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  Hematopoietic differentiation of embryonic stem (ES) cells can be enhanced by co-culture with stromal cells 
derived from hematopoietic tissues and by overexpression of the transcription factor HOXB4. In this study, we 
compare the hematopoietic inductive effects of stromal cell lines derived from different subregions of the embry-
onic aorta-gonad-mesonephros tissue with the commonly used OP9 stromal cell line and with HOXB4 activa-
tion. We show that stromal cell lines derived from the aorta and surrounding mesenchyme (AM) act at an earlier 
stage of the differentiation process compared with the commonly used OP9 stromal cells. AM stromal cells 
were able to promote the further differentiation of isolated  brachyury -GFP +  mesodermal cells into hematopoietic 
progenitors, whereas the OP9 stromal cells could not support the differentiation of these cells. Co-culture and 
analyses of individual embryoid bodies support the hypothesis that the AM stromal cell lines could enhance the 
de novo production of hematopoietic progenitors, lending support to the idea that AM stromal cells might act 
on prehematopoietic mesoderm. The induction level observed for AM stromal cells was comparable to HOXB4 
activation, but no additive effect was observed when these 2 inductive strategies were combined. Addition of a 
γ-secretase inhibitor reduced the inductive effects of both the stromal cell line and HOXB4, providing clues to 
possible shared molecular mechanisms.     

  Introduction 

 Directed differentiation of embryonic stem (ES) cells 
is a valuable model system to study the specifi cation 

and regulation of hematopoietic stem and progenitor cells 
and could also provide a source of therapeutic cells [ 1–4 ]. 
The production of mature blood cells, including erythro-
cytes, myeloid, and lymphoid lineages as well as multilin-
eage progenitors, from both mouse and human ES cells has 
been achieved using a range of culture protocols; including 
embryoid body (EB) formation, co-culture with stroma and 
strategies involving chemically defi ned conditions [ 5–13 ]. 
However, the development of a robust protocol for the 
 production of defi nitive hematopoietic stem cells (HSCs) ca-
pable of long-term reconstitution in vivo has been more chal-
lenging [ 14–20 ]. The most successful strategy for generating 
repopulating HSCs from mouse ES cells to date involves 

overexpression of HOXB4 and CDX4, followed by co-culture 
on the M-CSF-defi cient OP9 stromal cell line [ 21–23 ]. HSCs 
derived from ES cells in this way display a unique surface 
phenotype representative of a developmentally immature 
cell with characteristics of both embryonic and mature HSCs 
[ 22 ]. HOXB4 overexpression can also enhance hematopoi-
etic differentiation of human ES cells [ 24 , 25 ], but although 
OP9 stromal cells can augment in vitro hematopoietic 
colony formation [ 26 ] and support the survival of HOXB4-
overexpressing cells, neither of these strategies resulted in 
the production of hES-derived HSCs capable of long-term 
reconstitution in vivo [ 25 , 27 ]. 

 During embryonic development, hematopoiesis is initiated 
in the yolk sac by the appearance of primitive hematopoietic 
cells [ 28 , 29 ]. This transient wave of primitive hematopoi-
esis is followed by defi nitive hematopoietic progenitors and 
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leukemia inhibitory factor, LIF) containing 300 ES cells onto 
the upturned lid of a Petri dish [ 16 , 43 ]. EB aggregates were 
harvested after 2 days and differentiation was initiated in 
suspension culture for 1 day in ES medium without LIF, be-
fore plating EBs onto confl uent γ-irradiated (30 Gy) stromal 
cell layers. In the case of HOXB4-ER T2  ES cells, 800 nM tamox-
ifen was added to differentiation cultures on Days 1, 3, and 5 
of EB differentiation, marking the time after LIF withdrawal. 
Differentiation cultures were washed with phosphate-buff-
ered saline (PBS) and cell suspensions obtained by enzy-
matic digestion with dispase solution [PBS containing 1.2 U/
mL dispase II (Roche Diagnostics, Indianapolis, IN) and 70 
μg/mL DNAseI (Sigma)] for 45 min at 37°C. Dispase activity 
was neutralized with ES medium (4× volume) and single 
cell suspensions were obtained by gently passing samples 
through a 23-gauge needle. 

 Single EBs were co-cultured in 24-well plates directly on 
gelatin or on irradiated stromal layers. In noncontact cultures, 
EBs were placed in transwell inserts (transparent Greiner 
Bio-one 24 well ThinCert-tissue culture inserts, membrane 
pore size 0.4 μm, pore density 2 × 10 6  cm –2 ). Individual EBs 
were picked manually into 100 μL dispase solution and in-
cubated for 45 min at 37°C in 96 well plates, then dissociated 
into a single cell suspension by gentle pipetting. Dispase ac-
tivity was neutralized with ES medium (no LIF) before the 
cells were assessed for hematopoietic activity. 

 To obtain  brachyury  +  or  −  cells for co-culture, Bry-201 ES 
cells were prepared in high density suspension cultures 
(3 × 10 4  cells/mL of ES medium without LIF) to promote spon-
taneous EB formation. Cell suspensions were placed in sterile 
bacteriological grade Petri dishes and incubated at 37°C (hu-
midifi ed 5% CO 2  atmosphere), medium was replaced every 2 
days. After 4 days of differentiation, the EBs were dissociated 
in dispase solution and  brachyury- GFP  +   or  brachyury- GFP − cells 
were isolated by fl uorescence activated cell sorting (FACS). 
1 × 10 5  sorted cells were co-cultured per 25 cm 2  fl ask of irradi-
ated stromal cells for a further 6 days of differentiation.  

  Distinguishing between stromal and ES cell lines: 
normalization of data 

 When co-cultures were analyzed in hematopoietic colony 
assays the input cell population contained both ES cells and 
stromal cells. It was therefore necessary to distinguish be-
tween stromal cells and ES cells to calculate the frequency of 
hematopoietic colony forming units (CFUs) within a defi ned 
number of input ES cells. In the majority of experiments ES 
cells that expressed eGFP constitutively (7a-GFP ES cells) 
were used and the proportion of ES cells present in the 
mixed population was determined by fl ow cytometry. When 
using ES cell lines such as Bry-201, CGR8, and HOXB4-ER T2  
that did not express a constitutive marker gene, confl uent 
stromal layers were stained with Vybrant DiD cell labeling 
solution (Invitrogen, Carlsbad, CA) prior to irradiation and 
co-culture. Briefl y, stromal layers were washed with PBS, 
stained with 1:250 dilution Vybrant DiD solution in PBS for 
20 min at 37°C then washed 3 times with PBS. DiD stained 
stromal cells could be readily detected by fl ow cytometry 
(FL-3/ FL-4 channel), thus allowing the proportion of DiD 
negative ES-derived cells to be accurately determined. This 
strategy facilitated accurate measurement of the propor-
tion of  brachyury -GFP positive ES-derived cells present in 
stromal co-cultures.  

HSCs, representing long-term adult repopulating cells, 
which appear and mature in several embryonic sites [ 30–34 ]. 
HSCs arise de novo in the aorta-gonad-mesonephros (AGM) 
region during embryonic development, suggesting that this 
region would be a potent source of signals that promote and 
maintain hematopoietic stem and progenitor cells [ 35 , 36 ]. 
Several studies have demonstrated that stromal cell lines 
derived from this region can support both adult and em-
bryonic HSCs and can facilitate the production of defi nitive 
transplantable HSCs from more immature precursors within 
the yolk sac and para-aortic splanchnopleures [ 37–42 ]. We 
have previously shown that primary E10.5 AGM explants 
and AGM-derived stromal cell lines signifi cantly enhance 
hematopoietic differentiation of both mouse and human 
ES cells [ 43 , 44 ]. Indeed, the co-culture of hES cells on one 
of the stromal cell lines (AM20.1B4) derived from the aorta-
mesonephros subregion has provided a promising approach 
for the production of transplantable HSCs from human ES 
cells [ 44 ]. We set out to defi ne more clearly the mechanism of 
action of the AGM-derived stromal cells, to assess whether 
HOXB4 overexpression could further enhance their induc-
tive properties and to explore the cellular targets and molec-
ular mechanisms underlying these inductive strategies. The 
identifi cation and detailed understanding of strategies that 
can enhance the hematopoietic differentiation of ES cells 
without the need for genetic manipulation would provide 
an easier route to clinical application.  

  Materials and Methods 

  ES cells 

 CGR8 ES cells, 7a-GFP ES cells [ 45 ], Bry-201 ES cells [ 46 ], 
and HOXB4-ER T2  hormone inducible ES cell clones (Jackson 
et al., manuscript in preparation)  were maintained in their 
undifferentiated state as described previously [ 43 ].  

  Stromal cell lines 

 Clonal stromal cell lines were derived from the aorta-
mesonephros (AM) or urogenital ridge (UG) subregions of 
E10-11 AGM tissue or from E11 fetal livers as described in 
references [ 39 , 40 ]. AM and UG-derived clonal stromal cell 
lines (AM20.1B4, AM20.1A4, UG26.1B6, UG26.2D3) carried 
the SV40 large T antigen and were maintained at the per-
missive temperature of 33°C. The AM14.1C4 and EL08.1D2 
cell lines carried the Ly-6E.1-lacZ transgene. All the embryo-
derived cell lines were maintained on gelatin-coated fl asks 
in medium comprising 50% myelocult long-term culture me-
dium M5300 (Stem Cell Technologies, Vancouver, BC), 40% 
alpha-minimal essential medium (Invitrogen, Carlsbad, CA) 
with 10% fetal calf serum (FCS; Sigma, St. Louis, MO), supple-
mented with 1 mM  l -glutamine (Gibco, Grand Island, NY) 
and 0.05 mM 2-mercaptoethanol (Sigma). The OP9 stromal 
cell line derived from newborn calvaria of M-CSF defi cient 
mice [ 7 ] was maintained at 37°C in 80% alpha-minimal es-
sential medium (MEM) with 20% FCS, supplemented with 2 
mM  l -glutamine and 0.1 mM 2-mercaptoethanol.  

  ES cell differentiation strategies 

 Embryoid bodies (EBs) were prepared in hanging drops 
by aliquoting 10 μL droplets of ES medium (including 
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using SuperScript ™  III First-strand Synthesis SuperMix 
(Invitrogen, Carlsbad, CA). Quantitative real-time RT-PCR 
was performed on an ABI 7500FAST qPCR machine using 
TaqMan PCR chemistry under universal conditions 
(Applied Biosystems, Foster City, CA). Samples were ana-
lyzed in triplicate, using HPRT as the endogenous control. 
Relative quantitation was calculated using the deltaCT 
method in ABI SDS1.4 software and data are presented as 
fold change in gene expression relative to an internal cal-
ibrator. Primers: Hey1 (Forward: 5′-GCA GGA GGG AAA 
GGT TAT TTT GA-3′; Reverse: 5′-CGA AAC CCC AAA CTC 
CGA TAG-3′. Probe: 5′-CGC CCT GGC TAT GG-3′): HPRT 
(forward 5′-GCT CGA GAT GTC ATG AAG GAG A; reverse 
5′-AAA GAA CTT ATA GCC CCC CTT GA; probe CCA TCA 
CAT TGT GGC CCT CTG TGT G).   

  Results 

  Hematopoietic differentiation is enhanced by 
co-culture with stromal cell lines derived from the aorta 
and surrounding mesenchyme of the AGM region 

 A signifi cant increase in hematopoietic colony formation 
was observed when ES cells were differentiated in co-cul-
ture with 3 independently derived stromal cell lines isolated 
from the aorta-mesenchyme (AM) of the AGM, but not from 
2 stromal cell lines derived from the urogenital ridges (UG) 
nor from a cell line derived from the fetal liver ( Fig. 1A–1E ). 
The induction level of the AM cell lines was comparable to 
the commonly used OP9 cell line. Importantly, the induction 
of hematopoietic activity in AGM-derived stromal cells was 
independent of the expression of the large T antigen: AM20-
1B4, AM20.1A4 and UG26.1B6 were derived from tgA58 
transgenic embryos, whereas the AM14.1C4 and EL08.1D2 
were derived from the transgenic mouse strain carrying the 
Ly-6E.1-LacZ transgene. The number of multipotent CFU-Mix 
colonies that were generated after co-culture with AM20.1B4, 
AM20.1A4, and AM14.1C4 stromal cells was statistically com-
parable to the number generated in OP9 co-cultures and sig-
nifi cantly higher than control cultures ( Fig. 1B ). On average, 
the frequency of CFU-Mix was 22-, 15-, 16-, and 18-fold higher 
than controls in AM20.1B4, AM20.1A4, AM14.1C4, and OP9 
co-cultures, respectively. The number of CFU-GM and ery-
throid/macrophage colonies generated in AM co-cultures 
was also statistically comparable to that in OP9 cultures and 
enhanced compared to controls ( Fig. 1C and 1E ). CFU-M 
colony numbers were enhanced in AM co-cultures, but not in 
OP9 co-cultures, which is consistent with the fact that the OP9 
stromal cells do not express functional M-CSF [ 7 ] ( Fig. 1D ).   

  Increased expression of hematopoietic markers 
by ES cells differentiating on AM stromal lines 

 Flow cytometric analysis revealed that the frequency 
of ES-derived cells expressing hematopoietic surface anti-
gens in AM co-cultures was comparable to OP9 co-cultures 
and signifi cantly higher than controls ( Table 1 ). It has been 
reported that ES-derived HSCs are CD150 +  and heteroge-
neous for CD48 expression [ 22 ] and that in murine adult 
bone marrow and fetal liver, HSCs are enriched in the 
CD150 + CD48 − CD244 −  cell fraction [ 22 , 47–49 ]. In enhancing 
stromal co-cultures, there was an increase in the proportion 
of CD150 +  ES-derived cells, which did not co-express CD48 

  Hematopoietic colony forming assays 

 Methylcellulose-based hematopoietic colony assays and 
CFU-A assays were performed as described previously [ 43 ]. 
Statistical signifi cance was determined by  t -tests for para-
metric or nonparametric data sets.  

  Flow cytometry 

 Flow cytometric analyses were carried out on a BD 
FACSCalibur fl ow cytometer (488 nm and 633 nm lasers) 
with CellQuest software. FACS was performed on a FACS 
Vantage SE cell sorter (Becton Dickinson, dual output 351 
nm/488 nm and 633 nm lasers) using FACSDiva software. 
Cells were incubated with optimal concentrations of anti-
mouse monoclonal antibodies for 20 min at 4°C. Unbound 
primary antibody was removed by washing twice with PBS. 
Streptavidin-phycoerythrin (PE) or streptavidin-allophyco-
cyanin (APC) conjugated secondary antibodies were used to 
detect biotinylated primary antibodies. Data for 1 × 10 5  live 
cells were acquired and electronic gates were set using un-
stained cells, cells stained with secondary antibody alone, 
single stains and biological controls. Directly conjugated or 
biotinylated antimouse monoclonal antibodies against cKit, 
CD45, Gr-1, CD11b, B220, CD106 (VCAM-1), CD34, CD31, 
streptavidin-APC, and streptavidin-PE were purchased 
from Caltag; CD150 was from Biolegend; Sca-1, CD49d, 
Ter119, Flk1, CD41, CD48, and CD244 monoclonal antibodies 
were purchased from BD.  

  Gamma-secretase inhibition 

 To inhibit signaling by the γ-secretase pathway, co-cul-
tures were setup as described above and the γ-secretase 
inhibitor (cat. no. 565771; Calbiochem, San Diego, CA) was 
added at a fi nal concentration of 4 μM in ES medium (no 
LIF). The inhibitor was added to co-cultures between Days 
4 and 6 of EB differentiation. The dimethyl-sulphoxide 
(DMSO) diluent was used at the equivalent concentration as 
a control for these experiments.  

  Transfection and immunohistochemistry of COS7 cells 

 COS7 cells were transiently transfected with a pCAG HOX-
B4 ER T2 IP construct using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA). After confi rmation by western blotting that 
the expected size fusion protein was produced (data not 
shown), cells were treated with 800 nM tamoxifen (4OHT) 
(Sigma, St. Louis, MO), fi xed with 4% paraformaldehyde 
for 10 min, washed twice in PBS then permeabilized for 5 
min in 0.1% Triton X-100. HOXB4 protein was detected using 
an I12 rat anti-HOXB4 antibody primary antibody (1/100; 
Developmental Studies Hybridoma Bank, University of 
Iowa) and a FITC-labeled goat antirat Ig secondary antibody 
(1/100; Santa Cruz Biotechnology, Santa Cruz, CA). Nuclei 
were visualized using 10 mL DAPI (Roche Diagnostics, 
Indianapolis, IN).  

  Quantitative reverse transcription (RT)-polymerase 
chain reaction (PCR) 

 Total RNA was extracted using RNeasy Mini Kit (Qiagen, 
Valencia, CA) and cDNA prepared by reverse transcription 
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  FIG. 1.      Induction of hematopoietic differentiation by co-culture with stromal cell lines. The total number of hematopoietic 
colonies  (A)  and the number of specifi c colony types including CFU-Mix  (B) , CFU-GM  (C) , CFU-M  (D) , and Ery/Mac  (E)  per 
3 × 10 5  embryonic stem (ES)-derived cells (7a-GFP ESC) in control gelatin cultures or after co-culture on stromal cell lines 
to 6 days differentiation. Data in  A  represent the mean of between 3 and 11 independent experiments, whereas data in  B–D  
represent the mean (±SD) of 3 representative experiments, * P  < 0.05 compared to gelatin controls. To ensure the entire he-
matopoietic output was represented in  A , remaining colonies such as defi nitive erythroid and CFU-mast were categorized 
as “other.”  

( Table 1 ). No expression of CD244 was detected, suggesting 
that CD150 + CD48 − CD244 −  cells were present. In particular, 
OP9 and AM20.1A4 co-cultures yielded an average of 13% 
and 15% CD150 +  (CD48 − CD244 − ) ES-derived cells, respec-
tively. An increase in cKit + Sca-1 +  EB-derived cells in AM co-
cultures was also observed, though it was not determined if 
these cells were negative for lineage markers. The enhanced 
emergence or maturation of hematopoietic cells that express 
adult-type surface markers is consistent with the potential 
of the AGM region to maturate or expand hematopoietic 
stem and progenitor cells in culture. Taoudi and colleagues 
(2008) reported that a novel culture system involving disso-
ciation and reaggregation of E11.5 AGM region with growth 
factors, can promote maturation of pre-HSCs to HSCs that 
acquire an adult-like surface phenotype, including cKit and 
Sca-1. Hematopoietic markers associated with myeloid, ery-
throid, and lymphoid cells were also detected on ES cells 

differentiating in AM and OP9 co-cultures ( Table 1 ). The 
variability observed in expression of these mature markers 
could refl ect a subtle balance between self-renewal of he-
matopoietic progenitors (CFU) and their terminal differenti-
ation into mature hematopoietic cell types.   

  AM-derived and OP9 stromal cell lines act after 
mesoderm specifi cation 

 ES cells carrying the mesodermal  brachyury -eGFP re-
porter gene (Bry-201 [ 46 ]) were used to assess whether the 
hematopoietic inductive effects of the AM and OP9 stromal 
cells lines could be explained by a differential effect on me-
soderm formation. We fi rst confi rmed that the growth rates 
of ES-derived cells in the different co-cultures were compa-
rable ( Supplementary Fig. 1 ; Supplementary materials avail-
able online at www.liebertonline.com/scd) and that the AM 
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the cells was not signifi cantly different in the OP9 condition 
compared to AM. We observed that co-culture of an equal 
mixture of  brachyury  +  and  brachyury  −  cells on AM14.1C4 cells 
resulted in a level of hematopoietic activity comparable to 
the level observed when twice as many  brachyury  +  cells were 
co-cultured alone, suggesting that ES-derived  brachyury  −  
cells provide additional hematopoietic support within the 
co-culture niche ( Fig. 2E ).  

  AM20.1B4 stromal cells have a proliferative 
and inductive effect on hematopoietic differentiation 

 The differentiation system used in this study involved the 
initial production of EBs that were subsequently co-cultured 
on stromal cell lines with the fi nal hematopoietic output 
being assayed on the disaggregated cultures. We considered 
that the enhanced hematopoietic colony formation observed 
after co-culture could either be the result of an increase in 
the number of hematopoietic progenitors generated within 
each EB or an increase in the number of EBs with associated 
hematopoietic activity. The former possibility might indicate 
that the AM-derived stromal cell lines could mediate their 
enhancing activities by inducing prehematopoietic meso-
derm cells to a hematopoietic fate, whereas the latter might 
be explained by an increase in the proliferation of hemato-
poietic progenitors that arise spontaneously in differenti-
ating cultures. To distinguish between these possibilities, 
we assayed the number of hematopoietic colonies produced 
from  individually  co-cultured EBs. As the growth rate of cells 
under the different co-culture conditions were statistically 
comparable, the number of hematopoietic colonies produced 
from EBs in each assay dish could be directly compared [ 43 ] 
( Supplementary Fig. 1 ). When compared to control cultures 
and noninducing co-cultures, AM20.1B4 co-culture resulted 
in signifi cantly more EBs that had associated hematopoietic 
activity and more hematopoietic colonies were detected in 
each EB compared to controls ( Table 2 ). This suggests that 
the AM20.1B4 stromal line had both an inductive and a pro-
liferative effect on ES-derived hematopoietic progenitors 
( Table 2 ). The analysis of single EBs cultured in transwell 

stromal cell co-culture induced hematopoietic activity in 
the Bry-201 ES cells ( Supplementary Fig. 2; Supplementary 
materials available online at www.liebertonline.com/scd ). 
Flow cytometric analysis of eGFP expression showed no 
signifi cant differences in the kinetics of  brachyury  expres-
sion, with the peak of  brachyury -eGFP expression at Day 
5 of differentiation in all culture conditions ( Fig. 2A ). The 
timing of our peak of  brachyury-GFP  expression is delayed 
by 1 day compared to that previously described (Fehling et 
al., 2003) which likely refl ects differences in differentiation 
conditions.[ 46 ] There was no signifi cant correlation ( r  2  = 
0.027) between the hematopoietic activity ( Supplementary 
Fig. 2 ) and the proportion of  brachyury  +  cells ( Fig. 2B ), in-
dicating that the AM and OP9 co-cultures mediate their 
hematopoietic inductive effects on ES cells after mesoderm 
specifi cation. Our data also show that the noninducing UG 
and EL stroma cell lines do not have a negative effect on 
mesoderm formation.   

  Brachyury + , but not Brachyury − , cells respond 
to the hematopoietic inductive effects 
of the AM stromal cell lines 

 To further defi ne the stage of induction within the AM/
EB co-cultures,  brachyury -eGFP +  and  brachyury  − eGFP −  cells 
were isolated from Day 4 EBs then co-cultured on AM14.1C4 
and OP9 stromal cells ( Fig. 2C and 2D ). The production of 
multilineage hematopoietic colonies provided evidence 
that  brachyury  + , but not  brachyury  − , cells responded to the 
AM14.1C4 stroma ( Fig. 2E ). These data confi rm that the he-
matopoietic activity, not surprisingly, arises from a  brachyury  +  
population and support the hypothesis that the inductive 
effect of the AM14.1C4 stromal line acts on differentiating 
ES cells after the expression of  brachyury . By contrast, dif-
ferentiation of sorted populations on gelatin or on OP9 
stromal cells resulted low hematopoietic colony formation, 
suggesting that hematopoietic differentiation of the sorted 
cells was not supported in these conditions. Flow cytometric 
analysis confi rmed that ES-derived cells were indeed pre-
sent in all conditions and that the survival/proliferation of 

 T able  1.    E xpression of  H ematopoietic  S urface  A ntigens on  ES-D erived  C ells in  C o -C ulture   

 Surface Marker 

 % Positive ES-derived cells in co-culture 

 Gelatin  AM20.1B4  AM20.1A4  AM14.1C4  OP9 

c-Kit+ 3.95 ± 5.0 14.9 ±16.7 18.4 16.9 9.8 ± 8.0
Sca-1+ 1.5 ± 3.1 6.7 ± 8.6 21.6 8.2 5.0 ± 8.5
c-Kit+ Sca-1+ 0.05 ± 0.1 2.6 ± 2.3 5.8 2.7 2.9 ± 4.8
CD150+ 0. 9 ± 0.2 2.0 ± 1.4 14.8 ± 20 3.7 ± 5.0 12.8 ± 3.5
CD150+CD48+ 0.1 ± 0.06 0.9 ± 0.8 0.8 ± 0.6 0.3 ± 0.3 1.6 ± 1.0
CD45+ 1.6 ± 1.6 7.2 ± 10.2 9.6 ± 4.8 7.0 ± 0.3 11.0 ± 9.3
Gr-1+ 0.8 ± 1.2 6.1 ± 9.5 2.2 ± 1.1 1.4 ± 0.1 4.4 ± 3.2
CD11b+ 1.5 ± 1.5 7.5 ± 11.0 15.1 ± 14.0 2.3 ± 1.3 5.1 ± 2.7
B220+ 2.9 ± 6.0 3.6 ± 3.0 17.0 ± 12.1 4.4 ± 0.7 4.8 ± 4.7
Ter119+ 0.5 ± 0.6 2.9 ± 5.0 2.4 ± 1.3 2.1 ± 2.3 1.6 ± 2.2

   The proportion of ES-derived cells (assessed by constitutive eGFP expression in 7a-GFP ES cells) in 

co-cultures expressing hematopoietic surface markers after culture on gelatin or on stromal cells to 10 days 

differentiation. Data represent the mean (±SD) of between 1 and 9 independent experiments. Results for 

UG and EL co-cultures were comparable with gelatin controls (data not shown).    
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Further proof of the functionality of this fusion protein 
is demonstrated by the observed increase in hematopoi-
etic progenitor formation when HOXB4 was activated 
( Fig. 3C ). There was no signifi cant difference in the number 
of nonhematopoietic secondary EBs observed, confi rming 
that neither the stromal cell culture nor HOXB4 induction 
had a nonspecifi c proliferative effect ( Supplementary Fig. 3; 
Supplementary materials available online at www.liebert
 online.com/scd ). The level of induction by HOXB4 was com-
parable to the level in stromal cell co-culture and no addi-
tive effect was observed when the 2 induction strategies 
were combined ( Fig. 3C ). These data have led us to hypoth-
esize that they might mediate their effect through overlap-
ping signaling pathways. To test this hypothesis we have 
assessed the effects of inhibiting the γ-secretase pathway on 
the inductive effects of the stromal cells and HOXB4.   

cultures showed that hematopoietic activity was signifi -
cantly reduced in EBs when contact with AM20.1B4 was pre-
vented, indicating that both the inductive and proliferative 
effect was dependent on cell contact ( Table 2 ).   

  Hematopoietic inductive effects of stromal cells 
and HOXB4 are not additive 

 We generated ES cell lines overexpressing a tamoxifen-
inducible form of HOXB4 by stable integration of a HOXB4-
ER T2  fusion cDNA under control of the CAG promoter into 
the ES cell genome (Jackson et al., manuscript in preparation). 
Nuclear translocation of the HOXB4–ER T2  fusion protein 
was confi rmed in tamoxifen-treated COS7 cells transiently 
transfected with the CAG-ER T2  construct by immunohis-
tochemistry using an anti-HOXB4 antibody ( Fig. 3A and 3B ). 
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  FIG. 2.      Stromal cell lines mediate their effects after  brachyury  expression in embryoid bodies (EBs).  (A)  Percentage of 
 brachyury -eGFP expressing cells in Bry-201 EBs (Days 2–8) differentiated under the different co-culture conditions,  P  > 0.05 
between conditions (1 representative experiment of 3 is shown).  (B)  Proportion of  brachyury -eGFP expressing embryonic 
stem (ES) cells in co-cultures at Day 5 ( P  > 0.2 when comparing each stromal co-culture to gelatin controls,  n  = 3 experi-
ments).  (C)  Experimental strategy:  brachyury -eGFP positive and negative cells were isolated by fl uorescence-activated cell 
sorter (FACS) from 4-day-old suspension EBs and then co-cultured for a further 6 days before assessing hematopoietic ac-
tivity.  (D)  Representative example of FACS profi le of unsorted and sorted populations.  (E)  Number of hematopoietic colo-
nies produced from  brachyury -eGFP positive and negative populations after co-culture on gelatin, AM14.1C4 or OP9 stromal 
layers for 6 days (* P  < 0.02 compared to corresponding gelatin and OP9 co-cultures).    
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  The γ-secretase inhibitor attenuates 
the hematopoietic inductive effects of both 
the stromal cell lines and HOXB4 overexpression 

 Since the inductive effects of the stroma were dependent 
on direct ES-stromal cell contact, we considered that the 
Notch pathway might play a role in this inductive effect. We 
therefore tested the effects of a γ-secretase inhibitor (GSI) 
on the inductive effects of the AM co-culture system. The 
Notch pathway has been reported to have a profound effect 
on mesoderm differentiation of ES cells [ 50 , 51 ]. We had 
shown that the stromal lines mediated their effects after the 
production of mesoderm, so we added the GSI inhibitor be-
tween Days 4 and 6 after the onset of  brachyury  expression. 
In 3 replicate experiments, the presence of the GSI inhibitor 
resulted in a signifi cant reduction in the hematopoietic in-
ductive effects of the stromal lines ( Fig. 4A ). On average, the 
number of multipotent hematopoietic progenitors (CFU-Mix, 
CFU-GM, and Ery/Mac) was reduced by 57%, 63%, and 56% 
in AM20.1B4, AM14.1C4, and OP9 co-cultures, respectively. 
No signifi cant difference was observed in the numbers of 
secondary EBs detected in the presence of the inhibitor, in-
dicating that the inhibitor did not have a general toxic effect 
on differentiating ES cells ( Supplementary Fig. 3 ). Taken to-
gether, the data suggest that γ-secretase mediated signaling 
is required for enhancing the production of multipotent 
hematopoietic progenitors. Quantitative RT-PCR revealed 
that  Hey1  gene transcript, a downstream target of Notch 
signaling, was signifi cantly reduced in the presence of the 

γ-secretase inhibitor in this system, confi rming its effective-
ness in inhibiting Notch-mediated signaling ( Fig. 4B ).  

 To investigate whether signaling pathways mediated by 
γ-secretase also played a role in the induction of ES-derived 
hematopoiesis by HOXB4, GSI was added to HOXB4-ER T2  
EBs. Addition of inhibitor between Days 4 and 6 of differ-
entiation attenuated the hematopoietic enhancing effects 
of HOXB4 induction ( Fig. 4C ). The number of multipotent 
progenitors (CFU-Mix, CFU-GM, and Ery/Mac) detected in 
tamoxifen-induced HOXB4-ER T2  cells was reduced by ~50% 
in the presence of the GSI inhibitor and a comparable reduc-
tion in expression of the Notch target,  Hey1 , was observed 
( Fig. 4C and 4D ). The Notch ligand Jagged1 is expressed at 
higher levels after HOXB4 activation, indicating that this 
could contribute to the hematopoietic inductive effects of 
HOXB4 ( Fig. 4E ).   

  Discussion 

 The therapeutic application of stem cell research to 
the treatment of hematological disease is severely lim-
ited by our inability to generate large numbers of cells in 
an effi cient manner. To address these limitations, we re-
quire a fuller understanding of the cellular targets and 
molecular mechanisms involved in the strategies which 
have been used to enhance hematopoietic differentiation. 
Furthermore, the development of strategies that avoid 
the need for genetic manipulation, such as overexpres-
sion of HOXB4, would provide an easier route to clinical 

 T able  2.    A nalysis of  S ingle  EBs D ifferentiated in  C o -C ulture   

 Co-culture of single EBs 
 % EBs with 

hematopoietic activity 
 Hematopoietic 
colonies per EB 

6 days differentiation
 Gelatin Contact ( n  = 207) 52.7 3.2 ± 6.9

Noncontact ( n  = 24) 37.5 4.5 ± 8.9
 AM20.1B4 Contact ( n  = 201) 64.2* 16.8 ± 33.7*

Noncontact ( n  = 24) 16.7 † 0.6 ± 2.2 † 
 UG26.1B6 Contact ( n  = 47) 42.6 1.7 ± 3.7

Noncontact ( n  = 24) 20.8 0.4 ± 1.1
 EL08.1D2 Contact ( n  = 48) 27.1* 0.4 ± 0.7*

Noncontact ( n  = 24) 29.2 0.5 ± 0.9
10 days differentiation
 Gelatin Contact ( n  = 48) 68.3 11.1 ± 12.2

Noncontact ( n  = 24) 70.8 10.3 ± 13.4
 AM20.1B4 Contact ( n  = 48) 93.5* 37 ± 27.9*

Noncontact ( n  = 24) 47.8 † 11 ± 14.3 † 
 UG26.1B6 Contact ( n  = 48) 60.9 7.0 ± 10.6

Noncontact ( n  = 24) 54.2 8.8 ± 10.3
 EL08.1D2 Contact ( n  = 207) 52.7 3.2 ± 6.9

Noncontact ( n  = 24) 37.5 4.5 ± 8.9

   The proportion of  individual  EBs with associated hematopoietic activity and the number of 

hematopoietic colonies detected within individual dissociated EBs after culture on gelatin or in 

direct contact with stromal cells. In noncontact conditions, contact between EBs and stromal cells 

was prevented by the presence of transwell inserts. The number ( n ) of EBs (7a-GFP) analyzed in 

each experiment is shown. 

 * P  < 0.004 comparison of contact cultures: stromal co-culture versus corresponding gelatin 

culture. 

   †   P  < 0.01 comparison of noncontact versus corresponding contact culture.   
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hematopoietic activity and the amount of hematopoietic 
activity in each EB, whereas co-culture on cell lines de-
rived from the UG did not differ signifi cantly from con-
trol cultures. The fact that we observed an increase in the 
number of individual EBs with hematopoietic activity sug-
gests that the AM cell line is able to induce the de novo 
production of hematopoietic progenitors from ES cells, 
as well as enhance their expansion. This interpretation is 
based on the assumptions that each hematopoietic colony 
(CFU) detected in our assay is the product of a single he-
matopoietic progenitor cell and that the sensitivity of the 
assay is such that every progenitor with colony forming 
potential is detected. If the number of progenitors within 
an EB must exceed a threshold before a colony is detected, 
then an increase in the proportion of EBs with CFU activity 
could arise if progenitors were stimulated to proliferate be-
yond this threshold and an increase in proliferation might 
be misinterpreted as an inductive effect. Nevertheless, the 
data presented here demonstrate the potent effects of the 
AM cell line on hematopoietic differentiation and are con-
sistent with the role of the aorta subregion of the AGM in 
mediating de novo induction of HSCs in vivo [ 35 , 52–58 ]. 
Indeed, our data is supported by the fact that the AM 
stromal cell line was the most effi cient in the production of 
HSCs from hES cells [ 44 ].  

  AM-derived stromal cell lines act after 
the differentiation of mesoderm 

 We have shown that AM-derived and OP9 stroma did 
not mediate their hematopoietic enhancing effects by pro-
moting the numbers of cells expressing  brachyury , suggest-
ing that they act downstream of mesoderm specifi cation. 
Co-culture of FACS-isolated cell populations on AM14.1C4 
showed that, as expected, hematopoietic progenitors arise 
from  brachyury  +  ancestors. Our data also reveal that non-
hematopoietic  brachyury - ES-derived cells play a supportive 

application. We previously reported that co-culture with 
AGM-derived stromal cell lines signifi cantly induced the 
production of hematopoietic progenitors from both mouse 
and human ES cells [ 43 , 44 ] and currently represents an ef-
fi cient strategy for the production of HSCs capable of long-
term reconstitution from human ES cells [ 44 ]. This study 
set out to compare the inductive effects of AGM stromal 
cell lines with OP9 and HOXB4 and to analyze the cellular 
targets and molecular mechanisms associated with their 
activity. 

  Stromal cell lines derived from AGM subregions 
have distinct effects on hematopoietic differentiation 

 A signifi cant increase in hematopoietic progenitor pro-
duction was observed when ES cells were differentiated in 
co-culture with 3 independently derived stromal cell lines 
isolated from the aorta-mesonephros (AM) subregion of the 
AGM and the level of induction was comparable to that ob-
served with the OP9 cell line. No hematopoietic inductive 
effect was observed when ES cells were co-cultured with 
stromal lines derived from the urogenital ridge (UG) and 
fetal liver which contrasts with the potent supportive effects 
of the UG26.1B6 and EL08.1D2 cell lines on adult bone mar-
row derived progenitors and HSCs [ 37–42 ] and human ES 
cells [ 44 ]. Although the UG26.1B6 was able to promote he-
matopoietic colony formation from human ES cells, it did 
not enhance repopulating HSCs [ 44 ] and we speculate there-
fore that this stromal cell line exerts a proliferative effect on 
hematopoietic progenitors that arise spontaneously from 
differentiating hESCs. Our combined data on mouse and 
human ES cells supports the idea that the signals required 
to direct hematopoietic differentiation of mouse and human 
ES cells differ from those required for the support of adult 
hematopoietic stem and progenitor cells. 

 Co-culture of single EBs on the AM cell line resulted 
in an increase in both the number of EBs with associated 
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  FIG. 3.      No additive effect when the AM stroma and HOXB4 induction strategies are combined. Cos7 cells, transiently 
transfected with the pCAG HOXB4 ER T2 IP construct, cultured in the absence  (A)  or the presence  (B)  of tamoxifen followed by 
immunocytochemical analysis using an anti-HOXB4 antibody (green) and counterstaining of the nucleus with DAPI (blue). 
 (C)  Number of hematopoietic colonies observed when control CGR8 embryoid bodies (EBs) and CGR8-HOXB4-ER T2  induc-
ible EBs were cultured in the presence (+) or absence (–) of tamoxifen (added on Days 1, 3, and 5 of differentiation) and/or 
co-cultured with AM14.1C4 or OP9 stromal cell layers. CFU assays were setup at 6 days differentiation.    
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AM stromal cells, but combining the 2 induction strategies 
did not have an additive effect. Comparable results were ob-
served with human ES cells, where no additive effect on in 
vitro hematopoietic colony production was observed when 
OP9 co-culture and HOXB4 overexpression were combined 
[ 27 ]. One explanation for these fi ndings is that common mo-
lecular mechanisms might be responsible for the 2 induction 
strategies. The identifi cation and analysis of such common 
mechanisms would lead to a fuller understanding of this 
complex differentiation system. To provide support for this 
hypothesis we tested the effects of inhibiting the γ-secretase 
pathway on both strategies.  

role to progenitors in the co-culture microenvironment 
( Fig. 2 ). The OP9 cell line did not support the growth and/
or subsequent differentiation of  brachyury   +   cells, suggesting 
that signals from this cell line act at a later stage of the differ-
entiation process, most likely by expansion of hematopoietic 
progenitors.  

  HOXB4 overexpression did not further enhance 
the effects of AM-co-culture 

 Activation of HOXB4 resulted in an increase in hemato-
poietic activity comparable to that of co-culture of EBs on 
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  FIG. 4.      γ-Secretase inhibition of embryoid bodies (EBs) differentiated using the 2 induction strategies.  (A)  Frequency of 
multipotent hematopoietic colonies (CFU-Mix, CFU-GM, Ery/Mac) per 1 × 10 5  input embryonic stem (ES)-derived cells 
differentiated to 6 days on gelatin, AM14.1C4 or OP9 in the presence (+) or absence (–) of γ-secretase inhibitor (GSI), added 
between Days 4 and 6. One representative experiment of 3 is shown.  (B)  Quantitative reverse transcription-polymerase 
chain reaction (RT-PCR) showed a signifi cant reduction in  Hey1  gene transcript in EBs in the presence of γ-secretase inhib-
itor (GSI).  (C)  γ-Secretase inhibition of HOXB4-ER T2  EBs differentiated on gelatin. Cells were either noninduced or induced 
with tamoxifen in the presence (+) or absence (–) of GSI, added between Days 4 and 6. The fold induction in CFU-Mix, 
CFU-GM, and Ery/Mac colony numbers over noninduced control HOXB4-ER T2  EBs is shown (±SD between experiments). 
 (D)  Quantitative RT-PCR showing an increase in  Hey1  gene transcript after HOXB4 activation which was inhibited in the 
presence of the γ-secretase inhibitor (GSI).  (E)  Quantitative RT-PCR showing the expression pattern of Jagged1 in control 
CGR8 EBs or HOXB4-ER T2  EBs differentiated in the presence (+) or absence (–) of tamoxifen, added from Days 2 to 4.    
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