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Determining the molecular regulators/pathways respon-
sible for the specification of human embryonic stem cells 
(hESCs) into hematopoietic precursors has far-reaching 
implications for potential cell therapies and disease 
modeling. Mouse models lacking SCL/TAL1 (stem cell 
leukemia/T-cell acute lymphocytic leukemia 1) do not 
survive beyond early embryogenesis because of com-
plete absence of hematopoiesis, indicating that SCL is a 
master early hematopoietic regulator. SCL is commonly 
found rearranged in human leukemias. However, there is 
barely information on the role of SCL on human embry-
onic hematopoietic development. Differentiation and 
sorting assays show that endogenous SCL expression 
parallels hematopoietic specification of hESCs and that 
SCL is specifically expressed in hematoendothelial pro-
genitors (CD45−CD31+CD34+) and, to a lesser extent, 
on CD45+ hematopoietic cells. Enforced expression of 
SCL in hESCs accelerates the emergence of hematoen-
dothelial progenitors and robustly promotes subsequent 
differentiation into primitive (CD34+CD45+) and total 
(CD45+) blood cells with higher clonogenic potential. 
Short-hairpin RNA–based silencing of endogenous SCL 
abrogates hematopoietic specification of hESCs, con-
firming the early hematopoiesis-promoting effect of SCL. 
Unfortunately, SCL expression on its own is not sufficient 
to confer in vivo engraftment to hESC-derived hematopoi-
etic cells, suggesting that additional yet undefined mas-
ter regulators are required to orchestrate the stepwise 
hematopoietic developmental process leading to the 
generation of definitive in vivo functional hematopoiesis 
from hESCs.
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INTRODUCTION
Human embryonic stem cells (hESCs) represent a unique in vitro 
model for human developmental biology, drug screening, and a 
potential source for cell replacement strategies.1 The ability to gen-
erate cells of the hematopoietic system has immense use in several 
areas of clinical and experimental hematology.2,3 Unfortunately, 

the hematopoietic-specific differentiation potential varies among 
hESC lines and despite many recent efforts, the efficient genera-
tion of adequate numbers of hematopoietic cells remains poor.2–15 
Hematopoietic specification of hESCs has been shown to follow a 
developmental progression through mesoendodermal and heman-
gioblastic precursors.11–12,16 However, a better understanding of the 
intrinsic regulators and signaling pathways driving hematopoietic 
specification of hESCs is highly demanded, suggesting the need to 
study the functional impact of early hematopoietic regulators that 
more closely mimic the in vivo developmental program of human 
hematopoietic specification.

SCL (stem cell leukemia), also known as TAL1 (T-cell acute 
lymphocytic leukemia 1 gene), is a transcription factor with 
 helix–loop–helix structure that modulates the activity of other 
transcription factors17 and, is rearranged in several human chro-
mosomal translocations present in both myeloid and T-cell 
leukemia.18,19 Most information about the developmental impact of 
early hematopoietic regulators comes from studies performed on 
invertebrate models and low vertebrates, especially the mouse. The 
development of genetically modified animal models for specific 
hematopoietic genes has immensely advanced our understanding 
of the cellular and molecular mechanisms underlying both normal 
hematopoiesis and leukemogenesis.20–22 Thus, Scl-deficient mice 
die during the embryonic development, between embryonic days 
8.5 and 10.5, due to the absence of hematopoiesis.23 In addition, 
Porcher et al.24 demonstrated that Scl is necessary for the devel-
opment of all the hematopoietic lineages in the mouse embryo. 
Recently, elegant studies by Lancrin et al.25 also demonstrated that 
Scl is indispensable for the establishment not only of the blood 
system but also the hemogenic endothelium. On the contrary, Scl 
transgenic mice26 developed T-cell acute leukemia recapitulating 
the effect of the human t(1;14)(p32;q11) chromosomal transloca-
tion.18 This controversial data coupled to the fact that there is a gap 
in our understanding between the mouse and human development 
should encourage studies aiming at addressing the developmental 
impact of SCL on human embryonic hematopoiesis.1

Despite the important advances in the field, it remains a chal-
lenge to originate functional hematopoietic stem and progeni-
tor cells from hESCs capable of establishing human definitive 
hematopoiesis.7,14 Here, we have hypothesized that SCL, because of 
its crucial role in early hematoendothelial decisions, may regulate 
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the early specification of hESCs into hematoendothelial precursors 
and subsequent blood differentiation. We demonstrate by means of 
gain- and loss-of-function differentiation studies that SCL expres-
sion positively modulates the specification of human hemogenic 
endothelium and subsequent hematopoietic differentiation.

RESULTS
SCL expression parallels hematopoietic emergence 
from hESCs
To determine the developmental impact of SCL during human 
embryonic hematopoietic specification, hESCs were differentiated 
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in the presence of bone morphogenetic protein-4 and hematopoi-
etic cytokines.5,12–14 The kinetics of emergence of hematoendothe-
lial progenitors (CD45−CD31+), primitive (CD45+CD34+), 
and total (CD45+) blood cells was analyzed throughout hEBs 
development for both H9 and AND1 hESC lines (Figure 1a). 
Hematopoietic specification from both hESC lines was very much 
identical with hematoendothelial progenitors appearing between 
days 3 and 7 of hEB development and subsequent primitive and 
total blood cells emerging later on around day 11 hEB (Figure 1b). 
Quantitative analysis of endogenous SCL throughout hEB devel-
opment reveals a robust parallel trend between hematopoietic 
specification and SCL expression (Figure 1c), with the highest 
hematopoietic numbers and SCL expression levels coinciding at 
the end of the differentiation protocol (Figure 1c).

Next, we wanted to address which cell subset within the bulk 
differentiating hEB is responsible for SCL induction. Thus, the SCL 
expression was analyzed by qRT-PCR specifically in hematoen-
dothelial progenitors, CD45+ blood cells and the remaining hEB 
cells purified by flow cytometry (purity >95%; data not shown). As 
shown in Figure 1d, SCL expression is restricted to hESC-derived 
hematopoietic cells. It is mainly expressed in hematoendothelial 
progenitors and at lesser extent in CD45+ blood cells (Figure 1d). 
Together, these results support that SCL may be a master regulator 
early during human embryonic hematopoiesis.

Enforced expression of SCL preserves hESC 
pluripotency
In order to further evaluate the developmental impact of SCL 
expression in the hematopoietic specification of hESCs, we 
generated transgenic SCL-overexpressing hESC lines as previ-
ously described.5 Three hESC lines were chosen based on their 
opposite intrinsic hematopoietic potential: AND1 and H9 hESC 
lines, which have been shown to display high predisposition to 
blood differentiation,5,27 and HS181, which barely gives rise to 
hematopoiesis.5,28 Human SCL complementary DNA was sub-
cloned in a lentiviral vector expressing the neomycin-resistance 
cassette (EV; Figure 2a). Human ESCs were transduced with 
either the EV or the SCL-expressing vector (SCL). After 15 days of 
G418 selection, typical hESC colonies appeared (Supplementary 
Figure S1a). Stable ectopic expression of SCL/GFP was con-
firmed by qRT-PCR (Figure 2b and Supplementary Figure 
S4a), western blot (Figure 2c), and flow cytometry (Figure 2d). 
More than 10 weeks after G418 selection, wild-type, EV, and SCL 
hESC cultures were then analyzed for pluripotency markers and 
functional assays. SCL-expressing hESCs retained the expres-
sion of both the pluripotency markers Oct4, Nanog, Sox-2, and 
Rex-1 (Supplementary Figure S1a) and the hESC-associated 
antigens Tra-1-60, Tra-1-81, SSEA3, and SSEA4 (Supplementary 

Figure S1c). Functionally, SCL and EV-hESCs formed teratomas 
with identical efficiency (100%), latency (45–65 days), and histo-
logical composition (Supplementary Figure S2).29

Augmented specification of hematoendothelial 
progenitors from SCL hESCs
Once we confirmed that enforced SCL expression in hESCs is 
compatible with hESC homeostasis and pluripotency, we analyzed 
its developmental impact throughout embryonic hematopoietic 

Figure 1 Expression of SCL parallels hematopoietic emergence from hESCs. (a) Schematic of the hematopoietic differentiation of hESCs and 
representative flow cytometry dot plots showing how hematoendothelial progenitors, primitive blood cells, and total blood cells are identified and 
analyzed throughout EB development. (b) Kinetics of hematopoietic emergence from two different hESC lines (AND1 and H9). In the upper panels, 
percentage of hematoendothelial progenitors is represented. Primitive and total blood cells are shown in the middle and lower panels, respectively. 
(c) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of SCL demonstrating that the induction of endogenous SCL throughout EB 
development parallels the emergence of hematopoietic cells. Relative expression is shown normalized to undifferentiated hESCs. (d) qRT-PCR analysis 
of SCL in isolated cell populations reveals that SCL is specifically expressed in hematoendothelial progenitors followed by CD45+ blood cells. Relative 
expression is shown normalized to nonhematopoietic cells. Data represent mean ± SEM for 3–4 independent experiments from both AND1 and H9 
hESC lines. CFU, colony-forming unit; hEB, human embryoid body; hESC, human embryonic stem cell; SCL, stem cell leukemia.
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Figure 2 Enforced expression of SCL in hESCs. (a) Schematic represen-
tation of the lentiviral vectors used. (b) Quantitative real-time polymerase 
chain reaction analysis of SCL demonstrating specific overexpression in 
two independently transduced hESC lines. Relative expression is shown 
normalized to wt hESCs. Data represent mean ± SEM for three indepen-
dent experiments. (c) Western blot detection of SCL protein in trans-
genic SCL hESCs. 293T cells transduced with SCL vector were used as a 
positive control. (d) Representative flow cytometry detection of GFP in 
NEO-resistant hESCs. EF1 , elongation factor 1 ; EGFP, enhanced green 
fluorescent protein; hESC, human embryonic stem cell; hSCL, human 
SCL; LTR, long terminal repeat; NEO, neomycin; PGK, phosphoglycerate 
kinase; prom, promoter; SCL, stem cell leukemia; wt, wild type.
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commitment. Using the well-established hEB differentiation 
system5,12,13 (Figure 1a), the impact of enforced SCL was ana-
lyzed on the emergence of embryonic hematoendothelial pre-
cursors (CD45−CD31+CD34+) throughout hEB development 
(Figure 3a). We consistently found that SCL overexpression accel-
erated the kinetics of emergence of hematoendothelial precursors. 
During EB development, the mean frequency (for HS181 and 
AND1 lines) of hematoendothelial progenitors from EV-hESCs is 
0% at day 3 and 1.4% at day 7, whereas the mean % of hematoen-
dothelial progenitors from SCL hESCs is 7.3% and 6.2% at day 3 
and 7, respectively (Figure 3a).

The increased frequency and accelerated appearance of hema-
toendothelial progenitors in SCL hESCs may be the consequence 
of either (i) SCL-mediated specification of hESCs toward hema-
toendothelial precursors or (ii) SCL-mediated proliferation of the 
emerging hemogenic progenitors. To address this, cell cycle distri-
bution was analyzed within both the hematoendothelial precursor 
population and the remaining hEB cells (Supplementary Figure 
S3). No differences in the proportion of cycling cells or apoptotic 
cells (measured by 7AAD exclusion; data not shown) were observed 
either between SCL or EV or even wild-type hematoendothelial pro-
genitors (cycling cells: 25% versus 27% versus 25%, respectively) or 
between SCL hematoendothelial precursors and the SCL remaining 
EB cells (25% versus 30%). These data suggest that SCL expression 
promotes specification, rather than selective proliferation, of hema-
toendothelial precursors from differentiating hEBs.

SCL enhances subsequent hematopoietic 
differentiation of hESC-derived hematoendothelial 
progenitors
We next studied whether SCL-mediated enhanced specifica-
tion of hematoendothelial precursors occurs with a subsequent 
increase of hematopoietic commitment. The emergence of primi-
tive (CD45+CD34+) and total hematopoietic cells (CD45+) 
was determined throughout hEB development (Figure 3a). The 
expression of SCL augmented the hematopoietic commitment in 
three hESC lines (Figure 3a and Supplementary Figure S4b). 
However, the hematopoietic differentiation was dramatically 
increased in HS181, an hESC line unable to give rise to blood to 
date.5,28 Between days 11 and 15 of hEB development, SCL HS181 
gave rise to ~60–80% of CD45+ blood cells whereas EV HS181 
did not give rise to blood at all (Figure 3a).

Functionally, we tested the clonogenic potential of hematopoi-
etic progenitors derived from day 15 hEB development, measured 
by the ability to form CFUs in semisolid cultures (Figure 3b). 
Hematopoiesis generated from SCL hESCs displays a robust 
increased (~7- to 47-fold) clonogenic potential. Importantly, 
scoring of CFUs revealed no differences in the CFU types (granu-
locyte-, macrophage-, and granulocyte–macrophage) obtained 
from EV versus SCL hematopoietic progenitors (Figure 3b). 
However, SCL but not EV hematopoietic progenitors gave rise to 
~5% erythroid colonies (burst-forming units–erythroid) in both 
SCL hESC lines. Supplementary Figure S5 depicts typical CFU 
colonies generated from both SCL and EV hematopoietic pro-
genitors. To ensure that any developmental effect is linked to SCL 
expression, we confirmed by qRT-PCR stable transgene expres-
sion upon differentiation of SCL hEBs (Figure 3c). As expected, 

however, endogenous SCL levels in EV differentiating hEBs par-
allel hematopoietic emergence (Figure 3c and Supplementary 
Figure S4c). Together, these data confirm that ectopic SCL not 
only promotes the specification of hematoendothelial precursors 
but also the generation of blood cells and supports previous data 
largely linking SCL and erythropoiesis.30,31

During human embryonic specification, the population of 
hematoendothelial precursors is uniquely responsible for both 
hematopoietic and endothelial development.10,12,14 We thus wanted 
to address whether the SCL-mediated hematoendothelial precur-
sors emerging earlier in development retained the ability to dif-
ferentiate into mature endothelial cells as extensively reported for 
those hematoendothelial precursors emerging by day 10 onward.12 
SCL hEBs were dissociated at day 7 and 15 of hEB development 
and the hematoendothelial progenitors were sorted by magnet-
ic-activated cell sorting and cultured for 7 days in cell culture 
conditions promoting endothelial maturation (Supplementary 
Figure S6a). After this time, both day 7 and 15 SCL-overexpressing 
hematoendothelial precursors gave rise to endothelial-like cells, 
which took over the culture and expressed equal levels of the bona 
fide endothelial mature markers vascular endothelial-cadherin, 
von Willebrand factor, and endothelial nitric oxide synthase 
(Supplementary Figure S6b), indicating that despite the accel-
erated emergence of hematoendothelial precursors from SCL 
hESCs, they preserve the ability to generate both hematopoietic 
and endothelial cells.

OP9–hESC coculture differentiation system confirms 
a robust SCL-mediated enhanced hematopoietic 
specification
We next wanted to validate whether the SCL-mediated effects on 
hematopoietic specification observed in the hEB differentiation 
system is reproducible in the well-established OP9–hESC cocul-
ture system.11,32 The EV and SCL hESC lines AND1 and HS181 
were allowed to differentiate on OP9 stroma and the emergence of 
human hematoendothelial precursors (CD45−CD31+), primitive 
(CD45+CD34+), and total blood cells (CD45+) was analyzed at 
days 3, 6, 8, 10, and 15 as depicted in Figure 4a. Regardless the 
hESC line, ectopic SCL accelerated the emergence of and induced 
a robust increase in the frequency of hematoendothelial precur-
sors (approximately eightfold increase; Figure 4b). Consequently, 
further differentiation toward primitive and total blood cells was 
evident in both SCL-expressing hESC lines whereas EV-hESCs 
barely differentiate into hematopoietic cells (Figure 4b). In addi-
tion, clonogenic potential analysis of hematopoietic progenitors 
(CFU assays) derived from day 8 of OP9–hESC cocultures revealed 
a 32- to 48-fold increase in CFU potential in SCL hESCs versus 
EV-hESCs (Figure 4c). Despite scoring of CFUs revealed no differ-
ences in the CFU types obtained from EV versus SCL hematopoi-
etic progenitors (Figure 4c), around 5% of erythroid colonies 
(burst-forming units–erythroid) were exclusively generated by 
SCL hematopoietic progenitors (Figure 4c and Supplementary 
Figure S5). Similar to the hEB differentiation system, transgene 
expression was stable throughout the differentiation of SCL hESCs 
on OP9, indicating that the observed developmental effects are 
linked to SCL expression (Figure 4d). Together, our data confirm 
that SCL positively regulates human specification into embryonic 
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Figure 3 Enforced expression of SCL augments hematopoietic specification from hESCs in an EB differentiation model. (a) Kinetics of 
hematopoietic specification from two different hESC lines (AND1 and HS181) transduced with the empty vector (EV) or SCL-expressing vector (SCL). 
Hematoendothelial progenitors, primitive blood cell, and total blood cells, are represented. (b) CFU read out from day 15 EBs confirming an increased 
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tors (right, pie charts). (c) Quantitative real-time polymerase chain reaction analysis of SCL demonstrates that endogenous SCL expression parallels 
hematopoietic specification throughout EB development in both hESC lines analyzed whereas exogenous SCL expression remains constant and high 
at any time during EB differentiation. Relative expression is shown normalized to undifferentiated hESCs transduced with the EV. Data represent mean 
± SEM for 3–4 independent experiments. Statistical significance was assessed with Student’s t-test. *P < 0.05. CFU, colony-forming unit; E, erythroid; 
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Figure 4 Enforced expression of SCL augments hematopoietic specification from hESCs in an OP9 differentiation model. (a) Top panel: schematic 
representation of the hematopoietic differentiation of hESCs in the OP9 coculture system. Bottom panel: representative flow cytometry dot plots showing 
how hematoendothelial progenitors, primitive blood cells, and total blood cells were identified and analyzed. (b) Kinetics of hematopoietic specification 
from two different hESC lines (AND1 and HS181) transduced with the empty vector (EV) or SCL vector (SCL). The emergence of hematoendothelial 
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hematopoietic progenitor potential in SCL cells. Scoring of CFU revealed no differences in CFU subtypes between EV and SCL-transduced progenitors (right 
pie charts). (d) Quantitative real-time polymerase chain reaction analysis of SCL demonstrates that endogenous SCL expression parallels hematopoietic 
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hematopoiesis regardless of the hESC line and differentiation sys-
tem employed.

SCL silencing abrogates hematopoietic specification 
of hESC
To further demonstrate that endogenous SCL modulates human 
embryonic hematopoietic specification, we undertook a loss-
of-function approach in which endogenous SCL expression 
was inhibited by means of shSCL-expressing lentiviral vectors. 
Transgenic shSCL hESCs displayed a delayed hematopoietic 
specification as compared with “scramble” hESCs. As a result, a 
decreased of hematoendothelial precursors as well as both primi-
tive and total blood cells was observed at any time point analyzed 
during hEB development (Figure 6a) or during differentia-
tion on OP9 coculture (Supplementary Figure S7a). Similarly, 
hematopoietic progenitors derived from shSCL hESCs showed 
approximately threefold decreased hematopoietic clonogenic 
potential as compared with the control in both hEB (Figure 5b) 
and OP9 differentiation system (Supplementary Figure S7b). 
Interestingly, in contrast to the gain-of-function studies, no eryth-
roid colonies were generated by shSCL hematopoietic progenitors 
in either differentiation system (Figure 5b and Supplementary 
Figure S7b). qRT-PCR revealed that endogenous SCL levels were 

highly reduced (~55–80%) upon shSCL expression, validating 
the observed SCL knock down–mediated hematopoietic devel-
opmental defects (Figure 5c).

Enforced SCL expression is not sufficient to confer in 
vivo engraftment to hESC-derived hematopoietic cells
So far, our data support a role for SCL as early master human 
embryonic hematopoietic regulator. We thus analyzed whether 
enforced SCL suffices to confer in vivo engraftment to the hESC-
derived SCL-expressing hematopoietic cells. Between 1 × 105 
and 2.5 × 105 hESC-derived EV and SCL hematopoietic deriva-
tives (generated by either hEB formation or OP9 coculture) 
were transplanted intrahepatically into newborn or intra bone 
marrow into adult immunodeficient mice (NSG).33 Despite that 
SCL clearly regulates hematopoietic specification in vitro, it did 
not confer on its own in vivo function/engraftment potential to 
hESC-derived hematopoietic cells (Figure 6), in line with pre-
vious reports suggesting that hESC hematopoietic derivatives 
barely repopulate immunodeficient mice. These data suggest 
that additional yet undefined intrinsic hematopoietic regulators 
or extrinsic milieu factors/signals are required for the genera-
tion of bona fide definitive and in vivo functional hematopoiesis 
from hESCs.
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DISCUSSION
Most of the information accumulated over decades in the field of 
developmental hematopoiesis comes from a broad range of cell 
biology and genetic studies performed on invertebrate models and 
the mouse. The development of genetically modified animal mod-
els for specific hematopoietic genes has immensely advanced our 
understanding of the mechanisms underlying normal hematopoi-
esis and leukemogenesis.20–22 The derivation of mouse ESC in 1981 
(ref. 34) revolutionized the field of developmental biology by pro-
viding a unique model of early mammalian development in which 
to address questions of lineage commitment and manipulate cell 
populations representing early stages of development that are inac-
cessible in vivo. However, despite our considerable wealth of data 
concerning regulation of developmental decisions in the mouse, 
remarkable differences between lower vertebrates and humans have 
left a considerable gap in our understanding. Accordingly, because 
of difficulties associated with the access to prenatal human tis-
sues, the mechanisms regulating hematopoietic specification dur-
ing human embryonic development remain poorly understood.35 
Human ESCs are anticipated to offer an unprecedented model for 
deciphering the molecular and cellular mechanisms regulating 
early stages during human embryonic hematopoiesis.36

SCL is a transcription factor with helix–loop–helix structure 
with an important mesodermal patterning activity.37 The earliest 
marker that distinguishes mesoderm with hematopoietic poten-
tial versus nonhematopoietic potential is SCL. Originally dis-
covered rearranged in T-cell acute lymphoblastic leukemia,38 Scl 
knockout studies indicate an important role for this transcription 
factor in invertebrate and mouse embryonic hematopoiesis.23,24 
Very recently, in clustering-based transcriptional profiling studies 

of hESC-derived hematopoietic progenitors SCL was revealed 
for the first time a key master regulator of human embryonic 
hematopoiesis.31 Here, we have studied the developmental 
impact of SCL on human embryonic hematopoietic develop-
ment harnessing the availability of hESCs as a working model. 
During hESC specification, a population of hemogenic endothe-
lium (CD45−CD31+CD34+) is uniquely responsible for both 
hematopoietic and endothelial development.10,12,14 We show how 
endogenous SCL expression parallels hematopoietic specification 
of hESCs being specifically expressed in hematoendothelial pro-
genitors and, to a lesser extent, on CD45+ hematopoietic cells.

It has been previously reported that SCL lentiviral transduc-
tion in nonhuman primate ESC lines promotes hematopoietic cell 
differentiation.39 Importantly, generation of SCL-overexpressing 
transgenic hESC lines confirmed in a human setting that SCL 
accelerates the emergence of hematoendothelial progenitors, 
which preserve both hematopoietic and endothelial differentiation 
potential. The increased frequency and accelerated appearance of 
hematoendothelial progenitors in SCL hESCs may be the conse-
quence of either (i) SCL-mediated specification of hESCs toward 
hematoendothelial precursors or (ii) SCL-mediated proliferation 
of the emerging hematoendothelial progenitors. Cell cycle analy-
ses indicate that SCL promotes specification, rather than selective 
proliferation, of hematoendothelial progenitors from differenti-
ating hESCs. These data are in line with previous elegant studies 
in mouse and human also demonstrating that SCL is indispens-
able for the establishment of hemogenic endothelium.25,31 We 
next studied whether SCL-mediated enhanced specification of 
hematoendothelial precursors occurs with a subsequent increase 
of hematopoietic commitment. SCL also promotes a robust 
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subsequent differentiation into primitive and mature blood cells 
with significantly higher clonogenic potential, confirming that SCL 
not only promotes the specification of hematoendothelial progeni-
tors but also the generation of in vitro functional blood cells. These 
data are in agreement with previous data in the mouse and human 
suggesting that SCL is essential for hematopoietic commitment of 
the hemangioblast.31,40 Previous data largely linked SCL and eryth-
ropoiesis.30 Very recently, Yung et al. demonstrated that lentiviral-
mediated overexpression of Scl in H1 and H9 hESC lines promoted 
differentiation to mesoendodermal lineages, the emergence of 
hematopoietic progenitors as well as enhanced erythroid differ-
entiation.31 In accordance with these data, SCL-overexpressing 
HS181 and AND1 hESC lines, but not EV-hESC lines, consistently 
gave rise to erythroid progenitors in semisolid assays.

Worth mentioning, loss-of-function approaches for endoge-
nous SCL in hESCs abrogate both specification of hematoendothe-
lial precursors and subsequent blood differentiation of hESCs, 
confirming that during human development SCL constitutes an 
early hematopoietic regulator essential for both the establish-
ment of the hemogenic endothelium and subsequent hematopoi-
etic commitment from these hematoendothelial progenitors. 
Importantly, controversial information still exists in the mouse. 
Previous work from Keller’s Lab using mouse ESCs indicates that 
Scl is crucial for hematopoietic commitment from the hemogenic 
endothelium (hemangioblast) but is not required for its develop-
ment/formation.40 In contrast, a very elegant work by Lacaud’s Lab 
recently claimed that Scl is indispensible for the establishment of 
such hemogenic endothelium from mouse ESCs.25 These studies 
reinforce the remarkable differences existing between mice and 
humans, further supporting the use of hESCs as a unique experi-
mental model for studying the early stages during human embry-
onic hematopoiesis. Of note, a major hurdle in the hESC field is the 
fact that different hESC lines and differentiation protocols com-
monly render nonreproducible results.5 However, the developmen-
tal effects of SCL in hESCs were consistently identical regardless 
of the differentiation protocol (hEB system versus OP9 coculture) 
and the hESC lines used which, in turn, were derived under differ-
ent conditions by independent laboratories, thus ruling out poten-
tial hESC-dependent results due to potential epigenetic memory.

Finally, the robust SCL-mediated hematopoietic-promoting 
in vitro effects encouraged us to assess whether the expression 
of such an early master hematopoietic regulator confers in vivo 
engraftment to hESC-derived SCL hematopoietic derivatives into 
NSG mice. Unfortunately, SCL expression on its own is not suf-
ficient to endow hESC-derived hematopoietic cells with in vivo 
reconstituting function, suggesting that additional yet undefined 
master hematopoietic regulators or extrinsic milieu factors are 
required to orchestrate the stepwise hematopoietic developmen-
tal process leading to the generation of definitive in vivo func-
tional hematopoiesis from hESCs. Lancrin et al. showed that Scl 
is required for the specification of hematoendothelial progenitors 
from mouse ESCs whereas Runx1 is critical for the generation of 
definitive hematopoietic cells from these hematoendothelial pro-
genitors.25 Ongoing work in our laboratory is addressing the role 
of RUNX1 and extrinsic microenvironment factors, alone or in 
combination with SCL, in an attempt to generate bona fide in vivo 
functional hematopoietic cells from hESCs.

MATERIALS AND METHODS
hESC culture. The hESC lines H9, AND1, and HS181 were maintained 
undifferentiated in a feeder-free culture following the protocol previously 
described.5,27,41 In brief, hESCs were cultured over Matrigel-coated (BD 
Bioscience, San Jose, CA) T25 flasks in human feeder-conditioned medium 
supplemented with 8 ng/ml basic fibroblast growth factor (Miltenyi Biotec, 
Bergisch Gladbach, Germany). Medium was changed daily and confluent 
cultures were split weekly using collagenase IV (Invitrogen, Edinburgh, 
Scotland). Approval from the Spanish National Embryo Ethical Committee 
was obtained to work with hESCs.

Lentiviral vectors and transduction. The human SCL complementary 
DNA (GenBank NM_003189.2) was a gift from Romeo at the Institute of 
Cellular and Molecular Radiobiology (CEA, France). A Flag-epitope was 
added at the N-terminal of the SCL by polymerase chain reaction (PCR). 
Then, the Flag-SCL complementary DNA was directionally subcloned into 
the intermediate vector KJ-EGFP-2A (kindly provided by García-Perez; 
GENyo, Granada, Spain), using SpeI and SacII sites. Finally, the full cas-
sette EGFP-2A-Flag-SCL was cloned into the PmeI site in the pRRL-EF1 -
PGK-NEO vector (kindly donated by Naldini, Milan, Italy). Three different 
RNA interference sequences for human SCL were selected from literature 
and commercially available (Sigma-Aldrich, St Louis, MO).42 Primers con-
taining the hairpins and the internal loop were paired in vitro and cloned 
into MluI and ClaI sites in the pLVTHM vector obtained from Addgene. 
Primer sequences are available in Supplementary Table S1.

293T cells were transfected with either pRRL-EF1 -PGK-NEO 
(empty vector: EV) or pRRL-EF1 -EGFP-2A-Flag-SCL-PGK-NEO 
(SCL) together with the helper plasmids (psPAX and pMD2.G from 
Addgene) by standard calcium-phosphate transfection protocol as 
previously described.43 Two days after transfection, viral particles in 
the supernatant were collected and concentrated by ultracentrifugation. 
hESCs were infected overnight on the day of passage with concentrated 
virus in the presence of polybrene (8 μg/m; Sigma-Aldrich). The 
following day the viral supernatant was removed and infected hESCs 
were washed with fresh medium and maintained in culture. Three days 
later, transduced cells were selected with G418 (Invitrogen) at 100–
150 μg/ml for 15 days. SCL expression was confirmed by quantitative 
PCR and western blot in selected cells before being used for further 
experiments.

Similarly, pLVTHM vectors containing the scramble or SCL-
specific sequences [short-hairpin SCL (shSCL)] were used to produce 
viral particles on 293T cells. hESCs were infected with concentrated 
viral supernatant as described above. Next day, hESCs were washed and 
maintained in culture with no G418 selection because pLVTHM vectors 
contain EGFP as reporter gene. EGFP-positive colonies were plucked, 
expanded, and used for further experiments.

Flow cytometry characterization of hESCs. hESC colonies were disassoci-
ated with trypsin-EDTA (Invitrogen) and the cell suspension was stained 
with phycoerythrin-conjugated TRA-1-60, TRA-1-81, SSEA3, and SSEA4 
antibodies (BD Bioscience) for 30 minutes. After washing, cells were stained 
with 7-amino-actinomycin D (7AAD; BD Bioscience) for 5  minutes. Live 
cells identified by 7AAD exclusion were analyzed using a FACS Canto II 
flow cytometer.5,41

RNA isolation, RT-PCR, and quantitative PCR analysis. Total RNA 
from undifferentiated hESCs, human embryoid bodies (hEBs), hema-
toendothelial precursors and CD45

+
 blood cells was isolated using Trizol 

(Invitrogen) as previously described.3,44,45 Complementary DNA was gen-
erated with the Super Script First Strand Synthesis System for real-time 
(RT)-PCR (Invitrogen) and analyzed by quantitative RT-PCR (qRT-PCR) 
using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 
Technologies, La Jolla, CA) and the Mx3005P QPCR System (Applied 
Biosystems). The GAPDH gene was used to normalize data and relative 
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expression was calculated using the ΔΔCT method. Primer sequences are 
listed in Supplementary Table S1.

Western blot analysis. hESC cultures were dissociated with trypsin-EDTA 
and subsequently lysed in RIPA buffer (Sigma-Aldrich) supplemented 
with Complete protease inhibitors cocktail (Roche Diagnostic, Basel, 
Switzerland) and phosphatase inhibitors (Sigma-Aldrich). Cell lysates 
were run on 10% sodium dodecyl sulfate–polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membranes. SCL protein 
was detected with the Oddyssey infrared imaging system (Li-cor, Lincoln, 
NE) using anti-SCL (clone C-21; Santa Cruz Biotechnologies, Santa Cruz, 
CA). Anti-actin antibody (clone AC-15; Sigma-Aldrich) detection was 
used as loading control

In vivo teratoma formation. Animal protocols were approved by the 
Animal Care Committee of the University of Granada. In vivo pluripotency 
was analyzed as previously described.29 In brief, hESCs were implanted 
subcutaneously in the flank of 8-week-old nonobese diabetic/severe com-
bined immunodeficiency IL2R −/− mice (NSG; Jackson Laboratories, Bar 
Harbor, MA). Teratoma growth was monitored weekly by palpation and 
mice were killed between 8 and 10 weeks after implantation. Teratomas 
were fixed and embedded in paraffin. Hematoxylin and eosin staining on 
paraffin-embedded teratoma sections was performed.29

Hematopoietic differentiation from hESCs. Undifferentiated hESCs 
at confluence were treated with collagenase IV and scraped off of the 
Matrigel attachments. To allow hEB formation, hESC clumps were 
transferred to low-attachment plates (Corning, Lowell, MA) and incu-
bated overnight in differentiation medium (KO-Dulbecco’s modified 
Eagle’s medium supplemented with 20% non-heat-inactivated fetal 
bovine serum, 1% nonessential amino acids, 1 mmol/l L-glutamine and 
0.1 mmol/l -mercaptoethanol). Next day, medium was changed with 
the same differentiation medium supplemented with hematopoietic 
cytokines: 300 ng/ml stem cell factor, 300 ng/ml Flt3 ligand, 10 ng/ml 
interleukin-3, 10 ng/ml interleukin-6, and 50 ng/ml granulocyte colony–
stimulating factor, and 25 ng/ml bone morphogenetic protein-4.5,8 From 
day 3 to 15 of EB differentiation, media change was performed twice a 
week. hEBs were dissociated using collagenase B (Roche Diagnostic) for 
2 hours at 37 °C followed by 10 minutes incubation at 37 °C with enzyme-
free Cell Dissociation Buffer (Invitrogen) at days 3, 7, 11, and 15 of devel-
opment. A single-cell suspension was obtained by gentle pipetting and 
passage through a 70- m cell strainer (BD Bioscience) and the disso-
ciated cells were stained with anti-CD34-FITC or CD34-PECy7, anti-
CD31-PE, and anti-CD45-APC (all from Miltenyi Biotec) antibodies 
and 7AAD. Live cells identified by 7AAD exclusion were analyzed using 
a FACSCanto II flow cytometer equipped with FACS Diva software (BD 
Bioscience).

OP9 hematopoietic differentiation system. hESC–OP9 cocultures were 
performed as previously described.11,32 Briefly, OP9 stroma cells were 
plated in gelatin-coated 10-cm dishes in -minimum essential medium 
as basal medium supplemented with 20% non-heat-inactivated fetal 
bovine serum for eight days. hESCs grown in Matrigel-coated flasks were 
prepared as a suspension of small aggregates using Collagenase IV treat-
ment followed by gentle scraping in differentiation medium ( -minimum 
essential medium as basal medium, 10% non-heat-inactivated fetal bovine 
serum, 100 mol/l monothioglycerol, and 50 g/ml ascorbic acid). One-
fifth of this suspension was plated on top of the OP9 stroma in 10 ml of 
differentiation medium. Next day, media was replaced by 20 ml of fresh 
differentiation medium. From day 4 to 15 of coculture, a half-volume 
media change was performed every other day. Hematopoietic specifica-
tion was analyzed by flow cytometry (at days 3, 6, 8, 10, and 15 of cocul-
ture) and colony-forming unit (CFU) assays (at day 8 of coculture). OP9 
cells were stained with anti-mouse CD29-FITC (AbD Serotec, Düsseldorf, 
Germany) to exclude mouse cells from further analysis. The percentage 

of human hematoendothelial progenitors (CD31
+
CD45

−
), primitive blood 

cells (CD34
+
CD45

+
), and total blood cells (CD45

+
) was analyzed as previ-

ously described.5

CFU assay. Human clonogenic progenitor assays were performed by plat-
ing 5 × 104 cells from EBs and or OP9–hESC cocultures into methylcel-
lulose H4230 (Stem Cell Technologies, Vancouver, Canada) supplemented 
with the recombinant human growth factors 50 ng/ml stem cell factor, 
3 units/ml erythropoietin, 10 ng/ml granulocyte–macrophage colony–
stimulating factor, and 10 ng/ml interleukin-3. Cells were incubated at 
37 °C in a humidified atmosphere and colonies were counted between days 
8 and 14 of CFU assay using standard morphological criteria.46,47

Cell cycle analysis of hematoendothelial precursors. hEBs were dissoci-
ated at day 11 of development, harvested, fixed in 70% ice-cold ethanol, and 
stored overnight at −20 °C. Next day, the cells were washed with PBS and 
incubated with anti-CD31-FITC and anti-CD34-FITC (Miltenyi Biotec) 
for 15 minutes. After washing, the cells were resuspended in propidium 
iodide buffer containing 50 μg/ml of propidium iodide and 100 μg/ml of 
RNAase in PBS. Cell cycle distribution was analyzed using a FACSCanto 
II flow cytometer equipped with Modfit software (Verity Software House, 
Topsham, ME).48

Endothelial differentiation from hESCs and in situ immunocytochemis-
try. CD34

+
 cells were isolated from hEBs at day 7 or 15 of development 

by magnetic-activated cell sorting using the hCD34 MicroBead kit and 
the AutoMACS Pro separator (Miltenyi Biotec) following manufacturer’s 
instructions.47 To promote endothelial differentiation, isolated CD34

+
 cells 

were seeded into 0.1% gelatin-coated 24-well plates at 2.5 × 104 cells per well 
in complete endothelial growth medium-2 (Lonza, Bassel, Switzerland) for 
7 days. After fixation with ethanol:methanol (1:1) for 10 minutes, cells were 
washed several times with PBS and stained with rabbit antihuman vas-
cular endothelial-cadherin (Cayman Chemical, Ann Arbor, MI), mouse 
antihuman endothelial nitric oxide synthase (BD Bioscience), mouse anti-
human von Willebrand factor (DAKO, Glostrup, Denmark) followed Cy3-
conjugated anti-mouse (Jackson ImmunoResearch, Newmarket, UK) as 
previously described.12,49

Mice transplantation and analysis of engraftment. NSG mice were housed 
under sterile conditions. The Animal Care Committee of the University of 
Granada approved all mouse protocols. Briefly, cord blood–derived CD34

+
 

hematopoietic stem and progenitor cells (n = 3, 3 × 104 cells in 50 μl), as 
well as EV (n = 5, 1 × 105 cells in 50 μ) or SCL day 15 EB hematopoietic 
differentiating cells or day 8 OP9-derived hematopoietic differentiating 
cells were transplanted intrahepatically (n = 19, 1 × 105 to 2.5 × 105 cells in 
50 μl) into newborn NSG mice as previously described.50 Mice health was 
monitored throughout the entire experiment. Mice were killed 6–8 weeks 
after transplantation and bone marrow, spleen, liver, and peripheral blood 
were collected and analyzed for human chimerism. Cells were stained with 
anti-HLA-ABC-PE, anti-CD31-PE, and anti-CD45-APC (BD Bioscience) 
to analyzed human chimerism by flow cytometry.

Statistical analysis. All data are expressed as mean  SEM. Statistical com-
parisons were performed with a paired Student’s t-test. Values were consid-
ered statistically significant at P < 0.05.

SUPPLEMENTARY MATERIAL
Figure S1. Enforced expression of SCL is compatible with hESC 
pluripotency.
Figure S2. Histological analysis of teratomas formed from EV and SCL 
hESCs.
Figure S3. Cell cycle analysis reveals that SCL expression promotes 
specification rather than enhanced proliferation of hESCs into hema-
toendothelial progenitors.
Figure S4. Enforced expression of SCL augments hematopoietic speci-
fication from H9 hESCs in an EB differentiation model.



© The American Society of Gene & Cell Therapy
SCL Promotes Human Embryonic Hematopoiesis

Molecular Therapy  vol. 20 no. 7 july 2012 1453

Figure S5. Phase-contrast morphology of typical CFU colonies 
 generated from both SCL and EV hematopoietic progenitors.
Figure S6. SCL hematoendothelial progenitors retain the ability to 
differentiate towards endothelial cell fate.
Figure S7. SCL silencing impairs hematopoietic specification from 
hESC in an OP9 differentiation model.
Table Suppl 1. List of primer sequences used in the present study.
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