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ABSTRACT

Adult hemoglobin composedofa- andb-globin reflects a change fromexpressionof embryonic«- and
fetal g-globin to adult b-globin in human erythroid cells, so-called globin switching. Human pluripo-
tent stem cells (hPSCs) are apotential source for in vitro erythrocyte production, but they showprom-
inent expression of g-globin with little b-globin expression, which indicates incomplete globin
switching. To examine themechanismof this impaired globin switching,weoptimizedmulticolor flow
cytometry to simultaneously follow expression of different globin subtypes using different immuno-
fluorescent probes. This enabled us to detect upregulation of b-globin and the corresponding silenc-
ing of g-globin at the single-cell level during cord blood CD34+ cell-derived erythropoiesis, examined
as an endogenous control. Using this approach,we initially characterized the heterogeneousb-globin
expression in erythroblasts from several hPSC clones and confirmed the predominant expression of
g-globin. These hPSC-derived erythroid cells also displayed reduced expression of BCL11A-L. How-
ever, doxycycline-inducedoverexpressionofBCL11A-L in selectedhPSCspromotedg-globin silencing.
These results strongly suggest that impaired g-globin silencing is associated with downregulated
BCL11A-L in hPSC-derived erythroblasts and that multicolor staining of globin subtypes is an effective
approach to studying globin switching invitro. STEMCELLSTRANSLATIONALMEDICINE2014;3:792–800

INTRODUCTION

Blood transfusion is an indispensable tool in
medicine today. At present, however, the avail-
ability of blood for transfusion is entirely depen-
dent on blood collected from donors, the
numbers of whom have been declining in most
industrialized countries. This makes the safety
and stability of the blood supply a significant
and continuing concern. To overcome this prob-
lem, much effort has gone into developing
methods for in vitro generation of human eryth-
rocytes [1, 2], including the use of human plurip-
otent stem cells (hPSCs; i.e., embryonic stem
cells [hESCs] or induced pluripotent stem cells
[hiPSCs]) [3, 4]. hiPSCs are particularly advanta-
geous, as blood group type O Rh-negative-
derived hiPSCs could potentially serve as a uni-
versal source of red blood cell transfusion. The
hiPSC technology could also contribute to pro-
duction of rare types of erythrocytes—for ex-
ample, D2, Fy(a2b2), Di(b2), and Jr(a2) [5].
However, it is well known that hiPSC clones
are heterogeneous with respect to their differ-
entiation potential [6]. Consequently, the abil-
ity to distinguish clones suitable for in vitro
erythrocyte production from among identical
donor-derived hiPSC clones is crucial.

Adult hemoglobin is composedof twoa-globin
and twob-globin subunits (HbA),whereas fetal he-
moglobin is composed of two a-globin and two
g-globin subunits (HbF). The fetal protein binds ox-
ygen with greater affinity than the adult form, giv-
ing the developing fetus better access to oxygen
from the mother’s bloodstream [7]. Moreover,
changes in erythropoiesis, and thus the globin
expression profiles, are hallmarks of the devel-
opmental stages of erythroblasts [7]. During
erythropoiesis from hESCs and hiPSCs, the major
globin forms are embryonic « and fetal g; little
adult b-globin is expressed [7], indicating incom-
plete globin switching. Why the switching is not
accomplished remains unclear, however [8–18].

In the present study, we combinedmulticolor
immunostaining with an improved fixation tech-
nique to follow expression of individual globin
subtypes during in vitro erythropoiesis from
hPSCs and human cord blood (CB) CD34+ cells.
This provided the time frame of globin switching
during erythropoiesis and enabled selection of
suitable clones from among a heterogeneous
population of hPSC clones. In addition, we also
sought to validate our tracingmethod by examin-
ing the effect of BCL11A-L on g- and b-globin ex-
pression [7, 19]. Our findings indicate that even in
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hPSC clones deemed suitable for erythropoiesis, g-globin silenc-
ing may be impaired in hPSC-derived erythroid cells, due at least
in part to reduced BCL11A-L expression.

MATERIALS AND METHODS

Cells and Reagents

All reagents were obtained from Sigma-Aldrich (St. Louis, MO,
http://www.sigmaaldrich.com) unless indicated otherwise. The
KhES-3 hESC line was obtained from the Institute for Frontier
Medical Science, Kyoto University (Kyoto, Japan, http://www.
frontier.kyoto-u.ac.jp) after approval for hESC use was granted
by the Minister of Education, Culture, Sports, Science, and Tech-
nology of Japan. The H1 hESC line was obtained from WiCell
Research Institute (Madison, WI, http://www.wicell.org) to
T. Nakahata. Collection of peripheral blood from healthy volun-
teers was approved by the Ethical Committee of the Institute
of Medical Science at The University of Tokyo and the Kyoto Uni-
versity Committee for Human Sample-Based Experiments. All
studies involving the use of human samples were conducted in
accordance with the Declaration of Helsinki.

We established hiPSC clones using a Sendai virus harboring
four reprogramming factors (OCT3/4, SOX2, KLF4, and cMYC)
[20]. hiPSC clones 1and2werederived fromhumanneonatal der-
mal fibroblasts (Lonza, Walkersville, MD, http://www.lonza.
com), clones 3–6 were derived from human CB CD34+ cells
(Lonza), and clones 7 and 8 were derived from human adult pe-
ripheral blood cells. All hPSCs were maintained as described pre-
viously [21–23]. Mouse C3H10T1/2 cells were also cultured as
described previously [21–23].

Erythroid Differentiation via Sac Formation From
hES/iPSCs

To differentiate hES/hiPSCs into hematopoietic cells, we used our
previously established protocol [21–23]. After pretreatingmouse
mesenchymal feeder C3H10T1/2 cells with mitomycin C, small
clumps (approximately 100 cells) of hES/iPSCs (suspended in
phosphate-buffered saline [PBS] containing 0.25% trypsin, 1
mM CaCl2, and 20% knockout serum replacement) were trans-
ferred onto the C3H10T1/2 cells (8.0 3 105 cells per a 100-mm
dish) and cultured in differentiation medium supplemented with
20 ng/ml vascular endothelial growth factor for 14 days (day214
to day 0). During that period, the medium was replaced every 3
days. On day 0 of culture, hES/hiPSC-derived sacs (hES/iPS sacs)
were collected into a 50-ml tube, gently crushed with a pipette,
and passed through a 40-mm cell strainer, which yielded a popu-
lation of disaggregated cells that included hematopoietic progen-
itor cells (HPCs). These cellswere then stainedwith phycoerythrin
(PE)-Cy7-conjugated anti-human CD34 antibody (343516; BioLe-
gend, San Diego, CA, http://www.biolegend.com) for 30 minutes
on ice and washed, after which the CD34+ cells were sorted using
a flow cytometer (FACSAria II; Becton, Dickinson and Company,
Franklin Lakes,NJ, http://www.bd.com). Aliquots (5.03104 cells)
of the CD34+ cells were then transferred onto fresh C3H10T1/2
cells (2 3 104 cells per well of a six-well plate) and maintained
in differentiation medium supplemented with 50 ng/ml human
stem cell factor (SCF; R&D Systems Inc., Minneapolis, MN,
http://www.rndsystems.com), 50 ng/ml human thrombopoietin
(TPO; R&DSystems Inc.), and 5 IU/ml humanerythropoietin (EPO;
Kyowa-Kirin, Tokyo, Japan, http://www.kyowa-kirin.co.jp) from
day 0 to day 6. Thereafter, the cells were collected, transferred

Figure 1. Erythroid differentiation of human pluripotent stem cells. (A): Schematic diagramof the protocol used for in vitro differentiation via sac
formation usedwith hESCs and hiPSCs. hESCs andhiPSCswere differentiated into CD34+CD43+ hematopoietic progenitor cellswithin the sac struc-
ture in the presence of VEGF. (B): Schematic diagram of the differentiation protocol used for human CB CD34+ cell-derived erythroid cell differ-
entiation. (C): Representative flow cytometric analysis of cell surface markers (CD235a, CD43, and CD71) in hESC H1-derived and CB CD34+ cell-
derived erythroid cells. Days in culture are indicated above the plots. Abbreviations: CB, cord blood; EPO, erythropoietin; hESCs, human embryonic
stem cells; hiPSCs, human induced pluripotent stem cells; SCF, stem cell factor; TPO, thrombopoietin; VEGF, vascular endothelial growth factor.
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ontoC3H10T1/2 cells (8.03105 cells per a100-mmdish), and cul-
tured in the presence of 5 IU/ml human EPO for another 12 days.
Throughout the culture period, themediumwas replaced every 3
days, and nonadherent cells were collected and analyzed on days
3, 6, 12, and 18.

Expansion and Differentiation of Erythroblasts From
Human Cord Blood CD34+ Cells

To expand and differentiate human CB CD34+ cells, they were ap-
plied to C3H10T1/2 cells (8.0 3 105 cells per 100-mm dish) and
cultured in hematopoietic differentiationmedium supplemented
with 50 ng/ml human SCF, 50 ng/ml human TPO, and 5 IU/ml hu-
man EPO for 6 days, after which they were cultured with 5 IU/ml
humanEPOalone for another 12days. Throughout the culturepe-
riod, the medium was replaced every 3 days, and nonadherent
cells were collected and analyzed on days 3, 6, 12, and 18.

Flow Cytometric Analysis of Cell Surface Antigens

Nonadherent cells were prepared in PBS containing 3% fetal bo-
vine serum (FBS) and stained with combinations of antibodies
for 30 minutes on ice. The antibodies used were Pacific
Blue-conjugated anti-human CD235a (306612; BioLegend),
PE-conjugated anti-human CD71 (334106; BioLegend), and
allophycocyanin-conjugatedanti-humanCD43(343206;BioLegend).

Samples were then washed with PBS and analyzed using flow
cytometry.

To detect stage-specific embryonic antigen-4 (SSEA-4) ex-
pression in hES/iPSCs, the trypsinized cells were collected and
stained with PE-conjugated anti-SSEA-4 antibody (FAB1435P;
R&D Systems Inc.) and analyzed using flow cytometry.

Intracellular Detection of Globin Subtypes Using
Flow Cytometry

For flow cytometric detection of human globin subtypes, cells in
suspension at a concentration of 1.03 106 cells permilliliter were
fixed in 4% paraformaldehyde (PFA; Wako Pure Chemical Indus-
tries, Ltd., Tokyo, Japan, http://www.wako-chem.co.jp/english/)
for 60 minutes at room temperature and then treated with ice-
cold 100% methanol for 5 minutes. The fixed cells were then per-
meabilizedwith0.5%saponin for 10minutes at roomtemperature,
afterwhichaliquots (2.03105cells)werestained for30minuteson
ice using 1 mg (20 ml) of PE-conjugated anti-human hemoglobin b
(mouse monoclonal IgG1, sc-21757 PE; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, http://www.scbt.com), and/or 5 ml of TRI-
COLOR-conjugated (tandem R-PE-Cy5-conjugated) anti-human fe-
tal hemoglobin (HbF;mousemonoclonal IgG1, HFH-06; Invitrogen,
Carlsbad, CA, http://www.invitrogen.com), and/or 1 mg (0.1 ml)
of fluorescein isothiocyanate (FITC)-conjugated anti-human

Figure 2. Globin expression in erythroid cells derived from several hPSC clones or CB. (A): Cell sources for hiPSC generation using Sendai virus-
mediated transduction. Cell sources are indicated on the left, and the derived clones are on the right. (B):mRNA expression of human «-globin,
g-globin, andb-globin on day 18 of culture in erythroid cells derived from hESCs (KhES-3 or H1), hiPSCs (clones 1–8), and CB. (C): Time course of
the changes in the indicated globins over the 18-day culture period (n = 3, symbols are means 6 SD from three independent experiments).
Abbreviations: CB, cord blood; HBB, b-globin; human HBE1, human «-globin; HBG1/HBG2, human g-globin; hESCs, human embryonic stem
cells; hiPSCs, human induced pluripotent stem cells.
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hemoglobin « (mousemonoclonal IgG1k, 61C-CR8008M1F; Fitz-
gerald, Acton, MA, http://www.fitzgerald-fii.com). Finally, the
cells were stained with Pacific Blue-conjugated anti-human
CD235a (349108; BioLegend; mouse IgG2a k) for 30 minutes
on ice. Using flow cytometry, we then analyzed the samples
for CD235a+ cell populations. In addition, 20ml of normalmouse
IgG1-PE-Cy5 (sc-2877; Santa Cruz Biotechnology Inc.), normal
mouse IgG1-PE (sc-2866; Santa Cruz Biotechnology Inc.), and
normal mouse IgG1-FITC (sc-2855; Santa Cruz Biotechnology
Inc.) were used as isotype controls, and all procedureswere per-
formed after washing the cells with PBS containing 3% FBS.

To detect green fluorescent protein (GFP) expression in the
fixed/permeabilized cells, we used anti-GFP Alexa Fluor 488 (sc-
9996 AF488; Santa Cruz Biotechnology Inc.).

Real-Time Reverse Transcription-Polymerase
Chain Reaction

Total RNA was extracted from cells using an RNeasy Micro
kit (Qiagen, Hilden, Germany, http://www.qiagen.com), after
which complementary DNAs were generated using a reverse
transcription-polymerasechain reaction (RT-PCR)system(Thermo

Figure 3. Intracellular stainingof globin subtypes for flowcytometric analysis. (A): Schematicdiagramof theprotocolsused for samplepreparation
and intracellular staining. (B): Fluorescently labeled antibodies used in combination to detect the indicated human globin subtypes. (C): Flow cyto-
metricdata illustratingthegatingstrategy.Todiscriminatebetweenhealthyanddamagedordyingcells, sidescatterandforwardscatter (linear)were
gatedasP1.ThenPacificBlue-conjugatedanti-CD235a+andCD235a2cells,detectedbyexcitationat350nm,weregatedasP3andP2, respectively. In
addition, FITC+cells («-globin)weredetectedbyexcitationat488nm;TRI-COLOR+cells (g-globin)weredetectedbyexcitationat633nm;andPE+cells
(b-globin) were detected by excitation at 561 nm. As isotype controls, cells were stainedwith normalmouse IgG1-FITC, normalmouse IgG1-PE-Cy5,
and normal mouse IgG1-PE. (D): Flow cytometric detection of anti-human «-, g-, and b-globin immunofluorescence in CB-, hESC H1-, and hiPSC 8-
derivederythroid cells.Days in cultureare indicatedabove theplots. (E):Patterndiagrams forcells showinganti-humanglobin immunofluorescence.
Results were means from three independent experiments. Abbreviations: CB, cord blood; FITC, fluorescein isothiocyanate; FSC, forward scatter;
hESC, humanembryonic stemcell; hiPSC, human induced pluripotent stemcell; P1, gate containingmost erythroid progenitor; P2; CD235a-negative
gate; P3; CD235a-positive gate; PE, phycoerythrin; RT, room temperature; SSC, side scatter.
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Fisher Scientific, Waltham, MA, http://www.thermofisher.com)
with oligo(dT) primers (Invitrogen). RT-PCR was performed using
a kit (SYBR Premix DimerEraser; Takara Bio, Shiga, Japan, http://
www.takara-bio.com) according to the manufacturer’s instruc-
tions. Signals were detected using an ABI7900HT Real-Time PCR
system (Life Technologies, Rockville, MD, http://www.lifetech.
com). GAPDH was used as an internal control. Fold changes were
calculated using the DDCT method, with day 18 human CB CD34+

cell-derived erythroblasts serving as a calibrator. The primer sets
are listed in supplemental online Table 1.

Doxycycline-Inducible BCL11A Lentiviral Vector and
Transfection Methods

Human BCL11A-L gene-inducible lentiviral vector was based on an
all-in-one inducible lentiviral vector (Ai-LV) [24] from Dr. T. Yamagu-
chi (Universityof Tokyo).UsingPCR,humanBCL11Awascloned from
human CB-derived CD34+ erythroblasts and used to replace the
mOKS cassette in the lentiviral vector, thereby enabling doxycycline
(DOX)-dependent induction ofBCL11A-L. Viral supernatantwas gen-
erated as described previously [25]. Virus-transfected hES/iPSCs
were cloned and maintained as previously described.

Image Analysis

Phase-contrast and fluorescence images were captured using
a BZ-9000 microscope (Keyence, Osaka, Japan, http://www.
keyence.com), after which the images were analyzed using BZ-
Analyzer software (Keyence).

Cation-Exchange High-Performance
Liquid Chromatography

The supernatant collected from lysed erythroid cells was analyzed
using cation-exchange high-performance liquid chromatography
(CE-HPLC) (HLC-723G8,b-thalassemiamode;TosohCo.Ltd.,Ayase,
Kanagawa, Japan, http://www.tosoh.co.jp) aspreviously described
[26]. Briefly, 2.0 3 107 sorted hiPSC 8-BCL11A-L-GFP-derived
CD235a+GFP+ cells generated using protocol i (control, no

overexpression) or protocol iii (overexpression of BCL11A-L)were
evaluated onday 18of culture for relative expression of hemoglo-
bin A (HbA, a2b2), hemoglobin F (HbF, a2g2), and hemoglobin E
(HbE, a2«2) [4].

Statistical Analysis

All experiments were performed in triplicate and repeated at
least twice. Figures show the results from one representative ex-
periment. All data are presented asmean6 SD. Values of p, .05
were considered significant.

RESULTS

Optimization of Cell Fixation for Tracing Expression of
Individual Globins During Erythropoiesis From hPSCs
and CB-Derived CD34+ Hematopoietic Progenitors

We have developed a coculture system with which human ESCs or
iPSCs can be differentiated into multipotent hematopoietic progen-
itors capable of yielding megakaryocytes, erythroblasts, or lympho-
cytes [21–23, 27]. Using this culture system, we first sought to
generate erythroblasts from the H1 and KhES-3 hESC lines using
the protocol diagrammed in Figure 1A and from human CB-CD34+

cells using the protocol diagrammed in Figure 1B. Thereafter, we
used flow cytometry to characterize several cell surface markers
(e.g., CD235a, CD43, and CD71), which revealed the differentiation
capabilities and time frame of the in vitro differentiation from the
respectivesources.WefoundthatwewereabletodifferentiatehESC
H1 and CB-CD34+ cells into CD235a+CD71+ and CD235a+CD712 ery-
throid cells (Fig. 1C).

To examine globin switching during erythropoiesis in several
hPSCandCBclones,we compared themRNA levels for globin sub-
types encoded in theb-globin locus (HBE1,HBG1/HBG2, orHBB).
Because epigenetic memory must be taken into consideration
[28, 29], we generated eight different hiPSC clones from different
sources using a Sendai-viral system in which nonintegration of
transgenes was validated (hiPSCs 1–8). Of these, hiPSCs 1 and 2

Figure 4. Time course of endogenous expression of genes essential for globin switching. mRNA levels of BCL11A-L, GATA1, KLF1, cMYB, and
SOX6 were examined in differentiated erythroid cells derived from hESC H1, hiPSC 8, and CB (n = 3, symbols are means 6 SD from three in-
dependent experiments). Abbreviations: CB, cord blood; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell.
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were generated from human neonatal dermal fibroblasts, hiPSCs
3–6 from human CB CD34+ cells, and hiPSCs 7 and 8 from human
adult peripheral blood cells (Fig. 2A). As shown in Figure 2B,
blood-derived hiPSC clones (i.e., hiPSCs 5, 6, 7, and 8) expressed
higher levels of HBB mRNA than fibroblast-derived clones, but
lower levels than were expressed by human CB CD34+ cell-
derived erythroblasts on day 18 of culture. Because hESC H1-
and hiPSC 8-derived erythroid cells exhibited similar upregulation
of HBB, which was stronger than that seen in hESC KhES-3- or
hiPSC 1–4-derived cells (Fig. 2C), we mainly used these clones
in subsequent analyses of globin expression.

We next sought to optimize the fixation conditions so that
they would enable us to trace the expression patterns of individ-
ual globin subtypes during development of hPSC-derived erythro-
blasts and determine the levels of each protein. As shown in
Figure3A, initial fixationwith4%PFA, followedby100%methanol
and permeabilization using 0.5% saponin were most suitable for
simultaneous flow cytometric detection of individual globin sub-
types as well as erythroblast surface markers (e.g., CD235a). The
different intracellular globin subtypes were then labeled using
FITC-, TRI-COLOR-, and PE-conjugated anti-human globin subtype
antibodies (Fig. 3B). For example, cell populations detectable as
side scatter (SSC) and forward scatter (FSC) on flow cytometry
(P1) were subsequently selected as Pacific Blue-conjugated
CD235a+ cells (P3), which were also evaluated based on the
anti-human globin immunofluorescence intensities (Fig. 3C).
With this methodology, we were able to distinguish different
anti-human globin immunofluorescence intensities, as evaluated
based on mean fluorescence intensity. We ruled out nonspecific
antibody binding using Jurkat cells, hESC H1-derived erythro-
blasts on day 6, human CB CD34+ cell-derived erythroblasts on
day 6, and fresh red blood cells (RBCs) (supplemental online
Fig. 1). hESC H1-derived erythroblasts showed positivity for hu-
man «-globin along with g-globin or b-globin (Fig. 3D), and CB-
erythroblasts (Fig. 3D) and fresh RBCs (supplemental online Fig.
1) showed profiles consistent with earlier reports [7, 30]. The
results from repeated experiments using this approach are sum-
marized in Figure 3E. Collectively, these findings indicate that on
day18of culturemosthESCH1- andhiPSC8-derivederythroblasts
simultaneously express «-, g-, and b-globin. However, a small
population of «-globin-negative cells was also observed, whereas
few or no g-globin-negative cells were seen (Fig. 3E). This indi-
cates thathPSC-derivederythroblasts coexpress fetalg- andadult
b-globin. However, this experiment does not reveal why globin
switching from fetalg- to adultb-globin is impaireddespite selec-
tion of good hPSC clones.

Reduced BCL11A-Mediated Silencing of g-Globin
Expression in PSC-Derived Erythroid Cells May Be
Associated With Impaired Globin Switching

It has been postulated that BCL11A facilitates g-globin silencing
[19, 31]. In that regard, we found that the mRNA level for one
BCL11A isoform, BCL11A-L, was significantly lower in hESC H1-
and hiPSC 8-derived erythroid cells than in the CB-derived cells
(Fig. 4). By contrast, mRNA expression of KLF1, an accelerator
for b-globin upregulation [32], and its upstream molecules in
hPSC-derived cells, GATA1 and cMYB, was comparable to or
higher than in CB-erythroid cells (Fig. 4) [33]. In addition, we no-
ticed that expression of SOX6, which is essential for formation of
the BCL11A signaling complex [33, 34], was also lower in hPSC-

derived erythroid cells (Fig. 4). With those findings in mind, we
hypothesized that downregulated BCL11A-L expressionwas asso-
ciated with the impaired g-globin switching seen in hPSC-derived
erythroid cells.

To test that idea, we used a lentiviral vector harboring a DOX-
inducible overexpression system(Fig. 5A) toestablishhPSCclones
(hESC H1-BCL11A-L-GFP and hiPSC 8-BCL11A-L-GFP) expressing
BCL11A-L plus GFP as a marker, and the pluripotent state was in-
dicated by SSEA-4 positivity (Fig. 5B, 5C). With this system, the
DOX-OFF and DOX-ON states showed no expression and overex-
pression of BCL11A-L plus GFP, respectively. We then tested
the three protocols depicted in Figure 6A (protocols i, ii, and
iii). Flow cytometric analysis showed that differentiation phase-
dependent changes in BCL11A-L levels were associated with
reductions in the expression of both g-globin mRNA (Fig. 6B)
and protein (Fig. 6C) in hESC H1-BCL11A-L-GFP- and hiPSC

Figure 5. Overexpression of BCL11A-L in hESC and hiPSC-derived ery-
throid cells. (A): Schematic diagramof theDOX-inducible system forex-
pression of human BCL11A-L. (B): Photomicrographs of GFP+ hESC H1
(hESC H1-BCL11A-L-GFP) and hiPSC 8 (hiPSC 8-BCL11A-L-GFP) cells on
mouse embryonic feeder cells: left, phase contrast; middle, GFP; right,
merged image. Scale bars = 100 mm. (C): Both cell lines were similarly
GFP+ andSSEA-4+. Abbreviations: DOX,doxycycline;GFP, green fluores-
cent protein; hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell; SSEA-4, stage-specific embryonic antigen-4.
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8-BCL11A-L-GFP-derived erythroid cells. Interestingly, proto-
col iii induced substantial silencing of g-globin expression
without affecting b-globin expression (Fig. 6C, 6D, day 18 of
culture), which is consistent with earlier reports [19, 31].

These results strongly suggest that downregulated expression
of BCL11A-L and its signaling complex is associated with im-
paired g-globin silencing, whereas b-globin expression is
unaffected.

Figure 6. Effect of BCL11A-L overexpression in hESC and hiPSC-derived erythroid cells. (A): Schematic diagram of the protocols: protocol i, no
overexpression during the differentiation period; protocol ii, overexpression of BCL11A-L from day 6 to day 18; protocol iii, overexpression of
BCL11A-L during the entire differentiation period. (B): Relative expression of BCL11A-L, HBE1, HBG1/HBG2, and HBB. The fold changes were
calculated using the DDCT method with human CB CD34+ cell-derived erythroid cells (day 18) as a calibrator. (C): Globin expression analysis in
hESC H1-BCL11A-L-GFP- and hiPSC 8-BCL11A-L-GFP-derived erythroid cells after culture for 18 days under the indicated protocols. Flow cytom-
etry andmulticolor stainingwere used for the analysis, and CD235a+ anti-GFP+ cells were gated. (D): Summarized results showingMFI levels (n =
3). Bars aremeans6 SD from three independent experiments. (E):Representative chromatograms showing cation-exchange high-performance
liquid chromatography analyses of hemoglobin generated in hiPSC 8-derived erythroid cells, with (protocol iii) or without (protocol i) overex-
pressionofBCL11A-L, or inCB-derivederythroid cells. Cellswereusedonday18of culture. Abbreviations: CB, cordblood;DOX,doxycycline;GFP,
green fluorescent protein; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; MFI, mean fluorescence intensity;
O/E, overexpression; SCF, stem cell factor; TPO, thrombopoietin.
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We also conducted CE-HPLC studies to detect different he-
moglobin chain types. Sorted hiPSC 8-BCL11A-L-GFP-derived
CD235a+GFP+ cells (2.0 3 107 cells) generated using protocol i
(DOX-OFF) or protocol iii (DOX-ON from day 0 to day 18) were
evaluated on day 18 of culture. The majority of the hemoglobin
in cells generated using protocol i was HbF (a2g2) and HbE
(a2«2), although small amounts ofHbA (a2b2)were alsopresent.
Sustained overexpression of BCL11A-L in protocol iii altered the
hemoglobin expression pattern, as exemplified by the reduction
in HbF (a2g2) and the increase in HbA (a2b2). This profile was
similar to that of CB-derived erythroblasts, except that HbE
(a2«2)was also retained inhiPSC8-derivederythroid cells (Fig. 6E).

DISCUSSION

The globin expression profile is a hallmark of the developmental
stages of erythroblasts [7, 33]. In adults, human hemoglobin is com-
posedofa- andb-globins. Thehumanb-globingeneclustercontains
five functional genes that areexpressed in theorderof their arrange-
mentwithinthe locus(«-Gg-Ag-d-b)onchromosome11. Inhumans,
these genes undergo twomajor transitions in expression during on-
togeny; the first is the transition fromembryonic («) to fetal (Gg, Ag)
globins, and the second is from fetal to adult (d, b) globins [7]. The
human systemdoes not always correspond to themurine one, how-
ever [35, 36]; consequently, tracing globin switching using hPSC-
derived erythroblasts could be an effective approach to characteriz-
ing human hemoglobin ontogeny.We therefore sought to use hPSC
clones (i.e., hESCs and hiPSCs) to trace the changes in the expression
ofb-globinduring in vitrodifferentiation towarderythrocytes. Toac-
complish this, we optimized multicolor flow cytometric analysis to
simultaneously follow the expression of individual globin subtypes
using several immunofluorescent probes. Initially, we used human
CBCD34+ cell-derived andhPSC-derived erythroid cells to determine
the optimal methodology for cell fixation and the most suitable
probes for detection of the protein expression of individual globin
subtypes (Figs. 1–3). Most of the hES/iPSC clone-derived erythro-
blasts showedprominent expression of «- andg-globin, but little ex-
pression of b-globin, likely reflecting primitive erythropoiesis. By
contrast, clones established from human blood cells (CB CD34+ cells
or peripheral blood cells) were strongly positive forb-globin expres-
sion (Fig. 3D, 3E). This suggests that “epigenetic memory”-based
mechanisms may influence definitive erythropoiesis, keeping it at
a primitive stage [28].

We also found that the heterogeneous b-globin expression
among hESC- and hiPSC-derived erythroid cells might reflect dif-
ferences in the endogenous expression of BCL11A-L, the full-
length form of BCL11A (Fig. 4). BCL11A is a zinc-finger transcrip-
tion factor that acts as a regulator of HbF expression [31]. It is also
suspected that BCL11A levels correlatewith developmental stage
such that high levels of g-globin are evident in the absence of the
full-length forms of BCL11A [7, 19, 30]. Abundant expression of
BCL11A-L is developmentally restricted to adult erythroid cells
(i.e., primary BM-erythroblasts), strongly indicating that BCL11A-L
acts to repress g-globin gene expression [19]. In the present study,
g-globin expression was silenced in human CB CD34+ cell-derived
erythroid cells, but that silencing was incomplete in hES/iPSC
clone-derived cells (Fig. 3E). Furthermore, overexpressed BCL11A-L
in hPSC-derived erythroid cells appeared to downregulate g-globin
expression at both themRNA (Fig. 6B) andprotein (Fig. 6C, 6D) levels
without affecting b-globin (Fig. 6D, left). Most interesting was the
observation that continuous overexpression of BCL11A-L in hPSC-

derived CD34+CD43+ multipotent progenitors selectively silenced
g-globin expression (Fig. 6D).

CE-HPLC analysis confirmed that ectopic expression of
BCL11A-L in hiPSC-derived erythroid cells upregulated HbA and
downregulatedHbF, as comparedwith control cellswithout over-
expression of BCL11A-L. The relative upregulation of HbA ob-
served in the CE-HPLC analysis is thought to result from the
downregulation of HbF. These hemoglobin composition patterns
are similar to those of human CB CD34+ cell-derived erythroid
cells (Fig. 6E), confirming the flow cytometry results.

This suggests that BCL11A-L must be upregulated from the
CD34+CD43+ multipotent progenitor stage, as is seen in CB CD34+

cell-derived cells (Fig. 4). Based on these findings, we suggest that
future identification of the mechanism underlying the reduced ex-
pression of BCL11A-L along with reduced formation of the BCL11A
signaling complex [33, 34] in hPSC-derived cells will be a valuable
step toward in vitro production of functional erythrocytes.

CONCLUSION

Ourmulticolor stainingmethodusedwith flowcytometryenabledus
to shed new light on the mechanism underlying the impaired
g-globin silencing in hPSC-derived erythroid cells. Moreover, hPSC-
derivederythroidcellshavethepotential toprovideaninfinitesupply
of erythrocytes by using immortalized erythroblast cell lines from
hPSCs [26], thereby replacingdonor-dependent transfusion therapy,
and ourmethod could be useful for choosing the best clone for gen-
erating adult type erythrocytes after solution of globin switching.
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