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SUMMARY
Primitive erythropoiesis follows a stereotypic developmental program of mesoderm ventralization and internalization, hemangioblast

formation and migration, and erythroid lineage specification. Induction of erythropoiesis is inefficient in either ES/iPS cells in vitro or

nonhemangioblast cell populations in vivo. Using the chick model, we report that epiblast cells can be directly and efficiently differen-

tiated into the erythroid lineage by expressing five hematopoietic transcription regulators (SCL+LMO2+GATA2+LDB1+E2A) and inhib-

iting the FGF pathway. We show that these five genes are expressed with temporal specificity during normal erythropoiesis. Initiation of

SCL and LMO2 expression requires FGF activity, whereas erythroid differentiation is enhanced by FGF inhibition. The lag between

hematopoiesis and erythropoiesis is attributed to sequential coregulator expression and hemangioblast migration. Globin gene tran-

scription can be ectopically and prematurely induced by manipulating the availability of these factors and the FGF pathway activity.

We propose that similar approaches can be taken for efficient erythroid differentiation in vitro.
INTRODUCTION

During primitive erythropoiesis in amniotes, hemangio-

blast cells are generated from the pluripotent epiblast

through gastrulation at the posterior primitive streak

(ventral mesoderm precursors) and give rise to predomi-

nantly primitive erythrocytes. In both chick and mouse

models, a delay of approximately half a day has been re-

ported between the onset of early hematopoietic markers

in newly ingressed extraembryonic mesoderm cells and

that of globin genes (McGrath and Palis, 2008; Minko

et al., 2003; Nakazawa et al., 2006; Silver and Palis, 1997).

A comparable delay is seen in Xenopus (Ciau-Uitz et al.,

2010; Walmsley et al., 2008), zebrafish (Brownlie et al.,

2003; Ciau-Uitz et al., 2010; Patterson et al., 2007),

and erythroid differentiation from embryonic stem cells/

induced pluripotent stem cells in vitro (Chang et al.,

2006; Lu et al., 2008). The molecular nature of this delay

is unclear but has been hypothesized to reflect a require-

ment for combinatorial and sequentially expressed tran-

scription factors, for extraembryonic endoderm contact,

or for the embryo to reach a conducive developmental

stage (Galloway et al., 2008; Gering et al., 2003; McGrath

and Palis, 2008). Data fromour lab and other labs suggested

that this delay may also reflect a requirement for heman-

gioblasts to downregulate fibroblast growth factor (FGF)

activities before the onset of erythropoiesis (Kumano and

Smith, 2000; Nakazawa et al., 2006; Walmsley et al.,

2008). In this work, we used the chick model and showed

that it was possible to bypass this requirement and achieve

ectopic and accelerated erythroid induction in postingres-

sion mesoderm and pluripotent epiblast cell populations.
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RESULTS AND DISCUSSION

Primitive Erythropoiesis Follows a Hemangioblast-

Intrinsic Program

During chicken primitive erythropoiesis, SCL and LMO2

are first detected in nascent extraembryonic mesoderm at

Hamburger and Hamilton stage 4 (HH4), the full streak

stage (Figure 1A) (Minko et al., 2003; Nakazawa et al.,

2006). By HH5, migrating hemangioblasts (Weng et al.,

2007) express these genes robustly as revealed by RNA

in situ hybridization analysis (Figures 1B and 1C).

Erythroid lineage differentiation, marked by embryonic

rho globin (HGB1 gene) expression, is initiated only after

HH7 (zero to one somite) (Figures 1D and 1E). As develop-

ment proceeds, primitive erythropoiesis intensifies (Fig-

ure 1F) and generates differentiated primitive red blood

cells before initiation of cardiac activity at HH11 and of cir-

culation at HH12. To understand molecular mechanisms

controlling the progression from hematopoiesis (HH4) to

erythropoiesis (HH7), we first investigated whether avian

primitive erythropoiesis follows a hemangioblast intrinsic

or extrinsic developmental program by graft analysis.

Hemangioblasts fromHH6 embryos (before erythropoiesis)

were grafted isotopically to HH6 host, and host embryos

were incubated postgraft to HH8 (Figure 1G). All graft

hemangioblasts (circles) (15/15 grafts) initiated rho expres-

sion as strongly as in the host (arrowheads). HH6 heman-

gioblasts grafted to HH4 host, grown to HH6+ postgraft

(Figure 1H), were also rho positive (circle and inset) (11/

11 grafts) despite the host still being rho negative, and the

differentiation potential of HH6 hemangioblast graft in

HH4 host was not dependent on graft location (Figures
ors
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Figure 1. Developmental Delay from
Hematopoiesis to Erythropoiesis and He-
mangioblast-Intrinsic Program of Primi-
tive Erythropoiesis during Early Chicken
Development
(A) Schematic diagram of developmental
landmarks. Early hematopoietic markers
begin their expression at HH4. Erythroid
lineage differentiation, marked by globin
gene expression, starts at HH7. Cardiac
activity is initiated at HH11 and circulation
is established at HH12–13.
(B) SCL is expressed robustly at HH4+ in
migrating hemangioblast cells.
(C) LMO2 expression is strong at HH5 in
migrating hemangioblasts.
(D) rho globin is not expressed at HH7�.
(E) rho globin is weakly expressed at HH7+.
(F) rho globin is strongly expressed at
HH9. Expression analyses of SCL, LMO2,
and rho (B–F) were performed using the
whole-mount RNA in situ hybridization
method.
(G) HH6 donor hemangioblasts were grafted
isotopically to HH6 host embryo. The host
was further cultured to HH8 and stained for
rho mRNA expression by in situ hybridiza-
tion. rho expression was detected robustly
in both graft (circles) and host (white
arrowheads) hemangioblasts.
(H) HH6 donor hemangioblasts were grafted
isotopically to HH4 host embryo. The host
was further cultured to HH6+ and stained
for rho. rho expression was detected only
in graft (circle and inset) tissues. The host
hemangioblasts were still negative for rho
at this stage.
(I) HH4 donor hemangioblast precursors in
posterior primitive streak were grafted to
HH6 host embryo. The host was further

cultured to HH8� and stained for rho. rho was detected only in host hemangioblasts (white arrowheads). The graft tissue (circle and inset)
remained negative because graft cells followed their own timing of erythropoiesis. Scale bars, 500 mm.
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S2A–S2C available online). In contrast, when HH4 poste-

rior streak cells (hemangioblast precursors) were grafted

to HH6 host, cultured postgraft to HH8+ (Figure 1I), eryth-

ropoiesis in host embryos wasmarked by strong rho expres-

sion (white arrowheads), whereas graft cells remained rho

negative (circle and inset) (zero out of nine grafts). Avian

primitive erythropoiesis therefore follows a hemangio-

blast-intrinsic developmental program.

SCL and LMO2 Initiate Erythropoiesis in a Time-

Dependent, but Not Stage-Dependent, Manner

To test whether this program could be initiated or acceler-

ated by exogenously introduced SCL and LMO2, two key
Stem C
early hematopoietic regulators, we cloned these two genes

into pCAGGS expression vector (Figure 2A, top). When

the SCL+LMO2-expressing construct was electroporated

into mesoderm precursors at HH4 and host embryos were

cultured postelectroporation to HH6+ (Figure 2B), neither

host hemangioblasts nor electroporated mesoderm cells

(Figure 2B, brown) expressed rho (zero out of six embryos).

When similarly electroporated embryos were incubated to

HH8–10 (Figure 2C), exogenous SCL+LMO2 induced

ectopic rho in lateral somite and medial lateral plate terri-

tories normally negative for globins (boxed area, section

in inset; magnified view in Figures S1A and S1B) (80/91

embryos). The induction was not optimal because only a
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Figure 2. Induced Erythroid Lineage Differentiation in the Mesoderm by SCL+LMO2 and FGF Pathway Inhibition
(A) Schematic diagrams of expression constructs and of transcriptional regulatory complex for erythroid differentiation containing SCL,
LMO2, LDB1, E2A, and GATA. Details are found in Experimental Procedures.
(B) SCL+LMO2 expression construct was electroporated into the posterior streak at HH4. Electroporated embryos were grown to HH6+ and
stained for rho mRNA and GFP protein. Neither the endogenous hemangioblasts nor electroporated cells were positive for rho.
(C) SCL+LMO2 expression construct was electroporated into the posterior streak at HH4. Electroporated embryos were grown to HH10 and
stained for rho mRNA and GFP protein. Endogenous erythropoiesis was robust (strong rho expression in extraembryonic mesoderm).
SCL+LMO2 induced ectopic rho expression in cells located in lateral somites and medial lateral plate (white rectangle with section shown in
inset; magnified views in Figures S1A and S1B).
(D) SCL+LMO2 expression construct was electroporated into the posterior streak at HH2/3, about 6 hr prior to endogenous SCL and LMO2
expression. Electroporated embryos were grown to HH5 and stained for rho mRNA and GFP protein (bottom left: rho only; bottom right:
rho+GFP). Electroporated cells initiated rho expression at HH5 because they had been under SCL+LMO2 control for approximately 12 hr.
(E) SCL+LMO2 expression construct was electroporated into the posterior primitive streak at HH2/3 and electroporated embryos were
grown to the equivalent of HH5 in the presence of SU5402 and stained for rho mRNA and GFP protein expression (bottom left: rho; bottom
right: rho+GFP). Combination of SCL+LMO2 and SU5402 induced strong rho expression in the mesoderm. The induction was widespread and
not limited to the endogenous hemangioblast territory. Scale bars, 500 mm.
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fraction of SCL+LMO2-expressing cells in each embryo

were rho positive. When electroporation was performed at

HH2/3 (about 6 hr before the endogenous SCL and LMO2

expression) and embryos grown postelectroporation to

HH5 (Figure 2D), SCL+LMO2-expressing cells were able to

initiate rho expression, albeit still inefficiently, in a popula-

tion of otherwise rho-negative extraembryonic mesoderm

cells (bottom left: rho; bottom right: rho+GFP) (10/38

embryos). These results suggested that SCL and LMO2 are

able to initiate, although not optimally, erythroid differen-

tiation in a time-dependent, but not stage-dependent,

manner.

FGF Inhibition Enhances Erythroid-Inducing

Potentials of SCL and LMO2 in the Mesoderm

To achieve optimal induction, we analyzed the role of

FGF pathway in early erythropoiesis. We have previously

reported that FGF activity enhances endothelial and in-

hibits primitive blood differentiation (Nakazawa et al.,

2006). Treatment of embryos from HH4+/5 to HH10 with

SU5402, a potent FGF inhibitor, led to a medial expansion

of globin-positive territory (Figures S1C and S1D, arrows)

(control: zero out of five embryos; SU5402: six out of six

embryos; Nakazawa et al., 2006) without hindering overall

development (Figures S1C, S1C0, S1D, and S1D0). SU5402

treatment from HH2/3 caused growth arrest and failed to

induce rho (Figures S1E and S1E0) (0/14 embryos). In combi-

nation with exogenous SCL+LMO2, however, SU5402

treatment fromHH2/3 promoted robust ectopic rho expres-

sion in the mesoderm (Figure 2E) (18/22 embryos). These

embryos were nevertheless still growth arrested, suggesting

that failure to enhance erythropoiesis by SU5402-only

treatment from HH2/3 is independent of its influence on

growth. We therefore analyzed the effect of SU5402 on

endogenous SCL and LMO2 expression. SCL or LMO2 in-

tensity was not altered by SU5402 treatment after HH5,

whereas both genes failed to be expressed when embryos

were treated with SU5402 from HH3 (Figures 3A and 3B)

(LMO2 control treatment: five out of five embryos; LMO2

SU5402 treatment: 0/12 embryos; SCL control treatment:

eight out of eight embryos; SCL SU5402 treatment: zero

out of nine embryos). These data suggested that FGF

signaling is required for the initiation of SCL and LMO2

and, when supplied with exogenous SCL and LMO2, FGF

inhibition enhances their erythropoietic potentials.

When HH3 embryos were grafted with control-electropo-

rated HH3 posterior streak mesoderm (Figure 3C, arrow)

or SCL+LMO2-electroporated HH3 posterior streak meso-

derm (Figure 3C, arrowhead) and the host embryos were

cultured postgraft in the presence of SU5402 to HH6 equiv-

alent, SCL+LMO2-electroporated graft showed strong rho

positivity (Figure 3C, arrowhead), whereas control electro-

porated graft remained rho negative (Figure 3C, arrow).
Stem C
Taken together, these data indicated that erythroid differ-

entiation in the mesoderm can be efficiently induced by

a combined FGF inhibition and exogenous SCL+LMO2.

Combination of Five Transcription Factors,

SCL+LMO2+GATA2+LDB1+E2A, and FGF Inhibition

Directly Induces Erythroid Differentiation in the

Epiblast

SCL+LMO2 overexpression, however, was insufficient to

differentiate epiblast-located cells (fated for neural and

nonneural ectoderm tissues) into the erythroid lineage.

We reasoned that additional hemangioblast regulators

may be required to initiate globin gene expression in the

ectoderm. We analyzed our transcriptomic data sets (Naka-

zawa et al., 2009) of extraembryonic tissues from stages

HH4–9 for genes encoding transcription factors with

expression profiles similar to those of SCL and LMO2. We

uncovered two such genes, LDB1 and E2A, as potential

regulators of primitive erythropoiesis. Both have been

reported to play a role in mammalian hematopoiesis (Li

et al., 2013; Mylona et al., 2013; Semerad et al., 2009;

Song et al., 2007; Wadman et al., 1997). In situ hybridiza-

tion analyses confirmed that chicken LDB1 and E2A are

expressed in the extraembryonic mesoderm, with LDB1

initiating its expression at HH5 and E2A at HH7� (Figures

3D and 3E, arrows). Unlike SCL or LMO2, however, both

LDB1 and E2A are also strongly expressed in the neural

ectoderm (Figures 3D and 3E).

LDB1 and E2A have been proposed to form a functional

complex with SCL, LMO2, and GATA proteins to regulate

erythroid differentiation in vitro (Figure 2A) (Song et al.,

2007; Wadman et al., 1997). Hemangioblast expression of

GATA genes has been reported previously (Minko et al.,

2003; Nakazawa et al., 2006; Sheng and Stern, 1999). To

test whether this complex is sufficient to initiate primitive

erythropoiesis in nonmesoderm cells, we generated

expression constructs for LDB1 and E2A and for GATA2

(Figure 2A). Electroporation of SCL+LMO2+GATA2+

LDB1+E2A at HH2/3, followed by growth to HH5/6, how-

ever, was still unable to induce rho in the epiblast (0/20

embryos). In the mesoderm, they induced rho only slightly

better than with SCL+LMO2, suggesting that SCL+LMO2+

GATA2+LDB1+E2A were not able to bypass the require-

ment for FGF inhibition at these stages. However, when

SCL+LMO2+GATA2+LDB1+E2A electroporated embryos

were treated with SU5402, robust induction of rho was

observed in the epiblast (37/37 embryos) (Figure 3F). More-

over, FECH (Ferrochelatase), a gene essential for heme

biosynthesis and upregulated during primitive erythropoi-

esis (Dailey andMeissner, 2013; Nakazawa et al., 2009), was

also induced strongly in the epiblast after the same treat-

ment (13/13 embryos) (Figures S2D and S2E). Induced cells

were unable to mature into functional erythrocytes owing
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Figure 3. Induced Erythroid Lineage Differentiation in the Epiblast by SCL+LMO2+GATA2+LDB1+E2A and FGF Pathway Inhibition
(A) Embryos were cultured in the presence of control DMSO (left) or SU5402 (right) from HH3 to HH5 and stained for LMO2. SU5402
inhibited the initiation of endogenous LMO2 expression.
(B) Embryos were cultured in the presence of control DMSO (left) or SU5402 (right) from HH3 to HH5 and stained for SCL. SU5402 inhibited
the initiation of endogenous SCL expression.
(C) Left: dark-field view; right: bright-field view. HH3 embryos were electroporated with either control or SCL+LMO2-expressing constructs
in the posterior streak. The electroporated posterior streak tissues (control: left circle/arrow; SCL+LMO2: right circle/arrowhead) were
grafted to the extraembryonic territory of an HH3 host embryo. The host was further grown in the presence of SU5402 to the equivalent of
HH6 and stained for rho expression. Both the host and control electroporated graft tissue were negative for rho. SCL+LMO2 electroporated
graft tissue expressed rho robustly (arrowheads, inset).

(legend continued on next page)
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to SU5402-induced growth arrest. However, these electro-

porated epiblast cells, when grafted to the area vasculosa

of an HH7 host embryo and grown postgraft to HH12/13

(Figures S2F–S2P), were able to differentiate into cells

with erythrocyte-like morphology and strong rho expres-

sion (Figures S2S–S2U), whereas control epiblast cells re-

mained as a compact group rho-negative cells (Figures

S2Q and S2R).

Although these five transcription factors constitute core

components of the transcriptional complex regulating

erythroid differentiation, it is unclear whether all five fac-

tors are required exogenously or whether some of them

can be substituted by other known hematopoietic regula-

tors. When electroporated individually, none of these five

transcription factors could induce rho in the epiblast

(Table 1). Neither could GATA1 or EKLF, two hematopoietic

regulators not included in our initial analysis (Table 1). As

the earliest-expressing hematopoietic-specific transcrip-

tion factors, SCL and LMO2 together induced rho in the

epiblast only very weakly (Table 1). Progressive addition

of more transcription factors, as a combination of three

to seven, all of which contained SCL and LMO2, led to

a gradual increase in their inducing ability (Table 1). The

SCL+LMO2+GATA2+LDB1+E2A combination was among

the ones with the highest inducing abilities. These data

suggested that efficient erythroid induction of epiblast cells

requires the FGF pathway to be inhibited and hematopoi-

etic regulators to function cumulatively and cooperatively.

Interestingly, the requirement of FGF pathway inhibition

appeared to be needed only because of the high endoge-

nous FGF activities in the epiblast (Lunn et al., 2007).

When SCL+LMO2+LDB1+E2A+GATA2 electroporated

embryos were grown to later stages (HH10/11) without

SU5402 treatment, ectoderm cells in the forebrain and sur-

face epidermis which have low endogenous FGF activities

(Bailey et al., 2006; Chambers and Mason, 2000) were

able to express rho strongly (Figure 3G) (43/43 embryos).
(D) Expression pattern of chicken LDB1 from HH4–8. Initiation of LD
ectoderm is also prominent.
(E) Expression pattern of chicken E2A from HH4–8. Initiation of E2A
ectoderm is also prominent.
(F) SU5402 treatment in combination with ectopic expression of SC
epiblast (arrowheads in lower panel). Top: whole mount (left: rho; rig
left panel.
(G) Electroporation of SCL+LMO2+GATA2+LDB1+E2A at later stages,
(white arrowheads) and nonneural (black arrowheads) ectoderm tissue
sections.
(H) A model for normal developmental progression from hematopoiesi
posterior primitive streak. They receive ventralizing (BMPs) and EMT
mesenchymal-shaped mesoderm cells. Early hemangioblast regulators
process requires FGF activity. Commitment of hematopoietic cells to t
EKLF, and possibly other factors regulated by core factors) and inhib
Scale bars, 500 mm except where indicated.
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The chicken epiblast loses its pluripotency at HH5 (Shin

et al., 2011), when neural markers become strongly

expressed (Uchikawa et al., 2003). The late erythroid induc-

tion in the ectoderm therefore represents a process of trans-

differentiation, the molecular mechanism of which awaits

further elucidation.

In summary, primitive erythropoiesis follows a stereo-

typic developmental progression in vivo (Figure 3H). We

showed in this work that the conversion of nascent meso-

derm to the erythroid lineage requires FGF inhibition

together with two early hematopoietic transcription regu-

lators, SCL and LMO2. In the epiblast, direct erythroid dif-

ferentiation of pluripotent cells, without them undergoing

mesoderm induction, epithelial-mesenchymal transition,

or migration, requires concerted action of five hematopoi-

etic regulators (SCL, LMO2, GATA2, LDB1, and E2A) and

FGF inhibition. In cells with low endogenous FGF signaling

activities, these five factors alone are sufficient for erythroid

transdifferentiation. Whether induced erythroid cells can

mature in vivo into functional erythrocytes and whether

the combination of five factors and FGF inhibition has

the same potent erythropoiesis-inducing ability in vitro

await future investigation.
EXPERIMENTAL PROCEDURES

Hen’s eggs were purchased from Shiroyama Farm and incubated at

38.5�C to desired stages. SU5402 (#572630, Calbiochem) was dis-

solved in albumen at 85 mM. Standard protocols were followed

for new culture, grafting, SU5402 treatment, RNA in situ, electro-

poration, tissue section, and imaging analyses (Alev et al., 2013;

Nakazawa et al., 2006). DNA fragments for in situ hybridization

probes were generated by PCR, cloned into pGEM-T vector,

and confirmed by sequencing (LDB1: nucleotides 436–890 of

NM_205070.1; E2A: nucleotides 104–932 of NM_204486.2; SCL:

nucleotides 717–1,750 of NM_205352.1; LMO2: nucleotides

46–522 of AF468789.1; rho: nucleotides 31–465 of CHEST324a16)
B1 in hemangioblasts starts at HH5 (arrows). Expression in neural

in hemangioblasts starts at HH7� (arrows). Expression in neural

L+LMO2+GATA2+LDB1+E2A resulted in robust rho induction in the
ht: rho+GFP); bottom: section. Level of section indicated in the top

without SU5402 treatment, led to robust rho expression in neural
s where endogenous FGF activities are low. Left: whole mount; right:

s to erythropoiesis. Hemangioblast precursor cells are located in the
(FGFs and Nodal) signals and are internalized to become migratory
(SCL and LMO2) start to be expressed soon after internalization. This
he erythroid lineage needs additional cofactors (LDB1, E2A, GATA,
ition of the FGF pathway activity.
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Table 1. Efficiency of Erythroid Induction in the Epiblast by Hematopoietic Transcriptional Regulators Either Individually or in
Combination

Electroporation Combinationa No Induction (�)b
Very Weak
Induction (+/�)c

Moderate
Induction (+)d

Strong
Induction (++)e

SCL 10/10 (100%)

LMO2 10/10 (100%)

GATA2 10/10 (100%)

LDB1 10/10 (100%)

E2A 13/13 (100%)

GATA1 9/9 (100%)

EKLF 8/8 (100%)

GATA1+EKLF 9/9 (100%)

SCL+LMO2 3/16 (19%) 13/16 (81%)

SCL+LMO2+GATA2 4/4 (100%)

SCL+LMO2+LDB1 12/14 (86%) 2/14 (14%)

SCL+LMO2+E2A 4/9 (44%) 2/9 (22%) 3/9 (33%)

SCL+LMO2+GATA1 7/10 (70%) 3/10 (30%)

SCL+LMO2+EKLF 5/10 (50%) 5/10 (50%)

SCL+LMO2+E2A+LDB1 4/15 (27%) 8/15 (53%) 3/15 (20%)

SCL+LMO2+GATA2+E2A 4/10 (40%) 6/10 (60%)

SCL+LMO2+GATA2+LDB1 3/9 (33%) 6/9 (67%)

SCL+LMO2+GATA1+EKLF 1/9 (11%) 5/9 (56%) 3/9 (33%)

SCL+LMO2+GATA2+E2A+LDB1 9/37 (24%) 28/37 (76%)

SCL+LMO2+GATA1+EKLF+E2A+LDB1 1/9 (11%) 3/9 (33%) 5/9 (56%)

SCL+LMO2+GATA1+GATA2+EKLF+E2A+LDB1 2/10 (20%) 8/10 (80%)

aElectroporated embryos are treated with SU5402 in all cases. HH2/3 embryos were electroporated in the epiblast with DNA constructs expressing these

regulators. Embryos were cultured after electroporation in the presence of SU5402 to the equivalent of HH6 and stained for rho mRNA and GFP protein

expression.
b(�) is defined as having no globin-positive signals at all in the epiblast.
c(+/�) is defined as having weak globin-positive signals in less than 10% of electroporated, GFP-positive epiblast cells.
d(+) is defined as having moderate globin-positive signals in 10%–50% of electroporated, GFP-positive epiblast cells.
e(++) is defined as having strong globin-positive signals in more than 50% of electroporated, GFP-positive epiblast cells.
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(Nakazawa et al., 2006; Shin et al., 2009). For electroporation,

expression vector pCAGGS-2AGFP was constructed by inserting

a 2A sequence 50-TGGGCCAGGATTCTCCTCCACATCACCGCAT

GTTAGCAGACTTCCTCTGCCCTCTCCACTGCC-30 into the 50

end of GFP. An additional 2A sequence was inserted between

chicken LMO2 (nucleotides 46–519 of AF468789.1) and murine

SCL (nucleotides 142–1,128 of NM_011527). LMO2-2A-SCL frag-

ment was cloned into 50 end of 2AGFP for pCAGGS-LMO2-2A-

SCL-2AGFP. LDB1-2A-E2A was generated by introducing another

2A sequence 50-CAATGCACAAACTACGCACTACTAAAACTAGCA

GGAGACGTAGAGAGTAATCCAGGACCC-30 between chicken

LDB1 (nucleotides 61–1,293 of NM_205070.1) and chicken E2A
268 Stem Cell Reports j Vol. 2 j 262–270 j March 11, 2014 j ª2014 The Auth
(nucleotides 98–2,110 of NM_204486.2), which was then inserted

into the 50 end of 2AGFP of pCAGGS-2AGFP for pCAGGS-LDB1-

2A-E2A-2AGFP. Chicken GATA2 (nucleotides 410–1,807 of

NM_001003797.1) was used to construct pCAGGS-GATA2-

2AGFP. Chicken GATA1 (nucleotides 41–952 of NM_205464.1)

was used to construct pCAGGS-GATA1-2AGFP. Chicken EKLF

(nucleotides 133–1,350 of XM_422416.4) was used to construct

pCAGGS-EKLF-2AGFP. Chicken EKLF is regarded phylogenetically

as the ortholog of mammalian KLF17 (Antin et al., 2010), but it

is the only erythroid-specific Krüppel-like factor reported in the

chick so far (Antin et al., 2010; Chervenak et al., 2006) and is

used in this study as the functional ortholog of mammalian
ors
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EKLF (KLF1). All experiments with chicken embryos were

approved by the Animal Care andUse Committee of RIKENCenter

for Developmental Biology.
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(KLF) transcription factor gene family. Dev. Dyn. 239, 1879–1887.

Bailey, A.P., Bhattacharyya, S., Bronner-Fraser, M., and Streit, A.

(2006). Lens specification is the ground state of all sensory placo-

des, from which FGF promotes olfactory identity. Dev. Cell 11,

505–517.

Brownlie, A., Hersey, C., Oates, A.C., Paw, B.H., Falick, A.M., Wit-

kowska, H.E., Flint, J., Higgs, D., Jessen, J., Bahary, N., et al.

(2003). Characterization of embryonic globin genes of the zebra-

fish. Dev. Biol. 255, 48–61.

Chambers, D., andMason, I. (2000). Expression of sprouty2 during

early development of the chick embryo is coincident with known

sites of FGF signalling. Mech. Dev. 91, 361–364.

Chang, K.H., Nelson, A.M., Cao, H.,Wang, L., Nakamoto, B.,Ware,

C.B., and Papayannopoulou, T. (2006). Definitive-like erythroid

cells derived from human embryonic stem cells coexpress high

levels of embryonic and fetal globins with little or no adult globin.

Blood 108, 1515–1523.

Chervenak, A.P., Basu, P., Shin, M., Redmond, L.C., Sheng, G.,

and Lloyd, J.A. (2006). Identification, characterization, and

expression pattern of the chicken EKLF gene. Dev. Dyn. 235,

1933–1940.
Stem C
Ciau-Uitz, A., Liu, F., and Patient, R. (2010). Genetic control of

hematopoietic development in Xenopus and zebrafish. Int. J.

Dev. Biol. 54, 1139–1149.

Dailey, H.A., and Meissner, P.N. (2013). Erythroid heme biosyn-

thesis and its disorders. Cold Spring Harb. Perspect. Med. 3,

a011676.

Galloway, J.L., Wingert, R.A., Thisse, C., Thisse, B., and Zon, L.I.

(2008). Combinatorial regulation of novel erythroid gene expres-

sion in zebrafish. Exp. Hematol. 36, 424–432.

Gering, M., Yamada, Y., Rabbitts, T.H., and Patient, R.K. (2003).

Lmo2 and Scl/Tal1 convert non-axial mesoderm into haemangio-

blasts which differentiate into endothelial cells in the absence of

Gata1. Development 130, 6187–6199.

Kumano, G., and Smith, W.C. (2000). FGF signaling restricts

the primary blood islands to ventral mesoderm. Dev. Biol. 228,

304–314.

Li, L., Freudenberg, J., Cui, K., Dale, R., Song, S.H., Dean, A., Zhao,

K., Jothi, R., and Love, P.E. (2013). Ldb1-nucleated transcription

complexes function as primary mediators of global erythroid

gene activation. Blood 121, 4575–4585.

Lu, S.J., Feng, Q., Park, J.S., Vida, L., Lee, B.S., Strausbauch, M.,

Wettstein, P.J., Honig, G.R., and Lanza, R. (2008). Biologic proper-

ties and enucleation of red blood cells from human embryonic

stem cells. Blood 112, 4475–4484.

Lunn, J.S., Fishwick, K.J., Halley, P.A., and Storey, K.G. (2007). A

spatial and temporal map of FGF/Erk1/2 activity and response

repertoires in the early chick embryo. Dev. Biol. 302, 536–552.

McGrath, K., and Palis, J. (2008). Ontogeny of erythropoiesis in the

mammalian embryo. Curr. Top. Dev. Biol. 82, 1–22.

Minko, K., Bollerot, K., Drevon, C., Hallais, M.F., and Jaffredo, T.

(2003). Frommesoderm to blood islands: patterns of keymolecules

during yolk sac erythropoiesis. Gene Expr. Patterns 3, 261–272.

Mylona, A., Andrieu-Soler, C., Thongjuea, S., Martella, A., Soler, E.,

Jorna, R., Hou, J., Kockx, C., van Ijcken,W., Lenhard, B., and Gros-

veld, F. (2013). Genome-wide analysis shows that Ldb1 controls

essential hematopoietic genes/pathways in mouse early develop-

ment and reveals novel players in hematopoiesis. Blood 121,

2902–2913.

Nakazawa, F., Nagai, H., Shin, M., and Sheng, G. (2006). Negative

regulation of primitive hematopoiesis by the FGF signaling

pathway. Blood 108, 3335–3343.

Nakazawa, F., Alev, C., Shin, M., Nakaya, Y., Jakt, L.M., and Sheng,

G. (2009). PBRL, a putative peripheral benzodiazepine receptor, in

primitive erythropoiesis. Gene Expr. Patterns 9, 114–121.

Patterson, L.J., Gering, M., Eckfeldt, C.E., Green, A.R., Verfaillie,

C.M., Ekker, S.C., and Patient, R. (2007). The transcription factors

Scl and Lmo2 act together during development of the hemangio-

blast in zebrafish. Blood 109, 2389–2398.

Semerad, C.L., Mercer, E.M., Inlay, M.A., Weissman, I.L., and

Murre, C. (2009). E2A proteins maintain the hematopoietic

stem cell pool and promote the maturation of myelolymphoid

and myeloerythroid progenitors. Proc. Natl. Acad. Sci. USA 106,

1930–1935.
ell Reports j Vol. 2 j 262–270 j March 11, 2014 j ª2014 The Authors 269

http://dx.doi.org/10.1016/j.stemcr.2014.01.019
http://dx.doi.org/10.1016/j.stemcr.2014.01.019


Stem Cell Reports
Direct Induction of Erythropoiesis in the Epiblast
Sheng, G., and Stern, C.D. (1999). Gata2 and Gata3: novel markers

for early embryonic polarity and for non-neural ectoderm in the

chick embryo. Mech. Dev. 87, 213–216.

Shin, M., Nagai, H., and Sheng, G. (2009). Notch mediates Wnt

and BMP signals in the early separation of smooth muscle progen-

itors and blood/endothelial common progenitors. Development

136, 595–603.

Shin,M., Alev, C.,Wu, Y., Nagai, H., and Sheng, G. (2011). Activin/

TGF-beta signaling regulates Nanog expression in the epiblast dur-

ing gastrulation. Mech. Dev. 128, 268–278.

Silver, L., and Palis, J. (1997). Initiation of murine embryonic

erythropoiesis: a spatial analysis. Blood 89, 1154–1164.

Song, S.H., Hou, C., and Dean, A. (2007). A positive role for NLI/

Ldb1 in long-range beta-globin locus control region function.

Mol. Cell 28, 810–822.
270 Stem Cell Reports j Vol. 2 j 262–270 j March 11, 2014 j ª2014 The Auth
Uchikawa, M., Ishida, Y., Takemoto, T., Kamachi, Y., and Kondoh,

H. (2003). Functional analysis of chicken Sox2 enhancers high-

lights an array of diverse regulatory elements that are conserved

in mammals. Dev. Cell 4, 509–519.
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