From www.bloodjournal.org by on March 28, 2008. For personal use only.

2004 104: 3148-3152
Prepublished online Jul 22, 2004;
doi:10.1182/blood-2004-03-0835

G6PD is indispensable for erythropoiesis after the embryonic-adult
hemoglobin switch

Francesca Paglialunga, Annalisa Fico, Ingram laccarino, Rosario Notaro, Lucio Luzzatto, Giuseppe
Martini and Stefania Filosa

Updated information and services can be found at:
http://bloodjournal.hematologylibrary.org/cgi/content/full/104/10/3148

Articles on similar topics may be found in the following Blood collections:
Apoptosis (744 articles)
Hematopoiesis (2346 articles)
Red Cells (1105 articles)

Information about reproducing this article in parts or in its entirety may be found online at:
http://bloodjournal.hematologylibrary.org/misc/rights.dtl#repub_requests

Information about ordering reprints may be found online at:
http://bloodjournal.hematologylibrary.org/misc/rights.dtl#reprints

Information about subscriptions and ASH membership may be found online at:
http://bloodjournal.hematologylibrary.org/subscriptions/index.dtl

\ETY Op
O &
> 7
< . %
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published o @°
semimonthly by the American Society of Hematology, 1900 M St, NW, Suite ‘é} ® O
O

200, Washington DC 20036. _ . 79 K
Copyright 2007 by The American Society of Hematology; all rights reserved. Yoeeed®  ®


http://bloodjournal.hematologylibrary.org/cgi/content/full/104/10/3148
http://bloodjournal.hematologylibrary.org/cgi/collection/apoptosis
http://bloodjournal.hematologylibrary.org/cgi/collection/hematopoiesis
http://bloodjournal.hematologylibrary.org/cgi/collection/red_cells
http://bloodjournal.hematologylibrary.org/misc/rights.dtl#repub_requests
http://bloodjournal.hematologylibrary.org/misc/rights.dtl#reprints
http://bloodjournal.hematologylibrary.org/subscriptions/index.dtl
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl
http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org by on March 28, 2008. For personal use only.

HEMATOPOIESIS

G6PD is indispensable for erythropoiesis after the embryonic-adult

hemoglobin switch

Francesca Paglialunga, Annalisa Fico, Ingram laccarino, Rosario Notaro, Lucio Luzzatto, Giuseppe Martini, and Stefania Filosa

Glucose 6-phosphate dehydrogenase
(G6PD) (EC 1.1.1.42) is an essential en-
zyme for the rapid production of NADPH,
as required on exposure to oxidative
stress. Mouse embryonic stem (ES) cells
can produce all embryonic and fetal/adult
cell types. By studying the in vitro differ-
entiation of embryoid bodies produced

from G6pdA ES cells that are totally un-
able to produce G6PD protein, we found
that these cells are able to differentiate
into mesodermal cells, cardiomyocytes,
hepatocytes, and primitive erythroid cells.
However, we show here that, after the
hemoglobin switch has taken place, de-
finitive erythrocytes die by apoptosis. This

apoptotic death is delayed by reducing
agents and by a caspase inhibitor, but it is
prevented only by the restoration of G6PD
activity. Thus, G6PD proves indispens-
able for definitive erythropoiesis. (Blood.
2004;104:3148-3152)

© 2004 by The American Society of Hematology

Introduction

Erythropoiesis originates in the developing mouse embryo from blood
islands in the extra-embryonic mesoderm in the yolk sac at embryonic
day 7.5 (E7.5). Erythroid cells then migrate to the para-aortic splanchno-
pleura, shortly thereafter to the developing fetal liver and spleen, and
eventually to the bone marrow.!> The transition from yolk sac to fetal
liver is associated with the switch from a single-lineage primitive
erythroid program to multilineage hematopoiesis that includes definitive
erythropoiesis, myelopoiesis, and lymphopoiesis. Embryonic or primi-
tive erythroid cells are large and nucleated, and they produce embryonic
forms of globin. Definitive erythroid cells are small, they enucleate, and
they produce the adult forms of globin.? The production of red blood
cells follows the sequential maturation of erythroid progenitors to
proerythroblasts, then to basophilic, polychromatophilic, and orthochro-
matic normoblasts. In definitive erythropoiesis, orthochromatic normo-
blasts undergo terminal maturation and eventually lose their nuclei.?

In vitro differentiation of mouse embryonic stem (ES) cells
carrying targeted gene deletion provides a powerful model to
investigate the function of genes that play an important role in
embryonic development. ES cells can generate various cell lin-
eages: thus, one can obtain hematopoietic, endothelial, muscle, and
neuronal lineages, bypassing the formation of the embryo itself.* In
addition, embryoid bodies (EBs) formed from ES cells recapitulate
the differentiation program observed in the early mouse embryo
(eg, erythropoiesis).’

The glucose-6-phosphate dehydrogenase (G6PD) gene is an
X-linked housekeeping gene that encodes the first enzyme of the
pentose phosphate pathway, an NADPH-producing dehydroge-
nase. NADPH is a critical modulator of intracellular redox
potential. G6PD deficiency is the most common form of red blood
cell (RBC) enzymopathy, affecting millions of persons worldwide.
The distinctive phenotype of patients with G6PD deficiency is

hemolytic anemia. In most patients, this is triggered by exposure to
oxidative agents.%

We have generated mouse ES cells with a G6pd deletion
(G6pdA ES), and we have previously shown that these cells are
extremely sensitive to oxidative stress, in keeping with the notion
that G6PD is essential for the production of high levels of NADPH
required for the detoxification of reactive-oxygen species.”? In
addition, it has recently been reported that severe GOPD deficiency
is lethal to embryos. Severely G6PD-deficient hemizygous male
embryos stop growing between E7.5 and ES8.5 and show severe
abnormalities,’ indicating that the role of G6PD is basic in
mammalian development. Nevertheless, it is unclear which tissues
are most directly affected by the absence of G6PD activity and
which experience secondary damage. In addition, the early death of
G6PD-deficient embryos has prevented the study in them of
definitive erythropoiesis.

In this report we have dissected this question by investigating
the in vitro differentiation of mouse G6pdA ES cells. We show that
abrogation of GO6PD activity does not significantly affect the
production of mesodermal cells, cardiomyocytes, hepatocytes, or
primitive erythroid cells. On the other hand, after the hemoglobin
switch takes place, G6PD proves indispensable for the survival of
definitive erythroid cells.

Materials and methods

Cell lines

Parental wild-type (WT) AK7 ES cell and 2 G6pdA ES cell lines® were
maintained in an undifferentiated state by culture on a monolayer of
mitomycin-C—inactivated fibroblasts in the presence of leukemia-inhibiting
factor (LIF).
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Under these conditions, more than 95% of the cell population remained
undifferentiated, as determined by visual inspection under phase-contrast
microscopy. Two days before the initiation of differentiation, cells were
passaged into gelatinized dishes.

Generation of G6pd- and BclX, -overexpressing ES cells

The 2 G6pdA ES cell lines and the WT ES cells were electroporated with 10
wg linearized plasmid vector Pallino B-actin (empty vector),'® Pallino
B-actin G6pd, and Pallino B-actin BclX;. These plasmid vectors contain
G6pd cDNA or BelX;, cDNA driven by -actin promoter and the puromycin
resistance gene driven by the phospho-glycerokinase promoter. One week
after selection with 1.2 pg/mL puromycin, the resistant colonies were again
isolated and screened by polymerase chain reaction (PCR), enzymatic
activity, and Western blotting. Positive clones were expanded and subjected
to the described experiments.

In vitro differentiation

To induce differentiation, WT and G6pdA ES cell lines were dissociated by
trypsinization and were suspended in Dulbecco modified Eagle medium
(DMEM) containing 15% fetal bovine serum (FBS), 0.5 mM monothioglyc-
erol (MTG; Sigma, St Louis, MO), 50 U/mL penicillin, and 50 pg/mL
streptomycin. Cells were cultured for 2 days by the hanging-drop method
(3 X 10% ES cell per 30 pL in each drop). EBs in hanging-drop were
transferred to suspension culture in 60-mm dishes and were cultured for
another 3 days. Resultant EBs were plated onto plastic 100-mm gelatin-
coated dishes. Cultures were maintained in a humidified environment with
5% CO; in air at a temperature of 37°C. Serum batches for ES differentia-
tion were tested for their ability to support efficient EB development and for
their ability to support the development of hematopoietic precursors.
Rhythmic beating of the EBs, indicating cardiac muscle differentiation, and
“red” or globinized EBs, indicating hematopoietic development, were
monitored by daily inspection of the cultures using phase-contrast micros-
copy. In some differentiation experiments, the differentiation medium was
further supplemented with erythropoietin (EPO; Janssen-Cilag) at 3 U/mL,
reduced glutathione (GSH; Sigma-Aldrich, St Louis, MO) at 2.5 mM,
N-acetyl-L-cysteine (NAC; Sigma-Aldrich) at 2.5 mM, and zVAD-fmk
(Bachem, Bubendorf, Switzerland) at 100 wM. With the exception of EPO,
all these reagents were added from day 11 of differentiation.

Methyl cellulose colony assay

To induce differentiation using the methylcellulose method, ES cells were
plated in Iscove modified Dulbecco medium (IMDM) supplemented with
15% FBS, 50 U/mL penicillin, 50 mg/mL streptomycin, 500 pM MTG, 3
U/mL EPO, and 0.9% (wt/vol) methylcellulose (Stem Cell Technologies,
Vancouver, BC, Canada). ES cells were plated at a density of 3 X 103
cells/mL. After 8 days of incubation at 37°C in a fully humidified
atmosphere supplemented with 5% CO,, the number of EBs formed was
scored using an inverted microscope.

RNA isolation and RT-PCR

Total RNA was isolated by acid-phenol extraction (Trizol; Gibco/BRL,
Gaithersburg, MD). Reverse transcription-PCR (RT-PCR) was per-
formed with the Perkin-Elmer RT-PCR kit, as recommended by the
manufacturer. cDNA was amplified by PCR using specific primers for
B-major globin, B-HI, SCL, KL, c-vav''; hypoxanthine phosphoribosyl-
transferase (Hprt)%; Brachyury (T), Nkx2.5'%; TDO'3; MLC2v-specific
primers 5'CTGTGGTTCAGGGCTCAGTCCTTC3’ and 5'GCCAA-
GAAGCGGATAGAAGGCGGG 3'), and a-myosin heavy chain (aMH-
C)-specific primers 5'GGAAGAGTGAGCGGCGCATCAAGG3' and
5'CTGCTGGAGAGGTTATTCCTCG3').

Semiquantitative RT-PCR was performed using the relative expression
level of Hprt to normalize mRNA levels and to evaluate data from the
exponential phase of PCR amplification (22 cycles). To correct for
differences in RNA quantity among samples, data were normalized by using
the ratio of the target cDNA concentration to that of Hprt samples.
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Results
In vitro differentiation of G6pdA ES cells

Mouse ES cells can be made to differentiate in vitro, under appropriate
culture conditions, to a variety of cell types. In general, the first stage is
the formation, once the feeder layer is removed, of cell aggregates called
embryoid bodies (EBs). It was shown previously that the yield of EBs in
a semisolid medium (methylcellulose) from severely G6PD-deficient
ES cells is very low.” We have confirmed this result (yield, less than 1%)
with 2 independent clones of G6pdA ES cells. We then resorted to the
“hanging-drop” culture method whereby, probably thanks to the effect
of gravity bringing cells close together, we were able to obtain EBs from
both WT and G6pdA ES cells (1 EB in each drop culture in which
300 cells had been inoculated). However, EBs derived from G6pdA
ES cells were invariably smaller than those derived from WT cells
(Figure 1). Larger EBs were obtained from G6PDA ES cells by
introducing more cells (400-600) in each hanging drop, though
these were still smaller than EBs from 400 to 600 WT ES cells (data
not shown).

After 2 days, the EBs were transferred from hanging drop to
suspension culture for another 3 days, and on day 5, they were
transferred to gelatin-coated dishes. On day 9, we observed foci of
contracting cells within both G6pdA EBs and WT EBs, indicating
the presence of cardiac myocytes: this contractile activity lasted for
at least 10 days (Figure 2B; data not shown).

On day 9, erythroid foci appeared regularly in WT EBs (Figures
1, 2A). However, erythroid foci never appeared in G6pdA EBs
(Figures 1, 2A), even when 400 to 600 cells had been inoculated in
each hanging drop. The failure of forming red foci could not be
attributed to the EBs being too small, because these were as large as
those obtained with a smaller inoculum from WT ES cells, which
did produce red foci.

Assays for markers of differentiated tissues

To investigate further the extent to which tissue-specific differentia-
tion takes place in EBs derived from G6pdA cells, we tested for the

WT

G6pdA

200pm

Figure 1. WT and G6pdA EB morphology. EBs formed from WT and GépdA ES
cells by hanging drops on days 1 and 13 of differentiation. Note that the smaller EBs
derived from G6pdA cells at day 1 of differentiation, and the absence of red foci in
EBs derived from G6pdA at 13 days of differentiation. Photomicrographs were
obtained in culture media with a Zeiss (Jena, Germany) Stemi SV11 stereomicro-
scope at5 X numerical aperture and 10 X magnification of the Zeiss objective lenses
(Jena, Germany).
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Figure 2. Percentage of EBs with red foci and beating cardiomyocytes. (A) No
red foci were observed in EBs derived from G6pdA ES cells. (B) No obvious
differences were observed among EBs formed from WT ([J) and G6pdA (M) ES cells
in cardiac differentiation. Data represent the average of 3 independent experiments
(mean =+ standard deviation [SD]).

expression of tissue-specific genes at days 9, 11, 13, and 15. We
found no difference between WT and G6pdA EBs in the expression
patterns of genes sequentially involved in cardiac development.
Among them were Brachyury (T), an early mesoderm marker, as
well as Nkx2.5, a homeobox gene implicated in the early stages of
heart formation and the gene encoding a-MHC and the cardiac-
specific myosin light chain 2V (MLC2V). The later 2 are major
contractile proteins of cardiomyocytes (Figure 3). A similar pattern
of expression in WT and G6pdA EBs was also observed with
respect to tryptophan 2,3-dioxygenase (TDO), regarded as a
specific marker of hepatocytes.!?

Assays for markers of hematopoiesis

To characterize further the defect underlying the failure of G6pdA-
derived EBs to form erythroid foci, we studied the expression
patterns of several genes involved in hematopoiesis at days 9, 11,
13, and 15. We found no difference between WT and G6pdA EBs
from day 9 to day 15 in the expression patterns of transcription
factor SCL, growth factor KL, and proto-oncogene VAV. We next
investigated the genes most characteristic of embryonic hematopoi-

days

Figure 3. Analysis for markers of differentiated tissues. Ethidium bromide—
stained gels of RT-PCR amplification using various marker genes of differentiation.
RNA was extracted from EBs derived from WT ES cells (WT) and from 2 different
G6pdA ES cell lines (G6pdA1 and G6pdA2). Number of days in culture is given at the
top. Amplified Hprtis shown as a positive control.
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Figure 4. Analysis for markers of hematopoietic differentiation. Ethidium
bromide—stained gels of RT-PCR amplification using various marker genes of
hematopoietic differentiation. RNA was extracted from EBs derived from WT ES cells
(WT) and from 2 different G6pdA ES cell lines (G6pdA1 and G6pdA2). Numbers
referring to the days of EB development are shown at the top of the figure. Amplified
Hprt is shown as a positive control.

esis (the globin gene 3-HI), and of fetal/adult hematopoiesis (the
B-major globin gene). The expression of B-HI was normal in
G6pdA EBs. In contrast, compared with WT EBs, at day 13 the
expression of the adult globin -major gene was much lower in
G6pdA EBs, and by day 15 it became undetectable (Figure 4).

These data were confirmed by semiquantitative RT-PCR analy-
sis (Figure 5). With respect to 3-H1, there was no difference at any
time. With respect to the adult globin gene -major, we found no
differences until day 9. Subsequently, the amount of adult globin
B-major continues to increase in EBs derived from WT ES cells,
whereas it decreases in EBs derived from G6pdA ES cells. These
data suggest that GOPD is not indispensable for the development of
hematopoietic progenitors of primitive erythropoiesis, but it is
indispensable for the development of progenitors of definitive
erythropoiesis.

BH1/Hprt ratio
B [=2] (s
8 8 8

g
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o
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Figure 5. Kinetics of B-H1 and B-major globin expression. Analysis of RNA
extracted from EBs derived from WT ([J) and G6pdA (B) ES cells at different days of
differentiation. (A) The ratio of bands specific for 3-H1 globin to bands specific for
Hprt, produced by semiquantitative RT-PCR, plotted against the days of differentia-
tion. (B) Ratio of bands specific for adult globin B-major to bands specific for Hprt,
produced by semiquantitative RT-PCR, plotted against days of differentiation. Data
represent the average of three independent experiments (mean = SD).
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Analysis of the mechanism of erythropoietic failure

To confirm that the changes we observed were caused by inactivation of
the G6pd gene (and not by some additional accidentally produced
abnormality), we transfected 2 different G6pdA ES cell lines with an
expression vector containing a puromycin resistance gene in which
the expression of G6pd is driven by the B-actin promoter. Stable
clones, from cells transfected with Pallino B-actin G6pd or with
Pallino B-actin empty vector, were selected in puromycin, pooled,
and tested for their capacity to form erythroid foci. The EBs
derived from these cells, G6pdAP©®r4, had reacquired the ability to
form erythroid foci (data not shown). Moreover, in these EBs, we
observed a normal level of expression of the adult globin (3-major)
at day 13 and day 15 of differentiation (Figure 6A).

Reducing agents have an important role in erythroid differentia-
tion'*!> and in RBCs. In human RBCs, the pentose phosphate
pathway is the only pathway able to produce NADPH. We tested
mouse RBCs for the other 2 enzymes able to produce NADPH,
isocitrate dehydrogenase and malic enzyme, and we found that they
are undetectable (data not shown). NADPH, by acting as the
electron donor cofactor in the glutathione (GSH) reductase reac-
tion, is critical in maintaining appropriate levels of GSH. By using
2.5 mm NAC (a GSH precursor) or 2.5 mM GSH in the culture
medium, we were unable to recover erythroid foci formation in
G6pdA EBs, though we did restore to normal the level of the
B-major globin mRNA at day 13 and day 15 of differentiation
(Figure 6B). A similar result was seen with 100 um zVAD-fmk
(Figure 6C), a pan-caspase inhibitor that blocks apoptosis, the
major mechanism of demise of G6pdA ES cells when subjected to
oxidative insults.'® Even the addition of 2.5 mM NAC and 100 pMm
zVAD-fmk was insufficient to restore the ability of G6pdA EBs to
produce erythroid foci (data not shown), suggesting that simply
adding these agents, at a certain stage of EB development, cannot
surrogate the role of GOPD present all the time.

Mechanism of apoptosis

In most of the signal transduction pathways that lead to apoptotic
cell death, an early marker of the engagement of the apoptotic
machinery is mitochondrial dysfunction. Cells in which the apo-
ptotic pathway is mediated by mitochondrial destabilization are
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called type 2 cells, whereas a mitochondria-independent apoptotic
pathway is used by type 1 cells. BclXy is considered a general
regulator of mitochondrial homeostasis, and it protects type 2 cells
from apoptotic triggers.!” We have shown previously!® that G6pdA
ES cells overexpressing BclXp are protected from oxidative
stress-induced apoptosis. In contrast, EBs formed by G6pdA cells
overexpressing BclX; were unable to form erythroid foci or even to
maintain the expression of B-major globin mRNA at day 15 of
differentiation (Figure 6D). These results suggest that erythroid
cells are type 1 cells.

Discussion

G6PD null mutants have been isolated in unicellular organisms
such as Escherichia coli'® and Saccharomyces cerevisiae.'® Human
subjects with G6PD deficiency, who are asymptomatic in the
steady state, experience hemolytic anemia under conditions of
oxidative stress, and a subset of patients with severe G6PD
deficiency has chronic nonspherocytic hemolytic anemia that is
further exacerbated by oxidative stress.® However, there is no
known null mutant among the more than 130 spontaneous G6PD
mutants found in human patients.?>?! In addition, we have previ-
ously shown that severe deficiency of G6PD activity is embryonic
days lethal in mice: G6PD-deficient embryos initiate organogen-
esis, but they have severe abnormalities, and they die between
embryonic days 10.5 and 11.5 because of oxidative damage to the
embryo from the onset of blood circulation and impairment of
placental function.’

Here we have investigated G6pdA ES cells, obtained by a
strategy different from that previously described,’ that are not just
severely GO6PD deficient but are totally unable to produce G6PD.
We have shown that these cells can proliferate in vitro. In the
presence of oxidant agents, however, they become rapidly depleted
of NADPH and GSH, and they die by apoptosis.®! Moreover, we
have shown that G6PD is the only NADPH-producing enzyme
rapidly activated in response to oxidative stress.®!¢ We have used
this new type of G6PD knockout cells to determine which tissues
are most affected by the absence of G6PD and at which stage of

Figure 6. Relationship between g-major globin tran- f 13 days 15 days B 13 days
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- = - = major
fected with Pallino -actin empty vector (WT and G6pdAP©) E 3 4 a9 3 9 3 4 [ maj = _ -

or with Pallino p-actin G6pd expression vector ﬁmajor= _
Ao ] ke

(G6pdAPGerd) at days 13 and 15 of differentiation. RNA
from WT ES cells (WT), 2 different cell lines of G6pdAP°
(A1P9, A2P0) and G6pdAPGEPd (A1PGERPd A2PGEPY) ere
used in this experiment. (B) EB growth in the presence of
2.5 mM NAC or 2.5 mM GSH from day 11 of differentia-
tion. EBs were harvested at 13 or 15 days of develop-
ment. RNA was extracted from EBs derived from WT ES

Hor el Eeb eienns

15 days

GSH NAC
WT Al A2 WT Al AZ WT Al A2

1: major [ Rl Bl

cells (WT) and from 2 different G6pdA ES cell lines (A1, . _ 13days Hprt== =

A2). (C) EBs derived from WT ES cells (WT) and G6pdA WT A1 WT A1

ES cells (A1) were treated with 100 pM broad-range ey ZVAD-fmk

caspase inhibitor z-VAD-fmk from day 11 of differentia- f} majo

tion. After 13 and 15 days of development, the EBs were

harvested and assayed for 3-major RNA expression. (D) Hprt=

EBs derived from WT and G6pdA ES cell lines stably D —13days ~ _ 1Sdays

t(rgaens;iclt)()ad Witth:”|i|no B-actin eBmlp;zy vector (WTPC and 15 days é 2 %’ &
pdAPO) or with Pallino B-actin BelX, expression vector ARG i 2 ﬁ 2 o & i

(WTPBCXL and G6pdAPBeXL). RNA used in this experiment wra e 3 E 3 ;J. E <

was extracted from EBs derived from WTPO G6pdAPO
(A1P0), WTPBCIXL and G6pdAPBeXL (A1PBeXL) ES cells at
days 13 and 15 of differentiation. Amplified Hprt is shown
as a positive control.

- - zVAD-fmk
o major

e T


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org by on March 28, 2008. For personal use only.

3152  PAGLIALUNGA et al

development. Because severe GOPD deficiency is lethal for the
mouse embryo, we have investigated these issues by studying in
vitro differentiation of ES cells, which recapitulates embryonic
development.2+>.11

Similar to ES cell lines with severe G6PD deficiency,>?? cells
with the deleted G6pd gene were unable to form EBs in methylcel-
Iulose. Nevertheless, by the hanging-drop method, and probably
because of the effect of gravity in pulling the cells together, we
were able to form EBs from G6pdA ES cells and WT ES cells, with
similar efficiency.

Our experiments have proved the presence of mesodermal cells,
cardiomyocytes, and hepatocytes in the embryoid bodies formed by
G6pdA ES cells. Cells that totally lack G6PD can develop beating
cardiomyocytes from mesodermal cells. In addition, we show that
hepatocytes develop in the absence of G6PD. This was unknown
because hemizygous mouse embryos with severe GOPD deficiency
die before the liver develops.

To our knowledge, the hanging-drop method has never been
used to study hematopoietic differentiation in vitro. By using this
method, we obtained from WT ES cells embryoid bodies in which
embryonic and adult erythroid cells differentiate, as demonstrated
by the expression of 3-HI globin and, after the hemoglobin switch,
by the expression of the adult B-major globin mRNA. G6pdA ES
cells also develop embryonic and adult erythroid cells; but after the
embryonic-adult hemoglobin switch, adult G6pdA erythroid cells
die. The sharp difference in performance of G6pdA cells across the
switch event is well illustrated by the perfectly normal B-HI
synthesis versus the rapid failure of B-major globin synthesis
(Figure 5). Thus, G6PD is crucial for adult-type erythroid cells to
reach the terminal stages of differentiation.

The simplest interpretation of these findings is that G6pdA adult
erythroid cells are unable to cope with the high concentration of
oxygen radicals generated by the hemoglobin within them, and
they die by apoptosis. In fact, we knew already that G6pdA ES cells
are more sensitive than WT ES cells to oxidative insults and
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undergo programmed cell death.'® During in vitro differentiation,
we observed that the inhibition of apoptosis, through the use of a
caspase inhibitor, causes a delay in the disappearance of the
B-major globin mRNA. These data confirm that adult erythroid
cells die by apoptosis. In addition, consistent with the role of
oxidative stress in this phenomenon, a sulfhydryl group of re-
agents, such as NAC and GSH, exerts some protection, thus
retarding the demise of the cells.

The cause for the apoptotic death of G6pdA adult erythroid cells
might be that from the basophilic normoblast stage onward, there is
massive synthesis of adult hemoglobin. Adult hemoglobin has a
lower oxygen affinity than embryonic hemoglobin. Therefore,
releasing oxygen from adult hemoglobin produces in the cytoplasm
oxygen radicals that G6pdA adult erythroid cells are unable to
eliminate. Consequently, the apoptotic pathway is triggered.

Adding reducing agents, apoptosis inhibitors, or both at day 11
did not rescue erythroid foci formation. Such rescue was achieved
only by transducing the G6pd gene into G6pdA ES cells, indicating
that the role of G6PD in protecting erythroid cells may be subtle,
and it may be crucial that it be present at earlier stages of EB
development.

In conclusion, although the phenotypic consequences of partial
G6PD deficiency commonly observed in humans is limited to
hemolytic anemia, the phenotype of complete G6PD deficiency is
far more extensive. However, once again, one specific consequence
is an erythroid phenotype. Once the hemoglobin switch has taken
place, the formation, rather than the lifespan, of RBCs is
compromised.
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