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ENG overexpression (Baik et al., 2012) (supplementary material
Fig. S8B). When DOX was added at day 0 to differentiating iEng
ES cells and BL-CFC assays were performed at days 2 and 3,
we saw less BL-CFCs in DOX treated cells compared with
untreated cells (supplementary material Fig. S9). As ENG is
expressed in undifferentiated ES cells and expression falls during
ES differentiation (supplementary material Fig. S1) forced
expression of ENG prior to the emergence of FLK1+ mesoderm
probably skews differentiation towards cell fates other than those
derived from progenitors that give rise to blast colonies.
To investigate the effects of ENG induction in FLK1+ mesoderm,

FLK1+ cells were sorted from day 3 iEng:GFP EBs and cultured in
the presence or absence of Dox in four day liquid cultures (Fig. 3A).
High ENG expression in FLK1+ cells resulted in comparatively
lower frequencies of TIE2+/CD117+ cells and CD41+ cells
(Fig. 3Ai,ii) but increased frequencies of CD45+ cells from day
two onwards (Fig. 3Aiii). Cells collected at day 4 were also seeded
into hematopoietic CFU assays, and showed a significant increase in
the number of definitive hematopoietic colonies following Eng
induction (Fig. 3B). As with endogenous ENG+ versus ENG−

fractions in Fig. 2E and supplementary material Fig S5, there was no
skewing of haematopoiesis towards any particular lineage
(supplementary material Fig. S10). To investigate the relationship

between the decrease in frequencies of TIE2+/CD117+ and CD41+

cells and the increase in CD45+ cell frequencies and definitive
hematopoietic colonies, we quantified the frequency of functional
HE progenitors following Dox treatment. To this end, a limiting
dilution assay (LDA) was performed with sorted FLK1+ cells in the
presence or absence of Dox. After four days, wells containing cells
with hematopoietic morphology were counted. Following ENG
induction in FLK1+ cells the frequency of functional HE cells
increased from 1:341 (untreated) to 1:101 (treated) (Fig. 3C). These
data show that high ENG expression in FLK1+ cells yields higher
numbers of hemogenic progenitors within a diminished pool
of TIE2+/CD117+ cells. Although ENG expression in FLK1+

mesoderm potentiates hematopoiesis, it is not a pre-requisite for HE
commitment and haematopoiesis. FLK1+ mesodermal cells from
day 3 EBs from ENG−/− ES are still able to generate HE and blood
cells in liquid cultures but their numbers, as shown by LDA and
colony counts are severely compromised (supplementary material
Fig. S11).

Induced ENG expression in hemogenic endothelial
progenitors enhances definitive hematopoiesis
To determine if ENG can similarly impact on the kinetics of
blood emergence if overexpressed at later time points, we sorted

Fig. 1. ENG expression on FLK1+ mesodermal cells is associated with reduced BL-CFC potential. (A) (i) A representative graph showing BryGFP and
FLK1 expression by flow cytometry in day 3 EBs. (ii) Eng mRNA expression in sorted BRY+/FLK1− and BRY+/FLK1+ fractions from day 3 EBs. (B) (i) A
representative flow cytometry graph showing surface expression of ENG and FLK1 in day 3 EBs. (ii) Bar chart showing the number of blast colonies generated
from cell fractions sorted from each quadrant in Bi. The error bars represent SEM values across three independent biological replicates each performed in
triplicate. The P values were calculated using a student’s t-test. *=P<0.05; **=P<0.01.
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Fig. 2. ENG expression on FLK1+

mesodermal cells is associated with
early commitment to a hematopoietic
fate. (A) Flow cytometry graphs showing
surface expression of ENG andCD117 in
day 3 BRY+/FLK1−, BRY+/FLK1+ and
BRY−/FLK1+ cell populations. (B) (i)
Representative flow cytometry graphs
showing the expression of CD41 and
TIE2 in FLK1+/ENG+ and FLK+/ENG−

sorted cell fractions during
a four day liquid blast culture assay.
(ii) Corresponding flow cytometry graphs
showing the expression of CD117 and
TIE2 in cell populations in Bi. (C) Phase-
contrast photographs of FLK1−/ENG+,
FLK1+/ENG− and FLK1+/ENG+ cells at
day 3 of blast culture. (D) Histogram
showing the percentage of cells
expressing CD45 in cell populations in
Bi. The P values represent the statistical
significance of CD45 expressing cells
between two different cell populations at
the same time point. (E) Bar chart
showing the number of hematopoietic
colonies derived from the FLK1+/ENG+

and FLK+/ENG− cell fractions collected
at day 2 of liquid blast cultures. Each
experiment was performed in triplicate.
The error bars represent the SEM across
three independent experiments. The P
values were calculated using student’s
t-tests from three independent biological
replicates. *P<0.05.
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Fig. 3. See the next page for legend.
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TIE2+/CD117+ cells from day 2 liquid blast cultures and re-plated
them in the presence or absence of Dox (Fig. 4A). At 48 hours post-
induction, the GFP+ fraction was analysed by flow cytometry. There
were increased frequencies of CD41+ (88.3% versus 54.4%) and
CD45+ (45.2% versus 16.3%) cells and reduced frequencies of
TIE2+ (28.7% and 66.2%) cells following ENG induction (Fig. 4A).
TIE2+/CD117+ cells cultured in the presence or absence of Dox for
two days were also seeded into hematopoietic CFU assays. Again,
there was significant increase in the numbers of definitive
hematopoietic colonies following ENG induction (Fig. 4B). To
further evaluate whether ENG overexpression in TIE2+/CD117+

cells enriched numbers of functional hemogenic progenitors, we

performed LDAs with sorted TIE2+/CD117+ cells with or without
Dox. At 48 hours, wells containing cells with hematopoietic
morphology were quantified. The number of blood producing
hemogenic progenitors had increased from 1:479 (untreated) to
1:225 (treated) (Fig. 4C). Taken together, these data show that
induction of ENG expression in FLK1+ cells or TIE2+/CD117+

promoted hematopoietic commitment and the emergence of CD45+

hematopoietic cells.

ENG induced acceleration of definitive hematopoiesis is
mediated by increased eNOS/NO activity
There is also an extensive body of evidence showing that ENG
increases eNOS expression by modulating Smad2 protein levels in
endothelial cells (Santibanez et al., 2007). Shear stress induced
expression of eNOS and NO production has been shown to enhance
hematopoiesis in ES/EB differentiation assays and also in vivo
(Adamo et al., 2009; North et al., 2009). Shear stress has also been
shown to increase ENG expression in endothelial cells, which in
turn mediates TGF-β/pSmad2 signaling and leads to the increase of
eNOS (Lebrin et al., 2004; Seghers et al., 2012). Therefore, we
speculated that the increase in definitive hematopoiesis that we
observed with ENG induction in FLK1+ and TIE2+/CD117+ cells
could be mediated by the ENG/pSmad2/eNOS/NO endothelial axis.
Indeed, cellular levels of pSMAD2 (Fig. 5Ai) and expression levels
of eNOS (Nos3) mRNA and protein (Fig. 5Aii,iii) were increased in
ENG induced cells. Furthermore, there was no change in protein
levels of SMAD2 (data not shown) and pSMAD1/5 (data not
shown). Induction of ENG in FLK1+ cells was accompanied by an
increase in intra-cellular NO levels, and this increase was blunted by

Fig. 3. Induction of high ENG expression in FLK1+ cells in day 3 EBs
enhances their hemogenic potential. iEng:GFP ES cells were differentiated
into day 3 EBs and FLK1 positive cells were sorted and cultured (with or
without Dox) for four days in media supporting blast colony differentiation.
(A) (i) Representative flow cytometry graphs showing CD41 and TIE2 surface
expression during four days of liquid blast cultures of FLK1+ cells with Dox (red)
or without Dox (black). (ii) Representative flow cytometry graphs showing
CD117 and TIE2 surface expression from the same cell populations in Ai.
(iii) Histograms showing the percentage of cells expressing CD45 during
4 days of liquid blast culture. The error bars represent SEM values calculated
from three independent biological replicates. (B) Bar chart showing the number
of hematopoietic colonies in cells isolated from day 2 of culture. (C) FLK1+ cells
sorted from day 3 iEng:GFP EBs were seeded on to a 96 well plate in a limiting
dilution assay (LDA) to quantify the effect of Dox induction on the frequency of
HE. The histograms represent the data obtained from the LDA which shows
that the frequency of HE increases from 1:341 (black) to 1:101 (red) following
induction of ENG. The P values were calculated using t-tests from three
independent biological replicates. *P<0.05.

Fig. 4. Induction of high ENG expression in TIE2+/CD117+ cells results in the loss of endothelial markers and an increase in hematopoietic colony
formation. (A) A representative flow cytometry graph showing TIE2 andCD117 expression at day 2 of liquid blast culture of FLK1+ cells harvested from day 3 iEng
EBs. TIE2+/CD117+ cells were sorted and re-plated in liquid blast media for a further 48 hours in the presence or absence of Dox. The flow cytometry graphs to the
left show surface expression of CD41 and TIE2 in each fraction and the graphs to the right show surface expression of CD117 andCD45. (B) Bar chart showing the
number of hematopoietic colonies generated from cells collected from A. The error bars represent SEM values calculated from three independent biological
replicates performed in triplicate. (C) TIE2+/ CD117+ cells sorted from day 2 liquid blast cultures were seeded on to a 96 well plate in a limiting dilution assay (LDA)
to quantify the effect of ENG induction on the hematopoietic differentiation potential of TIE2+/CD117+ HE cells. The histograms represent the data obtained from
the LDAwhich shows that the frequency of blood emergence from HE cells increases from 1:479 (black) to 1:225 (red) upon induction of ENG. The P values were
generated from three independent biological replicates using a student t-test. *P<0.05.
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