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Abstract
Increasing evidence points to endoglin (Eng), an accessory receptor for the TGF-beta superfamily
commonly associated with the endothelial lineage, as an important regulator of the hematopoietic
lineage. We have shown that lack of Eng results in reduced numbers of primitive erythroid (EryP)
colonies as well as down-regulation of key hematopoietic genes. To determine the effect of
endoglin overexpression in hematopoietic development, we generated a doxycycline-inducible ES
cell line. Our results demonstrate that induction of endoglin during embryoid body (EB)
differentiation leads to a significant increase in the frequency of hematopoietic progenitors, in
particular the erythroid lineage, which correlated with up-regulation of Scl, Gata1, Runx1 and
embryonic globin. Interestingly activation of the hematopoietic program happened at the expense
of endothelial and cardiac cells, as differentiation into these mesoderm lineages was compromised.
Endoglin-induced enhanced erythroid activity was accompanied by high levels of Smad1
phosphorylation. This effect was attenuated by addition of a BMP signaling inhibitor to these
cultures. Among the BMPs, BMP4 is well-known for its role in hematopoietic specification from
mesoderm by promoting expression of several hematopoietic genes, including Scl. Since Scl is
considered the master regulator of the hematopoietic program, we investigated whether Scl would
be capable of rescuing the defective hematopoietic phenotype observed in Eng−/− ES cells. Scl
expression in endoglin-deficient ES cells resulted in increased erythroid colony-forming activity
and up-regulation of Gata1 and Gata2, positioning endoglin upstream of Scl. Taken together, these
findings support the premise that endoglin modulates the hematopoietic transcriptional network,
most likely through regulation of BMP4 signaling.
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INTRODUCTION
Endoglin (Eng) is a type III receptor for the TGFβ superfamily, meaning that it functions as
an accessory molecule associated with a type I/type II receptor complex (1, 2). In
endothelial cells, where endoglin has been most studied (3), this receptor has been proposed
to function as a regulator of TGFβ-dependent responses by balancing activating (ALK-1)
and inhibitory (ALK-5) TGFβ signals to bias signaling through the Smad1/5 or Smad2/3
signaling pathways, respectively (4, 5). High levels of endoglin are commonly associated
with conditions involving alteration in vascular structure, such as angiogenesis, wound
healing, and inflammation. Interestingly, mutations in both endoglin and ALK-1 (type I
receptor) have been linked to hereditary hemorrhagic telangiectasia type I (6, 7), a disease
characterized by hemorrhagic bleedings due to vascular malformations. These vascular
defects are likely caused by a loss of endothelial cell (EC) function, which indirectly affects
proper EC-smooth muscle cell/pericyte interactions, resulting in poor vascular integrity (8,
9).

Eng-null (Eng−/−) mice die around E10.5 due primarily to cardiovascular defects (10, 11).
However, in addition to abnormal vasculature, Arthur and colleagues reported that the YS of
9.5 dpc Eng−/− embryos displayed anemia, which was assumed for several years to be an
indirect result of insufficient blood flow. We have provided evidence, using Eng−/−

differentiating ES cells, that endoglin is an important regulator of early stages of
hemangioblast specification and hematopoietic commitment (12, 13).

Here we investigated whether induction of endoglin affects hematopoietic cell fate from
mesoderm, and pinpoint the mechanism behind endoglin’s effects.

MATERIALS AND METHODS
Generation of inducible ES cell lines

Endoglin cDNA was obtained from Open Biosystems (clone MMM1013-7510850) and
subcloned into the p2Lox targeting vector, which allows Cre-mediated recombination in the
A2lox.cre mouse embryonic stem cell line (14). A2lox cells carry a tetracycline response
element (TRE) driving a Cre transgene flanked by heterologous LoxP sites. p2Lox-Eng was
electroporated into A2Lox.cre-targeting cells, which were sub-grown on 300 μg/ml of G418
to select for replacement of Cre by Eng. To generate iScl:Eng−/− ES cells, ES cells were
transduced with a lentiviral vector expressing the reverse tet-transactivator (rtTA), followed
by a vector enabling inducible Scl expression. Scl cDNA was sub-cloned into a lentiviral
construct containing the transactivator TRE, which allows the expression of the target gene
upon doxycycline (dox) induction, and IRES-EGFP, which allows confirmation of
integration and inducible expression. Viruses for these plasmids, rtTA and TRE/Scl/
ires.GFP, were generated through transfection in 293T cells using Fugene (Roche). Eng−/−

ES cells were initially transduced with rtTA, then with TRE/Scl/Ires.GFP. Eng−/− ES cells
containing the Scl insert were purified by FACS based on GFP expression following an
overnight incubation with dox at 1μg/ml. After three rounds of purification, inducible
expression of SCL was confirmed by western blot using the BTL-73 mouse monoclonal
anti-SCL antibody (generously provided by Dr. Karen Pulford, Oxford, U.K.).

Growth and differentiation of ES cells
Inducible Eng (iEng), Eng−/−, and iScl;Eng−/− ES cell lines were used in this study. ES cells
were maintained on irradiated mouse embryonic fibroblasts (MEFs) in DMEM (Gibco)
supplemented with 1000U/ml LIF (leukemia inhibitory factor; Chemicon), 15% inactivated
fetal bovine serum (Gibco), 0.1 mM non-essential amino acids (Gibco), and 0.1 mM of beta-
mercaptoethanol (Sigma). For embryoid body (EB) differentiation, ES cells were plated as
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hanging drops (100 cells/10μl drop) in EB differentiation medium, which consisted of
IMDM supplemented with 15% FBS (Gibco), 4.5 mM monothioglycerol (Sigma), 100 μg/
ml ascorbic acid (Sigma), and 200 μg/ml iron-saturated transferrin (Sigma) in 150 mm Petri
dishes. After 48 hours in culture, EBs were collected and transferred into 10 cm Petri dishes
in 10ml of EB differentiation medium. These dishes were cultured on slowly swirling table
rotator (set up inside of the tissue culture incubator). To induce appropriate endoglin or Scl
expression during EB differentiation, doxycycline (Sigma) was added to the cultures at 1
μg/ml. Dorsomorphin (Stemgent) was added at 2μM.

Blast colony-forming cell (BL-CFC) assay
Embryoid bodies were disaggregated using trypsin, and plated at 5×104 cells in 1.5 ml of
methylcellulose medium (M3120, StemCell Technologies) supplemented with 15% FBS, 50
μg/ml ascorbic acid, 200 μg/ml iron-saturated transferrin, 4.5×10−4 M MTG, TPO (25 ng/
ml; Peprotech), VEGF (5 ng/ml; Peprotech) and SCF (100 ng/ml; Peprotech), as previously
described (15). Plated cells were cultured in a humidified incubator at 37°C in an
environment of 5% CO2. Blast colonies were enumerated 5 days later.

Hematopoietic CFC assays
Cells from day 4.25, 4.5, or 6 EBs were plated at 5×104 cells into 1.5 ml of methylcellulose
medium containing interleukin 3 (IL3), interleukin 6 (IL6), erythropoietin (EPO), and SCF
(M3434; StemCell Technologies). EryP and definitive hematopoietic colonies were scored 5
and 10 days after plating, respectively.

Flow cytometry
EB cells were collected after a short incubation with 0.25% trypsin-EDTA, washed twice
with blocking buffer (PBS with 2% FBS), re-suspended in the blocking buffer containing
0.25 μg/106 cells of Fc block (Pharmingen), and incubated on ice for 5 minutes. Staining
antibody was added at 1 μg/106 cells and incubated at 4°C for 20 minutes before washing
with blocking buffer. We analyzed stained cells on a FACS Aria instrument (Becton-
Dickinson) after adding propidium iodide (Pharmingen) to exclude dead cells. For FACS
analysis, the following antibodies were used: PE-Cy7-conjugated anti-mouse CD105
(BioLegend), PE- and FITC-conjugated anti-mouse CD41, APC-conjugated anti-mouse c-
Kit, APC-conjugated anti-mouse Flk-1, PE-conjugated anti-mouse PDGFR3, PE-conjugated
anti-mouse Tie2 (all from eBioscience).

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) analysis
Total RNA was isolated using Trizol (Invitrogen) as described by the manufacturer. cDNA
was synthesized using Thermoscript reverse transcriptase (Invitrogen) with Oligo dT
priming. For real-time PCR, all probe sets were from Applied Biosystems. For globins, we
designed customized primer/probe sets (all shown 5′-3′), as follows: Beta-major F,
AGGGCACCTTTG CCAGC; Beta-major R, GGCAGCCTCTGCAGCG; Beta-major probe,
6FAM-CGTGATTG TGCTGGGCCACCACCT-TAMRA. Embryonic F,
CCTCAAGGAGACCTTTGCTCAT; Embryonic R, CAGGCAGCCTGCACCTCT;
Embryonic probe, 6FAM-CAACATGTTGG TGATTGTCCTTTCT-TAMRA. To obtain the
relative expression, we first calculated the gene expression levels relative to GAPDH (the
fold change to GAPDH), which were then normalized to the level of control non-dox group.

Western Blotting
Day 4.5 or day 9 EB cell lysates were prepared by using 1X RIPA Buffer
(ThermoScientific) in combination with Complete Protease Inhibitor Cocktail (Roche) and
PhosSTOP (Roche). Protein concentration was measured with Bradford reagent (Sigma),
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and 30μg samples were prepared using 2X Laemmli Buffer (BioRad). Samples were then
denatured on a heat block at 100°C for 10 minutes. After electrophoresis on 8% acrylamide
gels, proteins were transferred at 400mA for 2 hours of PVDF membranes (Millipore).
Subsequently, the membranes were blocked for 1 hour with 5% BSA in 1X TBS-Tween20.
The following primary antibodies were applied at the indicated dilution in Primary Antibody
Signal Boost Immunoreaction Enhancer (Calbiochem); 1:1000 dilution of phosphorylated
SMAD1/5/8 (Cell Signaling), 1:4000 dilution of SMAD1 (Abcam), 1:3000 cTNI (Abcam),
1:100 SCL. GAPDH (Abcam) was diluted at 1:5000, and ACTIN (Millipore) was diluted at
1:2000 with 5% BSA in 1X TBS-Tween20. All primary antibodies were incubated overnight
at 4°C on a shaker. The membranes were washed for 3 × 10 minutes in 1X TBS-Tween20,
before secondary antibody application. ECL peroxidase-labeled anti-mouse and anti-rabbit
antibodies (GE Biosciences) were diluted at 1:20,000 with 5% BSA in 1X TBS-Tween20.
Both secondary antibodies were incubated for 1 hour on a shaker at room temperature. The
membranes then washed 3 × 10 minutes in 1X TBS-Tween20. SuperSignal West Pico
Chemiluminescent Substrate (ThermoScientific) was utilized to detect the HRP signal. The
western blots were quantified by measuring ImageJ (http://imagej.nih.gov/ij/index.html) and
data for each antibody were normalized to the value of GAPDH.

Statistical analysis
Differences between non-induced and induced samples were assessed by using the Student’s
t test. Differences between multiple groups were assessed by ANOVA.

RESULTS
Endoglin induction leads to enhanced hematopoiesis

We assessed the effect of endoglin overexpression in blood development by generating an
ES cell line with inducible expression of endoglin. Conditional expression of Eng was
confirmed by FACS analyses (Fig. 1A). As shown in Fig. 1B, expression of endoglin was
dramatically up-regulated in dox-induced cultures when compared to their respective
endogenous levels (non-induced controls) at days 3.25, 4.25, and 6 of EB differentiation
(Fig. 1B). Induction of endoglin during early EB development, from day 2 to 3.25, generated
significantly more Blast Colony-Forming Cells (BL-CFCs) compared to non-induced
controls (Fig. 1C). This correlated with an increase in the frequency of Flk-1+Eng+

progenitors (Fig. 1D), although the levels of Flk-1 per se remained unchanged upon dox
induction (Fig. 1D, E). On day 4 of EB differentiation the number of hemangioblast
progenitors dropped significantly, as expected based on the transient nature of this
progenitor (16, 17), nevertheless a stimulatory effect by endoglin could still be observed in
the presence in dox-induced cultures (an average of 10 vs. 6 BL-CFCs in dox-induced and
controls, respectively). At this point, which coincides with the peak of primitive erythroid
(EryP) activity during EB development (16), we found that endoglin induction resulted in
increased numbers of EryP colonies (Fig. 1F). Real time PCR analyses of day 3.25 EBs
showed significant up-regulation of Lmo2 (Fig. 1G), while changes in the expression levels
of other hemangioblast/hematopoietic-associated transcription factors were not statistically
significant (Fig. 1G).

To determine the effect of Eng overexpression on definitive hematopoietic development, we
assayed the hematopoietic colony activity of iEng day 6 EBs that had been induced with dox
from day 2 or day 4 of EB differentiation. As observed in Fig. 2A, early induction was
necessary for endoglin to exert a stimulatory effect on colony activity, as later induction
from day 4 to 6 of EB differentiation did not alter the frequency of hematopoietic colonies.
When endoglin expression was induced from day 2, we observed increased numbers of EryP
colonies, although at EB day 6 the frequency of this primitive progenitor is normally much
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lower. Increases were also observed in definitive burst forming units-erythroid (BFU-E)
(Fig. 2A), while myeloid (GM) and multi-lineage (GEMM) progenitors were unaffected.
Although no changes were observed in the frequency of c-Kit+CD41+ hematopoietic
progenitors cells (Fig. 2B–C), significant up-regulation of critical hematopoietic regulators
was observed at EB day 6, including Scl, Gata1, Runx1, and Lmo2 (Fig. 2D). Consistent
with the augmented erythropoiesis, we observed increased levels of globins (Fig. 2D). These
findings corroborate the premise that endoglin positively modulates the hematopoietic
transcriptional network.

Endoglin overexpression inhibits endothelial and cardiac cell lineages
To determine the effect of endoglin induction in other mesodermal lineages, we analyzed the
expression levels of Flk-1 and Tie-2 in non-induced (Fig. 3A, upper panel) and dox-induced
(Fig. 3A, lower panel) day 6 EBs by flow cytometry. The endothelial lineage was
compromised, as evidenced by the reduced levels of Flk-1+Tie-2+ cells (Fig. 3B, C). This
was confirmed by gene expression analyses, which revealed down-regulation of the
endothelial markers vWF and Er71 (Fig. 3D). Interestingly we also found significant
inhibition of genes associated with the cardiac lineage, including Nkx2.5, Tbx5, and
Myocardin (Fig. 3D), the latter is also a regulator of the smooth muscle lineage (18).
Suppression of cardiogenesis was confirmed by western blot analyses to cardiac Troponin I
(cTnI) (Fig. 3E). As observed for induction of the blood lineage (Fig. 2A), inhibition of the
cardiac lineage was detected only when endoglin was induced from day 2 to day 6 of EB
differentiation (Fig. 3E).

Endoglin overexpression effects require BMP signaling
To address whether Eng induction activates the downstream effector of TGFβ superfamily
signaling pathway, the Smad1, we verified the phosphorylation level of SMAD1/5/8
(pSMAD1/5/8). Upon dox-induction from EB day 2, levels of pSMAD1/5/8 were
significantly increased as compared to non-induced culture (Fig. 4A, B). Data correlated to
the drastically increase in the numbers primitive erythroid precursors (Fig. 4C). Since BMP
signaling is well known to be crucial for early hematopoietic development (19, 20), we
assessed whether addition of dorsomorphin, a BMP signaling inhibitor (21), to dox-induced
EB cultures would counteract the effect of endoglin overexpression on erythropoiesis. EB
cultures were treated with dorsomorphin at 2μM for 24 hours from day 3.5 to 4.5. This time
point was chosen to avoid an early effect of this inhibitor on mesoderm development. While
no changes were observed in control (non-induced) cultures in terms of phosphorylated
Smad1 (Fig. 4A, B) and primitive erythroid colony activity (Fig. 4C), addition of
dorsomorphin for 24 hours (d3.5 –d4.5) to endoglin-induced cultures brought down
phosphorylation of Smad1 to control level (Fig. 4A, B). Importantly, these reduced levels of
Smad1 phosphorylation in the presence of dorsomorphin in iEng EB cultures were
accompanied by a significant reduction in the number of EryP colonies (Fig. 4C). These
results suggest that the stimulatory effect of endoglin on hematopoiesis may happen through
enhanced BMP signaling.

Scl rescues endoglin−/− defective hematopoiesis
Because lack of endoglin is accompanied by reduced levels of the master hematopoietic
regulator Scl (13), whereas induction of endoglin leads to upregulation of this transcription
factor, we hypothesized that endoglin acts upstream of Scl. Based on this assumption, we
investigated the ability of Scl to rescue the Eng−/− defective hematopoietic phenotype by
inserting an inducible lentiviral Scl transgene into Eng−/− ES cells (iScl:Eng−/−). Expression
of the transgene was detected by an ires-GFP reporter downstream of the Scl gene (Fig. 5A,
B). Western blot analyses confirmed Scl induction in these cells (Fig. 5C).
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We then determined the ability of Scl-induced Eng−/− ES cells to generate BL-CFCs and
EryPs, which were found previously to be significantly reduced in the absence of endoglin
(13). Whereas induction of Scl did not alter the reduced number of BL-CFCs found in the
absence of endoglin (data not shown), this was not the case for primitive erythropoiesis. As
observed in Fig. 5D, Scl induction during EB differentiation (D2–D6) rescued the Eng−/−

phenotype, as evidenced by the approximately 10-fold increase in the number of EryPs. This
number doubled when dox was maintained also in the hematopoietic culture medium (3434)
(Fig. 5D). This dramatic effect on hematopoietic development correlated with increased
percentage of c-Kit+CD41+ cells (Fig. 5E) as well as higher expression of the hematopoietic
genes Gata1, Gata2, Lmo2, Runx1, globins, and as expected, Scl (Fig. 5F). These data
indicate that Scl acts downstream of endoglin and can compensate for the lack of endoglin
during primitive erythropoiesis.

DISCUSSION
Our findings reveal endoglin as a critical regulator of the hematopoietic program. Endoglin
has previously been shown to be co-expressed with CD45 in hematopoietic cells obtained
from ES/OP9 co-cultures (22). In adult bone marrow, this receptor enriches for the long-
term repopulating hematopoietic stem cells (HSCs) (23), and more recently, this was also
observed in the AGM, the first site of HSCs (24). We have previously shown that lack of
endoglin results in suppressed primitive hematopoiesis, as shown by decreased primitive
erythroid colony activity and expression levels of key hematopoietic transcription factors,
including Scl, Gata1, and Gata2 (12, 13). Here we show that increasing the expression level
of this receptor during EB differentiation has exactly the opposite effect, leading to
enhanced hematopoiesis, as evidenced by the increased numbers of primitive and definitive
erythroid CFCs (Figs. 1F and 2A) and up-regulation of Scl, Gata1, Lmo2 and Runx1 (Figs.
1G and 2D), all critical regulators of the hematopoietic program (25–31). Taken together,
both the loss-of-function and overexpression data indicate that endoglin regulates Scl
expression, as well as that of its binding partners, Lmo2 and Gata1. This assumption is
corroborated by the fact that overexpression of SCL rescues the defective erythroid
phenotype of Eng-deficient embryoid bodies (Fig. 5).

Another important finding is that activation of the hematopoietic program by continuous
expression of endoglin happens at the expense of the endothelial and cardiac lineages, as
progenitors for both these lineages are significantly reduced in the presence of endoglin
induction (Fig. 3). These results suggest that the levels of endoglin are critical to fine-tune
early lineage decisions during embryonic development.

In terms of mechanist insight, it is known that endoglin interacts with TGFβ1 and TGFβ3,
but also interacts with other members of the TGF-β superfamily, including activin-A,
BMP-7, and BMP-2 in association with their respective ligand binding receptor kinases (1).
BMPs are of particular interest, as these ligands are crucial for proper mesoderm patterning
(32) and blood specification (20). BMPs phosphorylate SMAD1/5/8 upon forming a
heteromeric complex with BMPRII or ActRII, and one of their type I receptors (ALK-2,
ALK-3, or ALK-6) (33, 34). Knockouts for bmp4 (20), bmp2 (35), and their common
receptors alk3 (36) and bmprII (37) are embryonic lethal with reduced mesoderm (32). In
particular, BMP4 is necessary for hematopoietic commitment of mesoderm, promoting
expression of Scl, Gata1, Gata2, and Lmo2 (31, 38–42). Addition of the BMP signaling
inhibitor dorsomorphin to endoglin-induced EB cultures, at a time point in which mesoderm
had already developed (day 3.5), abolished the stimulatory effects of endoglin on
erythropoiesis, suggesting that this effect is mediated by BMP signaling. Which specific
BMP is not determined, however given the known role of BMP4 in hematopoietic
specification (43), it seems likely that endoglin interacts with BMP4.
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Therefore we provide evidence that endoglin modulates the hematopoietic transcriptional
network, most likely through regulation of BMP4 signaling. However a direct interaction
between endoglin and BMP4 has not yet been reported, and thus requires further
investigation.
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Fig. 1. Induction of endoglin stimulates hemangioblast and primitive hematopoietic development
iEng ES cells were differentiated into EBs. Dox was added to the culture medium from day
2 of EB differentiation. (A) Histogram confirms substantial endoglin induction of day 3.25
iEng EBs following their treatment with dox for 30 hours. (B) Graph shows levels of
endoglin expression in control non-induced, reflecting endogenous levels of Eng, and in
dox-induced groups during EB development. (C) At the same time point, cells were assessed
for hemangioblast activity in BL-MCM, which consists of methylcellulose containing
VEGF, SCF, and TPO. Error bars indicate standard errors from 3 independent experiments
performed in duplicate. *p<0.05. Right panels, representative morphology of blast colonies
obtained from non-induced and induced iEng ES cells. Colonies are shown at the same
magnification (100x). (D) A representative FACS profile for endoglin and Flk-1 expression
at day 3.25, and (E) respective graphic representation on the frequency of Flk-1+ cells. Error
bars indicate standard errors from 3 independent experiments. (F) Primitive erythroid colony
activity of non-induced and Eng-induced day 4.25 EBs. Dox was added from day 2 of EB
differentiation. Error bars indicate standard errors from 3 independent experiments
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performed in duplicate. Right panels show representative morphology of EryP colonies
showed at the same magnification (100x). (G) Gene expression analysis for Scl, Gata1,
Gata2, Runx1, ER71 (Etv2), and Lmo2. Transcripts are normalized to control non-dox
group. Error bars indicate standard errors from 3 independent experiments performed in
triplicate. *p<0.05.
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Fig. 2. Effect of endoglin overexpression in definitive hematopoiesis
(A) iEng ES cells were differentiated as EBs for 6 days and assayed for definitive
hematopoietic activity. In these studies, dox was added to the EB medium from either day 2
or 4 of EB differentiation. Error bars indicate standard errors from 3 independent
experiments, *p<0.05, **<0.01. (B) A representative FACS profile for c-Kit and CD41
expression in day 6 iEng EBs, and (C) respective graphic representation denoting the
percentage of cKit+CD41+ cells in non-induced and induced iEng ES cells. Error bars
indicate standard errors from 3 independent experiments. In these experiments dox was
added to the cultures from day 2 to day 6 of EB differentiation. (D) Gene expression
analysis for Scl, Gata1, Gata2, Runx1, Lmo2, embryonic and adult globins from induced
and non-induced iEng day 6 EBs. Dox was added from d2 to d6 of EB differentiation.
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Transcripts are normalized to control non-dox group. Error bars indicate standard errors
from 3 independent experiments performed in triplicate. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3. Increased hematopoiesis happens at the expense of other mesodermal lineages
(A) FACS plots show endoglin staining of non-induced (upper right) and Eng-induced
(lower right) day 6 EBs (exposed to dox from day 2). Eng-expressing cells gated in (A) were
then analyzed for the expression of (B) Flk-1 and Tie2, which together mark endothelial
progenitors. Representative FACS plots demonstrate that endoglin induction inhibits the
endothelial lineage (B). (C) Panel show respective graphic representation with the
percentage of Flk-1+Tie2+ in non-induced and induced iEng ES cells. Error bars indicate
standard errors from 3 independent experiments. *p<0.05 (E) Gene expression analysis for
cardiac and endothelial markers, including Nkx2.5, Gata4, Tbx5, Myocardin (Myocd), vWF,
eNOS, and Er71. Transcripts are normalized to control non-dox group. Error bars indicate
standard errors from 2 independent experiments performed in triplicate. *p<0.05, **p<0.01.
(F) Western blots for cTnI. Dox was added to EB medium from either day 4 or day 2 to day
9 of EB differentiation.
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Fig. 4. Endoglin overexpression stimulates primitive hematopoiesis via BMP signaling pathway
iEng ES cells were differentiated into EBs for 4.5 days. Dox was added to the culture
medium from day 2, whereas Dorsomorphin was added to the culture medium at day 3.5 of
EB differentiation. Cells were characterized at day 4.5 as follows: (A) Western blot for the
BMP downstream effector, Smad1 and its phosphorylated form Smad1/5/8 (pSmad1/5/8).
GAPDH was used as loading control. (B) Quantification of phosphorylated Smad1. After
normalization to GAPDH levels, results were plotted as ratio between phosphorylated
Smad1/5/8 and total Smad1. Error bars indicate standard errors from 3 independent
experiments. (C) Respective iEng EB cultures (± dox; ±dorsomorphin) were assayed for
primitive erythroid development. Error bars indicate standard errors from 3 independent
experiments. *p<0.05, **p<0.01.
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Fig. 5. Scl rescues defective primitive erythroid development in Eng−/− ES cells
(A) Eng−/− ES cells infected with an inducible lentiviral vector encoding Scl-iresGFP were
selected following three rounds of sorting for GFP. Representative FACS plots show (A)
sorting gate for GFP (high expressers) at the second round purification of iScl:Eng−/− ES
cells, and (B) induction of Scl expression, as indicated by GFP expression, in day 3.25
iScl:Eng−/−EBs following dox induction from day 2 of EB differentiation. Solid line
represents levels of GFP in Scl-induced EBs, whereas dashed line denotes non-induced
control (no dox). (C) Western blot confirms induction of Scl in dox-induced iScl:Eng−/− day
3.25 cultures. GAPDH was used as loading control. (D) At day 4.25 of EB differentiation,
iScl:Eng−/− ES cells were assayed for primitive erythroid activity. Dox was added to the EB
cultures from day 2 of EB differentiation. In one experimental arm, dox was also added to
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the hematopoietic medium (black bar). Error bars indicate standard errors from 3
independent experiments. *p<0.05, **p<0.01. (E) A representative FACS profile for c-Kit
and CD41 expression in non-induced and SCL-induced Eng−/− day 6 EBs, and respective
graphic representation on the frequency of c-Kit+CD41+ cells. Error bars indicate standard
errors from 4 independent experiments. ***p<0.001. Dox was added from day 2 to day 6 of
EB differentiation. (F) Relative levels of Flk-1, Scl, Lmo2, Runx1, Gata1, Gata2, embryonic
and adult globins in iScl:Eng−/− EBs at days 3.25, 4.25, and 6 of differentiation. Transcripts
are normalized to control non-dox group. Error bars indicate standard errors from 2
independent experiments performed in triplicate.*p<0.05,** p<0.01, *** p<0.001.
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