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human embryonic stem cell-derived primitive hematopoietic cells in

the absence of erythropoietin

Takafumi Shimizu,1* Shinya Sano,1,2* Naoya Takayama,3 Shin Kaneko,1

Koji Eto,3 Yasuo Takeuchi,1,4 Hiromitsu Nakauchi1

1 Division of Stem Cell Therapy, Center for Stem Cell Biology and Regenerative Medicine, Institute of
Medical Science, University of Tokyo

2 Terumo Corporation, Research and Development Center
3 Stem Cell Bank, Center for Stem Cell Biology and Regenerative Medicine, Institute of Medical
Science, University of Tokyo

4 Department of Nephrology, Kitasato University School of Medicine
*These two authors contributed equally to this work

Objective: The aim of this study was to elucidate the role of signal transducer and activator of
transcription 5A (STAT5A) activity on hematopoietic cell expansion and erythroid differentiation
derived from human embryonic stem cell (hESCs).
Methods: We have optimized genetic manipulation of hESCs-derived hematopoietic cells with
retrovirus vector and then generated hematopoietic cells expressing a constitutive active form of
STAT5A mutant.  Erythroid differentiation and maturation stage were analyzed by flow cytometry
and immunocytochemical staining.
Results: hESCs-derived hematopoietic cells expressing STAT5A mutant could differentiate into
fetal-type erythroid cells even in the absence of EPO, while no erythroid differentiation has been
observed in both vehicle- and non-transduced hESCs-derived hematopoietic cells in the absence of
EPO.  However, the absolute number of erythroid cells generated from hESCs-derived hematopoietic
cells expressing STAT5A mutant in the absence of EPO was lower than that of the erythoid cells in
EPO containing condition.
Conclusion: These results indicate that STAT5A activity partially enables human primitive
erythropoiesis.  The present study suggests that genetic modification of hESCs-derived hematopoietic
cells generate erythroid cells for a stable supply of safe red blood cells if production efficiency is
further optimized.
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Introduction

he study of human embryonic stem cells (hESCs) is
the latest cutting-edge research field, since hESCs

are possibly alternative source for erythrocytes or platelets
in regenerative medicine and cell therapies. Generation
of pathogen-free safe platelets or erythrocytes without
blood donation has significant clinical benefits.
Therefore, establishment of novel culture system to obtain
a large number of platelets or erythrocytes is needed.
We have previously reported a new culture system for

inducing platelets from hESCs.  In our culture system,
we succeed in generating multipotent hematopoietic
progenitor cells in the hESCs derived sac-like structures
(ES-sac).1

hESCs are attractive tools for studying the ontogeny
of human erythropoiesis because they exhibit in vitro
differentiation toward various erythrocytes with
embryonic (ε), fetal (γ), and adult (β) globin genes whose
expression are regulated in a developmental stage-specific
manner.2  In this context, we attempted to generate
erythrocytes from hESCs-derived multipotent

T

Received 14 July 2010, accepted 4 August 2010
Correspondence to: Shin Kaneko, Division of Stem Cell Therapy, Center for Stem Cell Biology and Regenerative Medicine, Institute of Medical
Science, University of Tokyo
4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Japan
E-mail: kaneko-s@ ims.u-tokyo.ac.jp



43

hematopoietic progenitor cells.
Erythropoiesis is strictly regulated by erythropoietin

(EPO) mediated signaling.3  EPO induced EPO-
receptor (EPOR) dimerization triggers activation of
associated Janus kinase 2 (JAK2), which leads to
activation of various signaling pathways, including
phosphatidylinositol 3-kinase (PI3-K),4 mitogen-
activated protein kinase (MAPK),5 and signal transducer
and activator of transcription 5 (STAT5).6  Among the
three pathways, an essential pathway in EPO signaling is
the activation of STAT5.6-8  Indeed, both the JAK2
knockout embryos and the STAT5 knockout embryos
are severely anemic.9,10  Furthermore, activation of
STAT5A enables the successful treatment of embryonic
lethal anemia in EPOR or JAK2 knockout mice.2

However, it is unclear whether or not activation of
STAT5A in human primitive hematopoiesis acts
positively in erythropoiesis in the presence or absence of
EPO.  In the present study, we tried to elucidate the role
of STAT5A activity on hematopoietic cell expansion
and erythroid differentiation derived from hESCs.

Materials and Methods

Cells and vectors
The hESC clone KhES-311 (Kyoto University) was used
for the study with the approval from the Minister of
Education, Culture, Sports, Science, and Technology of
Japan, and the Review Board of the Institute of Medical
Science, the University of Tokyo.  The hESCs and the
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Figure 2.  Repetitive retroviral infections schematic into hematopoietic progenitors derived
from hESCs

Retroviral gene transduction method into hematopoietic progenitors within ES-sac
hESCs were co-cultured with 10T1/2 stromal cells.  After 14 days of culture, ES-sac containing
multipotent hematopoietic progenitors were observed.  These cells were collected and transduced
with retroviral vector 1 or 3 times every 12 hours.

Figure 1.  Construction of retroviral vectors

Retroviral vector GCDNsamIRES/GFP harboring constitutively active
STAT5A(1*6) gene
φ+, packaging signal; SD, splice donor; SA, splice acceptor
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C3H10T1/2 cell line were maintained as previously
reported.1  The constitutive active form of mouse
STAT5A [STAT5A(1*6)]12 used in the present study
was donated by Professor Toshio Kitamura (Division of
Cellular Therapy, Advanced Clinical Research Center,
Institute of Medical Science, University of Tokyo) and
was subcloned into retroviral vector GCDNsamIres
enhanced green fluorescent protein (GFP)13 (Figure 1).
Concentrated viral supernatants were obtained using the
293 GPG packaging cell line.14

hESC-derived hematopoietic cell induction and transduction
To differentiate hESCs into hematopoietic cells, we
utilized the reported protocol1 (Figure 2).  A total of 1 ×
105 hematopoietic cells harvested from ES-sacs on day
14 were transduced with either vehicle or GCDNsam-
STAT5A(1*6) with 100 ng/ml human stem cell factor
(SCF; R&D Systems, Inc., Minneapolis, MN, USA), 40
ng/ml human thrombopoietin (TPO; R&D Systems) and
10 mg/ml protamine sulfate.  The viral vector transduction
was performed 1 to 3 times at 12-hour intervals.  After
the final transduction, the cells were cultured in two
conditions (Condition 1; SCF + TPO + EPO (40 ng/ml
human TPO and 100 ng/ml human SCF and 2U/ml human
EPO [R&D Systems], or Condition 2; SCF + TPO [40
ng/ml human TPO and 100 ng/ml human SCF]).  Non-
adherent cells were analyzed on days 18, 24, and 31
(Condition 1), or on days 24, and 31 (Condition 2), using
BD FACS CantoII system (BD Bioscience, San Jose,
CA, USA).  The experiments were conducted twice
independently.

Assays for erythroid lineage differentiation
Non-adherent cells on days 18, 24, and 31 (Condition 1),
or on days 24, and 31 (Condition 2) were stained with
anti-CD235ab (GlyA) Pacific Blue antibody (BioLegend,
San Diego, CA, USA) and analyzed by BD FACS
CantoII.   We then compared the efficiency of
erthyroid cell production on each day to fix a date
of intracellular phosphorylated STAT5A analysis and
immunocytochemical staining of globin chains.  For the
intracellular phosphorylated STAT5A analysis, the
fixation and permeabilization method was used according
to the manufacturers instructions.15  After the fixation
and permeabilization steps, the cells were blocked with
mouse IgG1κ antibody (e-Bioscience, San Diego, CA,
USA) at room temperature for 30 minutes and were
stained with anti-CD235ab (GlyA) Pacific Blue antibody
and anti-phospho-STAT5A (Y694) Alexa Fluor 647
antibody (BD [Becton, Dickinson and Company]
Biosciences, Tokyo).  Samples were then washed and

analyzed by BD FACS CantoII.  Immunocytochemistry
was performed according to the previous report.16  Briefly,
hESCs derived hematopoietic cells were centrifuged onto
glass slides and fixed in 4% paraformaldehyde (PFA)
and permeabilized with PBS containing 5% skim milk
and 0.1% TritonX-100 for 30 minutes.  Slides were then
incubated with primary anti-human antibodies (mouse
anti-human ε- monoclonal antibody [CortexBiochem,
San Leandro, CA, USA]; and mouse anti-human β-,
γ-globin monoclonal antibodies [Santa Cruz
Biotechnology, Santa Cruz, CA, USA]) overnight at 4℃,
washed 3 times, and incubated with Alexa Fluor 546-
conjugated secondary antibody (Invitrogen, Carlsbad,
CA, USA) for 30 minutes at room temperature.  Nuclei
were labeled with Hoechst 33342 (Invitrogen).  After 3
washes, samples were observed with a fluorescence
microscope Olympus FV1000 (Olympus, Tokyo).

Results

Using the high-titer retroviral vector system and the multi-
cycle transduction method, we have obtained an average
40% of hESCs derived- and transgene positive-
hematopoietic cells after 3 cycles of transductions in 4
days (8.0% vs. 40.1% of GFP positive cells by single vs.
tertiary transduction, respectively) (Figure 3).  By using

Figure 3.  Gene transduction efficiency into hematopoietic
progenitors within ES-sac was promoted by repetitive retroviral
infection.

Hematopoietic progenitor cells generated by hESCs on day 14
were transduced with vehicle vector with SCF, TPO and protamine
sulfate.  The viral transduction was performed 1 to 3 times at 12-
hour intervals.  The bar graph shows the number of living cells
(black) and GFP positive cells (green) with the left pair showing
1 time of transduction and the right showing 3 times of
transduction.
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this culture system, we were able to examine the effects
of STAT5A on human erythropoiesis.  As controls, we
used non-transduced and vehicle-transduced cells.  Both
cells were also cultured with SCF + TPO + EPO
(Condition 1) or SCF + TPO (Condition 2).  We analyzed
the kinetics of erythroid cell production in the presence
of EPO (Condition 1).  As indicated in Figure 4A, GlyA
positive cells (erythroid cells) were observed and the
peak of erythroid cell production appeared on day 24 in
all conditions [non-transduced cells, vehicle-transduced
cells, STAT5A(1*6)-transduced cells], after which
erythroid numbers declined.  Next we also analyzed the
generation of erythroid cells in the absence of EPO

(Condition 2).  As indicated in Figure 4B, GlyA-positive
cells were generated from STAT5A(1*6)-transduced
cells, while few GlyA positive cells were observed in the
control conditions (non- and vehicle-transduction) using
Condition 2 (SCF + TPO), and erythroid cell production
apparently peaked on day 24.  This kinetics was similar
to the result from Condition 1.  We could not discover
the reason for the progressive decline of erythropoiesis
after day 24 but decided to use cells on day 24 for further
experiments.

The absolute number of erythroid cells on day 24
generated from hematopoietic cells transduced with
vehicle- and STAT5A(1*6)-transduced cells in the

A. Erythroid differentiation from
hESCs-derived hematopoietic cells in
the presence of EPO

B. Erythroid differentiation from
hESCs-derived hematopoietic cells in
the absence of EPO

Figure 4.  STAT5A activities promote erythroid differentiation.

GlyA positive cells were generated from hematopoietic progenitor cells within ES-sac using Condition 1 (SCF + TPO + EPO) or
Condition 2 (SCF + TPO).  The bar graph shows the total number of GlyA-positive cells (black) and GlyA/GFP double-positive cells
(green) on the indicated days.  Non-transduced, non-transduced cells; Vehicle, vehicle-transduced cells; STAT5A(1*6), STAT5A(1*6)-
transduced cells.
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Figure 5.  Flow cytometric analysis of hematopoietic cells on day 24 of culture in the presence or absence of EPO

PI negative living cells generated from hematopoietic progenitor cells transduced with vehicle-, and STAT5A(1*6)-retro viral vector on
day 24 of culture in (A) Condition 1 (SCF + TPO + EPO) or (B) Condition 2 (SCF + TPO) were analyzed for the expression of GlyA and
GFP.  Non-transduced hematopoietic progenitor cells were used as negative control of GFP.

Figure 6.  Intracellular phosphorylated STAT5A at tyrosine 694 (Y694) staining of GFP positive cells on day 24 of culture in the
presence or absence of EPO

Erythroid cells generated from hematopoietic progenitor cells transduced with vehicle-, and STAT5A(1*6) on day 24 of culture in
(A) Condition 1 (SCF + TPO + EPO) or (B) Condition 2 (SCF + TPO).  GFP positive cells were analyzed for expression of GlyA and
phoshorylation of STAT5A at tyrosine 694 (Y694).  Non-transduced hematopoietic progenitor cells were used as negative control of
GFP.  N.D., not detected.

Figure 7.  Immunocytochemistry of globin chains
in the absence or presence of EPO

hESCs-derived hematopoietic cells on day 24 of
culture (Conditions 1 and 2, respectively) were
stained against ε-, γ-, and β-globin chain
antibodies and were observed under confocal
microscopy.

Shimizu,  et al.
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presence of EPO (Condition 1) was 1.2 × 105 cells, and
2.1 × 105 cells (GlyA/GFP double positive cells),
respectively (Figure 4A).  The absolute number of vehicle-
and STAT5A(1*6)-transduced erythroid cells in the
absence of EPO (Condition 2) was 0.02 × 104 cells, and
1.0 × 104 cells (GlyA/GFP double positive cells),
respectively (Figure 4B).  The results of flow cytometry
analysis data of erythroid cells on day 24 of culture are
shown in Figures 5.  In the presence of EPO (Condition
1), there was no difference between STAT5A(1*6)-
transduced cells and vehicle-transduced cells for GlyA
positive erythroid cell generation (Figure 5A).  While, in
the absence of EPO (Condition 2), few GlyA positive
erythroid cell were generated from vehicle-transduced
cells, but STAT5A(1*6)-transduced cells could
differentiated into GlyA positive erythroid cells efficiently
[2.4% = 1.0/(1.0 + 40.8)] vs. [29% = 20.0/(20.0 + 50.0)];
GlyA/GFP double positive cells in GFP positive cells
(Figure 5B).  To clarify the relationship between
erythrocyte generation and STAT5A phosphorylation,
we further analyzed the transduced cells (GFP positive
cells) in both conditions by intracellular staining of
phosphorylated STAT5 (Y694).15  In the presence of EPO
(Condition 1), the phosphorylation of STAT5A at tyrosine
694 (Y694) was observed in both vehicle- and
STAT5A(1*6)-transduced erythroid cells [35.4% vs.
72.7%; GlyA/phospho STAT5A (Y694) double-positive
cells] (Figure 6A).  In contrast, the apparent
phosphorylation of STAT5A at tyrosine 694 (Y694) was
observed in the STAT5A(1*6)-transduced erythroid cells
but not in the vehicle-transduced erythroid cells in the
absence of EPO (Condition 2) [33.6% vs. 1.1%; GlyA/
phospho STAT5A (Y694) double-positive cells] (Figure
6B).

We subsequently performed globin staining of day-
24 cells to determine the maturation stage of the erythroid
cells.  The chains mainly expressed were ε-, and γ-
globin, while the β-globin chain was rarely observed
both in the non-transduced and STAT5A(1*6)-transduced
hematopoietic cells in the presence of EPO (Figure 7
[Condition 1]).  However, in the absence of EPO
(Condition 2), we observed similar expression patterns
of globin chains only in STAT5A(1*6)-transduced
hematopoietic cells on day 24 of culture.  We attempted
to isolate enough non-transduced GlyA positive cells
from Condition 2 but failed because there was no cell
expansion or erythroid differentiation.

Discussion

Many technical difficulties have been observed in

generating genetically modified hESC-derived
hematopoietic cells (i.e., a shortage of cells due to low
gene-transduction efficiency, low expression level of
transgene due to a low copy number of integrated vectors,
and relatively early silencing of the transgene expression
by promoter methylation).  There have been major
obstacles to study the function of a transgene in human
primitive hematopoiesis by using hESCs.  To overcome
such technical problems, we have used the high-titer
retroviral vector system and the multi-cycle transduction
method to hESCs-derived hematopoietic progenitor cells
in the presence of hematopoietic cytokines, SCF and
TPO.17  Repetitive (3 times) transductions of vehicle
retroviral vector efficiently increased GFP positive cells
compared to single transduction.  A recent report showed
that average transduction efficiency of hESCs-derived
hematopoietic cells was, at most, 20% by GALV pseudo-
typed conventional retroviral vector18; however, we
successfully obtained an average 40% of hESCs derived-
and transgene-positive-hematopoietic cells by our system.
Our results indicate that erythroid cell generation was
observed in STAT5A(1*6)-transduced cells even in the
absence of EPO.  STAT5A(1*6)-transduced erythroid
cells clearly showed an accumulation of phosphorylated
STAT5A while phosphorylation was seldom observed
in vehicle-transduced erythroid cells in the absence of
EPO (Condition 2).  Meanwhile, the accumulation of
phosphorylated STAT5A was observed in both vehicle-
and STAT5A(1*6)-transduced erythroid cells in the
presence of EPO (Condition 1).  The levels of
phosphorylation in vehicle-transduced erythroid cells
(Condition 1) and STAT5A(1*6)-transduced erythroid
cells (Condition 2) were comparable (35.4% vs. 33.6%).
Nevertheless, the absolute number of erythroid cells was
lower than that in the presence of EPO, indicating that
MAPK and PI-3K pathways, which are provided by EPO,
are also critical for primitive erythropoiesis.10  These
results suggested that constitutive activation of STAT5A
partially substi tutes EPO-mediated erythroid
differentiation signaling.  Moreover, there remains a
possibility of differentiation to the other lineages by
act ivat ing STAT5 because var ious  types  of
myeloproliferative neoplasms can be induced by the
constitutive active JAK2V617F mutation.19  Further
experiments will be required for understanding the
association between EPO and STAT5A signals.

Immunocytochemistry analysis showed that the
erythroid cells generated by STAT5A(1*6)-transduced
hematopoietic progenitor cells expressed ε- and γ-globin
but little β-globin, indicating the expression pattern of
fetal erythrocytes even in the absence of EPO.  This

STAT5A in erythropoiesis from hESCs
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expression pattern was similar to that generated from
hESCs in the presence of EPO without genetic
manipulation.  These results indicated that STAT5A is a
key regulator for erythroid differentiation and maturation
from hESCs.  Taken together, we have clarified that
constitutive activation of STAT5A [STAT5A(1*6)]12

transduced hESCs-derived primitive hematopoietic cells
could be differentiated to fetal erythroid cells even in the
absence of EPO.

As previously described,16 human ESC-derived
erythrocytes displayed an oxygen dissociation curve
similar to that of human adult peripheral blood.  We
therefore speculate that the erythrocytes generated by
artificial activation of STAT5A also function normally
if they successfully differentiate to red blood cells by
further optimizations.  In clinical settings, the erythrocytes
are usually irradiated before transfusion and filtered to
eliminate nucleated cells.  Thus, the safety of erythrocytes
generated by such gene manipulation is easily guaranteed.
Our study may contribute to the development of an in
vitro generation method of human ESCs- or iPSCs-
derived red blood cells for patients.  Furthermore, it
provides a setting for future molecular studies of human
erythropoiesis.
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