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Abstract 

Embryogenesis requires spatiotemporally regulated cellular signals and gene 

expressions that influence lineage specification, progenitor patterning, and 

morphogenesis. However the molecular mechanisms that explain how the progenitors 

commit into different lineages are still poorly understood. Endoglin (ENG) is an ancillary 

receptor for transforming growth factor-beta (TGF-β) and lack of ENG leads impaired 

hematopoiesis, cardiac defects and embryonic lethality. Considering the fact that certain 

mesodermal population can give rise to both cardiac and hematopoietic cells, it indicates 

that endoglin may play a role in these cell types. Thereby during my predoctoral training, 

I have aimed to elucidate how endoglin regulates the cell fate choice that results in the 

specification of early mesodermal precursors into the cardiac or hematopoietic cells.  

In Chaper 2, I demonstrate that ENG promotes the commitment of early 

mesodermal progenitors to the hematopoietic lineage at the expense of the cardiac cell 

fate and ENG-mediated hematopoietic commitment occurs through BMP signaling 

pathway. 

In Chapter 3, I illustrate the mechanistic insights how ENG, through activation of 

BMP and WNT signals, regulates the cell fate decision to secure mesoderm commitment 

towards the hematopoietic lineage. 

These studies will uncover a novel role of ENG as a potential mediator between 

BMP and WNT signaling during mesoderm specification and contribute to broaden our 

understanding of TGF-β signaling in cell fate decision. 
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Chapter 1 

Introduction 
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Mesoderm specification is a critical step in the formation of the vertebrate body 

plan. Combination of signals at this developmental stage determines whether mesodermal 

cells differentiate into blood, vessels, heart and skeletal muscles [1]. Thereby mesoderm 

specification relies on the accurate integration of signals which ultimately create a 

complex circuitry. Because of the high mortality associated with hematopoietic and 

cardiac diseases, it is fundamental to study the mechanism behind the establishment and 

regeneration of these cell types. Signaling by the transforming growth factor-beta (TGF-

β) superfamily regulates embryogenesis, adult homeostasis, and disease [2]. In mice, the 

absence of the TGF-β type III receptor endoglin (ENG) results in embryonic lethality due 

to cardiovascular defects [3]. This indicates that endoglin plays an essential role in 

embryogenesis, but the mechanism underlining these early functions remains elusive. 

Using differentiating mouse ES cells as in vitro system, our laboratory has discovered 

that endoglin is required for embryonic hematopoiesis [4]. Since then, we have published 

several studies focused on dissecting the role of endoglin in embryogenesis [5-8]. 

Especially in this study, I have investigated the role of endoglin during mesoderm 

specification, focusing on understanding the function of endoglin in this developmental 

stage as well as the molecular mechanisms to explain how endoglin achieves such effects. 

Therefore the relevant background information with this study will be introduced in this 

chapter.  
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Gastrulation in the mouse embryo 

Our body consists of various organs and tissues with unique shapes and functions. 

Such patterning process, also called Gastrulation, starts with the specification of the three 

germ layers: endoderm, mesoderm, and ectoderm [9]. During gastrulation, a single 

epithelial cell layer (epiblast) gives rise to mesoderm, endoderm as well as ectoderm [10]. 

Fate mapping studies have shown that the specification of distinct mesodermal and 

endodermal sub-populations does not randomly occur and are spatially and temporally 

controlled [11].  The early mobilized epiblast cells give rise to the hematopoietic, 

endothelial, and vascular smooth muscle cells of yolk sac [12]. Subsequently cells that 

migrage further generate cranial and cardiac mesoderm as well as paraxial and axial 

mesoderm. Although most of the key molecular players of this developmental event have 

been identified, it is stilly poorly understood how the cellular dynamics in gastrulation 

induce and control embryo morphogenesis.  

 

Primitive Streak 

 At the onset of gastrulation around E6.0, epiblast cells converge toward the 

posterior region of the embryo to generate a structure termed primitive streak. After its 

formation, the primitive streak elongates distally to the tip of the embryo [9]. At E7.5, 

distinct mesodermal cell lineages allocate according to sparioaltemporal ingression 

through the streak [11]. Subsequently these allocated mesodermal cells undergo 

epithelial-mesenchymal transition (EMT) and ultimately will delaminate and migrate 

away from the primitive streak, which in turn allows to expose cells to high concentration 
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of signaling molecules that influence cell behaviour [9].  Thereby the formation of 

various mesodermal cells depends on the different levels of signaling activity in the 

primitive streak. Along with WNT and FGF, BMP signals are involved in the 

specification of the germ layers [1]. Thus, understanding the correct balance among these 

signals is critical for accurate placement of the primitive streak.  

 

Bone Morphogenic Protein (BMP) signaling pathway 

 BMP ligands and receptors represent a subgroup of the TGF-β superfamily of 

signaling proteins, which include more than 30 members between positive and negative 

regulators, receptors and accessory proteins [13]. The BMP subgroup plays a crucial role 

during embryogenesis as well as in adult homeostasis. Upon ligand binding to the BMP 

receptor (BMPR), the serine/threonine kinase domain of this receptor phosphorylates the 

downstream effector proteins SMADs (SMAD1/5/8) [14]. This receptor-mediated 

phosphorylation occurs at highly conserved C-terminal serines and results in the nuclear 

translocation of the SMADs, where they participate to transcriptional regulation [15].   

SMAD1/5/8 proteins contain two conserved domains, MH1 and MH2, connected by a 

linker domain [14]. Although the function of the linker region is still unclear, it contains 

MAPK phosphorylation sites (PxSP motifs) and GSK-3β sites (S/TxxxS motifs). Thereby 

the linker region of SMAD1/5/8 has the potential to integrate signals from multiple 

pathways [16, 17].  

During embryogenesis, BMP signals from the extra embryonic ectoderm are 

required for mesoderm formation. Bmp4-/- embryos are characterized by impaired 
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formation of extraembryonic and hematopoietic mesoderms, which derive from the 

posterior part of the primitive streak [18]. Similarly, conditional deletion of Bmpr1a in 

the epiblast results in excessive production of paraxial mesoderm [19]. In studies from 

Xenopus and in vitro differentiation of murine embryonic stem cells revealed the 

importance of BMP signals in blood development [36, 79, 80]. These data demonstrate 

the importance of BMP signals in mesoderm pattering. 

 

The canonical WNT signaling pathway 

Similar to BMP signals, the canonical WNT signaling pathways contribute to 

numerous biological phenomena during development. Inhibition of GSK-3 is 

fundamental to maintain pluripotency of embryonic stem (ES) cells [20] and WNT 

signals are required in the epiblast stage to induce mesoderm formation, as shown by 

deletion of WNT3, β-catenin and LRP6. Conversely, lack of axin2, a negative regulator 

of WNT signals, shows ectopic streak induction [9].  

WNT ligands bind to heterodimeric receptor complexes consisting of Frizzled 

(Fz) proteins and Low-density lipoprotein receptor-Related Protein 5/6 (LRP5/6) co-

receptors. In absence of WNT ligands, Fz and LRP do not form a complex and the 

protein kinases Glycogen Synthase Kinase 3β (GSK-3β) and Casein Kinase 1γ (CK1γ) 

phosphorylate several proteins, including LRP5/6, β-catenin and Axin, and induce the 

degradation of β-catenin. Upon WNT binding, the interactions between Fz and LRP 

recruite Dishevelled (DVL) and Axin, which in turn prevent the formation of the ‘Wnt 

negative complex’ and the phosphorylation-dependent degradation of β-catenin. Free β-

  5 



 
catenin translocates into the nucleus where cooperates with the T-cell-specific 

factor/lymphoid enhancer-binding factor (TCF/LEF) family of transcription factors to 

control transcription of target genes [21].  

 

Endoglin 

Endoglin (ENG or CD105) is an ancillary receptor for various members of the 

TGF-β superfamily. Conditions involving alteration in the vascular structure, such as 

angiogenesis, wound healing, and inflammation are associated with increased expression 

of endoglin. ENG binds to TGF-β isoforms 1 and 3 in combination with the signaling 

complex of TGF-β receptors types I and II [22]. This signaling pathway is initiated by 

binding of TGF-β to the TGF-β type II receptor (TβRII) [23]. Upon ligand binding, 

TβRII recruits and phosphorylates the TGF-β type I receptor (TβRI), also known as 

activin receptor-like kinase 5 (ALK-5), resulting in phosphorylation of SMAD2/3 [23]. In 

addition to ALK-5, a second TGF-β type I receptor has been described, known as ALK-1, 

whose expression seems more restricted to sites of vasculogenesis and angiogenesis, and 

whose activation leads to phosphorylation of SMAD1/5/8 [24]. Mutations in Eng and 

ALK-1 have been associated with an autosomal dominant vascular disorder termed 

hereditary hemorrhagic telangiectasia 1 (HHT1) or Rendu-Osler-Weber syndrome [25, 

26]. During embryogenesis, Eng is required for cardiac patterning, contributing mostly to 

endocardium formation [27]. In addition to TGF-β, Eng has also been shown to interact 

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 [22].  
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However because of its abundance in endothelial cells, endoglin has been mainly 

studied in this lineage, where it modulates TGF-β1 response [28-30]. Thus the role of 

endoglin in other cell types has been mostly understudied. Interestingly our laboratory 

has recently demonstrated that Eng plays an important role at the origin of hematopoiesis 

during embryonic development, a process most likely to happen through BMP signaling 

[6, 7]. BMP signaling is a well known critical pathway for the specification of 

mesodermal cells toward the hematopoietic [31] and cardiac lineages [32, 33].  

 

Embryonic stem cells (ES cells) 

 ES cells represent invaluable tools for both basic and applied reasearch. As shown 

by several groups, in vitro differentiation of ES cells recapitulates the early events of 

embryogenesis, and it represents a powerful tool to perform mechanistic studies of the 

molecular mechanisms controlling early cell fate decisions such as hematopoietic and 

cardiac cells. [34, 35]. Following the identification of hemangioblast, the earliest 

hematopoietic precursors, in this system, ES cells provide insights into the ontology of 

the blood development. By using Eng-/- ES cells, our lab has shown that lack of ENG is 

associated with impaired primitive hematopoiesis [4], a finding that has been confirmed 

in in vivo using Eng null embryos [6]. Cardiomyocytes can be generated from 

differentiating ES cells through a process that likely involve a multipotent progenitor 

known as cardiac progenitor cells (CPCs) [36-38]. These progenitors are able to give rise 

to both cardiomyocytes, endothelial, and vascular smooth muscle lineages. The ability to 

identify and isolate CPCs from ES stem cells [36] provide not only an unlimited source 

  7 



 
of cardiomyocytes for the potential treatment of cardiovascular diseases, but also allows 

researchers to investigate how disruption of gene circuits and signaling pathways lead to 

disease and potentially use this knowledge to screen for drugs that may improve 

pathological conditions.  

 

Statement of thesis 

The vertebrate body patterning emerges during gastrulation. The allocation of 

different cell lineages heavily depends on the cellular behaviors and the molecular 

signals. In this study, I demonstrate that endoglin (ENG), an ancillary receptor of TGF-β 

superfamily, promotes the commitment of early mesodermal progenitors to the 

hematopoietic lineage (chapter 2) at the expense of the cardiac lineage by modulating 

WNT and BMP signaling (chapter 3).    

 

ENDOGLIN up-regulation promotes primitive hematopoiesis  

Using a doxycycline-inducible ENG ES cell line, I have demonstrated that 

induction of ENG during embryoid body differentiation leads to a significant increase in 

the frequency of hematopoietic progenitors, in particular for the erythroid lineage, which 

correlated with the up-regulated expression of Scl, Gata1, Runx1 and embryonic globin. 

Interestingly, activation of the hematopoietic program compromised the differentiation 

toward the endothelial and cardiac lineages. ENG-induced erythroid activity was 

accompanied by high levels of SMAD1 phosphorylation, a downstream effector of  BMP 

signal pathway. Among BMPs, BMP4 is well known for its role in hematopoietic 
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specification from mesoderm by promoting expression of several hematopoieitic genes, 

including Scl [39]. Considering that Scl plays as a master regulator in the hematopoietic 

program [40], I investigated whether SCL would be capable of rescuing the defective 

hematopoietic phenotype observed in Eng null embryonic stem cells. SCL expression in 

Eng-deficient ES cells resulted in increased erythroid colony-forming activity and 

elevation of Gata1 and Gata2, positioning Eng upstream of this transcriptional network.  

 

WNT activation is required for the function of ENDOGLIN during mesoderm 

specification 

To understand the molecular mechanism behind ENG gain-of-function at 

hematopoietic commitment, I have performed transcriptional profiling analyses of non-

induced vs. ENG-induced embryoid bodies (EBs). Among the up-regulated genes, I 

focused our attention on Dvl1, a cytoplasmic effector of WNT signaling. Considering that 

WNT signaling is crucial during heart development [41], I hypothesized that WNT 

activation may be involved in ENG-mediated cardiac repression. To investigate this idea, 

I tested the effect of the canonical WNT signaling inhibitor IWR-1, in ENG-induced EB 

cultures. In agreement with this idea, the cardiac repression observed following ENG 

overexpression is abrogated by inhibition of the canonical WNT signaling pathway. 

Surprisingly I also found that WNT inhibition negatively affects the ability of ENG to 

induce hematopoiesis, indicating that the function of ENG at this early stage of 

development may require active WNT signaling. To determine whether the activation of 

WNT signaling is controlled by ENG, I have introduced a β-catenin-dependent reporter 
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in the ENG-inducible ES cell line. We observed distinct up-regulation of reporter activity 

as well as the amount of active β-CATENIN in ENG-induced EBs compared with non-

induced EBs, showing WNT activation is directly regulated by ENG. Importantly, by 

using the BMP signaling inhibitor Dorsomorphin, I have also demonstrated that the 

positive effect of ENG in hematopoiesis occurs through BMP signaling [7]. Considering 

that the modulation of WNT activity at this stage establishes competence to form either 

heart or blood in response to the BMP signal [42], these findings suggest that ENG may 

promote the commitment of early mesodermal progenitors to the hematopoietic lineage at 

the expense of the cardiac lineage via activation of both WNT and BMP signaling. This is 

corroborated by the studies, using the mesodermal reporter brachyury-GFP ES cell line 

[43], which revealed that GFP+ENG+ cells are endowed with both hematopoietic and 

cardiac potential. 

 

Testing whether ENG is a key determinant of hematopoietic vs. cardiac cell fate decision 

These studies by using brachyury-GFP ES cell line reveal that mesodermal ENG 

positive cells give rise to blood and heart. These data suggest that, by modulating BMP 

and WNT signals, ENG may play an essential function for the activation of the 

hematopoietic program whereas preventing the misspecification of early hematopoietic 

progenitors towards the cardiac lineage. By performing whole transcriptome analysis, I 

examined the detailed gene expression profiles of isolated mesodermal sub-fractions 

based on the expression of GFP and ENG. This analysis provides important information 

about the hematopoietic and cardiac fate choice of early mesodermal precursors as well 
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as a possible gene expression signature governed by BMP and WNT signals. Secondly, to 

validate our data in vivo, I characterize the lineage fate choice in Eng-null and its 

littermate control embryos. Since the preliminary data suggest that ENG is indispensable 

for both hematopoietic specification and cardiac repression of the mesodermal 

progenitors, I hypothesize that the absence of ENG in the developing embryos would 

affect such process.  
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Chapter 2 

EFFECT OF ENDOGLIN OVEREXPRESSION DURING 

EMBRYOID BODY DEVELOPMENT 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted from Experimental Hematology. June Baik, Luciene Borges, Alessandro 
Magli, Tayaramma Thatava and Rita C.R. Perlingeiro. “EFFECT OF ENDOGLIN 
OVEREXPRESSION DURING EMBRYOID BODY DEVELOPMENT.” Exp Hematol. 
2012 Oct;40(10):837-46. Copyright 2012. 
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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 

[44, 45]. In endothelial cells, where endoglin has been most studied [46], 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 [30, 47]. 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 [48, 49], 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 [50, 51].  

Eng-null (Eng-/-) mice die around E10.5 due primarily to cardiovascular 

defects [3, 52]. 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 [4, 5].  
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Here we investigated whether induction of endoglin affects hematopoietic cell 

fate from mesoderm, and pinpoint the mechanism behind endoglin’s effects. 
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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. 2-1A). 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. 2-1B). 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. 2-1C). This correlated with an increase in the 

frequency of FLK-1+ENG+ progenitors (Fig. 2-1D), although the levels of FLK-1 per se 

remained unchanged upon dox induction (Fig. 2-1D, E).  

  16 



 

 

 
Figure 2-1.  Induction of ENDOGLIN stimulates hemangioblast formation.  
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-CFC, 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.  
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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. 2-2A). Real time PCR analyses of day 3.25 

EBs showed significant up-regulation of Lmo2 (Fig. 2-2B), while changes in the 

expression levels of other hemangioblast/hematopoietic-associated transcription factors 

were not statistically significant (Fig. 2-2C).  
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A B

 
 
 
 
Figure 2-2.  ENG promotes primitive hematopoietic development.  
(A) 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 performed in duplicate. Right panels show representative 
morphology of EryP colonies showed at the same magnification (100x). (B) 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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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. 2-

3A, 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 lower. Increases were also observed in 

definitive burst forming units-erythroid (BFU-E) (Fig. 2-3A), 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. 2-3B,C), 

significant up-regulation of critical hematopoietic regulators was observed at EB day 6, 

including Scl, Gata1, Runx1, and Lmo2 (Fig. 2-3D). Consistent with the augmented 

erythropoiesis, we observed increased levels of globins (Fig. 2-3D). These findings 

corroborate the premise that endoglin positively modulates the hematopoietic 

transcriptional network.  
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Figure 2-3.  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. 
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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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. 2-4A, upper 

panel) and dox-induced (Fig. 2-4A, 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. 2-4B, C). This was confirmed by gene expression analyses, which revealed 

down-regulation of the endothelial markers vWF and Er71 (Fig. 2-5A).  

 

 

 

Figure 2-4.  Increased hematopoiesis happens at the expense of endothelial 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 
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Interestingly we also found significant inhibition of genes associated with the 

cardiac lineage, including Nkx2.5, Tbx5, and Myocardin (Fig. 2-5A), the latter is also a 

regulator of the smooth muscle lineage [53]. Suppression of cardiogenesis was confirmed 

by western blot analyses to cardiac TROPONIN I (cTNI) (Fig. 2-5B). As observed for 

induction of the blood lineage (Fig. 2-3A), inhibition of the cardiac lineage was detected 

only when endoglin was induced from day 2 to day 6 of EB differentiation (Fig. 2-5B). 

 
 

A B

 
Figure 2-5.  Overexpression of ENG represses cardiac differentiation. 
 (A) 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. (B) 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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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. 2-6A, B). Data 

correlated to the drastically increase in the numbers primitive erythroid precursors (Fig. 

2-6C). Since BMP signaling is well known to be crucial for early hematopoietic 

development [18, 31], we assessed whether addition of dorsomorphin, a BMP signaling 

inhibitor [54], 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. 2-6A, B) and primitive 

erythroid colony activity (Fig. 2-6C), addition of dorsomorphin for 24 hours (d3.5 –d4.5) 

to endoglin-induced cultures brought down phosphorylation of SMAD1 to control level 

(Fig. 2-6A, B). Importantly, these reduced levels of SMAD1 phosphorylation in the 

presence of dorsomorphin in iEND EB cultures were accompanied by a significant 

reduction in the number of EryP colonies (Fig. 2-6C). These results suggest that the 

stimulatory effect of endoglin on hematopoiesis may happen through enhanced BMP 

signaling. 
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Figure 2-6.  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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SCL rescues Endoglin-/- defective hematopoiesis 

Because lack of endoglin is accompanied by reduced levels of the master 

hematopoietic regulator Scl [55], 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. 2-7A, B). Western blot analyses confirmed SCL 

induction in these cells (Fig. 2-7C).  
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Figure 2-7.  Generation of iSCL:Eng-/- ES cell lines. 
(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. 
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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 [55]. 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. 2-8A, 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 (M3434) (Fig. 2-8A). This dramatic effect on 

hematopoietic development correlated with increased percentage of c-KIT+CD41+ cells 

(Fig. 2-8B) as well as higher expression of the hematopoietic genes Gata1, Gata2, Lmo2, 

Runx1, globins, and as expected, Scl (Fig. 2-8C). These data indicate that Scl acts 

downstream of endoglin and can compensate for the lack of endoglin during primitive 

erythropoiesis.  
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Figure 2-8. SCL rescues defective primitive erythroid development in Eng-/- ES cells.   
(A) 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 the hematopoietic medium (black bar). 
Error bars indicate standard errors from 3 independent experiments. *p<0.05, **p<0.01. 
(B) 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. (C) 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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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 [56]. In adult bone marrow, this 

receptor enriches for the long-term repopulating hematopoietic stem cells (HSCs) [57], 

and more recently, this was also observed in the AGM, the first site of HSCs [58]. 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 [4, 5]. 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. 2-2A and 2-3A) and up-regulation of Scl, Gata1, Lmo2 and Runx1 (Figs. 2-2B 

and 2-3D), all critical regulators of the hematopoietic program [40, 59-64]. 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. 2-8). 

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 
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presence of endoglin induction (Figs. 2-4 and 2-5). These results suggest that the levels 

of endoglin are critical to fine-tune early lineage decisions during embryonic 

development.  

In terms of mechanistic 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 [44]. BMPs are of particular interest, as these ligands are crucial for 

proper mesoderm patterning [65] and blood specification [18]. 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) [13, 66]. Knockouts for bmp4 [18], 

bmp2 [67], and their common receptors alk3 [68] and bmprII [69] are embryonic lethal 

with reduced mesoderm [65]. In particular, BMP4 is necessary for hematopoietic 

commitment of mesoderm, promoting expression of Scl, Gata1, Gata2, and Lmo2 [64, 

70-74]. 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 [75], it seems likely that endoglin 

interacts with BMP4.  

 Therefore we provide evidence that endoglin modulates the hematopoietic 

transcriptional network, most likely through regulation of BMP4 signaling. However a 

  32 



 
direct interaction between endoglin and BMP4 has not yet been reported, and thus 

requires further investigation. 
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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 [76]. 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.).  
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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 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 5x104 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, 4.5x10-4 M MTG, 

TPO (25 ng/ml; Peprotech), VEGF (5 ng/ml; Peprotech) and SCF (100 ng/ml; 

Peprotech), as previously described [77]. Plated cells were cultured in a humidified 
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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 5x104 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 PDGFRα, PE-conjugated anti-mouse Tie2 (all from eBioscience). 

 

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) analysis 
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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), 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 
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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 x 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 x 

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. 
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Chapter 3 

Endoglin Modulates WNT Signaling:  

Integration of BMP and WNT Pathways in Cardiogenic and 

Hematopoietic Mesoderm Patterning 
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Gradients of BMP and WNT signaling are critical for cell fate specification 

during embryogenesis. Changes in their expression levels disturb the commitment of 

early mesoderm towards the cardiac and blood lineages. Using differentiating embryonic 

stem cells and mouse embryos, we show that ENDOGLIN (ENG) plays a central role in 

the establishment of the cardiac and blood lineages by modulating BMP and WNT. High 

levels of ENG result in increased hematopoiesis and inhibition of cardiogenesis, which 

are counteracted by inhibition of canonical WNT and BMP signaling. Conversely, yolk 

sacs of Eng-/- embryos display up-regulated levels of Nkx2.5. Phosphorylation of 

SMAD1 at the GSK3 site is the point of integration between BMP and WNT signals. By 

interrogating ENG-dependent WNT-mediated transcriptional changes, we identify Jdp2 

as a key downstream target, sufficient to establish hematopoietic fate in early mesoderm. 
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Introduction 

  

During development, early uncommitted precursors undergo lineage specification 

to acquire specific cell fates. Alteration or disruption of lineage decisions results not only 

in developmental malformations but also in defects in adult tissue homeostasis, 

highlighting the importance of elucidating the transcriptional and signaling mechanisms 

that guide precursors to fully commit to and maintain a specific cell identity.  

In the case of mesoderm formation, the sequential specification of different tissue 

specific progenitors (ie. blood, cardiac muscle, among others) in the primitive streak (PS) 

is under the control of various signaling pathways [1]. Among these, BMP signals from 

the extra-embryonic region and canonical WNT signals in the epiblast are required for 

the establishment of vertebrate body axes and mesoderm induction [9]. The critical 

function of these signaling pathways are well demonstrated in knockout mice as deletion 

of BMP4 [18] and its type 1 receptor BMPR1A [78], as well as WNT3 [79] and its 

intercellular effector β-CATENIN [80], results in embryonic lethality due to failure in 

mesoderm formation and subsequent patterning, among other defects. Furthermore, it has 

been demonstrated that WNT signals along with BMP are critical to establish the 

prospective cardiac population [42] by directing the migration of cardiac progenitors 

from the PS to the heart forming region [81]. Notably such convergence is also observed 

during hematopoiesis. Studies involving avian embryo manipulation and in vitro 

differentiation of murine ES cells have demonstrated that the combination of WNT and 
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BMP signaling is essential for hematopoietic specification and commitment towards the 

primitive erythroid lineage [42, 82, 83].  

We have recently shown that ENDOGLIN (ENG), an ancillary receptor for the 

TGF-β superfamily [13], plays a critical role in modulating BMP signaling during early 

lineage specification [4-6, 8, 84]. This was somewhat unexpected since this receptor is 

best known for its function in endothelial cells [30, 46, 47]. Mutations in ENG have been 

associated with the autosomal dominant vascular disorder termed hereditary hemorrhagic 

telangiectasia 1 (HHT1) or Rendu-Osler-Weber syndrome. Most HHT1 patients have a 

high frequency of arteriovenous malformations (AVMs), which may result in severe 

clinical outcome, including high output cardiac failure [85]. In mice, lack of ENG leads 

to embryonic lethality at E10.5 due to cardiovascular abnormalities, including outflow 

tract (OFT) and branching defects [3, 52, 86], as well as a profound anemia observed in 

the yolk sac (YS) of 9.5 dpc Eng-/- embryos, which we have shown is due to severely 

reduced erythropoiesis [6], and not an indirect consequence of insufficient blood flow. 

Impaired hematopoiesis found both in embryos [6] and in differentiating ES cells [55] 

lacking ENG correlated with decreased levels of SMAD1/5/8 phosphorylation but not 

SMAD2/3. Manipulation of TGF-β signaling in Eng-/- cells to enhance pSMAD1/5/8 

levels rescues their defective hematopoietic phenotype [5], whereas induction of ENG in 

differentiating wild-type (WT) ES cells results in increased hematopoiesis [84]. 

Interestingly, enhanced hematopoietic differentiation occurred at the expense of 

differentiation towards the endothelial and cardiac lineages, and was blocked by the 

presence of a BMP inhibitor [84]. 
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Here we show that early modulation of cell fate specification by ENDOGLIN 

towards the hematopoietic and cardiac lineages also occurs in vivo, and unexpectedly, 

that WNT signaling is involved in this process. Our data reveal that SMAD1 is the point 

of convergence in ENG-mediated modulation of BMP and WNT signaling in early 

embryogenesis. We further demonstrate that ENG identifies cells with both 

hematopoietic and cardiac potential, and whole transcriptome analysis of ENG+ sub-

fractions defined the gene signatures of these early precursors as well as changes induced 

by BMP and WNT signals. Importantly, we identified JDP2 expression is sufficient to 

establish hematopoietic fate in early mesoderm when BMP and WNT crosstalk is 

disturbed, providing mechanistic insight into the establishment of hematopoietic and 

cardiac progenitors during embryogenesis. 
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Results 

 

High Levels of ENDOGLIN Repress Cardiac Differentiation during Embryogenesis 

Our previous findings, using in vitro embryoid body (EB) differentiation of 

doxycycline-inducible ENDOGLIN (iENG) ES cells, demonstrated that up-regulation of 

ENG results in enhanced hematopoietic differentiation and suppressed cardiac 

differentiation [84]. This effect was time-dependent, as cardiac repression was observed 

when ENG expression was induced at day 2 of EB differentiation, but not later at day 4. 

To test the hypothesis that ENG interferes with cell fate specification by influencing 

uncommitted mesodermal progenitors to differentiate towards the hematopoietic lineage 

rather than the cardiac lineage, we mapped temporal windows of ENG function by 

evaluating the effect of overexpressing ENDOGLIN at defined stages of EBs 

development (Fig 3-1A). iENG EBs were treated with doxycycline (Dox) continuously 

from day 2 to day 8, or at specific time windows (d2-d3, d2-d4 or d4-d8), or not treated at 

all (no induction control) (Fig 3-1A). We observed strong cardiac repression,  shown by 

significantly reduced protein levels of cardiac troponin I (α-cTNI), in all the experimental 

groups in which ENDOGLIN was induced from day 2, independent of the duration of 

dox induction (d2-d8, d2-d3, and d2-d4) (Fig. 3-1B). On the other hand, such repression 

was blunted when induction occurred from day 4, suggesting that ENG-mediated cardiac 

repression is specific to the earlier windows (Fig 3-1B).   
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Figure 3-1. Levels of ENDOGLIN affect cardiac differentiation.  
(A and B) Effect of ENDOGLIN induction in vitro. (A) Outline of time windows of 
ENDOGLIN induction during EB differentiation (D2-D8). The following 5 experimental 
groups were assessed: I) no dox added to cultures, II) dox added for the whole period 
from D2-D8 of EB differentiation, III) dox added for 24 hours from D2-D3, IV) dox 
added for 48 hours from D2-D4, and V) dox added for 96 hours from D4-D8. (B) 
Western blot analyses for cTNI in day 8 EB cultures reveal that early ENDOGLIN 
induction (II, III, IV) suppresses cardiac differentiation. α-ACTIN was used as loading 
control.  
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To determine whether induction of ENDOGLIN in vivo would result in a similar 

change in cell lineage specification, we harvested head-fold-stage embryos, a time point 

with abundant cardiovascular progenitors [36], and transduced these with lentiviral 

vectors encoding ENDOGLIN or empty vector (control) (Fig 3-2A). Control explant 

cultures gave rise to large clusters of cells positive for cTNI (Fig. 3-2B, upper right), as 

expected [36]. In contrast, ENDOGLIN-transduced explants displayed significantly 

reduced numbers of cells expressing cTNI (Fig 3-2B, lower right). These cultures also 

displayed decreased expression of cTnnt2 (Fig. 3-2C). 
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Figure 3-2. High level of ENDOGLIN represses cardiac differentiation in vivo.  
(A-C) Effect of ENDOGLIN induction in embryo explants. (A) qPCR analyses confirm 
up-regulation of endoglin in E8.5 mouse explants that had been transduced with ENG 
lentivirus (pSAM-ENG) when compared to control cultures transduced with empty vector 
(pSAM). Bars indicate standard errors from 2 independent experiments. (B) 
Immunostaining for cTNI reveals the presence of several and large clusters of cardiac 
cells in control (pSAM) explants cultured onto OP9 stromal cells (upper right), whereas 
ENDOGLIN -induced explants displayed smaller and fewer cTNT+ clusters (lower right). 
cTNI is shown in red and nuclei in blue. (C) Gene expression levels for cTnnt2 in 
respective mouse explant cultures represented in (B). Transcript levels are normalized to 
Actb.  
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We have previously demonstrated that E8.5-E9.5 Eng-/- embryos display severely 

reduced hematopoietic colony activity as well as dramatic down-regulation of Scl, Gata-

1, Gata-2, and globins [6]. Importantly, hematopoietic progenitor activity in WT embryos 

is restricted to ENG+ cells, arising in the ENG+FLK1+ mesodermal population at E7.5 [6]. 

Thus, we interrogated here whether lack of ENDOGLIN (Fig. 3-3A) would result in 

ectopic cardiac differentiation at hemogenic sites. Although we did not detect obvious 

ectopic expression of cTNI in E9.5 Eng-null yolk sacs (data not shown), gene expression 

analyses revealed significant up-regulation of Nkx2.5 (Fig 3-3B), one of the earliest 

markers of cardiac development [87, 88]. Expression levels of Gata4 and cTnI also 

trended towards elevated levels in Eng-null YSs (Fig. 3-3B). These data suggest a role for 

ENG in reinforcing the hematopoietic program by preventing expression of cardiac-

specific genes in hemogenic sites during mesoderm specification.  
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Figure 3-3. Lack of ENDOGLIN leads to the activation of cardiogenic program in 
hemogenic site.  
 (A and B) Expression of cardiac genes in the YS of ENG-/- embryos. (A) FACS analyses 
confirm the null phenotype (lower panel). (B) Up-regulation of Nkx2.5 in the yolk sacs of 
ENG-/- mice. Bars indicate standard errors from 2 independent experiments. Eng-/- YS 
(n=3) and control YS (n=5). *p<0.05. 
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WNT Activity is involved in ENDOGLIN -Mediated Mesoderm Specification 

To begin dissecting the mechanism by which ENG leads to repression of the 

cardiac program, we performed transcriptional profiling on day 3.25 EBs that had been 

induced or not with dox for 24 hours. Among the 18 regulated genes (Table 3-1), our data 

revealed up-regulation of Dishevelled 1 (Dvl1), a cytoplasmic effector protein of WNT 

signaling, as validated by qRT-PCR (Fig. 3-4A). Conversely, lower levels of Dvl1 were 

detected in the absence of ENDOGLIN (Fig. 3-4B). DVL1 is known to sequester 

negative regulators of WNT signaling, allowing β-CATENIN, the WNT downstream 

effector, to freely enter the nucleus and transactivate WNT targets [89].  

 

Table 3-1. The list of up-regulated genes in ENG-induced EBs. 
(A) List of up-regulated genes in a microarray performed in Eng-induced day 3.25 EBs 
comparatively to non-induced controls. EBs were induced with dox from day 2. 
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Figure 3-4. Microarray reveals Up-regulation of Dvl1 in ENG-induced EBs. 
(A-C) Expression levels of Dvl1 in (A) Eng-induced D3.25 cultures that had been 
induced with dox from day 2 (validation of A) and control non-induced cultures, (B) D3 
Eng-/- EBs and E14 WT EBs, and (C) D3 GFP+(Bry+) EBs expressing ENG or not: 
GFP+ENG- and GFP+ENG+. Transcripts are normalized to Gapdh. Error bars indicate 
standard errors form three independent experiments performed in triplicate. *p<0.05, 
**p<0.01. 
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Based on this finding and the critical role of WNT signaling during cardiogenesis 

[41], we presumed that WNT activation may be involved in ENG-mediated cardiac 

repression. To investigate this, we began by testing the effect of the canonical WNT 

signaling inhibitor, IWR-1, in ENDOGLIN -induced EB cultures. As clearly shown in 

Fig. 3-5A, the inhibitory effect of ENDOGLIN induction (+dox) on cardiac 

differentiation is abrogated by inhibition of the canonical WNT signaling pathway. To 

determine if this would also be the case with the ENG-mediated cardiac repression 

observed in E8.5 embryo explants (Fig. 3-6A, lower right), we cultured ENG- and mock-

transduced embryo explants in the presence or absence of IWR-1. In agreement with the 

in vitro EB data, addition of IWR-1 to ENG-transduced primary cultures counteracted the 

inhibitory effect of ENDOGLIN on cardiac differentiation (Fig 3-6A,B). Surprisingly, we 

observed that WNT inhibition by IWR-1 in EB cultures also negatively affects the ability 

of ENG to induce hematopoiesis (Fig 3-5B), indicating that ENDOGLIN’s function at 

this early stage of development may require active WNT signaling.  
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Figure 3-5. WNT activity contributes ENG-mediated mesoderm specification. 
(A and B) iENG ES cells were differentiated as EBs. Dox was added to EB cultures from 
day 2, and IWR-1 from day 4 to day 6. EB cultures were analyzed for cardiac and 
hematopoietic differentiation at days 8 and 6, respectively. (A) Western blot analyses 
reveal rescue of cTNI expression in iEng EBs that had been treated with IWR-1. (B) 
Gene expression analysis for embryonic and adult globins demonstrates that IWR1 
counteracts the stimulatory effect of ENDOGLIN in erythropoiesis. Transcript levels are 
normalized to Gapdh. Bars indicate standard errors from 3 independent experiments.  
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Figure 3-6. The effect of ENDOGLIN in early cell specification requires WNT 
activation. 
(A and B) Rescued cardiogenesis when ENDOGLIN -induced embryo explants are 
treated with IWR1. (A) Representative immunostaining for cTNI. Control cultures were 
treated with DMSO (left panels). (B) Quantification of cTNI staining (A) confirms rescue 
of cardiac suppression when endoglin-induced explants are treated with IWR-1. Results 
are shown as fold-change of cTNI+ cells. 
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To definitively confirm whether high levels of ENG promote WNT activation, we 

generated a β-CATENIN-dependent reporter ES cell line. This reporter (7Tcf-EGFP 

SV40-Luc) contains 7 Tcf binding sites, allowing us to monitor WNT activity using a 

luciferase reporter assay [90]. We subjected ENG-induced or control cultures to a brief 

pulse of WNT signal (3 hours of exposure to the GSK3β inhibitor CHIR99021), and 

observed that reporter activity was increased in ENG-induced cultures when compared to 

non-induced or mock cultures (DMSO-treated; Fig 3-7A). The increased reporter activity 

observed in the ENG-induced sample that had been treated with CHIR99021 was 

confirmed by western blot using an antibody specific for active β-CATENIN, (Fig. 3-

7B). These data demonstrate that ENG enhances WNT activity. 
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Figure 3-7. WNT activity is directly regulated by ENDOGLIN. 
(A and B) A WNT reporter to measure responsiveness to ENDOGLIN induction. A β-
CATENIN-dependent reporter (7TFC) was introduced into the iENG ES cell line 
(7TFC:iENG). 7TFC:iENG ES cells were differentiated as EBs, and dox was added to 
the culture medium from day 2. The GSK3β-inhibitor CHIR99021was added to the 
culture medium 24 hours later, and EB samples were collected at 0hr, 0.5hr, 1hr, and 3hr. 
(A) Luciferase activity denotes WNT stimulation in these cultures, and peak is observed 
after 3 hours solely in ENDOGLIN -induced EB samples that had been exposed to 
CHIR99021. Graph is representative of 3 independent experiments. (B) Respective 
western blot analyses for active β-CATENIN in EB cultures following 3hr of WNT 
stimulation. Consistently, higher levels of active β-CATENIN are observed in cultures 
that had been exposed to dox (iENG) and CHIR99021. GAPDH was used as loading 
control. 
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ENDOGLIN -Mediated BMP and WNT Modulation Occurs Via SMAD1 Activity 

We have previously demonstrated that the stimulatory effect of ENDOGLIN in 

hematopoiesis occurs via BMP signaling, as evidenced by the decreased frequency of 

hematopoietic activity as well as reduced levels of SMAD1/5/8 phosphorylation when 

dorsomorphin, a BMP signaling inhibitor, was added to these cultures [84]. Since no 

effect was observed when cultures were exposed to SB431542, a selective inhibitor for the 

TGFβ1 and Activin signaling pathways [91], it is reasonable to conclude that ENDOGLIN 

functions through modulation of BMP signaling rather than TGF-β in these early cell 

specification events. Interestingly, it has been shown in Xenopus that SMAD1, the 

downstream effector of BMP signaling, is also a target of GSK3-mediated 

phosphorylation [16] (Fig 3-8A). GSK3 is a component of the WNT degradation complex, 

and inhibition of GSK3, which maintains the WNT pathway activated, contributes to the 

stabilization of activated SMAD1, ultimately strengthening BMP signaling [16]. 

Consistently, western blot analyses of day 4 ENG-induced EB cultures revealed that 

increased levels of phosphorylated SMAD1 (S456/8 and 426/8) were accompanied by 

higher levels of dephosphorylated active β-CATENIN and inhibitory forms of GSK3 

(pGSK3 α/β S21/9) (Fig 3-8B).  
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Figure 3-8. ENDOGLIN: a Potential mediator between BMP and WNT signaling.  
(A) Schematic representation of SMAD1 and its phosphorylation sites for BMPR and 
GSK3β, as indicated in the red circles.  
(B) Western blot confirms enhanced levels of pSMAD1/5/8 and active β-CATENIN in 
D4 Eng-induced EBs, which are accompanied by increased phosphorylation of the 
inhibitory forms of GSK3 (pGSK3 α/β S21/9). GAPDH is used as loading control.  
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To determine whether ENG regulates BMP and WNT signals, leading to 

enhanced SMAD1 activity and consequently, enhanced hematopoietic commitment from 

mesoderm, we investigated whether ENDOGLIN’s effect would be mimicked by 

sustained SMAD1 activity. For this, we generated an ES cell line with inducible 

expression of mutant SMAD1 (S210A) lacking the GSK3-mediated phosphorylation site, 

which has been shown to be responsible for SMAD1 degradation [16]. In agreement with 

our hypothesis, enhanced hematopoiesis was observed only in SMAD1 S210A-induced 

cultures (Fig 3-9, left), similarly to the effect of iENG in this developmental stage. 

Induction of WT SMAD1 had no effect on colony formation. Importantly, whereas WNT 

stimulation with CHIR resulted in enhanced hematopoiesis in induced WT SMAD1 

cultures (iSMAD1 WT), no effect was observed in the S210A mutant (Fig. 3-9, right), 

confirming that WNT-enhancement of hematopoiesis is dependent on phosphorylation of 

SMAD1 at S210.  
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Figure 3-9. ENDOGLIN locates upstream of SMAD1 in BMP and WNT 
modulation.  
Primitive erythroid colony activity in D4 EBs in ES cells that had been engineered to 
inducibly express SMAD1 carrying a mutation at the GSK3β conserved site (S210) or 
wild-type SMAD1(WT).  Dox and was added from day 2 to day 4 of EB differentiation 
and CHIR99021 was added from EB day 3 to EB day 4. Bars indicate standard errors 
from 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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ENDOGLIN Identifies Cells with both Hematopoietic and Cardiac Potential within 

Mesoderm  

To determine whether ENG expression regulates hematopoietic and cardiac cell 

fate specification from uncommitted mesodermal progenitors, we utilized a GFP-

Brachyury (Bry) reporter ES cell line [43]. In this cell line, GFP is knocked into the Bry 

locus, allowing us to monitor BRY expression during EB differentiation, and importantly, 

to isolate early mesodermal cells. Accordingly, using this reporter ES cell line, Keller and 

colleagues have demonstrated that in day 3 EBs, hematopoietic progenitors are enriched 

within the BRY+FLK-1+ cell fraction whereas cardiac cells are predominantly in the 

BRY+FLK-1- cell sub-population [36, 43]. Based on this evidence, we investigated the 

expression of ENG (E) in combination with FLK-1 (F) in day 3 BRY+ EBs. As shown in 

Fig. 4A, four distinct cell sub-populations were identified: E+F+, E+F-, E-F+, and E-F- (Fig. 

3-10A). These sub-fractions were FACS purified, and sorted cells were reaggregated for 

24 hours in the absence or presence of IWR-1 to determine whether WNT activity would 

affect ENG-mediated mesoderm specification. Since it is known that blood colony-

forming activity is restricted to the BRY+FLK-1+ compartment [43], we examined the 

hematopoietic potential in reaggregates from E+F+ and E-F+ sub-populations by plating 

these in methylcellulose containing hematopoietic cytokines, as previously described 

[43]. Our results showed a significant enrichment in hematopoietic activity in the BRY+ 

cell fraction that is double positive for ENDOGLIN and FLK-1 (E+F+) when compared to 

the unsorted group (30-fold), and remarkably also superior than the E-F+ sub-population 

(2-fold) (Fig. 3-10B, white bars). Notably, this enrichment was abrogated by IWR-1, 
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indicating WNT activity is required for the hematopoietic commitment of E+F+ cells (Fig 

3-10B, black bars). The inhibitory effect was not observed in cells negative for 

ENDOGLIN (E-F+) (Fig. 3-10B). Consistent with previous data [43], only few 

hematopoietic colonies were observed when the FLK-1 negative cell population was 

assayed (E+F- and E-F-) (Fig. 3-10C).  
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Figure 3-10. ENG+ FLK-1+ mesoderm sub-populations identify hematopoietic cells. 
(A) Representative FACS plots show GFP (BRY) expression in day 3 EBs (left) and 
subsequent analysis of gated GFP+ (BRY+) cells for the expression of ENG and FLK-1 
(right). (B) Primitive erythroid colony activity in E+F+ , E-F+, and unsorted reaggregates 
show increased numbers of EryP colonies in the E+F+ sub-fraction (white bar), which is 
specifically abrogated by IWR-1 (black bar). Bars indicate standard errors from 3 
independent experiments. **p<0.01.  
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To determine the cardiac potential, we focused on the BRY+FLK-1- population 

[36] partitioned based on ENG. Reaggregates from E+F- and E-F- populations were plated 

for cardiac differentiation as monolayers in the presence IWR-1. Contractile 

cardiomyocytes were observed only in the presence of IWR-1, and only the E+F- group 

showed contractility. These observations were corroborated by analyses for the cardiac 

functional Tnni3 gene (Fig. 3-11), which showed prominent expression in the BRY+E+F- 

(4-fold higher than unsorted and BRY+E-F-). These results reveal that ENDOGLIN 

identifies hematopoietic and cardiac progenitors within early BRY+ mesoderm.  

 

Figure 3-11. ENG+ Flk-1- mesoderm sub-population contains cardiac potential.  
Cardiac potential. Reaggregates from unsorted, E+F-, and E-F- sub-fractions were plated 
as monolayer for 5 days in the presence of IWR-1 or DMSO, and analyzed for the 
expression of cTnni3/cTnI.  
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To further characterize the molecular signature of these early E+F+ and E+F- blood 

and cardiac sub-populations, we performed transcriptional profiling by RNA-Seq (Fig 3-

12). Among the genes exclusively up-regulated in the E+F+ population, we found Gata1, 

Gata2, Tal1/Scl, and Klf1 (Fig 3-12B), which are known to regulate primitive 

erythropoiesis during embryogenesis [92-94], as well as Gfi1b (Fig 3-12B). On the other 

hand, the E+F- population was characterized by high expression of Mesp1, Mesp2, and 

Isl1 (Fig 3-13B), key regulators of early cardiac specification [95, 96]. Gata4 expression 

was also found significantly up-regulated in the E+F- population (Fig. 3-13C), while other 

cardiac-specific genes, Nkx2.5, Tbx5, Mef2C, and Hand2 were expressed at very low 

levels at this early developmental stage (Fig. 3-13C). These findings are in agreement 

with the data obtained in the hematopoietic and cardiac assays (Fig 3-10B,C and 3-11), 

and confirm that E+F+ and E+F- are respectively endowed with hematopoietic and cardiac 

potential, demonstrating that ENG marks not only hematopoietic potential but also 

cardiac cell fate within the mesoderm population.  
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Figure 3-12. ENG+FLK-1+ mesoderm sub-population activates hematopoietic 
program.  
(A) Heat map of RNA-Seq analysis shows genes that are distinctly expressed in E+F+. 
Analyses were performed with 3 independent biological samples. Values are 
log2(estimated expression/mean estimated expression of the row), with blue indicating 
negative values. (B) Expression levels of selected hematopoietic genes found up-
regulated in the E+F+ sub-fraction are shown as median-normalized transcripts per million 
(TPM).  
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Figure 3-13. ENG+FLK-1- mesoderm sub-population characterizes as early cardiac 
progenitors.  
(A) Heat map of RNA-Seq analysis shows genes that are distinctly expressed in either 
E+F+ or E+F-. (B) Early cardiac transcription factors Mesp1, Mesp2, and Isl1 are 
selectively expressed in the E+F- sub-fraction. *p<0.05; ***p<0.001. (C) Expression 
levels of Gata4, Nkx2.5, Tbx5, Mef2C, and Hand2 in E+F+, and E+F- sub-fractions are 
shown as median-normalized transcripts per million (TPM). *p<0.05 
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Jdp2 is a Target of ENG-Mediated BMP and WNT Signals to Enhance 

Hematopoietic Commitment 

To determine how ENG-mediated BMP and WNT modulation promotes 

hematopoietic commitment, we identified genes differentially expressed by IWR-1 in the 

E+F+ population (Fig 3-14A). Among the genes showing differential expression in the 

control compared to IWR-1 group, we prioritized Jdp2, Epas1, and Hoxb6 as candidates, 

based on their previously reported function in hematopoiesis [97-99]. The expression 

levels of these genes were validated by qPCR. Although Hoxb6 was found at very low 

levels in these cultures (data not shown), the expression of Jdp2 and Epas1 was 

distinctively inhibited by IWR-1 in the E+F+ population (Fig. 3-14B). 
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Figure 3-14. Jdp2 and Epas1 expressions are regulated by ENG-mediated BMP and 
WNT signals.  
(A and B) Heat map of E+F+ RNA-seq from EB samples treated either with DMSO or 
IWR-1 (A), and respective qPCR validation (B), which confirms that hematopoietic 
candidate genes Jdp2 (upper) and Epas1 (lower) are mostly expressed in the E+F+ 
fraction, and this is counteracted by IWR-1. Data represent 3 independent biological 
samples. *p<0.05; ***p<0.001. Heat map values are log2(estimated expression/mean 
estimated expression of the row), with blue indicating negative values.  
 

 

 

 

 

  69 



 
 Next, we determined whether JDP2 or EPAS1 would have the capacity to rescue 

the impaired hematopoiesis observed when E+F+ cells are exposed to IWR-1 (Fig. 3-

14B). For these rescue experiments, E+F+ cells were transduced with lentiviral constructs 

encoding JDP2 or EPAS1 and control empty vector, reaggregated in the presence of 

IWR-1 for 24 hours, and plated for hematopoietic colony activity. Whereas transduction 

with EPAS1 did not rescue blood formation, JDP2 was able to counteract the inhibitory 

effects of IWR-1 on the hematopoietic colony activity of E+F+ cells (Fig 3-15A). 

Importantly, iSMAD1 S210A mutant day 4 EB cultures, which exhibit enhanced 

hematopoietic colony activity (Fig. 3-9), express significantly higher levels of Jdp2 

(Fig.3-15B), which correlated with Smad1 expression (Fig. 3-15B). Together, these data 

demonstrate that Jdp2 is a key target coordinately regulated by WNT and ENG that is 

sufficient to establish hematopoietic fate in early mesoderm.  
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Figure 3-15. JDP2 rescues blood formation in the absence of WNT signaling. 
(A) Enforced expression of JDP2 rescues erythroid colony activity in E+F+ cells cultured 
in the presence of IWR-1 whereas EPAS1 does not. Bars indicate standard errors from 3 
independent experiments. **p<0.01. 
(B) Expression levels of Smad1 and Jdp2 in day 4 EBs from inducible WT and S210A 
mutant SMAD1 ES cells. Transcript levels are normalized to no dox group. Bars indicate 
standard errors from triplicates. *p<0.05. 
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Discussion 

  

Our study has unraveled ENDOGLIN as a critical modulator of the crosstalk 

observed between BMP and WNT signaling pathways during early cell fate specification. 

In this context, ENDOGLIN ensures the commitment of BRACHYURY+ mesodermal 

precursors (GFP+ENG+) towards the hematopoietic lineage by repressing the cardiac 

program in hemogenic sites. Importantly, we have identified Jdp2 as a target of ENG-

mediated BMP and WNT signaling, providing a molecular mechanism that illustrates 

how signaling pathways and their targets orchestrate the hematopoietic commitment of 

mesoderm. 

Mesoderm specification is a pivotal step in embryogenesis to establish the body 

plan, progenitor allocation and their fate acquisition, and misregulation of this process 

results in organ dysfunction. In developing embryos, hematopoietic and cardiac cells 

arise from the primitive streak where mesoderm forms [100]. Although several studies 

have focused on understanding the cell hierarchy leading to the specification of these 

lineages, the molecular mechanisms regulating these cell fate decisions are not well 

defined. It has recently been reported that mesoderm sub-populations have both 

hematopoietic and cardiac potential [42, 101], and that the commitment of these cells 

towards one lineage versus another is controlled by the expression of Nkx2.5 [102] or Scl 

[103, 104], master regulators of the cardiac and blood programs, respectively. Although 

transcription factors represent the ultimate cell-autonomous determinants that direct 

mesodermal cell specification, their activation and expression are regulated by different 
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signaling pathways. A clear understanding of the regulatory mechanisms integrating 

these various signaling pathways and how they orchestrate gene expression within 

mesoderm is still far from accomplished [105]. 

During embryogenesis, BMP signals are not only required for mesoderm 

induction but also for blood commitment [65, 70, 71, 82]. As shown during 

differentiation of mouse ES cells using serum-free methods, BMP4 is necessary for 

FLK1 and SCL expression [106]. Moreover, forced expression of SMAD1 enhances 

hemangioblast activity and the hematopoietic commitment of these cells towards the 

hematopoietic lineage [107]. Similar to BMP, the WNT signaling pathway plays pivotal 

roles in development [21], and specifically in the hematopoietic system, WNT signals are 

required for primitive hematopoiesis [108, 109]. Interestingly, crosstalk between BMP 

and WNT has been reported to be involved in the activation of the hematopoietic 

program in mesodermal cells [82, 83, 110]. Our findings provide key insights into the 

mechanism behind this crosstalk, as they reveal that ENG modulates BMP and WNT 

signals to enhance SMAD1 activity and ultimately hematopoiesis. Importantly these 

signals are fundamental for the expression of several genes, in particular Jdp2, which we 

discovered plays a critical function in promoting the hematopoietic commitment from 

early mesoderm. Jdp2, an AP-1 family transcription factor, has been reported to modulate 

chromatin by inhibiting histone acetyltransferase (HAT) activity [111]. Interestingly, 

Jdp2 expression was shown to be important for the lymphoid vs. myeloid lineage 

decision by modulating DNA methylation [112]. Neutrophil activity has been reported to 

be impaired in Jdp2-/- mice [113]. A function for Jdp2 during embryogenesis has not been 
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documented. Based on these studies, we speculate that BMP- and WNT-mediated Jdp2 

induction may be required for directing epigenetic modification of mesodermal 

progenitors, allowing them to acquire the hematopoietic fate. 

Together, our data support the notion that ENG is critical for the crosstalk 

between BMP and WNT pathways during development. This effect is achieved by direct 

activation of WNT signals, downstream of BMP in ENG+ cells, likely through Dvl1 

induction (Fig 3-4A-C). Importantly, upon WNT inhibition, we observe repressed 

hematopoiesis in BRY+FLK-1+ENG+ cells (Fig. 3-10B) as well as rescue of ENG-

mediated cardiac repression (Fig 3-11). We confirmed that ENG mediated BMP and 

WNT integration occurs at the level of SMAD1 phosphorylation, as shown by our studies 

with the SMAD1 mutant lacking the phosphorylation site targeted by GSK3β, a negative 

modulator of WNT signaling (Fig 3-9). These data highlight the role of Eng in BMP and 

Wnt signaling modulation and better illuminate the crosstalk between these signaling 

pathways during embryogenesis.  
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Materials and methods 

 

Growth and Differentiation of ES Cells 

In addition to the generated ES cell lines described above, E14, BRY/GFP-reporter 

(kindly provided by Dr. Gordon Keller, University of Toronto ) [43], Eng-/- [55], and 

iENG ES cells [84] were used in this study. ES cell lines were cultured on irradiated 

mouse embryonic fibroblasts (MEFs) in DMEM (Gibco) supplemented with 1000U/ml 

LIF (Millipore), 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 pre-plated for 30 minutes to remove MEFs and then 

plated in hanging drops (100 cells/10μl drop) in EB differentiation medium, IMDM 

(Gibco) 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, EBs were collected and resuspended into 10 cm Petri 

dishes in 10ml of EB differentiation medium. These dishes were cultured on a slowly 

swirling table rotator (80 rpm). To induce appropriate endoglin expression during EB 

differentiation, doxycycline (Sigma) was added to the cultures, at 1 μg/ml, beginning at 

day 2, except for time window studies. In the studies involving iSmad1 ES cell lines, 

3uM of CHIR99021 or DMSO (vehicle) was added to EB cultures at day 3.5 and 24 

hours later, cells were collected for EryP CFC assay.  

 

Generation of Inducible ES Cell Lines  
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Wild-type mSMAD1, generously provided by Dr. Takenobu Katagiri (Saitama Medical 

University) [114], was sub-cloned into the p2Lox TEV FLAG targeting vector. p2Lox 

TEV FLAG vector was generated by inserting the sequence 

“CTGCAGGCTAGCgcggccGAGAATTTGTATTTTCAGGGTaactacaacatccctaccaccggc

ggcggcggcggcGACTACAAAGACGATGACGACAAGTAG” flanked by EcoR1 and 

Not1 sites into the p2lox plasmid [115]. SMAD1 S210A mutant was generated using the 

Quickchange Mutagenesis kit (Stratagene) following the manufacturer’s instructions. 

SMAD1 WT and SMAD1 S210A inducible ES cells were generated in A2Lox ES cells 

as previously described [84]. To generate 7TFC;iENG ES cells, iENG ES cells were 

transduced with a lentiviral vector expressing 7xTcf-FFluc//SV40-mCherry (7TFC, 

Addgene). iENG ES cells containing the 7TFC transgene were obtained following 2 

rounds of FACS sorting based on mCherry expression using a FACS ARIA instrument 

(BD).  

 

Mice and Embryo Explants  

All animals were handled in strict accordance with good animal practice as defined by the 

relevant national and/or local animal welfare bodies, and all animal work was approved 

by the University of Minnesota Institutional Animal Care and Use Committee. Male 

heterozygous mice bearing an EGFP knock-in into the Brachyury locus (GFP/Bry+/-) 

[116] were mated with CD-1 IGS female mice (Charles River Laboratories). Eng-

deficient embryos were generated by timed mating Eng+/- heterozygotes, and genotyping 

was performed as previously described [3]. The morning of a positive plug was 
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considered 0.5 dpc. Embryos were removed from decidua and the Reichert’s membrane 

and dissected in PBS. Dissections were performed under a Zeiss Stemi 2000-CS 

stereomicroscope with forceps (Fine Science Tools). Embryo fragments were dissociated 

using 0.25% trypsin-EDTA (Gibco) for 3 minutes at 37°C. Embryos were staged 

according to the somite pair counting (6-12 sp for E8.5, and 18-25sp for E9.5). All Eng-/- 

embryos analyzed presented the same somite pair counting as the littermate controls (18-

23 sp). 

 

Flow Cytometry and FACS Sorting  

Trypsinized EB cells were re-suspended in PBS supplemented with 10% FBS containing 

0.25 µg/106 cells of Fc block (eBioscience) and incubated on ice for 5 minutes. PE-Cy7-

conjugated (BioLegend) or PE-conjugated (eBioscience) anti-mouse ENDOGLIN/CD105 

and APC-conjugated anti-mouse FLK-1 (eBioscience) antibodies were added at 0.5 

µg/106 cells and incubated at 4°C for 20 minutes before washing with PBS. We analyzed 

stained cells on a FACS Aria after adding propidium iodide (Pharmingen) to exclude 

dead cells. Day 3 EBs from BRY/GFP ES cells were gated based on GFP expression, and 

then purified based on the expression of ENG and FLK-1. 

 

Lentiviral Transduction  

Cells that had been dissociated from E8.5 embryo explants were transduced either with 

empty vector control (pSAM-iresGFP) or a lentiviral vector encoding ENDOGLIN 

(pSAM-ENG), reaggregated in 1ml EB medium on low-adherent 24 well plates. After 
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24-48 hours, reaggregates were used for cardiac differentiation studies, as described 

below. For differentiating ES cells, the E+F+ sub-fraction purified from day3 BRY/GFP 

EBs were transduced either with lentiviral vector encoding JDP2 (pRRL-JDP2) or 

EPAS1 (pRRL-EPAS1). As a control, a cohort was transduced with empty vector (pRRL-

dsRed). Spin-infections were performed at 1100g for 1h and 30 minutes at 30°C and then 

incubated in the presence of the lentivirus for an additional 24h at 37°C.  

 

Hematopoietic CFC Assays  

Cells from day 4 EBs were plated at 5x104 cells into 1.5 ml of methylcellulose medium 

(MCM) containing interleukin 3 (IL3), interleukin 6 (IL6), erythropoietin (EPO), and 

SCF (M3434; StemCell Technologies). Primitive erythroid colonies were counted after 5 

days.  

 

Cardiac Differentiation  

Reaggregates from EB sorted cells were plated on gelatinized plates in IMDM medium 

with 2% FBS and 10 µM IWR-1 (Sigma). Reaggregates from E8.5 embryo explants were 

plated on OP9 monolayer in the absence or presence of 10 µM IWR-1.  

 

Immunofluorescence Staining  

Cells for immunofluorescence staining were fixed with 4% paraformaldehyde in PBS, 

and blocked with 5% bovine serum albumin (BSA) in PBS. cTNI (1:250, Abcam) and 

anti-Goat Cy3 (1:500, Jackson Laboratory) were used as primary and secondary 
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antibodies, respectively. To detect nuclei, after washing, samples were stained with 

HOECHST H1399 (1:2000, Life Technologies). For quantification, the size of cTNI-

positive (cTNI+) cells from embryo explants were measured by ImageJ (NIH).   

 

Western Blotting  

EB cell lysates were prepared by using 1X RIPA Buffer (150mM NaCl, 50 mM Tris 

HCL pH7.5, 1 mM EDTA, 1% Triton, 1% sodium deoxycholate, and 0.1% SDS) 

supplemented with Complete Protease Inhibitor Cocktail (Roche) and PhosSTOP 

(Roche) and quantified with Bradford reagent (Sigma). Samples were prepared in 

Laemmli buffer (BioRad) and loaded on gels for SDS-PAGE. Proteins were transferred 

to a polyvinyl difluoride (PVDF) membrane (Millipore). The following primary 

antibodies were applied at the indicated dilution in Primary Antibody Signal Boost 

Immunoreaction Enhancer (Calbiochem); phosphorylated Smad1/5/8 (S465/8 and 

S426/8, 1:1000, Cell Signaling), Smad1 (1:3000, Abcam), cTNI (1:1000, Abcam), β-

active CATENIN (1:1000, Millipore), pGSK3α/β (S21/S9, 1:1000, Cell Signaling). 

GAPDH (Abcam) and ACTIN (Millipore) were diluted at 1:3000 with 5% BSA in 1X 

TBS-Tween20. All primary antibodies were incubated for 12 hours at 4°C on a shaker. 

ECL peroxidase-labeled anti-mouse and anti-rabbit antibodies (GE Biosciences) were 

diluted at 1:20,000 with 5% BSA in 1X TBS-Tween20. After washing the membranes, 

SuperSignal West Pico Chemiluminescent Substrate (ThermoScientific) was utilized to 

detect the HRP signal.  
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Reporter Assay  

WNT activity was measured in iENG;7TFC reporter ES cells, in which  firefly luciferase 

reflects β-CATENIN expression (7xTcf-FFluc//SV40-mCherry; Addgene). To stimulate 

the WNT pathway, 3μM CHIR99021 (Millipore) was added to the culture medium at day 

3 of EB differentiation. EBs were collected at 30 minutes, 1 hour, and 3 hours after WNT 

stimulation. A control sample was collected before WNT stimulation, which we consider 

0 hour sample. To measure bioluminescence in these samples, we utilized the Dual-

luciferase reporter assay system (Promega), and luciferase activity was analyzed using 

the Sirus Luminometer (Berthold Detection Systems).  

 

RNA Isolation, Gene Expression, and RNASeq  

Cells from explants, yolk sacs (YSs) and total EBs were resuspended in Trizol (Life 

Technologies) and processed following the manufacturer’s instructions. RNAs from 

sorted cells were retro-transcribed using Superscript Vilo (Life Technologies) and the rest 

RNAs were retro-transcribed using Thermoscript (Life Technologies). TaqMan probes 

(Life Technologies) were used. For globins, we designed customized primer/probe sets 

(all shown 5'-3'): 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.  
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For RNA-Seq, 100 ng of total RNA for each sample was treated with DNase1 

amplification grade (Life Technologies) following the manufacturer’s instructions. 

Sequencing libraries were generated from 100ng of total RNA using the TruSeq RNA 

Sample Preparation kit (Illumina) and quantitated using the Qubit fluorometer (Life 

Technologies) following the manufacturer’s instructions. The libraries were then pooled 

six samples per lane using 35ng/sample for a 51+8+8 cycle (to accommodate 8+8 

indexed samples in other lanes) Single Read run on the HiSeq 2500 (Illumina) by high 

output run sequencing. The sequencer outputs were processed using Illumina’s 

CASAVA-1.8.2 basecalling software. Demultiplexing assigned ~475 million reads across 

the 18 samples, ranging from 23 million to 30 million reads per sample. Of the assigned 

reads, about 2.5 million were discarded for low quality or the presence of sequencing 

adaptors in the reads.  Each sample’s reads were then processed using RSEM version 

1.2.3 (with bowtie-0.12.9 for the alignment step) [117, 118]. Percentage of reads mapped 

to the transcriptome ranged from 88% to 93%.  

 

Statistical analysis  

Differences between two groups were assessed by using the Student’s t-test. Differences 

between multiple groups were assessed by ANOVA. The R package EBSeq [119] was 

used to identify genes expressed differentially between one sample type and one or more 

others. Those genes reported by EBSeq to have a posterior probability of differential 

expression of .50 or greater were then filtered to select only those with median-

normalized TPM greater than 16 in at least one sample, and a fold change of at least 2 
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between the mean of the median-normalized Expected Counts (EC) of the control 

samples, versus that of the others. Heatmaps of relative expression display for each gene 

G and sample S the value log2 ( (1+median-normalized EC(G,S))/(1+mean over all Si 

median-normalized EC(G, Si)). 
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Chapter 4 

Discussion 
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TGF-β signaling regulates various cellular processes such as growth, 

differentiation, and specification of developmental fate during embryogenesis as well as 

in adult tissues [13]. Although over the last decades the mechanism controlling the 

central component of the TGF-β pathway has been elucidated, there are still open 

questions regarding the cell-type specific activity of TGF-β and its crosstalk with other 

signaling pathways [14]. In this study, I have demonstrated that endoglin, an ancillary 

receptor for TGF-β superfamily, regulates hematopoietic commitment during mesoderm 

specification by integrating BMP and WNT signals.  

 

In mice, the absence of Eng results in embryonic lethality due to cardiovascular 

defects [3]. This indicates that Eng plays an essential role in embryogenesis, but the 

mechanism underlining these early functions is still unclear. Using differentiating mouse 

ES cells as in vitro system, our laboratory has discovered that ENG is required for blood 

development [4]. Since this initial observation, we have demonstrated that YS 

hematopoiesis is restricted to the ENG+ cell fraction [6, 8] and ENG up-regulation 

enhances primitive hematopoiesis (Fig 2-2) [7], indicating that ENG is essential for blood 

specification. Importantly, our findings strongly indicate that the function of ENG in 

hematopoiesis occurs through activation of BMP signaling (Fig 2-6) [6-8, 84].  

 

Although the hematopoietic and cardiac lineages are specified from a common 

mesodermal progenitor, the mechanism regulating this early cell fate choice is still 

unclear. Interestingly, the observation that Eng negatively regulates cardiac 
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differentiation (Fig 3-1) led us to speculate that Eng may play as a determinant between 

hematopoietic and cardiac cell fate decision. In agreement with this idea, ENG+ 

mesodermal sub-population endows both hematopoietic and cardiac potential (Fig 3-10, 

11, 12, and 13).  

To dissect the downstream effectors regulating this process, we performed 

transcriptional profiling analysis by comparing non-induced and Eng-induced EBs. 

Among multiple candidates identified by this screening, we focused our attention on 

Dvl1 (Fig 3-4). This protein is a cytoplasmic effector of WNT signaling, which plays a 

critical role in mesoderm patterning. Based on this finding, we speculated that the 

function of ENG in mesoderm specification might involve the modulation of both BMP 

and WNT signals. In agreement with this idea, the canonical WNT inhibitor IWR-1 

blunts the effects on hematopoiesis and cardiac differentiation observed in our ENG gain-

of-function model (Fig 3-5). Up to date, no study showed the interaction between ENG 

and WNT signals and it opens the interesting aspect how this interaction occurs. Firstly I 

determined whether WNT activation is regulated by ENG. By generating β-catenin 

dependent reporter in iENG ES cell lines and analyzing the amount of active β-

CATENIN in ENG-induced EBs (Fig 3-7), I found that ENG directly controls WNT 

activity. Since our lab has shown the effect of ENG in hematopoiesis occurs through 

BMP signaling, this finding suggests that the existence of a possible downstream 

commom effector that would explain ENG-mediated control of BMP and WNT signals 

during mesoderm specification. Thereby, I tested whether ENG modulates BMP and 

WNT signals at this developmental stage. Using differentiating mouse ES cells, it has 
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been shown that BMP and WNT signals regulate hematopoietic commitment [82, 83]. 

Recent studies have demonstrated that the crosstalk between BMP and WNT signals 

occurs through phosphorylation of SMAD1 linker region [16, 17]. Interestingly SMAD1 

has been shown to promote hemangioblast commitment [107]. Taken together, I tested 

the idea that ENG may regulate BMP and WNT signals to enhance SMAD1 activity, 

which ultimately promotes hematopoiesis. Since the SMAD1 linker region contains 

conserved phosphorylation sites targeted by GSK3β, a WNT negative regulator, I tested 

whether ablation of these sites by mutagenesis might mimic the activation of the WNT 

pathway. As expected, inducible ES cell line expressing SMAD1 mutated on GSK-3β 

conserved sites (iSMAD1 S210A) displayed an increased numbers of hematopoietic 

colonies (Fig 3-9), similarly to iENG (Fig 2-2), confirming the importance of BMP and 

WNT modulation in SMAD1 activation during this process. In particular, this modulation 

is critical to enhance hematopoietic specification from uncommitted mesoderm 

progenitors and requires the expression of the transcriptional regulator Jun-Dimerization 

Protein 2 (Jdp2) (Fig 3-14). Previous reports have shown that Jdp2 is involved in cell fate 

choice mechanisms by recruiting chromatin modifiers to its target genes [111], indicating 

that Jdp2 induction by BMP and WNT integration may result in the modification of the 

epigenetic landscape of uncommitted mesodermal progenitors during hematopoietic 

lineage specification. 

 

In summary, these data support a novel role of Endoglin as regulator of the 

commitment of early mesodermal progenitors toward the hematopoietic lineage at the 
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expenses of the cardiac fate during embryonic development. These findings support that 

Eng is critical for integrating BMP and WNT signals to enhance SMAD1 activity during 

hematopoietic commitment, which occurs through Jdp2 induction. This study provides 

mechanistic insights of how Eng, as a member of TGF-β superfamily, plays a role in the 

hematopoietic specification and contributes to extend the current knowledge about the 

crosstalk between TGF- β and other signaling pathway. 
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