2a)

showed a significant increase in normal erythroblasts in
response to both serum deprivation and tunicamycin
treatment (Figure 2A and D) while thalassemic erythrob-
lasts showed an increase in phospho-eIF2a (peIF2a) in
response to tunicamycin, but not serum deprivation
(Figure 2B and D).

Colocalization analysis of UPR proteins in erythroblasts 
The UPR response in cells is primarily mediated by the

interaction between GRP78 and three ER resident trans-
membrane proteins, IRE-1, ATF6, and PERK and upon
release from GRP78 these three proteins become activated
by various mechanisms.6 Using confocal microscopy, the
colocalization of GRP78 and ATF6 and between GRP78
and PERK was investigated in normal and thalassemic day
10 erythroblasts under normal growth conditions, under
conditions of serum withdrawal and after treatment with
tunicamycin. The degree of colocalization was assessed
using the average Pearson’s correlation coefficient (aPcc)
with 95% confidence intervals (CIs). Full aPcc values with
CIs are shown in the Online Supplementary Table S2. In ery-
throblasts from normal controls under normal growth
conditions a high level of colocalization between GRP78
and ATF6 was readily apparent (Figure 3A; aPcc: 0.925), as
was colocalization between GRP78 and PERK (Figure 3B;
aPcc: 0.87) as would be expected given the sequestration
of ATF6 and PERK by GRP78 in non-serum deprived
cells.18 Upon serum withdrawal and the induction of
stress, colocalization between GRP78 and ATF6 was sig-
nificantly reduced (Figure 3A; aPcc: 0.11, P<0.001) as was
the colocalization between GRP78 and PERK (aPcc 0.49,
P<0.001).
In contrast, while a high degree of colocalization was

observed between GRP78 and ATF6 (Figure 3A, aPcc: 0.89)
and between GRP78 and PERK (Figure 3B, aPcc: 0.92) in
erythroblasts from β-thalassemia/Hb E patients under nor-
mal growth conditions, no reduction in colocalization was
observed between either GRP78 and ATF6 (aPcc: 0.90,
P=NS) or between GRP78 and PERK (aPcc: 0.92, P=NS) in
serum deprived cells from β-thalassemia patients (Figure
3A and B). 
Treatment with tunicamycin reduced colocalization

between GRP78 and ATF6 (Figure 3A) in both normal
(aPcc: 0.12, P<0.001) and β-thalassemia/Hb E erythrob-
lasts (aPcc: 0.13, P<0.001), and similarly reduced the colo-
calization between GRP78 and PERK (Figure 3B) in normal
(aPcc: 0.46, P<0.001) and β-thalassemia/Hb E (aPcc: 0.51,
P<0.001) erythroblasts.

Dysregulation of Ca2+ in β-thalassemia/Hb E 
erythroblasts 
The cellular second messenger, Ca2+ is critically impor-

tant in regulating cellular functions including cell survival
and cell death and the UPR pathway is one of the survival
mechanisms mediated through Ca2+ levels.19 Studies have
shown increased levels of Ca2+ in both thalassemic mature
erythrocytes20 and proerythroblasts13 as compared to nor-
mal proerythroblasts/erythrocytes. To determine intracel-
lular Ca2+ level in day 10 erythroblasts, erythroblasts from

10 normal controls and 10 thalassemic patients were inde-
pendently measured using the Ca2+ sensitive fluorescent
dye, Calcium green-1-AM. Results (Figure 4A) showed
that intracellular Ca2+ level in day 10 thalassemic erythrob-
lasts (48.34±5.939 nM) were significantly higher than in
normal control erythroblasts (25.35±2.771 nM; P=0.0025).
Serum deprived normal control erythroblasts exhibited a
significant increase in intracellular Ca2+ levels (88.76±12.47
nM; P<0.0001) as compared to non-deprived cells (Figure
4A), which is consistent with the UPR activation during
serum deprivation in normal erythroblasts. Serum
deprived thalassemic erythroblasts, by contrast, showed a
significant reduction in intracellular Ca2+ levels (Figure 4A)
as compared to non-serum deprived thalassemic erythroid
cells (14.38±4.45 nM; P=0.0125). This result further sug-
gests that Ca2+ dysregulation in thalassemic erythroblasts
disrupts the normal physiological function to respond
appropriately to stress as observed by UPR inactivation,
although the effect of the bioavailability of calcium in dif-
ferent intracellular pools remains unclear.
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Figure 3. Localization of stress response proteins in serum deprived
and non-deprived erythroblasts from normal controls and β-tha-
lassemia/Hb E patients. (A) Day 10 erythroblasts from normal con-
trols and β-thalassemia/Hb E patients were examined for the colo-
calization of (A) GRP78 (Red) and ATF6 (Green) or (B) GRP78
(Green) and PERK (Red) grown under standard conditions or serum
and growth factor deprived for 12 h or tunicamycin treated for 12 h.
Fluorescent signals were observed using an Olympus FluoView
1000 confocal microscope. At least 20 fields were examined from
2 normal and 2 β-thalassemia/Hb E patients. Representative
merged images from one individual are shown. 
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Modulation of Ca2+ in β-thalassemia/Hb E 
erythroblasts by EGTA restores UPR activation 
upon serum deprivation 
We have previously shown that EPO mediated signal

transduction in thalassemic day 7 erythroblasts is abnor-
mal, and that correct signal transduction can be re-
imposed by modulation of intracellular Ca2+ levels.13 To
determine whether an appropriate UPR response to
serum deprivation could be re-imposed similarly by
modulation of Ca2+, thalassemic erythroblasts were incu-
bated with 1 mM EGTA (a calcium chelator) from day 7
of culture to day 10 of culture. Calcium levels were
determined in EGTA treated thalassemic erythroblasts
and serum deprived, EGTA treated thalassemic erythrob-
lasts using the same patients as in the previous analysis.

Results (Figure 4A) show that calcium levels were signif-
icantly reduced by EGTA treatment to approximately
normal levels (21.53±2.192 nM) and that serum depriva-
tion in the presence of EGTA increased Ca2+ levels
(32.79±3.614 nM) although this level is somewhat below
that seen in serum deprived normal erythroblasts.
Notably however, there is an increase in calcium levels in
thalassemic erythroblasts in response to serum starva-
tion as with normal control cells as opposed to the reduc-
tion in levels seen in non-treated thalassemic erythrob-
lasts. EGTA treatment of normal control erythroblasts
did not significantly affect intracellular free calcium lev-
els (EGTA treated: 24.82+0.42 nM compared to
25.35+2.771 nM; P=NS), but did significantly reduce the
increase in free calcium levels seen in response to serum
starvation (Figure 4A).
More importantly, treatment of thalassemic erythrob-

lasts with EGTA restored UPR activation in response to
serum deprivation, as evidenced by the activation of IRE-
1 mediated splicing of XBP1 (Figure 4B). This was con-
firmed by a significant reduction in colocalization
between GRP78 and ATF6 in serum deprived, EGTA
treated thalassemic erythroblasts (Figure 4C; aPcc: 0.16)
as compared to serum deprived, non-EGTA treated tha-
lassemic erythroblasts (Figure 3A; aPCC: 0.90, P<0.001).
Similarly, the colocalization between GRP78 and PERK
was significantly reduced in serum deprived, EGTA
treated thalassemic erythroblasts as compared to non-
EGTA, serum deprived thalassemic erythroblasts (Figure
4D, aPcc: 0.41, P<0.001) as compared to serum deprived,
non-EGTA treated thalassemic erythroblasts (Figure 3B;
aPcc: 0.92, P<0.001). Colocalization between GRP78 and
ATF6 and GRP78 and PERK in EGTA treated, but non-
serum deprived cells (Figure 4C and D) were not signifi-
cantly different from treated, non-serum deprived cells
(Figure 3A and B).

The cytoprotective role of UPR activation upon 
serum deprivation
Prolonged UPR activation induces cell death.6 To study

the effect of serum deprivation on induced apoptotic cell
death, AnnexinV and PI staining were used to assess
apoptosis by flow cytometry. The percentage of
annexinV-positive cells was calculated by combining
solely AnnexinV+ cells (lower right quadrant) and
AnnexinV+/PI+ cells (upper right quadrant). Results,
averaged for erythroblasts from 6 normal controls and 6
β-thalassemia/Hb E patients show that serum depriva-
tion significantly induced apoptosis in both normal
(13.47±3.41%) and thalassemic (28.28±3.415%) ery-
throblasts compared to non-serum deprived cells
(5.92±1.16%, 10.01±1.45%, P<0.05, respectively) with a
significantly higher percentage of apoptotic cell death in
serum deprived thalassemic erythroblasts than in serum
deprived normal erythroblasts (P=0.0029) (Online
Supplementary Figure S2A and B). We also observed a
slightly higher rate of apoptotic cell death in non-serum
deprived thalassemic erythroblasts (10.01±1.45%) as
compared to non-serum deprived normal erythroblasts
(5.92±1.16%) which is a common feature observed in
thalassemic cells during erythropoiesis.3
Our results have shown that β-thalassemic/Hb E ery-

throblasts do not activate the UPR in cases of serum dep-
rivation and that thalassemic erythroblasts are signifi-
cantly more susceptible to serum deprivation induced
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Figure 4. Modulation of intracellular calcium level restores UPR acti-
vation in β-thalassemia/Hb E erythroblasts upon serum deprivation.
(A) Intracellular calcium levels of day 10 erythroblasts from normal
controls and β-thalassemia/Hb E patients cultured under standard
growth conditions (D10) or serum deprived for 12 h (Dpv) in the
presence or absence of 1 mM EGTA from days 7 to 10. Mean (±
SEM) values of 10 normal controls and 10 β-thalassemia/Hb E
patients are shown for D10 and 3 normal and 3 β-thalassemia/Hb
E patients for all other conditions. An asterisk (∗) indicates P<0.05.
(B) Analysis of XBP-1 mRNA splicing in β-thalassemia/Hb E ery-
throblasts from 3 patients under conditions as above. Spliced tran-
script (S); normal transcript (Un); and heteroduplex transcript (H).
(C) The colocalization of GRP78 (Red) and ATF6 (Green) or (D)
GRP78 (Green) and PERK (Red) in day 10 erythroblasts of β-tha-
lassemia/Hb E patients under conditions of serum withdrawal. At
least 20 fields were examined from 2 β-thalassemia/Hb E patients.
Representative merged images from one individual are shown.
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apoptosis than normal erythroblasts. Since the primary
role of the UPR is to protect the cell from cellular stress
it would appear that it is the non-functional UPR that
makes the cells more susceptible to serum deprivation
induced apoptosis. Since chelation of excess calcium ions
with EGTA generated a functional UPR in cases of serum
deprivation, it is likely that treatment with EGTA would
protect the thalassemic erythroblasts from the high lev-
els of apoptosis seen upon serum deprivation. To test
this hypothesis, β-thalassemia/Hb E erythroblasts were
treated with EGTA as above, and the level of apoptosis
determined in serum deprived and non-serum deprived
erythroblasts. As expected by our hypothesis, treatment
of β-thalassemic/Hb E erythroblasts with EGTA both
reduced the level of apoptosis in non-serum deprived
thalassemic erythroblasts (5.31±0.06%) to levels seen in
normal control erythroblasts (5.92±1.116%), as well as
significantly reducing the level of apoptosis seen in
serum deprived thalassemic erythroblasts (15.83±0.57%)
to approximately the values seen in serum deprived, nor-
mal control cells (13.47±1.83%; Online Supplementary
Figure S2A and B).
Finally, to ensure that incubation of the β-tha-

lassemic/Hb E erythroblasts with 1mM EGTA for three
days (day 7 to day 10) did not significantly alter the mat-
uration of the cells, the Glycophorin A, CD71 analysis
was repeated on EGTA treated and EGTA treated-serum
deprived cells. Results showed no significant alteration
in maturation of β-thalassemic/Hb E erythroblasts as a
result of either incubation in EGTA or incubation in
EGTA and serum deprivation (Online Supplementary
Figure S2C and D).

Discussion

The UPR is a well characterized cellular adaptive
response mechanism against ER stress that can be induced
by a number of stimuli including accumulation of misfold-
ed proteins, excessive increase in secretory protein pro-
duction, deprivation of nutrients such as glucose or sugar,
inhibition of glycosylation, virus infection and alterations
of calcium ion homeostasis or redox potential6 and persist-
ent activation of the UPR results in the induction of apop-
tosis in the cell by a number of intrinsic and extrinsic path-
ways.6
While serum withdrawal has been well characterized as

an inducer of apoptosis in a number of cell lines,21-24 the
induction of the UPR in response to serum deprivation
remains somewhat more poorly characterized, although
several reports have documented the activation of the
UPR response in serum deprivation in a number of differ-
ent cell systems.25-27
In this study we have shown clearly that day 10 ery-

throblasts from normal controls undergo activation of the
UPR in response to both intracellular stress, induced by
the blockage of synthesis of all N-linked glycoproteins, as
well as in response to the application of an extracellular
stress, namely serum withdrawal. Somewhat surprisingly,
day 10 erythroblasts from β-thalassemia/Hb E patients
showed a starkly contrasting result. While clear activation
of the UPR response was observed by blocking synthesis
of N-linked glycoproteins with tunicamycin, no activation
of the UPR in thalassemic erythroblasts was observed
under conditions of serum withdrawal. As all of the tha-

lassemia samples showed the same lack of response to the
external stimulus, this represents a fundamental lesion in
these cells, and is not a reflection of the severity of patient
condition or the degree of globin chain imbalance. 
More unusually, in response to growth factor depriva-

tion, GRP78 expression was down-regulated in β-tha-
lassemic erythroblasts at the level of both transcription
and translation. However, previous studies have shown
that where ER function is dysregulated conditions of
oxidative stress can result in decreased mRNA and protein
expression of GRP7828,29 and increased oxidative stress is
believed to be a primary consequence of unbalanced glo-
bin chain synthesis.4
These results show that the UPR in β-thalassemic ery-

throblasts is potentially functional, but that there is a
deficit in the transduction of the environmental stress to
the ER resident UPR. Similar to our previous study,13 we
have shown that modulating the levels of intracellular cal-
cium in β-thalassemia/Hb E erythroblasts fully restored
activation of the UPR in response to serum deprivation. 
In response to serum deprivation, both control and β-

thalassemia/Hb E erythroblasts show increased levels of
apoptosis. Markedly, however, β-thalassemia/Hb E ery-
throblasts show a significantly higher level of apoptosis
induction than did control erythroblasts. In parallel with
re-establishing UPR function in response to serum with-
drawal, modulation of the level of calcium significantly
reduced the level of apoptosis induced in response to
serum withdrawal to approximately the same level
observed in normal, serum deprived controls. The func-
tion of the UPR is to provide a degree of protection or
buffering against ER stress to allow the cell to regain nor-
mal functioning. In cases where normal cellular function
cannot be re-imposed the UPR activates cellular apopto-
sis pathways.6 In the case of β-thalasssemia/Hb E ery-
throblasts, it is clear that the lack of activation of the
UPR results in a greatly increased sensitivity to the
induction of apoptosis under conditions of serum with-
drawal.
Normal erythroblasts showed an increase in free calci-

um ion levels in response to serum withdrawal, and the
level of free intracellular calcium in serum deprived cells
(88.06±12.47 nM) is higher than the levels seen in normal-
ly cultured β-thalassemia/Hb E erythroblasts (48.34±5.94
nM), which show a decrease in free calcium ion levels in
response to serum deprivation. Modulation of Ca2+ with
EGTA to approximately normal control levels restored the
response to that seen in normal controls and, as impor-
tantly, restored the direction of the response (serum with-
drawal resulting in an increase in Ca2+ levels). However,
these results are indicative of overall free calcium levels,
and cellular function in erythroblasts may be significantly
modulated by the bioavailability of calcium in different
intracellular pools. 
In our previous report,9 modulation of Ca2+ levels was

shown to reduce β-thalassemia/Hb E erythroblast hyper-
proliferation, and in this report modulation of Ca2+ levels
has been shown to re-impose normal UPR function and
dramatically decrease the sensitivity to serum withdrawal
induced apoptosis. Combined, these results indicate that
significantly more research into the mechanism of the
maintenance of calcium ion homeostasis in β-tha-
lassemia/Hb E erythroblasts is required and that modula-
tion of calcium ion levels in β-thalassemia/Hb E patients
may prove to be therapeutically productive. 
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