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The MLL-AF4 fusion gene is a hallmark genomic aberration in high-risk acute lymphoblastic leukemia in infants. 
Although it is well established that MLL-AF4 arises prenatally during human development, its effects on hematopoi-
etic development in utero remain unexplored. We have created a human-specific cellular system to study early hema-
to-endothelial development in MLL-AF4-expressing human embryonic stem cells (hESCs). Functional studies, clonal 
analysis and gene expression profiling reveal that expression of MLL-AF4 in hESCs has a phenotypic, functional and 
gene expression impact. MLL-AF4 acts as a global transcriptional activator and a positive regulator of homeobox 
gene expression in hESCs. Functionally, MLL-AF4 enhances the specification of hemogenic precursors from hESCs 
but strongly impairs further hematopoietic commitment in favor of an endothelial cell fate. MLL-AF4 hESCs are 
transcriptionally primed to differentiate towards hemogenic precursors prone to endothelial maturation, as reflected 
by the marked upregulation of master genes associated to vascular-endothelial functions and early hematopoiesis. 
Furthermore, we report that MLL-AF4 expression is not sufficient to transform hESC-derived hematopoietic cells. 
This work illustrates how hESCs may provide unique insights into human development and further our understand-
ing of how leukemic fusion genes, known to arise prenatally, regulate human embryonic hematopoietic specification.
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Introduction

The mixed-lineage leukemia (MLL) gene fuses to 
generate chimeric genes with over 70 partners in human 
leukemia [1]. Infant pro-B acute lymphoblastic leukemia 
(ALL) harboring the fusion MLL-AF4 is characterized 
by a very brief latency and dismal prognosis, raising the 

question of how this infant cancer evolves so quickly [2, 
3]. Moreover, the exceptionally high concordance rate of 
this leukemia in monozygotic twin infants, approaching 
100% [4], suggests that all the necessary genetic events 
required for leukemogenesis are accomplished prenatally 
[5].

MLL-AF4-induced leukemogenesis has been particu-
larly difficult to model and bona fide MLL-AF4 disease 
human models do not exist to date. Our understanding 
of transformation by MLL fusions and their mode of ac-
tion comes from murine models in which leukemias do 
not recapitulate the human disease faithfully [6-8]. These 
findings raise important questions about MLL-AF4+ 
leukemia and suggest that these mouse models may be 
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missing some essential ingredients of leukemogenesis 
during early human development. It could be argued that 
the lack of a bona fide MLL-AF4 disease model may be 
due to: (i) a cell in a wrong developmental stage was tar-
geted in the murine approaches; (ii) the impact of other 
secondary hits has not been properly addressed; or (iii) 
MLL-AF4 exerts its transforming function preferentially 
in human cells, indicating that questions regarding the 
MLL-AF4 pathogenesis have to be addressed using on-
togenically primitive human stem cells. Among these, 
postnatal (cord blood (CB)-derived) CD34+ hematopoi-
etic stem/progenitor cells (HSPCs) or prenatal (fetal- or 
embryonic-derived) cells represent potential ontogeni-
cally early target cells in MLL-AF4 pathogenesis.

Very recently, Montes et al. [9] explored for the first 
time the in vitro and in vivo developmental impact of 
MLL-AF4 on the fate of human neonatal CD34+ HSPCs. 
The expression of MLL-AF4 in human CB-derived 
HSPCs augmented the in vivo multilineage hematopoi-
etic engraftment and homing, the in vitro clonogenic po-
tential and enhanced their proliferation. However, MLL-
AF4 was not sufficient for leukemogenesis on its own, 
indicating that additional hits are required to develop 
leukemia or that CB-HSPCs do not constitute the appro-
priate target for MLL-AF4-mediated ALL. 

Human embryonic stem cells (hESC) are envisioned 
to become a powerful tool for modeling different aspects 
of human diseases that cannot otherwise be addressed 
by patient sample analyses or mouse models [10, 11]. 
The fact that leukemogenesis manifests as altered cell 
differentiation suggests that hematopoietic-directed dif-
ferentiation of hESCs could become a promising human-
specific strategy to study the onset of hematopoiesis, 
particularly the emergence of the earliest events leading 
to the specification of both normal and abnormal hema-
topoietic tissue [12]. During hESC differentiation, a 
population of primitive hemogenic precursors arises that 
is uniquely responsible for hematopoietic and endothelial 
development [13-15]. Interestingly, MLL fusions have 
also been implicated in endothelial cell maturation [16] 
and endothelial dysfunction has recently been linked to 
disease outcome in childhood leukemias [17]. We have 
thus explored the developmental impact of MLL-AF4 on 
the fate of hESCs and hESC-derived hemogenic precur-
sors. We posed the following questions. First, what is the 
developmental impact of MLL-AF4 on the specification 
of hESCs to hemogenic precursors? Second, does MLL-
AF4 expression alter subsequent hematopoietic com-
mitment of these hESC-derived hemogenic precursors? 
And, third, is enforced expression of MLL-AF4 in this 
cellular context sufficient to confer in vitro and/or in vivo 
proliferative or survival advantage as anticipated of a 

transforming oncogene?
In line with the well-established activation of clus-

tered homeobox (Hox) genes by MLL fusions, our data 
show that MLL-AF4 also upregulates global Hox gene 
expression in hESCs. Functionally, MLL-AF4 influences 
the fate of hESCs and hESC-derived hemogenic precur-
sors, as it first promotes the specification of hemogenic 
precursors from hESCs while later on it impairs further 
hematopoietic commitment of these precursors in favor 
of an endothelial cell fate. Importantly, MLL-AF4 ex-
pression is not sufficient to transform hESC-derived he-
matopoietic cells in vitro or in vivo. This work illustrates 
how hESCs can provide unique insights into human 
development and further our understanding of the early 
events regulating human embryonic hemato-endothelial 
specification.

Results

The expression of MLL-AF4 is compatible with hESC 
pluripotency and induces an activation pattern of Hox 
gene family expression

The leukemic fusion gene MLL-AF4 arises prenatally 
[5]. To date, no study has explored the effects of leuke-
mic fusion genes known to arise in utero during hESC-
derived hematopoietic development. Here, MLL-AF4 
cDNA was subcloned in a lentiviral vector expressing 
the Neomycin resistance cassette (NEO) (Figure 1A). 
Human ESCs were transduced with either the empty len-
tivector (NEO) or the MLL-AF4-expressing lentivector 
(MLL-AF4). After 3-4 weeks of G418 selection, typi-
cal neo-resistant hESC colonies emerged (Figure 1B). 
Successful and stable ectopic expression of MLL-AF4 
in these hESCs was confirmed by RT-PCR (Figure 1C) 
and western blot (Figure 1D) more than 10 weeks after 
G418 selection. MLL-AF4 hESC cultures were then 
analyzed for pluripotency markers and functional assays. 
MLL-AF4-expressing hESCs retained high expression 
of both the pluripotency markers Oct4, Nanog and Rex-
1 (Supplementary information, Figure S1A), and the 
hESC-associated antigens Tra-1-60, Tra-1-81, SSEA-3 
and SSEA-4 (Supplementary information, Figure S1B). 
Functionally, MLL-AF4 and NEO hESCs formed tera-
tomas with identical efficiency (100%), latency (50-
65 days) and histological composition (Supplementary 
information, Figure S1C). Importantly, the ectopic ex-
pression of MLL-AF4 compares quite well between ex-
perimentally transduced cells and MLL-AF4-expressing 
leukemic cell lines (SEM and RS4;11) (Supplementary 
information, Figure S2).

As MLL fusions are positive regulators of homeobox 
gene expression [18-20], we next performed microarray 
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Figure 1 Ectopic expression of MLL-AF4 in hESCs activates Hox gene expression. (A) Schematic representation of the 
lentiviral vectors used. (B) Phase contrast morphology of colonies from NEO- and MLL-AF4 hESCs. (C) RT-PCR confirming 
expression of the MLL-AF4 transcript in transduced hESCs. Line 1 was used as a housekeeping gene. (D) Western blot de-
tection of the MLL-AF4 protein in transgenic hESCs. 293T cells transduced with MLL-AF4 and MLL-AF4∆NH2 were used as 
positive and negative control, respectively. ERK1 and ERK2 blot was used as loading control. (E) Hox gene expression profil-
ing in MLL-AF4 vs NEO hESC using microarrays. The inset shows qPCR validation of the indicated Hox genes/co-factors.
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gene expression in NEO and MLL-AF4 hESCs to specif-
ically analyze the impact of MLL-AF4 expression on the 
Hox gene family transcriptome in hESCs. As detailed in 
Figure 1E, 88.9% of the Hox family genes differentially 
expressed between MLL-AF4 and NEO hESCs resulted 
to be upregulated in MLL-AF4 hESCs, including the 
consistently upregulated targets of MLL fusions HOXA9 
and MEIS1. Together, these data confirm successful ex-
pression of MLL-AF4 in hESCs that is compatible with 
pluripotency and activates Hox gene expression.

Augmented specification of hemogenic precursors from 
MLL-AF4 hESCs

We have established that the expression of MLL-AF4 
is compatible with hESC pluripotency and upregulates 
global Hox gene expression. Next, we tested whether 
this prenatal leukemic fusion may impact the hemato-en-
dothelial cell fate of hESCs using in vitro hematopoietic 
and endothelial differentiation from hESCs as surrogate 
assays for early developmental events. During human 
embryoid body (hEB) differentiation, a population 
of primitive hemogenic precursors arises, which is 
uniquely responsible for hematopoietic and endothelial 
development [14, 15]. We thus investigated first the 
effect of MLL-AF4 on the emergence of hemogenic 
precursors (CD45-CD31+CD34+) throughout hEB 
development (Figure 2A and 2B). To ensure that any 
developmental effect is linked to MLL-AF4 expression, 
we confirmed stable transgene expression upon hEB 
differentiation by RT-PCR (Figure 2C). We found that 
the frequency of hemogenic precursors in MLL-AF4 
hEBs was consistently higher (1.7-4.3-fold) throughout 
hEB development (Figure 2D). Importantly, MLL-AF4 
expression accelerated the kinetics of emergence of 
hemogenic precursors. As shown in Figure 2D, by day 4 
of hEB development, hemogenic precursors emerged in 
MLL-AF4 hESCs but barely did so in NEO hESCs.

The increased frequency and accelerated emergence 
of hemogenic precursors in MLL-AF4 hESCs may be 
the result of either (i) MLL-AF4-mediated specification 
of hESCs towards hemogenic precursors or (ii) MLL-
AF4-mediated enhanced proliferation of the emerging 
hemogenic precursors. To address this, cell cycle dis-
tribution and the proportion of sub-G0/G1 apoptotic 
cells was analyzed within both the hemogenic precursor 
population and the remaining EB cells (Supplementary 
information, Figure S3A). No differences in the propor-
tion of cycling cells or apoptotic cells were observed 
either between MLL-AF4 and NEO hemogenic precur-
sors (cycling cells: 25% vs 28%; apoptotic cells: 7% vs 
12%) or between MLL-AF4 hemogenic precursors and 
the remaining MLL-AF4 EB cells (cycling cells: 25% 

vs 23%; apoptotic cells: 7% vs 10%) (Supplementary 
information, Figure S3A). Similarly, MLL-AF4 expres-
sion did not confer either growth or survival advantage 
to undifferentiated hESC cultures, as measured by BrdU 
incorporation (Supplementary information, Figure S3B). 
These data suggest that MLL-AF4 expression promotes 
specification, rather than selective proliferation, of hemo-
genic precursors from differentiating hEBs.

MLL-AF4 impairs hematopoietic commitment of hESC-
derived hemogenic precursors

Hemogenic precursors derived from hESCs are 
uniquely responsible for endothelial and hematopoietic 
development [15, 21, 22]. We next assessed whether the 
MLL-AF4-mediated enhanced specification of hemogen-
ic precursors occurs with a subsequent increase of both 
hematopoietic and endothelial commitment. The emer-
gence of primitive (CD45+CD34+) and total hematopoi-
etic cells (CD45+) was analyzed throughout hEB devel-
opment (Figure 2E and 2F). As expected, hematopoietic 
cells did not emerge prior to day 10 of hEB development 
(Figure 2E and 2F). Interestingly, the expression of 
MLL-AF4 abrogated the hematopoietic differentiation as 
reflected by a robust reduction on the frequency of both 
CD45+CD34+ (2.5- to 4.2-fold decrease) and total CD45+ 
cells (2-fold decrease) at day 11 and day 15 of hEB de-
velopment (Figure 2E and 2F). Importantly, MLL-AF4 
expression not only blocked the generation of CD45+ 
blood cells but also strongly compromised the clonogenic 
potential of hematopoietic progenitors derived from day 
15 and day 22 hEBs (Figure 2G). Hematopoiesis generat-
ed from MLL-AF4 hESCs displayed a highly reduced (3-
12-fold decrease) clonogenic potential measured by the 
ability to form colony-forming units (CFUs) in semisolid 
cultures (Figure 2G). Of note, MLL-AF4 effects were 
independent of the presence of hematopoietic cytokines, 
since an identical trend was observed in differentiation 
experiments carried out without BMP4 and hematopoi-
etic growth factors (Supplementary information, Figure 
S4). These data indicate that the ectopic expression of 
MLL-AF4 promotes specification of hemogenic precur-
sors from hESCs but impairs subsequent hematopoietic 
commitment of these precursors.

MLL-AF4 hemogenic precursors display enhanced en-
dothelial cell fate

According to our results so far, MLL-AF4 expres-
sion promotes specification of hemogenic precursors 
from hESCs but impairs subsequent hematopoietic com-
mitment of such precursors (Figure 2). Two distinct 
scenarios are plausible: the expression of MLL-AF4 in 
hemogenic precursors may (i) block both subsequent 
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Figure 2 MLL-AF4 promotes hESC specification towards hemogenic precursors but impairs subsequent hematopoietic dif-
ferentiation of such hemogenic precursors. (A) Schematic of the hematopoietic differentiation of hESCs and endpoint analy-
ses. (B) Representative flow cytometry dot plots displaying how hemogenic progenitors (CD45−CD31+), primitive blood cells 
(CD45+CD34+) and total blood cells (CD45+) are identified. (C) RT-PCR confirming stable MLL-AF4 expression upon differen-
tiation (day 11 hEBs). (D) Specification into hemogenic precursors is significantly enhanced in MLL-AF4 hESCs throughout 
EB development. Subsequent differentiation of MLL-AF4 hemogenic precursors into primitive (E) and mature blood cells (F) 
is significantly decreased. (G) CFU read out from d15 and d22 hEBs confirming a reduced hematopoietic potential in MLL-
AF4 cells. Data are presented as mean ± SEM for six independent experiments.
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endothelial and hematopoietic differentiation or (ii) skew 
the hemato-endothelial commitment in favor of an en-
dothelial cell fate. To explore these two possibilities, we 
analyzed the ability of both NEO and MLL-AF4 hemo-
genic precursors to differentiate into mature endothelial 
cells. NEO and MLL-AF4 hEBs were dissociated at day 
11 of development and the hemogenic precursors were 
MACS-sorted and cultured for 5-7 days in conditions 
conductive to endothelial maturation (Figure 3A). After 
5-7 days in endothelial culture conditions, the expression 
of the mature endothelial markers VE-cadherin, vWF and 
eNOS, and the uptake of LDL were examined in both 
NEO and MLL-AF4 cultures. 

Both NEO and MLL-AF4 hemogenic precursors cul-
tured in endothelial conditions became attached and spin-
dle shaped. However, MLL-AF4 cells expressed stronger 
levels of VE-cadherin than NEO cells. More importantly, 
while NEO cells showed a predominant cytoplasmic 
localization for VE-cadherin, MLL-AF4 cells displayed 
a clear localization of VE-cadherin at the cell surface, 
identifying adherent junctions between cells, reminiscent 
of a distinctive endothelial barrier (Figure 3B). Similarly, 
the expression of vWF and eNOS was more robust in 
MLL-AF4 than in NEO endothelial cells (Figure 3B). 
In addition, MLL-AF4 endothelial cells also possessed 
higher LDL uptake capacity than NEO endothelial cells, 
also indicative of endothelial maturation (Figure 3B). A 
more quantitative assessment of this favored endothelial 
specification of MLL-AF4 hemogenic precursors was ap-
proached by quantitative PCR (qPCR) for VE-cadherin 
and vWF. MLL-AF4 endothelial cells consistently ex-
pressed 3-fold higher levels of both VE-cadherin and 
vWF than NEO endothelial cells (Figure 3C).

A key evidence of the acquisition of functional en-
dothelial properties was evaluated by culturing NEO and 
MLL-AF4 hemogenic precursors on Matrigel to assess 
their capacity to form a network of capillary-like tubes. 
In line with the immunocytochemical and gene expres-
sion data, MLL-AF4 hemogenic precursors displayed 
an enhanced and faster ability than NEO precursors to 
align and form capillary-like structures (Figure 3D). As 
early as 4 h after seeding the cells in Matrigel, MLL-AF4 
cultures, but not NEO cultures, contained capillary-like 
structures (Figure 3D, left panels). Computational quan-
tification revealed that MLL-AF4 endothelial cells are 
more functional and mature than NEO endothelial cells 
since they displayed significantly higher number of cap-
illary tubes, longer endothelial tubes and more branching 
points (Figure 3D, right panels). This data indicates that 
MLL-AF4 rather than blocking both endothelial and he-
matopoietic commitment of the hemogenic precursors, 
seems to skew the hemato-endothelial potential of these 

hemogenic precursors towards an endothelial cell fate.

Clonal analysis confirms that MLL-AF4 skews hemogen-
ic precursor commitment towards endothelial cell fate

We next addressed whether MLL-AF4 skews the he-
mato-endothelial potential of the hemogenic precursors 
at the single cell level. Single hemogenic precursors iso-
lated from day 11 NEO and MLL-AF4 hEBs were depos-
ited into individual wells of 96-well plates and inspected 
daily. Individual wells targeted for NEO or MLL-AF4 
single precursor cell deposition were visually inspected 
at 2 h and again after 16 h post-clonal isolation and only 
wells containing one cell were selected for further analy-
sis (Figure 4A). This inspection was performed by two 
independent observers blinded to the other’s results [15]. 
Both observers demonstrated > 99% concordance of po-
tential wells that contained more than one cell and these 
wells were then excluded from the subsequent analysis. 
After 12-15 days, the outgrowth in each well resulting 
from single hemogenic precursor proliferation was identi-
fied by phase contrast morphology (Figure 4B) and by 
DAPI staining (Figure 4C) and, analyzed in situ for expres-
sion of CD45 and VE-cadherin, representing hematopoietic 
and endothelial cell fate, respectively (Figure 4C) [15].

Of the 936 and 960 wells containing, respectively, 
single NEO or MLL-AF4 hemogenic precursors, 44 
wells (4.7%) and 41 wells (4.3%) demonstrated clonal 
outgrowth, respectively, consistent with the reported dif-
ficulty of sustaining single cells differentiated from ESCs 
in culture (Figure 4D) [15, 23]. The resulting progeny of 
the single hemogenic precursor clones was then exam-
ined for hematopoietic and/or endothelial cell fate by in 
situ analysis of individual wells (Figure 4C). Consistent 
with the data from bulk cultures and hEB hematopoietic 
and endothelial differentiation (Figures 2 and 3), expres-
sion of MLL-AF4 strongly facilitated clonal endothelial 
over hematopoietic cell fate of single hemogenic precur-
sors (Figure 4D). Progeny of NEO hemogenic precur-
sor clones was exclusively hematopoietic in 23% of the 
wells (10 out of 44 wells) or exclusively endothelial in 
54% of the wells (24 out of the 44 wells), while the re-
maining 10 clones (23% of the wells) were capable of 
giving rise to both endothelial and hematopoietic cells 
(Figure 4C and 4D). In sharp contrast, progeny of MLL-
AF4 hemogenic precursors was exclusively endothelial 
in 97.5% of the clones (40 out of 41 wells) (Figure 4C 
and 4D) and no hematopoietic outgrowth from single 
MLL-AF4 hemogenic precursors could be detected. This 
clonal analysis confirms that MLL-AF4 expression ro-
bustly skews hemogenic precursor commitment towards 
endothelial cell fate.



Developmental impact of MLL-AF4 in hESC fate
992

npg

 Cell Research | Vol 22 No 6 | June 2012



www.cell-research.com | Cell Research

Clara Bueno et al.
993

npg

Figure 3 MLL-AF4 hemogenic precursors display an enhanced endothelial cell fate as compared to NEO hemogenic precur-
sors. (A) Schematic of the endothelial differentiation and phenotypic and functional characterization of sorted hemogenic 
precursors. (B) NEO and MLL-AF4 hemogenic precursors isolated from day 11 EBs were cultured in EGM-2 media for 5-7 
days and analyzed by immunohistochemistry for vWF, VE-cadherin and eNOS expression as well as LDL uptake (n = 3). 
Representative single stainings are shown on the right. A “merge” staining shows marker expression co-localization. (C) 
qPCR analysis of NEO and MLL-AF4 cells for the indicated endothelial-specific genes. This analysis was performed on NEO 
and MLL-AF4 hemogenic precursors after 6 days of culture in gelatin-coated plates, as indicated in A. (D) After 6 days of 
culture, NEO and MLL-AF4 hemogenic precursors were cultured in Matrigel at a density of 12 × 103 cells/well to assess their 
capacity to form capillary-like structures (n = 3). Images were captured 0 and 4 h after cell plating. Representative images are 
presented in the left panel. Quantification of the number of endothelial tubes, total length of tubes, and number of branching 
points was obtained with the software developed by Wimasis. Software-processed images are presented on the right as an 
example. Data are presented as mean ± SEM.

MLL-AF4 acts as a global transcriptional activator and 
upregulates master genes associated to vascular-endothe-
lial functions and early hematopoiesis

As we had performed microarray analysis of gene ex-
pression in undifferentiated NEO and MLL-AF4 hESCs, 
we looked back at our data in order to identify patterns of 
gene expression that could help explain at the molecular 
level the developmental effect of MLL-AF4 in hESCs. 
Global data analysis identified 1 267 genes differentially 
regulated (P value < 0.05; 2-fold regulation) between 
NEO and MLL-AF4 hESCs (Figure 5 and Supplementa-
ry information, Table S1). Overall, MLL-AF4 functioned 
as a transcriptional activator because its expression 
induced upregulation of 1 015 differentially expressed 
genes (80.1%) and downregulation of only 252 genes 
(19.9%) (Figure 5A). Analysis of the altered genes using 
the Ingenuity Analysis Program (IPA) software revealed 
that several gene functions (Figure 5B) and signaling 
pathways (Figure 5C) displayed a significantly altered 
gene expression profile in MLL-AF4 hESCs. Among the 
altered gene functions, tissue development, cancer, car-
diovascular system development and function as well as 
hematopoietic system development are the most signifi-
cantly upregulated cell functions upon the expression of 
MLL-AF4 in hESCs (Figure 5B and Supplementary in-
formation, Table S1). Similarly, among the altered signal-
ing pathways, cardiogenesis, cardiomyocyte differentia-
tion and VEGF signaling represent the most significantly 
upregulated signaling pathways in MLL-AF4 hESCs 
(Figure 5C and Supplementary information, Table S1).

Those genes differentially upregulated in MLL-AF4 
hESCs, classified by the IPA software as involved in car-
diovascular/vascular-endothelial system development and 
function (Figure 5D) and hematopoietic system develop-
ment and function (Figure 5E) were analyzed in more 
detail. We found upregulation of many key genes as-
sociated with early hematopoiesis including SCL/TAL1, 
RUNX1/AML1, GATA2, CD34, BMP4 and HOXB4 and 

with vascular-endothelium, such as VEGFA, VEGFC, 
CD34, KDR, TIE1, TEK, SELE, NRP1, NRP2 and dif-
ferent members of the collagen family. Supplementary 
information, Table S1 contains the complete list of dif-
ferentially regulated genes classified by the IPA software 
belonging to other gene functions and canonical path-
ways. This gene expression profiling (GEP) indicates that 
MLL-AF4 hESCs seem transcriptionally primed to dif-
ferentiate towards hemogenic precursors (hemangioblast) 
prone to subsequent endothelial maturation, as reflected 
by the marked upregulation of master genes associated to 
vascular-endothelial functions and early hematopoiesis.

Expression of MLL-AF4 is not sufficient for either in vitro 
or in vivo transformation of hESC-derived hematopoietic 
cells

Our findings so far support the idea that MLL-AF4 
neither transforms undifferentiated hESC nor promotes 
hematopoiesis from hESCs. We next wanted to rule 
out the possibility that the expression of the MLL-AF4 
specifically confers in vitro or in vivo proliferative and 
survival advantage to hESC-derived hematopoietic cells, 
as anticipated for a transforming leukemic oncogene. 
As shown in Figure 6A, MLL-AF4-expressing hESC-
derived CD45+ hematopoietic cells did not display pro-
liferative or survival advantage. Functionally, MLL-
AF4 did not confer stable in vitro replating efficiency of 
hematopoietic cells in CFU assays (Figure 6B). Although 
hESC-derived hematopoietic cells have been extensively 
reported to barely repopulate immunodeficient mice, we 
finally attempted to ensure that MLL-AF4 does not affect 
the in vivo behavior of hEB-derived hematopoietic cells. 
Expectedly, MLL-AF4 did not confer in vivo function 
and engraftment potential to hESC-derived hematopoi-
etic cells (Figure 6C), confirming that MLL-AF4 expres-
sion does not transform hESC-derived hematopoietic 
cells in vitro or in vivo, similar to that reported in neona-
tal CD34+ HSPCs [9].
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Figure 4 Clonal analysis confirms an enhanced endothelial commitment of MLL-AF4 hemogenic precursors. (A) Schematic 
of EB development and FACS sorting of single hemogenic precursors into 96-well plates. (B) Phase contrast images show-
ing hematopoietic outgrowth only, endothelial outgrowth only or mixed (hemato-endothelial) outgrowth. Hematopoietic cells 
are identified as small round refractive cells loosely attached to the gelatin-coated plastic whereas endothelial cells are larger 
spindle-shaped cells strongly attached to the gelatin-coated plastic. (C) The cells resulting from single hemogenic precursor 
proliferation in each individual well were analyzed in situ for CD45 (hematopoietic cell fate) and VE-cadherin (endothelial cell 
fate). CD45 expression is shown in red, VE-cadherin in green and DAPI nucleus staining in blue. (D) Summary table illustrat-
ing the resulting outgrowth within individual wells containing single NEO or MLL-AF4 hemogenic precursors. At 10 to 15 days 
after sorting, single wells were observed to contain (i) hematopoietic progeny only, (ii) endothelial progeny only or (iii) both 
hematopoietic and endothelial cells. 
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Figure 5 Gene expression profiling and signaling pathways are altered in MLL-AF4 hESCs. (A) Heatmap showing a total 
of 1 267 genes differentially regulated between MLL-AF4 and NEO hESCs (P value < 0.05; 2-fold regulation). In all, 81% 
(1 015) of the genes differentially expressed are upregulated in MLL-AF4 hESCs. (B-E) After gene expression microarray 
analysis, the groups of genes differentially expressed (P value < 0.05; 2-fold regulation) in MLL-AF4 vs NEO hESCs were 
compared and the lists of functions and canonical pathways significantly altered were generated using the Ingenuity Path-
ways Analysis (IPA) 8 software. IPA software-based data mining generated a list of significantly modulated (up and down) 
gene functions (B) and canonical pathways (C) between MLL-AF4 and NEO hESCs. A more profound analysis was then per-
formed for all the genes classified by the IPA software as involved in cardiovascular/vascular-endothelial system development 
and function (D) and hematopoietic system development and function (E). Master genes strongly associated with early he-
matopoiesis (i.e., SCL, RunX1, GATA2, CD34, BMP4, HOXB4) and vascular-endothelium (i.e., VEGFA, VEGFC, CD34, KDR, 
TIE1, TEK, SELE, NRP1, NRP2, COLs) likely to contribute to hemogenic precursor specification and subsequent endothelial 
development are underlined. Supplementary information, Table S1 contains the complete list of differentially regulated genes 
classified by the IPA software in the other gene functions and canonical pathways.

Figure 6 MLL-AF4 does not transform hESC-derived CD45+ hematopoietic cells in vitro nor in vivo. MLL-AF4-expressing 
hESC-derived CD45+ hematopoietic cells do not show either proliferative/survival advantage (A) or stable in vitro replating ef-
ficiency in hematopoietic CFU assays (B) or in vivo hematopoietic engraftment potential into NSG mice (C).
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Discussion

MLL-AF4+ pro-B ALL is a dismal infant leukemia 
that manifests in the first year of life [24]. Mounting 
evidence indicates that MLL-AF4 is the initiating leu-
kemogenic event with an in utero origin [5, 25]. How-
ever, an understanding of potential changes in early 
hematopoietic development mediated by MLL-AF4 is 
lacking, despite of the recent advances by Krivtsov et al. 
[8] and Bursen et al. [26], current mouse models do not 
accurately recapitulate either the disease phenotype or 
latency [6, 8, 9]. Furthermore, studies using primary cells 
from MLL-AF4 patients are incapable of addressing the 
developmental genesis of the hematopoietic system. The 
lack of bona fide putative MLL-AF4 oncogene models 
suggests that these approaches may be missing some es-
sential aspects impacting hematopoietic cell fate during 
early human development. Postnatal (CB-derived) or 
prenatal (hESC-derived) stem cells represent ontogeni-
cally primitive target cells to address the developmental 
impact of MLL-AF4. Very recently, Montes et al. [9] 
explored for the first time the effect of MLL-AF4 on the 
fate of human neonatal HSPCs. MLL-AF4-expressing 
CB-HSPCs displayed an enhanced in vivo hematopoietic 
engraftment and in vitro clonogenic potential, but MLL-
AF4 expression was not sufficient for leukemogenesis, in-
dicating that either additional hits are required to develop 
leukemia or that CB-derived HSPCs do not represent the 
appropriate target for MLL-AF4 to induce transformation.

hESCs and hESC-derivatives enable the study of 
unique aspects of early human development that can-
not otherwise be addressed by patient sample analyses 
or mouse models [11, 12]. The fact that leukemogenesis 
manifests as a blockage or altered cell differentiation 
suggests that hematopoietic differentiation of hESCs 
could become a promising human-specific strategy to 
study the onset of hematopoiesis, particularly the emer-
gence of the earliest events leading to the specification of 
the hematopoietic tissue [12]. Previous studies made use 
of the BCR-ABL fusion gene to promote hematopoietic 
proliferation in mouse ESCs [27, 28] and only a very 
recent study has studied the impact of Nup98-HoxA10 
fusion oncogene on hESC-derived hematopoiesis [29]. 
However, this is the first study exploring the develop-
mental impact of a leukemic fusion known to arise in 
utero on hESC hemato-endothelial development.

Despite being a leukemic oncogene, MLL-AF4 ex-
pression in hESCs or hESC-derived hematopoietic cells 
did not transform either in vitro or in vivo. In vitro, MLL-
AF4+ hESC-derived hematopoietic cells did not display 
any proliferative and/or survival advantage and failed to 
confer replating efficiency in hematopoietic CFU assays, 

whereas in vivo, MLL-AF4 failed to endow hESC-de-
rived hematopoiesis with engraftment potential upon xe-
notransplantation into NSG mice. This suggests that ei-
ther additional hits or the reciprocal AF4-MLL [26] may 
be required for leukemogenesis, or that hESCs or hESC-
derived hematopoietic derivatives are not the appropriate 
cellular targets for MLL-AF4-mediated transformation. 
It cannot be ruled out that other embryonic precursors 
(i.e., mesodermal precursors) or even fetal HSPCs may 
represent potential target cells in which MLL-AF4 origi-
nates and/or exerts its oncogenic function.

Importantly, MLL-AF4 did impact early hemato-
endothelial specification from hESCs. It promoted the 
specification, rather than expansion, of early hemogenic 
precursors from differentiating hESCs. However, MLL-
AF4 induced later developmental defects in the hemat-
opoietic lineage as shown by a highly reduced production 
of both CD45+ and CD45+CD34+ hematopoietic cells and 
hematopoietic clonogenic potential. As the process of in 
vitro hematopoietic differentiation from hESCs closely 
mirrors early events in embryonic hematopoietic devel-
opment, our results provide the first indication showing 
how the leukemic fusion gene MLL-AF4 impairs embry-
onic blood formation when experimentally overexpressed 
in hESCs. This is in agreement with the traditional view 
that hematopoietic dysfunction in newborn ALL carrying 
MLL-AF4 fusion might already occur at the embryonic/
fetal stage, supporting the existence of concordant leuke-
mia in monozygotic twins and suggesting that MLL-
AF4 originates early in utero. Unexpectedly, MLL-AF4 
expression led to an enhanced mature endothelial cell 
fate of the hemogenic precursors. Because hESC-derived 
hemogenic precursors are uniquely responsible for en-
dothelial and hematopoietic development [15, 21, 22, 
30], these data indicate that MLL-AF4 does not block 
both endothelial and hematopoietic commitment of the 
hemogenic precursors but instead, it skews the hemato-
endothelial potential of these hemogenic precursors to-
wards a pronounced endothelial cell fate. 

The leukemia fusion oncogene BCR/ABL, as well as 
lymphoma-specific genetic aberrations, has been found 
in endothelial cells from chronic myeloid leukemia and 
B-cell lymphoma patients. This suggests that endothelial 
cells may be part of the neoplastic clone [31, 32] and that 
hemangioblasts/hemogenic precursors rather than HSPCs 
appear to be target cells for the first oncogenic hit, which 
could occur during the first steps of ESC differentiation 
and/or in hemangioblasts persisting in adults. In line 
with this, bone marrow-derived mesenchymal stem cells 
(BM-MSCs) from 100% infant pro-B ALL were recently 
found to harbor and express the MLL-AF4 fusion gene, 
suggesting that MLL-AF4 might arise in a population of 
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pre-hematopoietic precursors [33]. However, whether a 
potential endothelial dysfunction in MLL-AF4+ pro-B 
ALL patients exists remains to be clinically assessed. 
Interestingly, it has recently been demonstrated the exis-
tence of a common precursor of MSCs and endothelial 
cells, the mesenchymoangioblast, using hESCs directed 
towards mesendodermal differentiation [34]. The exis-
tence of such a common embryonic precursor for MSCs 
and endothelium, and the reported expression of MLL-
AF4 in both leukemic blasts and MSCs in the BM of 
infant patients suggest that MLL-AF4 fusion might arise 
and display a developmental impact on early pre-he-
matopoietic mesodermal or hemangioblastic precursors.

MLL fusions are well-known positive regulators of 
homeobox gene expression [18, 19]. Interestingly, Stam 
et al. [19] have reported the existence of two distinct 
subgroups among t(4;11)-positive infant ALL cases char-
acterized by the absence or presence of HOXA expres-
sion, with those patients lacking HOXA expression being 
at extreme high risk of disease relapse. In contrast, Tren-
tin et al. [35] have recently questioned the function of 
activated Hox gene expression in t(4;11)-positive infant 
ALL. These patients were sub-divided into Hox gene ex-
pression high vs low and no biological/clinical relevance 
could be demonstrated. In line with this, MLL-AF4 ex-
pression in our experimental system robustly upregulated 
global Hox gene expression that was not oncogenic in a 
variety of assays, suggesting that activated Hox gene ex-
pression might be on its own not important for ALL.

Additionally, the enhanced specification of MLL-AF4 
hESCs towards early hemogenic precursors (hemangio-
blasts) prone to subsequent endothelial maturation is reflect-
ed by gene expression analysis revealing a marked upregu-
lation of key genes associated to neovasculature functions 
(VEGFA, VEGFC, CD34, KDR, TIE1, TEK, SELE, NRP1, 
NRP2 and several members of the collagen family) and 
early hematopoiesis (SCL/TAL1, RUNX1/AML1, GATA2, 
CD34, BMP4 and HOXB4), suggesting that MLL-AF4 
hESCs seem transcriptionally primed to differentiate towards 
early hemogenic precursors as compared to NEO hESCs. 
Importantly, Guenther  et al. [36] recently reported a list of 
42 direct targets of MLL-AF4. Despite constituting different 
experimental approaches (non-transformed hESCs vs fully 
transformed leukemia cell lines), we have compared our 
GEP with the MLL-AF4 direct targets proposed by Guenther 
et al.[36] and found that 8 (ERG, TNRC18, ADAM10, 
HOXA10, HOXA9, MEIS1, MEF2C, ZEB2) out of these 
42 (20%) MLL-AF4 direct targets were also upregulated in 
our experimental system.

We have also compared our GEP with the GEP re-
ported by Trentin et al. [35] and Stam et al. [19]. As 
shown in Supplementary information, Figure 5SA, few 

genes were commonly found regulated not only among 
the three studies, but also between Trentin et al. [35] 
and Stam et al. [19] (< 19 genes). Interestingly, Meis1, 
a key Hox co-factor implicated in leukemogenesis, was 
found upregulated in the three studies. The groups of 
genes differentially upregulated in the three studies were 
compared using IPA software. IPA software-based data 
mining generated a list of significantly upregulated gene 
functions and canonical pathways between MLL-AF4+ 
hESC/infant B-ALL and NEO hESCs/normal BM. As 
shown in Supplementary information, Figures 5SB, 5SC 
and S6, genes differentially upregulated in both MLL-
AF4+ hESCs and MLL-AF4+ infant B-ALL were clas-
sified as involved in hematopoiesis, tissue development, 
VEFG signaling and cardiovascular/vascular-endothelial 
system development. It is crucial to be aware that these 
two GEP studies based on primary patient samples are 
conceptually distinct. Trentin et al. [35] compared MLL-
AF4+ infant B-ALL with normal bone marrow whereas 
Stam et al. [19] compared MLL-AF4+ infant B-ALL 
with other MLL germline ALL, indicating that because 
gene expression data has been normalized against differ-
ent primary samples, caution must be taken when com-
paring independent GEP studies. Additionally, caution is 
also required when comparing independent GEP studies 
mediated by MLL-AF4 because secondary oncogenic 
events already present in patient samples [19, 35] may 
contribute along with MLL-AF4 to the gene expression 
signatures observed in these clinical samples, whereas 
in our transgenic hESC model we studied the impact 
of gene expression of MLL-AF4 on its own (in a non-
leukemic background).

Our experimental approach may constitute a new 
system to study the cellular and molecular mechanisms 
underlying MLL-AF4-mediated human early embryonic 
development. Because MLL-AF4 expression does not 
alter pluripotency, the unlimited replicative potential of 
hESCs enables the production of MLL-AF4-expressing 
embryonic hematopoietic, endothelial and MSC cells 
for studies that were previously unfeasible. Long-term, 
large-scale culture of MLL-AF4 hESC-derived he-
matopoietic cells or hemogenic precursors provides an 
unprecedented system for drug screening and toxicity 
studies. It also offers a unique in vitro system to test the 
ability of potential cooperating oncogenic events (recip-
rocal AF4-MLL or FLT3-activating mutations) or causal 
genotoxic compounds to induce leukemic transformation 
in vitro, characterized by the outgrowth of malignant B-
lymphoid/monocyte clones [29, 37, 38]. Taken together, 
our results provide the first indication showing how the 
leukemic fusion gene MLL-AF4 when overexpressed in 
hESCs impairs embryonic blood formation, establishing 
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a potential novel experimental system to further study 
the developmental impact of MLL-AF4.

Materials and Methods

Plasmid construction and lentiviral transduction
The MLL-AF4 cDNA (MLL exon 10 was fused to AF4 exon 

8; kindly provided by Professor Eric So, King’s College London) 
was subcloned into the PmeI site of pRRL-EF1α-PGK-NEO vec-
tor (kindly provided by Professor L Naldini, ISR, Milano, Italy) 
[9]. The following lentivectors were used: pRRL-EF1α-PGK-NEO 
(control; NEO) and pRRL-EF1α-MLLAF4-PGK-NEO (MLL-
AF4). Viral particles pseudotyped with VSV-G were generated on 
293T cells by standard calcium-phosphate transfection protocol 
and concentrated by ultracentrifugation as previously described 
[33]. hESCs were infected overnight on the day of passage with 
concentrated virus in the presence of polybrene at 8 µg/ml (Sigma-
Aldrich). At the following day, the viral supernanant was removed 
and infected hESCs were washed with fresh media and maintained 
in culture. After 3 days, transduced cells were selected with G418 
(Invitrogen) at 50-100 µg/ml for 3 weeks. MLL-AF4 expression 
was confirmed in selected cells before being used for further ex-
periments.

Human ESC culture
H9 and AND-1 hESCs were maintained undifferentiated in a 

feeder-free culture as previously described [14, 39]. Briefly, hESCs 
were cultured in Matrigel (BD Biosciences, Bedford, MA, USA)-
coated T25 flasks in human feeder conditioned medium (CM) 
supplemented with 8 ng/ml basic fibroblast growth factor (bFGF; 
Miltenyi, Germany) [40]. Media was changed daily, and the cells 
were split weekly by dissociation with 200 U/ml of collagenase 
IV (Invitrogen, Edinburgh, Scotland). Human ESC cultures were 
visualized daily by phase contrast microscopy. Approval from 
the Spanish National Embryo Ethical Committee was obtained to 
work with hESCs.

RNA isolation, RT-PCR and qPCR analysis
Total RNA was isolated from undifferentiated hESCs, hEBs 

or hemogenic precursors using the Total RNA Purification Kit 
(Norgen, Canada) followed by RNase-free DNase treatment (Invit-
rogen). cDNA synthesis was done with 0.5 µg of total RNA using 
the First-Strand cDNA Synthesis Kit (Amersham, PA, USA). The 
resulting cDNA was used for conventional and qPCR. In qPCR 
experiments, the expression of each target gene was normalized 
to the expression of β-actin. qPCR was performed using power 
SYBR Green PCR Master Mix (Applied Biosystems) and the 
7500 Real Time PCR System. Primer sequences used in this study 
are shown in Supplementary information, Table S2. For compara-
tive expression of MLL-AF4 in transduced human stem cells and 
MLL-rearranged leukemic lines (SEM and RS4;11), the following 
primers (MLLAF4-Fw, 5′-CAGGTCCAGAGCAGAGCAAAC-3′ 
and MLLAF4-Rw, 5′-GAGCACTTGGAGGTGCAGATG-3′) and 
qRT-PCR conditions (95 °C for 10 min followed by 40 cycles of 
95 °C for 15 s and 60 °C for 60 s) were used.

Flow cytometry characterization of hESCs
Flow cytometry analysis was carried out as previously de-

scribed [41]. Briefly, hESC cultures were dissociated with trypsin-
EDTA and the single cell suspension was stained (2-5 × 105 cells/

ml) with TRA-1-60-PE, TRA-1-81-FITC, SSEA3-PE and SSEA-
4-FITC (all from BD Biosciences). The cells were then washed 
and stained with 7-AAD (BD Biosciences) for 15 min at room 
temperature. Cells were analyzed using a FACS Canto-II flow cy-
tometer.

Western blot analysis
hESC cultures (3-5 × 105 cells) were dissociated with trypsin-

EDTA for 10 min and the single cell suspension was subsequently 
lysed in 50 µl of RIPA buffer containing protease inhibitors for 
30 min. 30 µl of the whole-cell lysate was mixed with 10 µl of 
loading buffer and resolved on 8% SDS-PAGE and transferred to 
PVDF membranes using a semi-dry transfer apparatus (at 15 V 
for 1 h). The membrane was blocked for 30 min with the blocking 
reagent BM Chemiluminiscence Western Blotting Kit (Roche). 
For MLL detection, the membrane was incubated overnight with 
anti-MLL antibody (1:100 dilution; clone N4.4; Millipore) fol-
lowed by 2 h incubation with anti-mouse-HRP (Millipore). The 
MLL-AF4 fusion protein (250 KDa) was detected with the BM 
Chemiluminiscence Western Blotting Kit (Roche).

In vivo teratoma formation
Animal protocols were approved by the Local University Hos-

pital Council On Animal Care and Experimentation. In vivo pluri-
potency was tested as previously described [42]. Briefly, hESCs 
were harvested and implanted beneath the testicular capsule of 
8-week-old immunodeficient male mice (The Jackson Lab, Bar 
Harbor, MA, USA). Teratoma growth was determined by palpa-
tion every week, and the mice were sacrificed ∼8-10 weeks after 
implantation. Teratomas were fixed, embedded in paraffin, and 
sections were stained with hematoxylin and eosin as described [42].

Hematopoietic differentiation from hESCs
Undifferentiated hESC cells at confluence were treated with 

collagenase IV and scraped off from the Matrigel attachments. 
They were then transferred to low-attachment plates (Corning, 
NY, USA) to allow hEB formation by overnight incubation in dif-
ferentiation medium consisting of KO-DMEM supplemented with 
20% fetal bovine serum (FBS), 1% nonessential amino acids, 1 
mM L-glutamine, and 0.1 mM β-mercaptoethanol. Medium was 
changed the next day (day 1) with the same differentiation me-
dium supplemented with hematopoietic cytokines: 300 ng/ml SCF, 
300 ng/ml Flt-3L, 10 ng/ml IL-3, 10 ng/ml IL-6, 50 ng/ml G-CSF 
and 25 ng/ml BMP-4 [14, 30, 37, 43]. hEBs were dissociated us-
ing collagenase B (Roche Diagnostic, ON, Canada) for 2 h at 37 
°C followed by 10 min incubation at 37 °C with Cell Dissocia-
tion Buffer (Invitrogen) at days 4, 7, 11 and 15 of development. A 
single cell suspension achieved by gentle pipetting and passaged 
through a 70-µm cell strainer was stained with anti-CD34-FITC, 
anti-CD31-PE, anti-CD45-APC (all from Miltenyi, Germany) and 
7-AAD. Live cells identified by 7-AAD exclusion were analyzed 
using a FACS-Canto II flow cytometer (BD Biosciences). Hemo-
genic precursors with hemangioblastic properties were identified 
as CD34+CD31+CD45−. Immature and mature blood cells were 
identified as CD45+CD34+ and CD45+CD34−, respectively (Figure 
2B) [14, 15, 30, 37]. 

Colony forming unit assay
Human clonogenic progenitor assays were performed by plat-

ing 50 000 cells from day 15 and day 22 hEBs into methylcellu-
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lose H4230 (Stem Cell Technologies, Vancouver, Canada) supple-
mented with recombinant human growth factors: 50 ng/ml SCF, 
3 units/ml erythropoietin, 10 ng/ml GM-CSF and 10 ng/ml IL-3. 
Cells were incubated at 37 °C in a 5% CO2 humidified atmosphere 
and at day 14 colonies were counted with CFU assay using stan-
dard morphological criteria [14, 43, 44]. For secondary re-plating, 
all the CFU colonies from each experimental condition (NEO and 
MLL-AF4) were harvested from the methylcellulose and a single 
cell suspension was achieved and re-plated as above [9].

Mice transplantation and analysis of engraftment
NOD/LtSz-scid IL-2Rγ−/− mice (NSG) were housed under ster-

ile conditions. The Animal Care Committee of the University of 
Granada approved all mouse protocols. Briefly, CB-derived CD34+ 
HSPCs (n = 3, 3 × 104 cells in 50 µl) as well as NEO (n = 12) and 
MLL-AF4 (n = 15) day 15 hEB hematopoietic differentiating cells 
were transplanted intrahepatically (n = 20; 4-12 × 104 cells in 50 
µl) into newborn NSG mice or intra-bone marrow (n = 7; 7-8 × 105 
cells in 30 µl) as previously described in detail [45]. Mouse health 
was monitored throughout the entire experiment. Mice were killed 
6-8 weeks post-transplant and BM, spleen and liver were collected 
and analyzed for human chimerism. Cells from BM, spleen and 
liver were stained with anti-HLA-ABC-FITC, anti-CD31-PE and 
anti-CD45-APC (Beckton Dickinson) to analyze human chimerism 
by flow cytometry. Engrafted mice were assessed for multilineage 
analysis using anti-CD33-PE for myeloid cells, anti-CD19-APC 
for B-cells and anti-CD34-PE for immature hematopoietic cells (all 
from Miltenyi) [45].

GEP and data analysis
hESC samples were collected during the exponential cell 

growth phase and stabilized in RNAlater solution (Ambion, Aus-
tin, TX, USA) until RNA extraction. RNA was isolated using 
Agilent Total RNA Isolation Mini Kit (Agilent Technologies, Palo 
Alto, CA, USA) and its quality was checked in the Agilent 2100 
Bioanalyzer platform. 500 ng of each total RNA sample was la-
beled with Cy3 using the Quick-Amp Labeling kit and hybridized 
with the Gene Expression Hybridization Kit to a Whole Human 
Genome Oligo Microarray (G4112F; 45 000 probes corresponding 
to 25 000 genes; Agilent Technologies) following the manufactur-
er’s instructions. Each sample was labeled and hybridized as inde-
pendent triplicates. Primary data was examined using GeneSpring 
11.0 software (Silicon Genetics, Redwood City, CA, USA). A gene 
was considered differentially expressed if it was more than 2-fold 
regulated (up or down) in MLL-AF4 as compared to NEO hESCs. 
A t-test and a Benjamini Hochberg multi-testing correction were 
performed to better judge the significance of the regulated genes. 
Only genes satisfying the threshold of P value < 0.05 and a fold-
change expression > 2 were included and assigned as significant. 
Pools of genes that were differentially expressed were clustered 
according to their expression pattern dynamics into hierarchical 
tree clustering algorithms using the Pearson’s centered correla-
tion distance definition as similarity measure and Centroid’s as the 
linkage rule. Analysis of gene functions and canonical pathways 
significantly altered by MLL-AF4 was performed using the Inge-
nuity Pathway Analysis (IPA) software 8.0 (Ingenuity Systems, 
Inc., Redwood City, CA, USA). Several genes were confirmed 
by qPCR. Microarray data has been deposited and is available at 
Gene Expression Omnibus (GSE29869; http://www.ncbi.nlm.nih.

gov/geo/).

Cell cycle analysis of hESCs, hemogenic precursors and 
CD45+ hematopoietic cells

Undifferentiated hESC cultures were stained with 10 µM BrdU 
(Sigma) for 20 min as previously described [9]. The cells were 
then harvested, fixed in 70% ice-cold ethanol, and stored overnight 
at −20 °C. Subsequently, the cells were washed with PBS fol-
lowed by 30 min incubation with 2 M HCl to depurinate the DNA. 
After washing with PBS containing 0.1% BSA and 0.2% Tween 
20, the cells were incubated with 2 µl of anti-BrdU-FITC (BD 
Biosciences) for 30 min. After washing, the cells were resuspend-
ed in PI buffer containing 5 µg of PI and 100 µg/ml of RNAase in 
PBS.

For cell cycle analysis of hESC-derived hemogenic precur-
sors and CD45+ hematopoietic cells, the hEBs were dissociated at 
day 11 and day 22 of development, respectively. Cells were then 
washed with PBS and incubated with anti-CD31-FITC and anti-
CD34-FITC or anti-CD45-FITC, respectively, for 15 min. After 
washing, the cells were suspended in PI buffer as described above. 
BrdU staining of undifferentiated hESCs and cell cycle distribu-
tion of hemogenic precursors was analyzed on a FACS Canto-
II cytometer discriminating among apoptotic cells (Sub-G0/G1), 
quiescent cells (G0/G1), cycling cells (S-phase, BrdU+) and G2/
M cells [46, 47]. The apoptotic status of NEO and MLL-AF4 
hESC-derived CD45+ hematopoietic cells was assessed using the 
Annexin-V apoptosis detection kit (BD Biosciences), according 
to the manufacturer’s instructions [9]. Briefly, day 22 EBs were 
dissociated and washed twice with cold PBS before staining with 
anti-CD45-FITC, Annexin-V-PE and 7-AAD. Apoptotic cells were 
detected by gating the Annexin V+/7-AAD+ fraction.

Endothelial differentiation from hESCs, uptake of acetylated 
LDL and in situ immunocytochemistry

CD34+ cells were isolated from hEBs at day 11 of development 
by magnetic-activated cell sorting (MACS) using the hCD34 Mi-
croBead kit and the AutoMACS Pro separator (Miltenyi Biotech), 
as per manufacturer’s instructions [37, 46]. To promote endothelial 
differentiation, isolated CD34+ cells were seeded on 0.1% gelatin-
coated plates at 1.2 × 104 cells/cm2 in complete EGM-2 media 
(Lonza, Walkersville) for 5-7 days. For uptake of acetylated LDL, 
cells were incubated with 10 µg/ml of Dil-Ac-LDL (Molecular 
Probes) at 37 °C for 4 h. After fixation and permeabilization, cells 
were stained with rabbit anti-human VE-cadherin (Cayman, MI, 
FL, USA), mouse anti-human eNOS (BD Biosciences), mouse 
anti-human vWF (DAKO) and mouse anti-human CD45 (BD 
Biosciences) followed by FITC-conjugated anti-rabbitt or Cy3-
conjugated anti-mouse antibodies (Jakson Immunoresearch), 
respectively.

For capillary-like tube formation assay, MACS-isolated CD34+ 
cells were expanded for 5-7 days in complete EGM-2 media and 1.2 
× 104 cells/well were then seeded on top of 25 µl of Matrigel pre-
viously spreaded onto a 96-well plate. Pictures were captured (5× 
objective) at the indicated times with an Axiocam MRM digital 
camera (Zeiss) attached to an AxioImager A1 microscope (Zeiss). 
For quantification, all the images were analyzed with the WimTube 
software (www.wimasis.com; Wimasis SL, Munich, Germany). 
This object recognition tool identifies cellular tubes, branching 
points and loops automatically without manual adaptation.
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Clonal experiments with FACS-sorted single hemogenic 
precursors

Single CD34+CD31+CD45− hemogenic precursors FACS-iso-
lated from day 11 NEO hEBs or MLL-AF4 hEBs were deposited 
into individual wells of 96-well plates and inspected daily. Ten 
96-well plates (∼960 single cells) were used per condition. Single 
cell sorting was carried out using a FACSAria sorter equipped 
with an Automatic Cell Deposition Unit (ACDU). Sorted single 
cells were allowed to expand and differentiate in 200 µl of a 50:50 
mixture of hematopoietic (100 µl of StemSpam supplemented with 
BMP4, SCF, FLT3 and IL3) and endothelial (100 µl of complete 
EGM-2 media) supportive media. After 12-15 days, the result-
ing clonal outgrowth in each well was analyzed in situ by phase 
contrast morphology and immunocytochemical staining for CD45 
(hematopoietic) and VE-cadherin (endothelial). The nuclei were 
counterstained with DAPI [15].
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