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III. Thesis Abstract 

Hematopoietic stem cells (HSCs) are a powerful resource for both regenerative 

medicine and the study of human developmental biology.  Though much is known about 

HSC physiology and development in mice, experimental limitations make their 

characterization a greater challenge in human.  As such, human embryonic stem cells 

(hESCs) and induced pluripotent stem cells (iPSCs) are currently the best systems with 

which to model early human hematopoietic development in vitro, thus providing insight 

regarding crucial factors delineating HSC emergence, maintenance and subsequent 

differentiation.  However, generation of HSCs from hESCs and iPSCs relies on an 

intimate understanding of both the in vivo hematopoietic microenvironment as well as 

HSC phenotype for their prospective isolation.  Though current in vitro protocols can 

readily generate hESC and iPSC-derived cells with hematopoietic progenitor function, 

none of these populations has exhibited what should be the hallmark of an HSC: robust, 

long-term, multilineage reconstitution of an immunodeficient recipient upon 

transplantation.  These studies address this issue by using transgenic hESC and iPSC 

lines which report the expression of genes known to be crucial for early hematopoietic 

events in mice so that they may help us to understand how they translate to human 

development in vitro.  Furthermore, this effort is complemented by additional studies 

using hESC-derived stromal populations to provide assays that help assess putative HSC 

quality, maintenance and the hematopoietic niche. 
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Background and significance 
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Hematopoietic Stem Cell Discovery 

Stem cells represent a remarkable avenue for discovery in the field of regenerative 

medicine due to both of their primary, inherent characteristics: the ability to both self-

renew and differentiate into more developmentally restricted lineages.  Hematopoietic 

stem cells (HSCs) are of particular importance since they serve as the starting material for 

one of the most dynamic organs of the human body, replenishing all mature blood 

lineages throughout the entire adult life.  Researchers have been quantitatively analyzing 

HSCs from a clonal perspective since the first of several ground-breaking studies by Till 

and McCulloch in 19611-5.  The basis for this work was their ability to transplant bone 

marrow (BM) from one mouse into an irradiated recipient and subsequently enumerate 

donor-derived hematopoietic colony forming units (CFU) in the recipient’s spleen.  To 

demonstrate CFU clonality, they sub-lethally irradiated the donor marrow, causing cell-

specific chromosomal abnormalities which were later observed in all the cells of a given 

CFU. Till and McCulloch demonstrated clonal progenitors which formed mixed 

myeloerythroid colonies, lymphocytic colonies, and were able to self-renew, thus 

providing evidence for the existence of single cells in mouse BM capable of long-term 

survival and multipotent differentiation. 

With the advent of reagents allowing for cell separation on the basis of surface 

antigens, studies began focusing on a phenotypic definition for HSCs in 19846,7.  Over 

the next decade, Weissman’s group and others determined that precursors to mature 

blood cells lacked the extra-cellular markers present on any of these lineages, thus giving 

rise to HSC enrichment by negative selection using what is know as the Lin (lineage) 
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cocktail of antibodies8,9.  After it was discovered that all Lin- bone marrow cells belonged 

to a Thy1.1lo subset, stem cell antigen (Sca-1) and c-kit were found to further contribute 

to HSC selection9-11.  This ckit+Thy1.1loLin-Sca1+ (KTLS) subset is currently used as a 

standard for isolation of long-term repopulating cells from unfractionated mouse BM.  

More recently, the signaling lymphocytic activation molecules (SLAM) CD244, CD150 

and CD48 were also found to enrich mouse HSCs, giving the added benefit of 

distinguishing between long-term repopulating HSCs (LT-HSCs), which give life-long 

reconstitution, and their further differentiated multi-potent progenitors (MPPs), which 

give only transient reconstitution12. 

Human HSCs are of particular importance from a clinical perspective; enabling 

hematologists to treat hematological diseases by long-term reconstitution of healthy 

blood cells.  Indeed, the first successful allogenic hematopoietic stem cell transplant 

(HSCT) was performed at the University of Minnesota in 1968 by engrafting BM 

between two HLA matched siblings13.  Since then, peripheral blood (PB) and umbilical 

cord blood (UCB) have also been recognized as clinically relevant sources of HSCs14,15.  

However, the frequency of HSCs in human whole bone marrow is extremely low at about 

1 in 106 cells16, thus prompting the need to identify human-specific markers to aid in their 

purification.  CD34+ BM cells were initially recognized as enriched for HSCs due to their 

enhanced ability for long-term, multilineage reconstitution (LTMR) of both humans and 

baboons17,18.  Subsequently, xenograft models in severe combined immune-deficient 

(SCID) mice became a valuable tool for identifying purified hematopoietic populations 

capable of LTMR, which are referred to as SCID-repopulating cells (SRCs)19,20.  Though 
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LTMR in human is the only way to truly test for HSCs, the SRC assay is currently 

thought of as an accessible surrogate for assessment of putative HSC quality. 

Characterization of the phenotypic signature and physiology of human HSCs is an 

intense area of interest.  While CD34 alone can be used to positively isolate an enriched 

population of SRCs from UCB, numerous other markers not only enhance purity, but also 

distinguish between HSCs with long-term and short-term repopulating capability21.  

Similar to mouse, human HSCs are enriched by negative selection with lineage markers 

in addition to CD38, which is expressed on MPPs but not HSCs22,23.  It should be noted 

that the SLAM markers do not aid in human HSC purification, highlighting one of the 

major differences in mouse and human HSC biology24.  More recently, it was 

demonstrated that single Thy1+RholoCD49f+ UCB cells undergo efficient LTMR, while 

CD45ra, an isoform of the pan-hematopoietic marker CD45, labels HSCs with decreased 

LTMR potential23,25.  Quiescence vs. cell cycle entry is also a key aspect of HSC 

function, as G0 HSCs within the BM exhibit enhanced LTMR over those which are 

actively proliferating26,27.  Finally, HSCs have been demonstrated to exhibit increased 

polarity with respect to particular cell adhesion molecules, likely as result of the need to 

make cell-cell contacts within particular aspects of the BM microenvironment28.    

 

Vertebrate in vivo hematopoiesis 

Early in embryogenesis, innervation of the primitive streak results in creation of 

the three germ layers: ectoderm, endoderm and mesoderm29.  Subsequently, at embryonic 

day (E) 7.25, mesodermal cells derived from the posterior portion of the primitive streak 



 

 5 

migrate to form the extra-embryonic yolk sac, where the first hematopoietic tissues are 

formed in association with the vasculature in what is called primitive hematopoiesis30-32.  

Here, pools of nucleated primitive erythrocytes (Eryp) expressing ε-globin form the 

peripheral blood islands (PBI) in association with the surrounding endothelial 

vasculature.  Explant studies in mouse have shown secretion of bone morphogenic 

protein-4 (BMP-4) and vascular endothelial growth factor (VEGF) by the surrounding 

mesoderm and primitive endoderm to be inductive signals in formation of the PBI33,34.  

Likewise, activation of canonical Wnt signaling is implicated in specification of EryP 

from mesoderm in mouse ES cells35.  It is not until E9.5, just after the heart begins to 

beat, that EryP enter the circulation and undergo numerous morphological changes, 

including extrusion of the nucleus36,37.  These enucleated EryP continue to circulate until 

around the time of birth37. 

Three days after the onset of primitive hematopoiesis, at E10.5, a second wave of 

blood cell emergence begins in the aorta-gonad-mesonephros (AGM) in what is known as 

definitive hematopoiesis38,39.  From the ventral aspect of the dorsal aorta within the 

AGM, definitive HSCs materialize from cells which are bipotential for endothelial and 

hematopoietic specification, commonly referred to as the hemogenic endothelium40.  

Lineage tracing studies have demonstrated that definitive HSCs bud specifically from a 

few endothelial cells in the AGM and not from the underlying mesenchyme, though the 

mesenchyme does provide instructive signals which initiate the endothelial to 

hematopoietic transition41,42.  This event has also been recorded by time-lapse 

microscopy of mouse aortic explants43,44.  Transplantation studies demonstrate that only 
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definitive HSCs from the AGM at E10.5 or after are capable of LTMR in adult mice, thus 

suggesting that progenitors of the primitive wave, at least in their current developmental 

state, do not contain SRCs39.   Though it has been shown that E9 c-kit+CD34+ cells from 

the yolk sac can repopulate a neonate recipient when injected into the liver45, this finding 

has no bearing on current clinical applications of HSCT in patients after birth. 

 

The hematopoietic niche 

From the AGM, definitive HSCs enter the vasculature and travel to the fetal liver, 

where they undergo further maturation, and eventually make their way to the BM by 

E1546.  Here, HSCs serve the daunting and enormously complex role of replenishing all 

mature blood lineages throughout the entire adult life, all while maintaining their own 

competence for multipotency, self-renewal and quiescence.  Indeed, this is a highly 

active, delicate balance which cannot be sustained autonomously, but requires constant 

aid from the local BM microenvironment known as the hematopoietic niche. 

Initial tracking studies in mouse found that HSCs were largely associated with 

endosteal surfaces in trabecular regions of the long bone47,48.  Accordingly, osteoblasts, a 

mesenchymal stromal cell (MSC) derivative which regulates bone formation and thus 

plays an imperative role in the dynamic structure of these compartments, are also directly 

related to HSC maintenance49.  Not only does increasing osteoblast number in the BM 

promote expansion of HSCs, but homing studies have found BM HSCs to be in direct 

contact with ostepontin+, N-cadherin+ osteoblasts within the endosteum50,51.  More recent 

work has shown perivascular and endothelial cells to be critical for HSC maintenance, as 
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deletion of stem cell factor (SCF) from both of these cell types, but not osteoblasts or the 

HSCs themselves, results in HSC depletion52.  Additionally, the niche appears to be sub-

compartmentalized with specialized areas for hematopoietic progenitors at various stages 

of differentiation.  CXCL12, a chemokine necessary for niche HSC retention53, was 

found to have various effects in different tissue / niche compartments54.  Deletion of 

CXCL12 in endothelial and perivascular cells results in depletion of HSCs but not 

myeloerythroid or lymphoid progenitors, while deletion from osteoblasts has no effect on 

HSCs but does decrease early lymphoid progenitors.  In addition, osteoblast expression of 

thrombopoietin (TPO) angiopoietin-1 (Ang-1) and N-cadherin have been shown to 

promote HSC quiescence, with homotypic N-cadherin interactions anchoring HSCs 

within the niche51,55-57. 

Due to obvious limitations regarding the study of in vivo human developmental 

biology, much less is known regarding specifics of the human hematopoietic niche or 

how closely it relates to mouse.  However, a few in vitro methods have been developed 

which attempt to recapitulate the BM microenvironment in order to assess the effect of 

various factors on human HSC maintenance.  The most widely utilized of these methods, 

the long-term culture initiating cell (LTC-IC) assay, was developed over 2 decades ago 

58.  LTC-IC takes advantage of primary stromal cell lines, typically BM derived, for co-

culture with purified populations of HSCs, and quantifies how well they can produce 

myeloid colonies over a 5-week period59.  The output is then considered proportional to 

the relative abundance and survival of LTC-ICs (an in vitro surrogate for SRCs) within 

the starting population, which can be influenced both by the supporting environment (eg 
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stromal layers, soluble factors, etc.) and quality of the input HSCs.  Recently, it has been 

shown that human HSCs cultured with BM-derived MSCs overexpressing the Notch 

ligand Jagged-1 enhanced LTC-IC60.  Furthermore, similar to mouse, modulation of N-

cadherin expression or function via antibody blocking in LTC-IC MSC co-culture assays 

demonstrates N-cadherin to play a role in human HSC maintenance61.  Thus, the ability to 

culture and manipulate human bone marrow stromal cells provides valuable surrogate 

assays for the identification of crucial factors in the human hematopoietic niche.       

 

Human embryonic stem cells and hematopoiesis 

 Though study of embryonic developmental models for a variety of vertebrate 

species has provided valuable insight regarding the early stages of human development,  

use of a specifically human system may best furnish the bridge to clinically relevant 

therapeutics.  The isolation of human embryonic stem cells (hESCs) in 1998 by  

Thomson et al at the University of Wisconsin-Madison initiated several avenues for 

discovery 62.  Unlike adult stem cells, which are developmentally restricted to production 

of a given tissue class, hESCs are pluripotent, meaning they can differentiate into any 

adult tissue.  As such, they are an ideal in vitro model for human development as well as 

a promising, potentially limitless source of material for regenerative medicine.  Indeed, 

investigators have already experienced success using hESC-derived populations to treat 

patients with spinal cord injury and macular degeneration63,64.  Furthermore, ongoing 

work has produced other advances such as hESC-derived pancreatic beta cells65, 
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cardiomyocytes for repair of infarct models66 and hepatocytes to study potential therapies 

for liver disease67. 

Perhaps one of the most widely investigated areas of developmental biology using 

hESCs is hematopoiesis.  Just a few years after the first hESC isolation, Kaufman et al 

were able to generate hESC-derived hematopoietic CFUs by co-culture with either mouse 

BM stroma or yolk sac endothelial cells68.  Typical methods for blood cell generation 

from hESCs initially relied on stromal cell co-culture, as was done by Kaufman et al, 

where adherent cells derived from niche environments support hematopoietic 

differentiation. Other studies demonstrated suspension culture as embryoid bodies (EBs), 

which can differentiate independent of stromal cells.   Using variations of these two basic 

methods, investigators have managed to create the majority of fully mature blood cells, 

including those from the erythroid, myeloid and lymphoid lineages69-71.  Derivation of 

these cells has large implications for both transfusion medicine and immunotherapy72.   

 Several studies have described the functional and phenotypic progression of  

hESCs to hematopoietic progenitors, thus providing insight regarding the fundamental 

similarities between mouse and human embryonic development.  Just as in mouse, hESCs 

proceed though a brachuyry expressing mesodermal stage dependent on the presence of 

Activin A and Bone Morphogenic Protein-4 (BMP-4) before entering hematoendothelial 

commitment73,74.  Likewise, a number of groups have described an hESC-derived 

CD31+Flk1+VE Cadherin+ hemogenic endothelium giving rise to hematopoietic 

progenitors75-77.  This endothelial to hematopoietic transition has similarly been captured 

at the single-cell level by fluorescent microscopy in hESC differentiation cultures78. 
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Induced pluripotent stem cells 

 In 2006 and 2007, Shinya Yamanaka revised the concept of lineage fate by 

reprograming fully differentiated mouse and human fibroblastic cells, respectively, into 

germline transmittable, induced pluripotent stem cells (iPSCs)79,80.  The basis for this 

procedure relied on genetic modification of the adult cells with a combination of genes - 

Oct-4, Sox-2, C-Myc, and KLF-4 – which play important roles in pluripotency.  Since 

then, investigators have successfully created iPSCs from numerous adult tissues using 

various combinations of pluripotency factors and methods of genetic transduction81-85.  

Though the exact pathways and mechanisms elicited in reprograming adult cells are not 

completely understood, it has been determined that human iPSCs possess the potential to 

differentiate into all tissue types80,84,86.  As such, human iPSCs represent two major 

advantages over hESCs (collectively referred to as human pluripotent stem cells, or 

hPSCs): the ability to generate patient-specific stem cells for regenerative medicine, and 

to model congenital disorders from a developmental perspective by reprograming of the 

afflicted adult tissue87-91.        

  

The search for hPSC-derived HSCs 

 Despite these successes, one of the most sought after goals in hematopoietic 

derivation from hESCs/iPSCs has yet to be realized: in vitro generation of hPSC-derived 

HSCs72.  Though differentiation of progenitor cells displaying an extra-cellular 

phenotypic signature similar to UCB-derived SRCs is relatively routine, to date, these 
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cells have not displayed the ability for robust LTMR as does CD34+ UCB.  Thus, there 

exists a critical difference regarding the repopulation potential of hESC/iPSC-derived 

hematopoietic progenitors as compared to those obtained from primary sources.  The 

ability to produce HSCs in vitro could provide essentially limitless amount of material for 

HSCT.  Indeed, a single unit of UCB rarely contains enough HSCs to fully engraft an 

adult recipient92.  Likewise, attempts to grow UCB-derived HSCs ex-vivo, while 

managing to greatly expand the initial population, have failed to increase the absolute 

number of SRCs93, though recent studies are making progress on this front94,95.  This is 

likely due to proliferation at the expense of quiescence resulting in production of MPPs 

and HSC exhaustion.  Though recent studies have demonstrated the application of Stem 

Regenin-1 (SR1), an antagonist of the aryl-hydrocarbon receptor, to expand SRCs ex-vivo 

by 17-fold96, further work is required to examine the biological implications and thus 

clinical relevance of this technique. 

 Attempts to manufacture SRCs from hPSCs have typically utilized three basic 

routes: identification and isolation based on novel patterns of extra-cellular markers, 

modulation of culture conditions and over-expression of hematopoietic genes.  The first 

of these methods typically relies on expression of the hematoendothlial surface antigen 

CD34 as well as other surface antigens that signify hematopoietic commitment, such as 

CD45 or CD43.  This has met very limited success and relies on the assumption that 

current culture conditions are capable of producing HSCs.  While this expectation seems 

straightforward since theoretically there must exist a multipotent HSC intermediate if 

pluripotent stem cells progress to fully differentiated hematopoietic cells, it is entirely 
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possible that the in vitro-produced intermediate lacks several qualities key to HSC 

function, such as long-term self-renewal and niche homing/retention.  We have 

demonstrated an inability of these cells to survive over 5 weeks in LTC-IC, thus 

indicating a deficiency in self-renewal (Chapter 4, submitted).  Finally, hPSC-derived 

populations appear to display limited developmental potential, as current differentiation 

methods promote a severe myeloid bias with production of mature T or B cells being 

very difficult72. Additionally, hESC and iPSC derived blood cells appear to recapitulate 

development of primitive hematopoietic cells that may not be capable of fully 

reconstituting hematopoiesis in an adult recipient97. 

 In light of these apparent deficiencies, efforts have been directed to modulate 

culture conditions to more closely mimic in vivo hematopoietic development.  Ledran et 

al utilized stromal layers derived from mouse AGM and fetal liver for hESC co-culture to 

demonstrate not only increased development of hematopoietic progenitors, but also 

engraftment of up to 16% in primary recipients with intra-bone marrow transplantation 

(IBMT)98.  Though this marked a significant improvement upon previous studies, it is 

still significantly less compared to CD34+ UCB, which can achieve 90% engraftment 

when injected intravenously.  Furthermore, it should be noted that IBMT provides an 

engraftment advantage over intravenous injection, as it eliminates the bone marrow 

homing burden on the transplanted cells, which fully functional HSCs should readily 

overcome99,100.  More recently, it was demonstrated that hESC-derived CD34+ cells 

generated by co-culture with BM-MSC and CD14+ macrophages (another lineage 

postulated to play an important role in the hematopoietic niche101) were able to engraft 
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preimmune fetal sheep, though this only has implications for in utero HSCT102.  In order 

to address the bias for myeloid/primitive development from hESCs and iPSCs, Kennedy 

et al successfully generated mature T-cells by inhibiting signaling pathways crucial to 

primitive hematopoiesis in a complex, step-wise culture system, thus indicating the 

existence of a definitive, multipotent progenitor, though the SRC capability of these cells 

remains unknown103.  Finally, in perhaps the most impressive method for directed 

hematopoietic differentiation, two recent studies managed to isolate fully engraftable, 

multipotent SRCs from hESC and iPSC-derived teratomas in mice104,105.  While these 

studies stray from the emphasis on in vitro derivation, it is proof of principle that hPSCs 

are indeed capable of producing multipotent, definitive HSCs when subjected to the 

appropriate environment.   Thus, it seems plausible that improved culture systems 

combined with enhanced methods for progenitor isolation will eventually materialize in 

the in vitro production of hPSC-derived HSCs. 

 Genetic modification of hESCs has also been a focus for the enhancement of 

hematopoietic differentiation.  Initially, it was found that enforced of expression of 

HoxB4 in mouse embryonic stem cells (mESCs), which have also exhibited a lack of in 

vitro SRC production, was able to promote engraftment between 5 and 40% in the bone 

marrow106,107.  Naturally, this finding inspired similar studies using hESCs, though the 

results have not been nearly as encouraging, suggesting that HoxB4 may play differential 

roles in mouse versus human hematopoiesis108,109. A more recent study which induced 

RUNX1a overexpression in hPSCs demonstrated that these cells had enhanced ability for 

hematopoietic differentiation and exhibited substantial reconstitution in immunodeficient 
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mice at 9 weeks after IBMT, producing 10% chimerism in both myeloid and B-lymphoid 

lineages110.  Though this provides valuable insight regarding the influence of RUNX1a 

expression on human hematopoietic development, gene overexpression can create 

unintended consequences such as unregulated cell growth which would render this 

method less useful for clinical applications. 

 

Transcription factors in definitive hematopoiesis 

 As pluripotent cells progress towards hematopoietic lineages, they undergo 

numerous fate decisions which are persuaded by both extrinsic and intrinsic factors.  This 

typically involves paracrine signals secreted by tissues of the microenvironment initiating 

a signaling cascade within the developing tissue.  In the AGM, where definitive 

hematopoiesis is initiated, activation of Notch1 signaling and GATA2 expression in the 

aortic endothelium appear to be crucial upstream factors instigating HSC production in 

mouse, while both have been shown to be dispensable for yolk sac primitive 

hematopoiesis111,112.  Recent studies have also shown Notch signaling promotes 

hematopoiesis from hESCs.  Ectopic expression of Delta-like 4 (DL4) in co-cultured 

stromal cells increases hESC-derived hematopoietic progenitors, even allowing for 

subsequent T-cell production103.  Meanwhile, disruption of Notch signaling in hESC and 

iPSC cultures demonstrates Notch1 mediated activation of Hes1 is responsible for 

hematopoietic commitment from the hemogenic endothelium113.   

 Downstream of Notch signaling is Runt-related transcription factor-1 (Runx1), a 

critical factor in the initiation of definitive hematopoietic development.  Overexpression 
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of Runx1 in mice and zebrafish deficient for Notch signaling is able to rescue 

hematopoiesis in the AGM114,115.  Conversely, Runx1-/- mice die in utero due to severe 

hemorrhaging and the complete lack of definitive hematopoiesis, with the hemorrhage 

sites containing EryP, suggesting that Runx1 does not play a critical role in primitive 

hematopoiesis, though it can be detected in the yolk sac prior to circulation116-119.   Runx1 

expression has been found in endothelial cells of the dorsal aorta before the emergence of 

definitive HSCs, but not other endothelial cells, as well as the underlying mesenchyme 

and emerging intra-aortic HSC clusters119-121, suggesting that it plays a role in the 

endothelial to hematopoietic transition within the hemogenic endothelium.  Indeed, 

studies have shown that Runx1 expression, induced by the underlying mesenchyme, is 

required in vascular endothelial cells for HSC emergence from the AGM, though it is not 

necessary for HSC maintenance thereafter42,122-124. 

 Runx1 control of the endothelial to hematopoietic transition appears to be 

mediated by the simultaneous suppression of endothelial genes and activation of 

hematopoietic factors.  Though no direct evidence has shown Runx1 to bind to the 

promoters of endothelial genes, expression of both Flk1 and VE-cadherin decreases 

following Runx1 activation125-127.  Pu.1, a master regulator of the myeloerythroid axis in 

early hematopoietic development, is bound by Runx1 at three sites within its upstream 

regulatory element during embryonic hematopoiesis with a subsequent increase in 

expression128-130.  Pu.1-/- mouse embryos die at later stages of gestation than Runx1-/- 

embryos (E18.5) and display a severe reduction in KTLS HSCs within the fetal liver131, 

while fetal liver cells from Pu.1-/- mice fail to produce myeloid or lymphoid lineages in 
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irradiated recipients132.  Finally, C/EBPα, another regulator of myeloid development, is 

directly activated by Runx1 through binding to a conserved enhancer region133.  Studies 

utilizing this enhancer in transgenic mice show C/EBPα to be expressed in HSCs within 

the bone marrow and fetal liver134. 

 

MicroRNAs and hematopoiesis 

MicroRNAs (miRNAs) are transcribed, RNA nucleotide sequences which do not 

code for proteins, but rather inhibit expression of other genes at the translational level 

through base pairing with the mRNA 3’ untranslated region135.  After their initial 

transcription, pre-miRNAs are processed to a short, 20-21 nucleotide sequence in the 

cytoplasm by Drosha/Dicer, and are subsequently incorporated into the RNA-induced 

silencing complex (RISC) which helps guide them to their target sequences135.  A fairly 

recent development in our knowledge of the complex mechanisms involved with gene 

expression control, miRNAs have been implicated in numerous stages and compartments 

of hematopoietic specification136-141.  From the perspective of HSC development and 

function, inducible deletion of Dicer in HSCs confers an engraftment disadvantage in 

competitive repopulation assays, broadly affiliating miRNAs with HSC homing and 

maintenance136.  Likewise, aberrant regulation of several miRNAs are used as prognostic 

indicators in a variety of cancers including blood malignancies, indicating that they likely 

play key roles in HSC and progenitor cell fate decisions142-146. Furthermore, their strong 

association with cancer in general has identified miRNAs as regulators of cell cycle and 

proliferation, both of which must be tightly managed to keep the proper balance between 
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HSC quiescence, self-renewal and differentiation147-149. Thus, the study of miRNA 

expression and translational regulation in both HSCs and hPSC-derived hematopoietic 

progenitors seems likely to yield valuable insight regarding the transcriptional profile of a 

functional HSC. 

 

Thesis Statement 

 The experiments conducted herein sought to investigate the gene expression 

patterns that could identify putative hPSC-derived HSCs as they are produced in vitro 

(Chapter 2).  To do so, we engineered genetic constructs utilizing known regulatory 

elements of transcription factors crucial for early development of definitive HSCs to 

drive expression of the fluorochrome tdTomato (tdTom), which then acts as a reporter of 

endogenous gene expression.  These constructs were stably inserted into the genomic 

DNA of both H9 hESCs and UCB-derived iPSCs, which were clonally isolated and 

differentiated under hematopoietic conditions.  Such a system is advantageous in that it 

allows for the visual identification of individual cells expressing a gene of interest 

without the need to kill them, thus terminating their hematopoietic progression, as is 

necessary for other methods of intracellular gene expression detection such as 

immunohistochemistry and whole RNA RT-PCR analysis.  Using this reporter model, we 

have determined RUNX1c expression, an isoform of RUNX1, to identify particular sub-

sets of hESC-derived hematopoietic progenitors as they emerge in culture.  This result is 

consistent with similar in vivo and in vitro models developed in mice and zebrafish, 

providing evidence for an evolutionary conservation in RUNX1c expression over 
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hematopoietic development.  Furthermore, genetic and functional analysis of the tdTom 

expressing cells demonstrated them to have several key differences from CD34+ UCB, 

contributing to evidence suggesting that current methods for differentiation of hPSCs are 

not capable of producing HSCs.  Preliminary studies using the same system for an 

alternative reporter model using regulatory elements for the hematopoietic transcription 

factor PU.1 were	  also	  conducted	  (Chapter	  3).	  	  Here, we show faithful expression of the 

PU.1 reporter over hESC hematopoietic development with expression patterns largely 

mirroring that of the RUNX1c reporter, consistent with PU.1 being a direct down stream 

target of RUNX1.  These results suggest that the PU.1 may be used in future experiments 

to study hematopoiesis from HPSCs. 

 In a separate set of experiments, we utilized LTC-IC assays to assess the ability of 

hESC-derived stromal populations to support LTC-ICs from both hESC-derived 

hematopoietic progenitors and CD34+ UCB over 5 weeks in culture (Chapter 4).  This 

work demonstrated not only that the hESC-derived stromal layers were capable of 

supporting LTC-IC from CD34+ UCB, but that the resulting LTC-ICs were capable of 

long-term (12 weeks post-transplantation) engraft in immunodeficient mice.  This was in 

contrast to hESC-derived hematopoietic progenitors, which did not survive for 5 weeks in 

culture and thus were determined to not contain LTC-ICs. Furthermore, because the 

survival of LTC-ICs in culture was predictive of their ability to engraft in mice, we have 

determined that LTC-IC, which is cost-effective and easy to implement, is a valuable 

surrogate assay for expensive and time consuming in vivo studies to assess SRCs in 

populations of putative hematopoietic progenitors. 
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     CHAPTER 2 

The RUNX1 +24 enhancer and P1 promoter identify a unique subpopulation of 
hematopoietic progenitor cells derived from human pluripotent stem cells 
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Derivation of hematopoietic stem cells from human pluripotent stem cells remains 

a key goal for the fields of developmental biology and regenerative medicine.  Here, we 

use a novel genetic reporter system to prospectively identify and isolate early 

hematopoietic cells derived from human embryonic stem cells (hESCs) and human 

induced pluripotent cells (iPSCs). We cloned the human RUNX1c promoter and +24 

enhancer to drive expression of tdTomato in hESCs and iPSCs.  We demonstrate that 

tdTom expression faithfully enriches for RUNX1c-expressing hematopoietic progenitor 

cells. Inhibition of primitive hematopoiesis by blocking Activin/Nodal signaling 

promoted the expansion of tdTom+ cells. Notably, RUNX1c/tdTom+ cells represent only 

a limited subpopuation of CD34+CD45+ and CD34+CD43+ cells with a unique genetic 

signature.  Specifically, we find significantly lower expression of Let-7 and mir181a 

microRNAs in the RUNX1c/tdTom+ cell population. These phenotypic and genetic 

analyses comparing the RUNX1c/tdTom+ population to CD34+CD45+ umbilical cord 

blood and fetal liver demonstrate several key differences that likely impact the 

development of HSCs capable of long-term multilineage engraftment from hESCs and 

iPSCs. 
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Introduction 
 

The ability of human pluripotent stem cells (hPSCs) to differentiate into any cell 

lineage makes them an important resource for studies of developmental biology and 

regenerative medicine62.  Specifically, hematopoietic stem cells (HSCs) derived from 

pluripotent stem cells via in vitro culture systems could provide an unlimited supply of 

material for reconstitution of defective blood lineages in vivo.  However, this goal has 

remained very challenging and elusive for several likely reasons72.  For example, use of 

still incompletely defined culture conditions may not adequately support development or 

isolation of HSCs capable of long-term multilineage engraftment, as demonstrated by 

transplantation into immunodeficient mice (typically termed SCID repopulating cells, 

SRC). Additionally, hematopoietic populations derived from human embryonic stem 

cells (hESCs) and induced pluripotent stem cells (iPSCs) via in vitro culture are likely 

biased toward development of primitive hematopoietic cells, which are not thought to 

have the ability to reconstitute adult recipients39,150,151. To date, standard cell surface 

antigens have been used to identify hPSC-derived hematopoietic cells. However, none of 

these populations have demonstrated SRC potential comparable to cells isolated from 

human umbilical cord blood (UCB)72,98,150,152-154.  Interestingly, two recent studies using 

hESCs and iPSCs for in vivo teratoma formation in mice found that human HSCs 

extracted from the resulting teratomas were able to engraft a secondary recipient104,105. 

These results suggest that given the right environment and instructive signals, 

hESC/iPSCs are indeed capable of deriving functional HSCs.  
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 Here, we aimed to better identify human definitive hematopoietic populations by 

isolation of cells derived from both hESCs and iPSCs based on expression of the Runt-

related transcription factor 1 (Runx1). Runx1 is a master regulator of hematopoiesis in 

vertebrates and is necessary for emergence of definitive HSCs from hemogenic 

endothelium in the developing mouse embryo116,118,123,155,156.  Runx1-/- mice die in utero 

due to a complete lack of a definitive blood system118.  The Runx1 locus in mice and 

zebrafish contains two promoters, the proximal P2 and distal P1, which differentially 

drive expression of the Runx1b/a and Runx1c isoforms, respectively157-159. Transgenic 

reporter models have demonstrated the P2 promoter to be active throughout both 

primitive and definitive hematopoiesis, while P1 activity is largely restricted to the 

emergence of the definitive wave160-162.  Likewise, isolation of hematopoietic populations 

in the developing mouse embryo based on expression from either promoter demonstrates 

that cells with P1 activity are enriched for definitive progenitors over the population with 

only P2 activity162.  Both promoters rely on an intronic enhancer lying 24 kb downstream 

from the P1 promoter for expression specific to hematopoietic tissues161,163.  The +24 

enhancer was also shown to be active in hemogenic endothelial cells directly prior to the 

emergence of HSCs164.  Interestingly, overexpression of RUNX1a, a splice variant of 

Runx1b lacking the c-terminal transcriptional regulatory domain, has recently been 

shown to enhance stem cell expansion and engraftment from both mouse HSCs and 

hESC-derived populations110.  While Runx1b-/- mice have severely impaired 

hematopoietic development, animals deficient for Runx1c-/- only show a modest decrease 

in definitive hematopoiesis158.   
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Given this difficulty to isolate functional HSCs from hESCs and iPSCs, and what 

appears to be a direct relationship between the onset of Runx1c expression and definitive 

hematopoiesis in the developing mouse embryo, this study sought to determine whether 

there exists a similar developmental relationship in human pluripotent stem cells.  To do 

so, we developed a transgenic reporter for RUNX1c in both hESCs and human iPSCs by 

cloning portions from the endogenous human RUNX1 locus which correlate with 

important Runx1c regulatory elements in mouse.  These studies demonstrate that 

RUNX1c expression in human development is restricted to a subpopulation of emerging 

hematopoietic cells with a unique genetic signature that offers important insight into 

differences between hESC/iPSC-derived hematopoietic cells and human cell populations 

isolated from UCB and fetal liver that have SRC potential. 

 

Materials and Methods 

Human ES Cell Culture and Gene Transfer 

Human ES cells (H9) (University of Wisconsin, Madison, WI) were maintained as 

colonies on mitomycin C-treated MEFs or on Matrigel-coated plates in ES cell growth 

medium consisting of Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F-12 

medium (F12) (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) supplemented with 

15% Knockout Serum Replacer (Invitrogen), 1 mM L-glutamine (Cellgro/Mediatech, 

Herndon, VA, http://www.cellgro. com), 0.1 mM β-mercaptoethanol (Sigma-Aldrich, St. 

Louis, http:// www.sigmaaldrich.com), 1% minimum essential medium nonessential 

amino acids (Invitrogen), 4 ng/ml basic fibroblast growth factor (R&D Systems Inc., 



 

 24 

Minneapolis, http://www.rndsystems.com), and 1% penicillin-streptomycin (Invitrogen) 

incubated at 37°C in a humidified atmosphere containing 5% CO2. Five days before 

nucleofection, human ES cells were transferred to Matrigel-coated plates to remove 

MEFs. For 1 hour prior to nucleofection, cells were treated with 10 µM Y-27632 

(Millipore, Billerica, MA, www.emdmillipore.com) to increase viability.  At 

nucleofection, 2 x 106 cells per sample were dissociated with 1 ml of 0.05% Trypsin 

supplemented with 2% chick serum for 4 minutes, quenched with FBS and washed with 

PBS to remove traces of media.  Cells were then pelleted, re-suspended in 100 µl of 

nucleofector solution (Kit V; Amaxa Inc., Gaithersburg, MD, http://www.amaxa.com) 

with 6 µg of transposon plasmid and 2 µg of SB100x transposase plasmid (Addgene, 

Cambridge MA, www.addgene.org) using program setting B-16.  Nucleofected cells 

were immediately resuspended in human ES cell growth medium prewarmed to 37°C 

supplemented with 10 µM Y-27632 and seeded onto MEFs for continued culture.  

Successful transfectants were selected days 3-7 post nucleofection using 4 µM zeocin 

(Invivogen, San Diego, CA, USA), and clonal lines were derived by single cell passage 

of the selected, bulk population onto MEFs using 0.05% Trypsin + 2% chick serum.  

After 7 days of clonal growth, individual colonies were transferred to separate wells of 

MEFs for continued culture. 

Cloning and Plasmids 

Transposon-encoding plasmids were constructed using standard molecular cloning 

techniques. Transposons were constructed using T2 inverted terminal repeat sequences as 

described (Cui 2002), separated by 1,800 base pairs (bp) of bacterial sequence consisting 
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of the ColE1 bacterial origin of replication and kanamycin (Kan) resistance gene.  

pKT2/mCAG:GFPzeo (Fig. 1A) encodes a fusion between the green fluorescent protein 

(GFP) reporter gene and the zeocin (Zeo) drug-selection marker (Invivogen) 

transcriptionally regulated by a CpG- free enhancer/elongation factor 1-α promoter/intron 

sequence (CLP) (Invivogen).  pKT2/R1c:tdTomato was constructed by cloning the 

cDNA for tdTomato (provided by Roger Tsien) attached to the Rabbit β-globin poly A 

flanked upstream by 950 base pairs of the RUNX1c P1 distal promoter and downstream 

by 250 base pairs of the +24 intronic enhancer between the T2 elements of 

pKT2/mCAG:GFPzeo (Fig 1a).  The RUNX1c P1 distal promoter and +24 enhancer were 

amplified from H9 genomic DNA using standard PCR.  The Sleeping Beauty 100 

transposase (Addgene) was designed as previously described165.   

Hematopoietic Differentiation of hPSCs as Spin EBs  

H9 hESC and UCB-derived iPSC transgenic Runx1c reporter lines were adapted to 

passage as single cells using TrypLE (Invitrogen) as previously described166.  Single-cell 

adapted lines were subject to hematopoietic differentiation as Spin Embryoid Bodies, also 

previously described166.  Briefly, after harvest into single cells, the cells were 

resuspended in BPEL media supplemented with Bmp4 (20 ng/mL), VEGF (20 ng/mL) 

and SCF (40 ng/mL) and plated at a density of 3,000 cells / well in a 96-well plate and 

spun in a centrifuge to create mono-layer cell aggregates.  For SB studies, inhibitor was 

applied days 2-5 at 6 µM. After 6 days of incubation, the EBs were transferred to 

gelatinized, 24-well adherent plates in BEL media supplemented with VEGF (40 ng/mL), 

SCF (50 ng/mL), IL-3 (30 ng/mL), IL-6 (30 ng/mL), TPO (30 ng/mL) and EPO (3 
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U/mL).  The EBs remained in these conditions for the rest of the differentiation with one 

half media changes every 3-4 days.  To harvest for analysis, the media containing the 

non-adherent fraction was removed from each well while the adherent cells were 

detached with 0.05% trypsin containing 2% chick serum for 4-8 minutes.  Both fractions 

were combined and filtered to create a single-cell suspension and subjected to subsequent 

analysis.  For cell sorting, 10 µM Y-27632 was added 1 hour prior to the described 

harvest procedure and DNaseI (Stem Cell Technologies, Vancouver, BC, Canada, 

www.stemcell.com) was added to the FACS sorting buffer at 0.2 mg/mL in order to 

promote cell survival and prevent cell clumping. 

Flow Cytometry 

Single cell aggregates of the combined Spin EB adherent and non-adherent fractions were 

incubated with allophycocyanin (APC) conjugated mouse anti-human CD31, CD41a, 

CD43, CD45, CD73, CD235a or CD45ra and phycoerythrin (PE) Cy7-conjugated CD34 

or the corresponding isotypope control antibody (BD Biosciences) in FACS buffer 

(DPBS containing 2% FBS and 0.1% sodium azide) for 15–20 minutes at 4–8 °C.  Flow 

cytometric analysis was performed using the LSRII flow cytometer (BD Biosciences, San 

Jose, CA, http://www.ebioscience.com). Dead cells were stained with Sytox Blue 

(Invitrogen) immediately prior to running through the flow cytometer.  Data from flow 

cytometry was analyzed using FlowJo software (TreeStar, Ashland, OR, 

www.treestar.com).     
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Hematopoietic CFC Assay 

Cell populations were obtained either directly from the disaggregation procedure outlined 

in the hematopoietic differentiation methods or following the cell sort.  After 

enumeration, cells were washed in Iscove's Modified Dulbecco's Medium (IMDM) 

containing 2% FBS and seeded at a density of 2.5x103 to 0.5x105 / mL in H4436 

Methocult media (Stem Cell Technologies), then allowed to incubate at 37°C in a 

humidified atmosphere containing 5% CO2.  After 7-14 days of incubation, colonies were 

enumerated and scored.   

RNA isolation and quantitative PCR analysis 

Cell fractions were harvested as described.  Total RNA was isolated using the miRvana 

RNA isolation kit (Invitrogen), and then analyzed for concentration and purity on a 

Nanodrop spectrophotometer and reverse transcribed with the NCode VILO miRNA 

cDNA synthesis kit (Invitrogen).  For quantitative PCR assays, cDNA was amplified in 

triplicate using Sybr Green qPCR mix (Applied Biosystems) and gene specific primers  

in a BioRad PCR thermocycler.  Triplicate CT values for each sample were then averaged 

and normalized to the correlate values for GAPDH. 

 

Nanostring gene array analysis 

After preparation, all RNA samples were analyzed using Nanostring reagents and 

technical specifications at the University of Minnesota Genomics Center.  Briefly, for 

mRNA analysis, individual fluorescent bar codes conjugated to sequences which 
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recognize 100 bp regions for a panel of 230 cancer-related transcripts were hybridized to 

100 ng of sample RNA overnight. These complexes were immobilized to a streptavidin-

coated cartridge by a capture probe to allow for data acquisition and washed to remove 

excess probe.  Cartridges were then placed in a Digital Analyzer which recognized each 

barcode as a single transcript and counted absolute values quantities for each.  These 

values were then subjected to a technical normalization using Nanostring nSolver 

software in reference to hybridization controls, a set of housekeeping genes (CLTC, 

GAPDH, GUSB, HPRT1, PGK1, TUBB) and codes containing no transcript.  In the case 

of miRNAs, a pre-hybridization step was utilized in which mature miRNA-specifc miR-

tags were ligated to individual miRNAs.  This miR-tag served as the hybridization target 

region.  Using the normalized values, heat maps were created to show median-centered 

expression of each gene using Cluster 3.0 and JavaTreeView software algorithms applied 

to log2 transformed data. 

           

  

Results 

hESCs express hematopoietic transcription factors in a temporally distinct manor 

 We first wanted to determine if hESCs undergoing hematopoietic differentiation 

express crucial regulators of hematopoiesis in a stepwise-fashion similar to mice.  To do 

this, we co-cultured H9 hESCs with mouse M2-10B4 bone marrow-derived stroma in 

serum containing media, a method we have regularly used for supporting hematopoiesis 

from pluripotent cells68,76,167.  We then analyzed BRACHYURY, PU.1, RUNX1c, 
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RUNX1b, GATA1 and GATA2 at various time points by RT-PCR to determine their 

relative levels and patterns of expression.  BRACHYURY was expressed up to day 7 but 

not thereafter, consistent with mesodermal development (Supplementary Figure 1.1A).  

At this time, expression of RUNX1b, the predominant RUNX1 isoform detected in both 

primitive and definitive hematopoiesis, and GATA2, which binds the PU.1 promoter to 

suppress myeloid development was detected (Supplementary Figure 2.1A)119,128.  

Subsequently, by day 14, GATA1 gradually increased corresponding with a gradual 

decrease in GATA2, consistent with the “GATA switch” seen in mouse, wherein GATA1 

suppresses expression of GATA2 by displacing it from the chromatin as hematopoietic 

progenitors progress to more mature lineages (Supplementary figure 1.1A)168.  Between 

days 18 and 25, RUNX1c expression gradually increased with PU.1 immediately 

following on Day 25 (Supplementary figure 1.1A).  This pattern corresponds to mouse in 

vivo studies which demonstrate that Runx1c expression follows that of Runx1b with 

subsequent expression of PU.1 in further restricted myeloid progenitors129,160,161.  Flow 

cytometric analysis demonstrating a large increase in committed, CD34+CD45+ 

hematopoietic progenitors on day 25 further substantiated the RT-PCR data 

(Supplementary Figure 2.1B).  Together, these results suggest that hESCs express crucial 

transcription factors in a temporal fashion over hematopoietic commitment similar to 

mouse 
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Generation of transgenic Runx1c reporter hESCs and iPSCs 

Tracking the emergence of early, definitive hematopoietic progenitor cell 

populations containing HSCs from hESCs requires a reporter gene which distinguishes 

not only hematopoietic from non-hematopoietic cells, but also specifically identifies 

definitive cells within the hematopoietic compartment.  The RUNX1c P1 distal promoter 

has been shown to be specifically associated with emerging HSCs in the aorta-gonad-

mesonephros (AGM)160,164.  Likewise, hematopoietic cells from the mouse embryo 

displaying P1 and Runx1b proximal P2 promoter activity are enriched for definitive 

hematopoietic potential in the CFU assay as opposed to cells showing P2 activity 

alone158,160.  Both promoters require the +24 intronic enhancer for hematopoietic specific 

expression161,163.  Therefore, we constructed a reporter cassette using conserved regions 

of the human RUNX1 locus showing homology to the mouse P1 promoter and +24 

enhancer to track definitive hematopoietic differentiation from hESCs and iPSCs.  A 1 kb 

fragment of the P1 promoter and 250 bp of a conserved intronic region representing the 

human +24 enhancer were cloned from H9 hESC genomic DNA (Figure 1.1A).   Both of 

these fragments were inserted flanking tdTomato (tdTom) cDNA to best represent the 

layout of the endogenous locus.  Immediately upstream we included a constitutively 

driven GFPzeo fusion gene to easily identify and select for cells with a successfully 

integrated transgene (Figure 1.1A).  Initial testing of this construct in K562, a leukemic 

cell line known to express RUNX1c, demonstrated activity of the regulatory elements 

through tdTom expression, while an alternative construct without the P1 promoter or +24 

enhancer added did not show tdTom expression, giving us confidence that the MCAG 
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promoter would not inappropriately drive tdTom (Supplementary Figure 1.2A,B).  Using 

the pKT2 transposon as a backbone, this entire construct was stably inserted into H9 

hESCs as well as an umbilical cord blood (UCB) derived iPSC line by co-nucleofection 

with a plasmid containing the Sleeping Beauty (SB) transposase.  We have previously 

demonstrated SB to be highly efficient at stable gene modification in hESCs169.  After 

selection for hESCs and iPSCs containing the stably inserted transgene, single cell clones 

were obtained.  For both the hESC and iPSC reporters, two clones were carefully 

analyzed for the ability to undergo hematopoietic differentiation.  There was no 

discernable difference in the pattern and overall timing of hematopoietic marker 

expression among all four clones and an hESC line which did not contain the transgene 

(Supplemental figure 1.3).  This consistency among individually derived clones and non-

transgenic hESCs indicated that hematopoietic differentiation was not effected by the 

presence or position of the transgene.  Karyotypic analysis showed no sign of obvious 

genetic abnormalities in either reporter line used for these studies (Supplementary figure 

1.4).   

 

The human P1 promoter and +24 enhancer elements drive tdTomato expression 

mimicking that of endogenous RUNX1c. 

To test whether the human RUNX1c cis-regulatory elements in our transgene 

would drive expression of the tdTomato (tdTom) reporter to faithfully represent 

expression of endogenous RUNX1c, we used the spin embryoid body (EB) method for 

hematopoietic differentiation of the hESC reporter. With the spin EB method, single-cell 
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adapted hPSCs are evenly distributed in a 96 well plate where they aggregate into EBs 

while undergoing mesoderm development and early hematopoietic commitment.  After 5-

6 days, they are then transferred to a 24-well plate and subjected to additional 

hematopoietic cytokines (Supplementary Figure 1.5).  Under these conditions, we saw the 

first CD34+ and CD31+ hematoendothelial cells arise by day 3 (Figure 1.1B).  By day 7 

an initial wave of early hematopoietic cells expressing CD41a or CD43 could be seen, 

while more mature populations expressing CD45 typically did not emerge until around 

day 12 (Figure 1.1B).  It was at this point that we also saw the first tdTom+ cells (Figure 

1.1C).  The emergence and proliferation of the tdTom+ population directly correlated 

with an increase in endogenous RUNX1c expression by qPCR (Figure 1.1D).  Specificity 

of tdTom expression in RUNX1c+ cells is further demonstrated by enrichment for 

endogenous RUNX1c transcript in the sorted tdTom+ population as compared to unsorted 

and tdTom- cells, which had near undetectable levels of RUNX1c (Figure 1.1E). Because 

CD73+ mesenchymal/stromal cells are also produced in these EB conditions, we analyzed 

our tdTom+ cells for CD73. Notably, all CD73+ cells are tdTom-, indicating that tdTom 

expression was specific for the developing hematopoietic populations (Figure 1.1F).  

Finally, we observed by fluorescent microscopy that tdTom expression was first visible 

in the non-adherent, cobblestone-like hematopoietic cells which began proliferating days 

11-13 (Figure 1.1G).  Together, these results suggest that our reporter system faithfully 

reports the expression of RUNX1c in human cells and that RUNX1c expression is limited 

to hematopoietic populations. 
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tdTomato expression enriches for hematopoietic progenitors and is restricted to 

sub-sets of hematoendothelial progenitors 

We next wanted to determine which early endothelial and hematopoietic cell 

surface antigens were expressed on the tdTom+ cells.  All of the emerging populations 

expressing CD34, CD31, CD41a, CD43 and CD45 initially lacked tdTom expression, 

though each turned tdTom+ at later time points (Figure 1.2A).  By day 12, the first cells 

positive for tdTom were CD31+, CD43+, CD34+, CD45- and showed mixed expression 

for CD41a (58 +/- 15%) (Figure 1.2A and B).  As the tdTom+ cells expanded past 20% of 

the total population at day 17, the CD34 expression decreased to 14.7 +/- 5.6% of total 

tdTom+ cells, while CD45 increased to 64.4 +/- 21.8%, indicating that the initial wave 

had differentiated into more mature lineages (Figure 1.2A,C).  CD31 and CD43 

continued to be expressed on the vast majority of tdTom+ cells, with tdTom being 

restricted to the CD31low, CD43hi subsets (Figure 1.2A,C).  CD41a showed no 

discernable change in expression on the tdTom+ population at 50.7 +/- 23.5% after 

expansion of the initial wave (Figure 1.2C).   CD235a, a marker for erythrocytes170 and 

CD45RA, which is absent on multi-potent HSCs with T-cell potential25,171,172 showed 

limited to no expression on the emerging tdTom+ population (Supplementary figure 

1.5D).   

We also wanted to analyze the CD34+CD45+ and CD34+CD43+ populations for 

expression of tdTom since these markers enrich for hematopoietic progenitors68,74,173,174.  

At both the points of tdTom emergence and expansion, neither of these populations 

showed significant enrichment for tdTom over the bulk population (Figure 1.2D-F), 
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indicating that these cells are heterogeneous for expression of RUNX1c, with a majority 

of them lacking it.  As a more functional assay, we found that the isolated tdTom+ cells 

were enriched for hematopoietic progenitors, demonstrated by increased ability to form 

typical hematopoietic colonies (430 +/- 143 per 105 cells) as compared to both tdTom 

negative (131 +/- 15 per 105 cells) and unsorted cells (163 +/- 28 per 105 cells) (Fig 

1.2G).  

 Fluorescent microscopy of the differentiating EBs showed tdTom expression to 

vary in intensity within the non-adherent, hematopoietic population. On day 12, when the 

first emerging tdTom+ cells could be detected by flow cytometry, we noticed single 

tdTombright cells that were often associated with the adherent, tdTom- endothelial 

outgrowths (Figure 1.3A,B).  We were also able to see rare instances of tdTom 

expression in what appeared to be cells of endothelial origin (Figure 1.3C-F).  It is hard to 

speculate on the frequency of these cells or the exact time they appeared due to their 

rarity, meaning they may not have been detected by flow cytometric analysis.  In some 

instances, we noticed an endothelial cell which appeared to be giving rise to a tdTom+ 

hematopoietic cell through asymetrical division (Figure 1.3D-F).  These results suggest 

that the emerging tdTom+ cells are produced by rare cells of the adherent layer, which is 

consistent with early stages of in vivo hematopoiesis wherein the hemogenic endothelium 

of the AGM begins to express Runx1 before giving rise to a RUNX1+ definitive 

HSC44,124,160,175. 
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Inhibition of primitive hematopoiesis through the Activin/Nodal pathway increases 

the proliferation of tdTom+ cells. 

 In order to test whether expression of our RUNX1c reporter could distinguish 

between primitive and definitive hematopoietic populations, we applied a known 

inhibitor of Activin/Nodal signaling, SB-431542.  Activin is known to be required for the 

development of primitive erythrocytes in mouse embryonic stem cells (mESCs)35,176.  It 

has recently been shown that use of SB in hESC differentiation cultures restricts the 

development of primitive erythroid progenitors, which originated from the CD34+CD43+ 

subset, while promoting definitive progenitors with T-cell potential from a select 

CD34hiCD43- population103.   Our initial studies showed that application of SB within the 

first day of differentiation completely ablated hematopoietic development, while applying 

it days 3 and beyond showed little to no effect on the differentiation (Supplemental figure 

1.6).  Applying the inhibitor from days 2-5 during mesoderm specification gave an 

optimal effect with substantial inhibition of CD34+CD43+ and CD34+CD41a+ cells 

(Figure 1.4A).   At earlier stages, between days 7 and 12, we saw the largest decrease in 

CD34+CD43+ and CD34+CD41a+ populations, as well as a near complete loss of 

primitive erythroid progenitors in the CFU assay, consistent with previous studies103 (Fig 

1.4A,B).  Similar to our previous findings with this reporter, tdTom+ cells first emerged 

between days 12-14 in both SB and untreated samples. Notably, the tdTom+ fraction 

increased 2-fold in SB treated samples, accompanied by a 2-fold increase in proliferation 

(Figure 1.4C,D).  Furthermore, sub-gating on the CD34+CD43+ and CD34+CD45+ 

populations demonstrated each to be enriched 2 fold for percentage of tdTom expressing 
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cells over the untreated group (Fig 1.4E,F).  These results suggest that inhibition of 

primitive hematopoiesis in our differentiation cultures, while not affecting the timing of 

tdTom emergence or pattern of expression within progenitor subsets, did promote the 

expansion of tdTom+ (RUNX1c+) cells.  

 

iPSC RUNX1c reporter displays similar characteristics  

To test whether the RUNX1c reporter construct used in our H9 hESCs would 

yield similar results in alternative human pluripotent cells, we inserted our RUNX1c 

reporter into an iPSC line that had been derived in our lab from CD34+ UCB cells, which 

we termed Dub7 (Supplemental Figure 1.7).  Our group has previously demonstrated 

effective hematopoietic development from the Dub7 line as well as other human iPSCs 

177. We again derived individual clones which had successfully integrated the transgene. 

As with the hESC reporter, the emergence and expansion of tdTom+ cells closely 

correlated with expression of endogenous RUNX1c (Supplemental Figure 1.8A).  

Fluorescent microscopy demonstrated tdTom expression to be specific for non-adherent 

hematopoietic cells, as opposed to the expanding stromal layers (Supplemental Figure 

1.8B).  Additionally, sorted tdTom+ cells were found to be enriched for endogenous 

RUNX1c transcripts compared to both tdTom- and unsorted populations (Figure 1.5A).  

As such, we demonstrated that the reporter transgene accurately reflected expression of 

endogenous RUNX1c in the Dub7 iPSC line.   

Flow cytometric analysis demonstrated tdTom coexpression patterns with 

hematopoietic cell surface antigens very similar to the H9 hESC reporter line, with 
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tdTom+ cells being restricted to the CD31+ and CD43+ compartments, while CD73, 

CD45RA and CD235A were expressed almost exclusively on tdTom- cells (Fig 1.5 B-G). 

iPSC-derived tdTom+ cells were enriched for hematopoietic progenitors compared to 

tdTom- and unsorted cells as demonstrated by the CFU assay (Figure 1.5H).  

Additionally, we subjected the differentiating cells to the activin/nodal SB inhibitor as 

with the hESC reporter.  Similar to the hESCs, we found optimal inhibition for increased 

hematopoietic development between days 2-5 of differentiation.  Though the increase in 

tdTom+ cells was not as robust in the SB treated iPSC samples, we did consistently 

demonstrate greater tdTom expression in CD31+, CD41a+, CD43+ and CD45+ cells (Fig 

1.5I).  Taken together, these data demonstrate that RUNX1c has a similar expression 

pattern during hematopoietic development in iPSCs and hESCs. 

 

Genetic Analysis of hematopoietic populations 

We next evaluated gene expression patterns between our hESC and iPSC-derived 

hematopoietic populations and CD34+ UCB / CD34+ fetal liver (FL).  Both UCB and FL 

contain HSCs and have robust SRC capability178-180.   We conducted gene array analysis 

using a panel of 230 hematopoietic/cancer-related genes as well as 800 miRNAs.  

Undifferentiated, tdTom+, tdTom-, CD34+CD45+ and CD34+CD43+ populations were 

collected on day 13 of Spin EB differentiation from both the hESC and iPSC RUNX1c 

reporter cell lines.   We also analyzed CD34+CD45+ cells isolated from UCB and FL.  

Clustering within the mRNA samples showed similarity between all hESC and iPSC-

derived CD34+CD45+, CD34+CD43+ and tdTom+, with the tdTom- and undifferentiated 
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sources grouping separately (Figure 1.6A).  The CD34+ UCB/FL clustered within the 

same tree as the hESC and iPSC-derived hematopoietic cells, but established an entirely 

separate branch. Thus, we were able to define clear differences in expression patters 

between these samples and the hESC/iPSC-derived cells. Interestingly, we noticed an 

upregulation of genes commonly associated with cell proliferation in hPSC-derived 

samples as compared to UCB and FL, including CCND1, CCND3 and BRCA1 (Figure 

1.6B).	   

miRNA analysis was conducted using the same RNAs. To more closely examine 

only relevant transcripts, total normalized expression for each miRNA was averaged 

across all hematopoietic samples (excluding tdTom- and undifferentiated cells) and the 

top 105 were used for cluster analysis (Figure 1.6C).  As with the mRNAs, the hPSC-

derived hematopoietic samples and 34+ UCB/FL clustered separately from the tdTom- 

and undifferentiated cells.  Furthermore, 34+ UCB and FL were again clustered together, 

revealing groups of miRNAs with distinct expression patterns when compared to the 

hPSC-derived samples.   The most clear example of this was the Let-7 miRNA family, 

including Let-7a, Let-7b and Let-7g, which all showed increased expression in UCB and 

FL (Figure 1.6D).  Interestingly, Let-7a has been shown to target CCND1 both directly 

and indirectly to suppress cell proliferation181-185.  Our gene array data also demonstrates 

mir181a to be upregulated 10-fold in CD34+ UCB as compared to any of the hESC or 

hPSC-derived samples (Figure 1.6D).   miR181a has previously been found to be 

upregulated in CD34+CD38- UCB as compared to the slightly more committed 
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CD34+CD38+ progenitors138.  Furthermore, ectopic expression of mir181 in 

hematopoietic stem/progenitor cells has been shown to enhance B-cell development186.   

 Finally, we conducted qPCR analysis for individual genes within the HoxA 

cluster, as these have been reported to have reduced expression in hPSC-derived samples 

as compared to SRCs187.  Notably, we found that the sorted tdTom+ population from both 

the hESC and iPSC reporter lines have reduced expression for all genes tested within the 

HoxA locus (Figure 1.6E).  Taken together, this genetic analysis demonstrates that there 

are numerous key hematopoietic mRNAs and miRNAs which are deficient for expression 

in both hESC and iPSC-derived hematopoietic progenitors as compared to populations 

known to contain SRCs. 

 

The hESC and iPSC-derived tdTom+ fractions do not contain LTC-IC 

 We have recently shown that hESC-derived CD34+CD45+ and CD34+CD43+ cells 

developed through the Spin EB system, though able to proliferate and produce CFU for 2 

weeks, were not able to maintain in culture for 5 weeks, thus suggesting that they do not 

contain LTC-IC, providing further evidence regarding their inability to engraft in 

immunodeficient mice (unpublished).  This is in contrast to CD34+ UCB, which do 

contain LTC-IC and display robust engraftment.  Given that both the hESC and iPSC-

derived tdTom+ populations were enriched in hematopoietic progenitors and showed gene 

expression patterns similar to hPSC-derived hematopoietic progenitor populations and 

CD34+ UCB, we subjected them to the LTC-IC assay to determine if they would be able 

to maintain in long-term culture.  Interestingly, after 2 weeks of co-culture with M2-10B4 
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stromal cells, we noticed that while a majority of the sorted tdTom+ population 

maintained a non-adherent, hematopoietic morphology (Figure 1.7A), some of them had 

lost tdTom expression and attached to the plate surface, gaining an endothelial 

morphology (Figure 1.7B), while others became adherent and maintained tdTom 

expression (Figure 1.7C). Flow cytometric analysis confirmed that 5% of the GFP+ 

fraction, presumably derived from the sorted tdTom+ cells, had lost expression of tdTom 

and were CD45-CD31+ (Figure 1.7D).  The remaining 95% of the GFP+ cells maintained 

tdTom expression and were CD34-CD31+CD43+CD45+ (Figure 1.7D).  Moreover, a 

portion of the tdTom+ displaying a hematopoietic morphology could be seen lodged 

under and around the GFP+ endothelial cells (Figure 1.7E,F).  Just as in the Spin EB 

differentiation culture, we could see instances of tdTom+ endothelial cells giving rise to 

tdTom+ hematopoietic cells, again mimicking the endothelial to hematopoietic transition 

(Figure 1.7G).  However, despite an enhanced ability for tdTom+ fraction to produce 

CFU immediately post-sort, they failed to proliferate or produce CFU at both 3 and 5 

weeks after entering the assay, suggesting that these cells do not contain LTC-ICs and 

thus would more than likely fail to engraft in immunodeficient mice (data not shown).   

 
 
 
Discussion: 
 

In the present study, we have shown that the distal P1 promoter and +24 intronic 

enhancer that regulate RUNX1c expression have increased activity in a specific 

subpopulation of hematopoietic cells derived from both hESCs and iPSCs. Isolation of 

the RUNX1c+ (tdTom+) cells derived from hESCs and iPSCs demonstrates this 
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population has a distinct genetic signature based on both mRNA and miRNA expression 

compared to hematopoietic cells isolated by typical phenotypic surface antigens such as 

CD34, CD41, CD43, and CD45.  While other studies have previously examined the 

phenotypic qualities of Runx1c-expressing cells using reporter models in both zebrafish 

and mice, to our knowledge this is the first such report developed in human pluripotent 

stem cells. Previous in vitro and in vivo studies evaluating expression of the three Runx1 

isoforms during mouse development have found the onset of Runx1c expression to be 

specific for emerging, definitive mESC-derived HSCs, as opposed to Runx1b and 

Runx1a, which were expressed throughout hematopoiesis160.  Furthermore, the same 

report found increased Runx1c expression in the AGM region of E10.5-E11.5 mouse 

embryos, where the first definitive HSCs arise160.  

 It can be noted that the design of our minimal promoter/enhancer reporter system 

differs from the knock-in reporter systems that have been used for other studies of 

hematopoiesis from hESCs188,189.  However, the construct used for these studies does 

contain ample portions of the P1 promoter and +24 enhancer from hESC genomic DNA 

as dictated by homology to regions utilized for similar reporter systems which have been 

successful in mice161,164.  Our results demonstrate excellent specificity of RUNX1c 

expression in the tdTom+ cells. Specifically, we show a complete lack of tdTom in non-

hematopoietic tissues such as the CD73+ cells, and the timing of tdTom expression 

closely correlates with that of endogenous RUNX1c.  Furthermore, there is an advantage 

to use of our reporter construct based on the efficiency to engineer multiple cell lines 

using the Sleeping Beauty system over a short period of time. Indeed, we are able to use 
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both hESCs and iPSCs for these studies.  From both hESCs and iPSCs, we were able to 

generate several transgenic clones and validate consistency in both overall hematopoietic 

differentiation and expression of the tdTom/RUNX1c reporter construct. This comparison 

between different starting cell populations provides greater confidence the expression 

patterns seen were not a consequence of transgene integration effects.  Additionally, use 

of this transgene system can avoid problems associated with haploinsufficieny that may 

be seen with direct knock-in approaches155,190   

One possible point of contention may be over the relative contributions between 

the promoter and enhancer, and whether they are working cumulatively, as would be 

expected, or if just one of them is active in our system.  One study by Markova et al 

examining differential activity of both the P1 and P2 promoters as well as two enhancer 

elements, including the +24 enhancer, in several human cell lines provides some 

insight191.   Here, the P1 was silent in HEK293 endothelial cells, which showed low P2 

activity, and that both promoters were active in K562 erythroid cells and Jurkat lymphoid 

cells, with P2 showing 10-fold more activity in K562 than P1.  Inclusion of the +24 

enhancer increased activity of both promoters in Jurkat cells but not HEK293, which 

would appear to support mouse in vivo data showing enhancer activity to be specific for 

hematopoietic tissues161,163,164.  This information, combined with the evidence that our 

reporter was specific for hematopoietic tissues and could even be seen in some putative 

differentiating hematoendothalial cells, leads us to believe that, at a minimum, the 

enhancer must be active in our system.  It is difficult to speculate on the activity of the P1 

promoter.  Consequently, we cannot rule out the possibility that tdTom expression was 
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representative of enhancer activity alone rather than RUNX1c specifically, though this 

information would indeed still be valuable.       

 These studies demonstrate that emerging tdTom+ populations of hematopoietic 

cells appears to recapitulate mouse and zebrafish systems164,175.  Lam et al used a Runx1-

eGFP zebrafish reporter to demonstrate Runx1 expression in aortic endothelial cells 

(ECs) subsequent to emergence of definitive HSCs, while Ng et al found pronounced +24 

enhancer activity specific to ECs lining the ventral wall of the dorsal aorta along with the 

associated HSC clusters.  Though such in vivo models are not feasible in humans, Park et 

al used hESCs and hiPSCs to show large quantities of CD34+CD45+ hematopoietic 

progenitors arising directly from the adherent EC population, suggesting that a similar 

bipotential hematoendothelial subset exists in human hematopoietic ontogeny78.  Our 

finding through fluorescent microscopy that the RUNX1c reporter is expressed in rare but 

visible adherent endothelial cells which in some cases appeared to be undergoing 

asymmetrical cell division giving rise to a tdTom+ hematopoietic cell correlates with each 

of these studies and provides further evidence for the role of RUNX1c in the human 

endothelial to hematopoietic transition.  This conclusion is also supported by our finding 

that all tdTom expressing cells were positive for the hematoendothelial marker CD31. 

 Our mRNA and miRNA genetic analysis provides some potentially valuable 

insight regarding the engraftment deficiencies of hESC/iPSC-derived hematopoietic 

progenitors as compared to UCB and FL.  While it seems probable that culture conditions 

are a cause of this discrepancy, determining variations in specific gene expression 

networks will help to explain exactly what these deficiencies are.  We have identified 
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several miRNAs, including the Let-7 family and mir181a, which are underexpressed in 

hESC/hPSC derived cells as compared to CD34+ UCB/FL. This was then supported by an 

increase in cell cycle/proliferation-promoting genes CCND1, CCND3 and BRCA1, 

highlighting potential miRNA-mRNA interactions involved with these networks.  These 

pathways have implications regarding crucial HSC qualities such as quiescence and 

multilineage differentiation.  Furthermore, similar to studies showing a positive role for 

HoxB4 in mESC-derived progenitor engraftment106,107, we have demonstrated that 

expression from the HoxA locus appears to be deficient in our hESC/iPSC-derived 

progenitors.   

 Though RUNX1c delineates putative definitive HSCs in mice, additional 

characterization of RUNX1c+ human cells as well as selection on the basis of other key 

transcription factors is necessary. Regulatory elements for several other hematopoietic 

transcription factors such as Pu.1 and C/EBPα, both direct targets of RUNX1 and critical 

regulators of myeloid development, may also be utilized to create reporters128,130,133,192.  

Indeed, using the system described here to quickly and efficiently create minimal 

promoter/enhancer reporter cell lines from hESCs and iPSCs will allow us to readily 

accumulate profiles on other specific subpopulations of cells that express critical 

transcription factors (or multiple transcription factors) to potentially better isolate and 

define a truly functional, definitive HSC derived from hESCs and iPSCs.  Finally, our 

genetic analysis of hESC/hiPSC-derived tdTom+, CD34+CD45+ and CD34+CD43+ cells 

in comparison to CD34+ UCB/FL provides numerous potential targets for gene 

modification which could make production of HSCs from hESCs and iPSCs a possibility.       
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Figure 1.1.  RUNX1c reporter construct design and differentiation of transgenic 

cells. Stable integration of a reporter driven by RUNX1c regulatory elements into H9 

hESCs allows for fluorescent labeling of emerging RUNX1c+ hematopoietic populations 

over a directed differentiation time course.  A. The RUNX1c reporter was constructed 

using 1 kb of the human endogenous RUNX1c promoter (P1), placed directly upstream 

of tdTom, and 250 bp of the +24 intronic enhancer, placed directly downstream of tdTom 

to mimick the layout of the endogenous locus.  Both the promoter and enhancer have 

been shown in murine studies to be essential for faithful, hematopoietic-specific 

expression of a Runx1c reporter.  A constitutive GFPzeo fusion gene follows the reporter 

to allow for positive selection of cells obtaining the transgene.  The entire cassette lies 

between the T2 IR/DR transposon elements for stable genomic insertion by the Sleeping 

Beauty transposase.  B.  Hematopoietic differentiation of the H9 hESC RUNX1c reporter 

as Spin EBs.  EBs were disaggregated and analyzed for co-expression of hematopoietic 

extra-cellular markers on days 3, 7 and 12.  C.  Similar hematopoietic differentiation of 

the H9 hESC RUNX1c reporter as in 1.1B but with flow cytometric analysis for 

expression of the tdTom reporter.  D.  Time-course differentiation with analysis of 

disaggregated EBs on days 11-14 for the %tdTom+ proportion by flow cytometry as well 

as expression of endogenous RUNX1c by qPCR.  Graphic bars represent the average 

from 4 independent experiments.  E.  Day 13 post-sort qPCR analysis.  tdTomato+ cells 

show enrichment for endogenous RUNX1c transcript over both the tdTomato- and pre-

sort populations.  Graphic bars represent the average and standard error from three 
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independent experiments.  F.  Differentiated reporter cells expressing the mesenchymal 

marker CD73 do not express tdTom.  G.  Fluorescent microscopy of day 21 Spin EBs 

showing a large expansion of hematopoietic cells which are tdTom+. 
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Figure 1.2: Hematopoietic progenitor potential and phenotypic analysis of tdTom+ 

cells.  A.  Flow cytometric analysis of RUNX1c reporter over hematopoietic 

differentiation time course for tdTom and various hematoendothelial markers.  B.  Flow 

cytometric analysis of emerging tdTom+ cells when they were less than 10% of the total 

population.  Shown is the percent of the tdTom population expressing either CD34, 

CD31, CD43, CD41a or CD45.  C.  Similar analysis to Figure 1.2B but after tdTom+ 

cells expanded to over 20% of the population. Graphic bars for B,C represent averages 

and standard error from 5 independent experiments.  D.  CD34+CD45+ and CD34+CD43+ 

cells were subgated and assessed for tdTom expression on days 13 and 15 of 

differentiation.  E,F.  Percent of CD34+CD45+ and CD34+CD43+ cells expressing tdTom 

compared to the bulk population shows little to no tdTom enrichment in these 

hematopoietic progenitors at both the emerging (E) and expanded (F) tdTom time points.  

Graphic bars represent the average and standard error from four independent 

experiments.  G.  Hematopoietic progenitor potential of the tdTom+ population as 

assessed by ability to form hematopoietic colonies in methylcellulose.  H9 reporter cells 

were differentiated for 13 days as spin EBs then FACS sorted for tdTom expression and 

placed in CFU.  Samples contained 1x105 cells at plating and colonies were enumerated 

after 6-7 days of incubation.  Graphic bars represent the average and standard error from 

three independent experiments.  
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Figure 1.3:  Fluorescent microscopy of H9 hESC RUNX1c reporter line 

differentiating under hematopoietic conditions. A,B.  Day 13 cells viewed under 20x 

magnification.  A single GFP+tdTombright, non-adherent hematopoietic cell can be seen 

among several  GFP+tdTom-  hematopoietic cells.  C-F.  Day 13 unsorted cells imaged 

under 40x magnification.  tdTomato expression can be seen in cells with both endothelial 

and hematopoietic morphology.  In some cases, a GFP+tdTom- endothelial cell can be 

seen giving rise to a GFP+tdTomBright cell through asymmetrical division (D-F).  There 

were also instances of the endothelial cells being tdTomBright themselves. 
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Figure 1.4:  Inhibition of primitive hematopoiesis through activin/nodal signaling 

promotes proliferation of tdTom+ cells.  A. Day 14 flow cytometric analysis of the 

RUNX1c reporter for early hematopoietic markers with (SB) or without (NA) application 

of the SB inhibitor.  B.  Colony forming unit assay for cells harvested on day 12 of 

differentiation showing proportions of CFU-M, CFU-GM and CFU-E.  C.  Day 14 flow 

cytometric analysis of the RUNX1c reporter for early hematopoietic markers and tdTom 

with (SB) or without (NA) application of the SB inhibitor.  D.  Cell proliferation in 

differentiating EBs analyzed days 0-14.  Numbers shown are cells per EB harvested.  

E,F.  Assessment of tdTomato expression from the CD34+CD45+ and CD34+CD43+ 

populations for both untreated and SB treated samples.  Graphic bars for B, D and F 

represent averages and standard error from three independent experiments. 
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Figure 1.5:  Hematopoietic differentiation of human cord blood-derived iPSC 

RUNX1c reporter.   A.  qPCR analysis for expression of endogenous RUNX1c mRNA 

in Spin-EB differentiated tdTom+ cells vs. the unsorted and tdTom- population.  B-G.  

Flow cytometry for co-expression of tdTom with various hematoendothelial and 

hematopoietic extra-cellular markers in differentiating reporter cells.  H.  Colony forming 

unit assay enumerating hematopoietic progenitors from Spin-EB derived tdTom+ cells vs. 

the unsorted and tdTom- population.  I.  Flow cytometric analysis showing the effect of 

SB Activin/Nodal inhibitor on expression of tdTom with various hematopoietic extra-

cellular markers over hematopoietic differentiation.  Cells were analyzed between days 

12 and 14 depending on the timing of the expression of tdTom and the extra-cellular 

marker.  Graphic bars for A and H represent averages and standard error from two 

independent experiments. 
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Figure 1.6:  Gene expression analysis comparing hPSC-derived hematopoietic 

populations to CD34+ UCB and CD34+ fetal liver.  A.  Dendogram representation of 

mRNA array analysis for 230 cancer related genes from sorted hESC and iPSC 

populations as well as CD34+ UCB.  Similarity between samples is represented by 

positioning within the cluster tree.  2 biological replicates were averaged for each sample 

with the exception of UCB, which used 4 B.  Graphs representing the numerical data 

used to make dendograms in 2.6A showing expression of CCND1, CCND3 and BRCA1. 

C.  Same samples from 1.6A but analysis for miRNAs.  The 105 highest expressed of 

800 total analyzed are represented in the dendogram.  D.  Graphs representing numerical 

data used to make dendograms in 2.6B.  Graphic bars represent average and standard 

error for fold change from UCB for 2 independent experiments for B,D.  E.  qPCR 

analysis for HOXA cluster genes in tdTom+ cells from hESC/iPSC Runx1c reporter lines 

as well as CD34+ human UCB.  Graphic bars represent averages and standard error for 

three independent experiments.     
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Figure 1.7:  The sorted tdTom fraction assumes both hematopoietic and endothelial 

morphologies in the long term endothelial assay but does not contain LTC-ICs.  A-

C.  Fluorescent microscopy of the tdTom+ fraction one week after being seeded onto M2-

10B4 stromal cells in the LTC-IC assay showing tdTom+ hematopoietic cells (A), tdTom- 

(but tdTom+)-derived GFP+ endothelial cells (B) and tdTom+ endothelial cells (C).  D. 

Flow cytometric analysis at 2 weeks in LTC-IC showing expression of tdTom, GFP and 

hematoendothelial extracellular markers.  E,F.  tdTom+ hematopoietic populations 

associate with adherent endothelial cells.  G.  Adherent cells appear to express tdTom 

during asymmetrical division giving rise to a tdTom+ hematopoietic cell.  
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Supplementary figure 1.1:  Phenotypic analysis of differentiating H9 hESCs. 

Expression of intracellular hematopoietic transcription factors and extracellular markers 

in H9 hESCs over a differentiation time course.  Non-transgenic hESCs were 

differentiated on M210 mouse bone marrow cells in R-10 media.  A.  RT-PCR analysis 

of early hematopoietic genes BRACHYURY (Bry), RUNX1b, RUNX1c, PU.1, GATA1 

and GATA2.  B.  Flow cytometric analysis of these same cells for coexpression of 

hematopoietic markers CD34 and CD45. 
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Supplementary figure 1.2: The RUNX1c reporter construct shows activity in K562 

cells.  A. RUNX1c-expressing K562 leaukemic cells were transiently nucleofected with 

the RUNX1c reporter construct containing the P1 promoter and +24 enhancer flanking 

tdTom along with a control plasmid only lacking the promoter and enhancer.  B.  RT-

PCR analysis of K562 along with undifferentiated H9 hESCs, 293s and human umbilical 

vein endothelial cells HUVEC showing that RUNX1c expression is specific for 

hematopoietic cells. 
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Supplementary figure 1.3:  Runx1c reporter clones from both the hESC and iPSC 

lines are capable of hematopoietic differentiation and show similar patterns of 

tdTom expression.  Reporter lines were differentiated as Spin EBs as described and 

analyzed by flow cytometry on day 17 for expression of hematoendothelial extracellular 

markers as well as tdTom.  In addition, a non transgenic hESC line was analyzed in 

parallel to show that transgene integration did not effect the ability to undergo 

hematopoietic differentiation. 
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Supplementary figure 1.4:  Karyotyping analysis shows no gross genetic 

abnormalities in either the hESC or Dub7 iPSC RUNX1c reporter lines  
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Supplementary figure 1.5:  Spin Embroid Body hematopoietic differentiation of 

hPSCs  A. hESCs adapted to single cell culture are evenly distributed in a 96-well plate 

and given cytokines to promote mesoderm/early hematopoietic development.  B.  Image 

of EB after transfer to an adherent 24-well plate for development of more mature 

hematopoietic lineages using SCF, VEGF, TPO, EPO, IL-3 and IL-6.  C.  Schematic for 

Spin EB hematopoietic differentiation showing the two separate stages.  D.  Flow 

cytometric analysis or co-expression of tdTom with glycophorin A and CD45ra. 
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Supplementary figure 1.6: Application of the Activin/Nodal inhibitor to stage 1 Spin 

EBs at varying times to monitor alterations in hematopoietic differentiation.  

Exposing the EBs to SB from the outset of their development completely abolishes 

hematopoiesis while applying day 3 and after has no effect.  Application between days 2 

and 5 showed the desired partial reduction in CD34+CD41a+ and CD34+CD43a+ 

populations. 
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Supplementary figure 1.7: Reprogramming and characterization of the Dub7 CD34+ 

umbilical cord blood iPSCs.  A.  Method for viral transduction of CD34+ umbilical cord 

blood and subsequent culture/maintenance.  B.   Immunohistological staining of a Dub7 

colony shows ubiquitous expression of pluripotency markers Oct4, Sox2, Nanon and Tra-

1-81.  Pluripotency markers are FITC-conjugated while blue images show staining of cell 

nuclei for DAPI.  C.  Teratoma formation in mouse demonstrated that the Dub7 cells 

were capable of differentiating into all 3 germ layers.  D. Karyotyping analysis shows no 

gross genetic abnormalities.  
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Supplementary figure 1.8: The Dub7 CD34+ UCB-derived iPSC line shows accurate 

reporting of endogenous RUNX1c expression.  Dub7 iPSC RUNX1c reporter cells 

were differentiated as spin EBs.  Expression of endogenous RUNX1c by qPCR from the 

bulk population and the proportion of tdTom+ cells by flow cytometry were measured on 

days 11, 13 and 15.  Values representative of one experiment. 
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CHAPTER 3 

The human Pu.1 promoter and upstream regulatory element are activated upon hESC 

hematopoietic differentiation 
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 Successful identification of putative HSCs derived from hESCs will likely require 

the ability to determine the differential expression patterns of several intra-cellular 

transcription factors on an individual cell basis.  To this end, we have created transgenic 

hESCs which drive expression of tdTom from PU.1 cis-regulatory elements that have 

been shown to exhibit both inhibitory and activating effects as HSCs transition into 

multipotent progenitors.  We demonstrate that the PU.1 promoter and upstream 

regulatory element (URE) are activated in sub sets of cells as they undergo hematopoietic 

commitment, and that reporter expression is conciminent with expression of endogenous 

PU.1.  Furthermore, tdTom expression patterns closely mimic those of a similarly 

constructed RUNX1c reporter cell line, consistent with direct activation of Pu.1 by 

Runx1 at its URE in mouse studies.  Use of a combination of these reporter hESCs may 

help us to gain further insight regarding the expression profile for emerging hESC-

derived hematopoietic progenitors. 
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Introduction 

 Pu.1, a member of the ETS-family of transcriptional regulators named after its 

affinity for purine-rich sequences, is a master regulator of myelopoiesis and indispensable 

for fetal hematopoietic development193,194.   Mice deficient for Pu.1 expression die at 18.5 

days of gestation and are found to lack production of mature B-cells, T-cells and 

macrophages131.  This is at least in part due to an initial failure to support KTLS HSCs in 

the fetal liver131.  Unsurprisingly, selective ablation of Pu.1 in fetal liver HSCs confers an 

inability to engraft immunodeficiant mice, which was directly related to an 11-fold 

decrease in homing to the BM within 48 hours132,195.  Mice hypomorphic for Pu.1 show 

decreased long-term multilineage reconstitution which can be rescued by restoring Pu.1 

expression196.  In addition to its proximal promoter, genetic analysis of the entire Pu.1 

locus has found numerous distal and intronic elements which regulate its lineage specific 

expression throughout hematopoiesis128,197.  This includes an initial suppression in HSCs 

via binding of GATA2 to promoter and later upregulation in myeloid progenitors 

mediated by binding of Runx1 to three sites within the -14 kb upstream regulatory 

element (URE)128,130,198,199.  Pu.1 then acts through direct, antagonist interactions with 

GATA1 to dictate the myeloerythroid axis192,200.  Progenitors primed for myeloid 

development show increased expression of Pu.1 at the expense of GATA1, with the 

opposite being true for erythroid progenitors. 

 In the present study, we sought to investigate the role of PU.1 expression in 

human hematopoietic development by creating transgenic PU.1 reporter hESCs.  By 

cloning regulatory elements from hESC genomic DNA which were synonomous with the 
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conserved proximal promoter and -14 kb URE in mouse to drive expression of tdTom, 

we are able to show that these elements are activated upon initiation of hematopoiesis in 

a human system, and that they are specific for a subset of developing hematopoietic 

lineages.  Furthermore, consistent with the finding that Pu.1 is directly targeted by Runx1 

for transcriptional activation in mice, we demonstrate that the tdTom expression patterns 

for the PU.1 reporter are similar to those of a previously developed reporter for RUNX1.  

Thus, this PU.1 reporter may be useful in a more detailed characterization of hESC-

derived hemtopoietic progenitors. 

 

Materials and Methods 

All materials and methods used in these studies are described in chapter 2. 

 

Results 

Bioinformatical analysis shows conserved, active PU.1 regulatory elements in 

human hematopoietic cells 

 Initial studies searching for Pu.1 regulatory elements in mouse discovered 

approximately 35 kb of upstream sequence which was able to regulate Pu.1 expression, 

including a DNase hypersensitive 3.5 kb HindIII fragment 14 kb upstream of the 

transcriptional start site which regulates myeloid specific expression198.  We decided to 

determine whether a bioinformatical approach could predict a similar upstream regulatory 

element in the human PU.1 locus.  Using the University of California Santa Cruz genome 

browser and the 3.5 kb mouse HindIII fragment as a reference, we found an upstream 
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segment of the of the human locus at -17 kb to show high levels of conservation (Figure 

2.1A).  In addition, data compiled from ENCODE showed this region as well as the 

proximal promoter to have increased levels of H3K27 acetylation in K562 leukemic cells, 

indicating an open chromatin structure for access to transcription factors (Figure 2.1 

B,C).  This was in contrast to non-hematopoietic human umbilical vascular endothelial 

cells (HUVEC), which lacked H3K27Ac at the promoter, and H1 hESC, which had no 

acetylation at all (Figure 2.1 B,C).  Our bioinformatical analysis indicated that both the 

promoter and an upstream regulatory element were activated specifically in human 

hematopoietic cells and that they would likely be accurate reporters of PU.1 expression in 

hESCs. 

 

The human PU.1 promoter and URE drive tdTom expression in K562 

 We next wanted to determine if either the promoter alone or a combination of the 

promoter and URE could drive expression of tdTom in K562 cells.  To do this, we 

constructed two versions of a PU.1 reporter plasmid: one with an 800 bp portion of the 

promoter/5’ UTR cloned directly upstream of the tdTomato coding region (PU.1-P) 

(Figure 3.2A), and another with an additional 1.2 kb section of the URE which included 

the highest levels of H3K27 acetylation and Runx1 binding sites (PU.1-P+URE) (Figure 

3.2B).  In each case, tdTom was followed by a constitutively active GFPzeocin fusion 

protein which was used to determine nucleofection efficiency.  After nucleofecting either 

plasmid into K562, we demonstrated that both PU.1-P and PU.1-P+URE were able to 

drive expression of tdTom (2.2C).  Furthermore, the addition of the URE appeared to 
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increase the proportion of tdTom+ cells.  Accounting for nucleofection efficiency, we 

found that 60% of cells containing PU.1-P+URE (GFP+) were tdTom+, compared to 50% 

for PU.1-P (Figure 2.2D).  Moreover, PU.1-P+URE was able to drive tdTom expression 

in 48% of CD45+ K562 while only 29% of PU.1-P CD45 expressing cells were tdTom+ 

(Figure 3.2C).  Finally, after stable integration of both transgenes in undifferentiated H9 

hESCs, we did not see any expression of tdTom (Figure 2.2E).  Together, these data 

demonstrate that the PU.1 promoter alone substantially drives expression of the tdTom 

reporter, but is enhanced by the URE, and that both regulatory elements are inactive in 

undifferentiated hESCs. 

 

The Pu.1 promoter and URE faithfully drive reporter expression in hESCs 

 In order to determine if a combination of the Pu.1 promoter and URE drive 

expression of the transgene in hESC-derived hematopoietic progenitors, we clonally 

isolated hESCs with stable insertion of the PU.1-P+URE.  We then single-cell culture 

adapted and subjected them to hematopoietic differentiation by the Spin EB method.  

Comparison of 2 independently derived clones showed that hematopoietic development 

was not significantly effected by insertion of the transgene (Supplementary Figure 2.1)  

Fluorscence microscopy demonstrates that tdTom expression appears to be restricted to 

the non-adherent, cobblestone-like hematopoietic populations, with the expanding 

stromal layers showing only GFP expression (Figure 2.3A).  This finding was 

corroborated by flow cytometric analysis showing expression of CD73, a mesynchymal 

marker, to be confined to the tdTom- population (Figure 2.3B).  Furthermore, RT-PCR 
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analysis of the bulk population shows that the onset and increase in endogenous Pu.1 

transcript correlates with the proportion of tdTom+ cells (Figure 2.3C).  Finally, CFU 

analysis of the sorted tdTom+ cells shows them to be highly enriched for hematopoietic 

progenitors as compared to the tdTom- cells (Figure 2.3D).  These data establish that 

activation of the PU.1 regulatory elements in our system accurately reflects the 

expression of endogenous PU.1.      

 

tdTom expression in the PU.1 reporter mimics that of a reporter for RUNX1c 

 In order to determine if there is a relationship between expression of PU.1 and 

and RUNX1c, a direct upstream regulator of Pu.1 in mice, we compared the timing and 

expression patterns of tdTom with other extracellular hematopoietic markers in parallel 

with reporters for both genes.  We have previously engineered a tdTom reporter using 

minimal regulatory elements for RUNX1c which we showed to exhibit faithful tdTom 

expression (unpublished).  In each of our differentiations, expression of tdTom in the 

PU.1 cells appeared to mirror that of the RUNX1c reporter in both timing and patterning, 

with tdTom first detected around day 12 and being restricted to the CD31+ and CD43+ 

subsets (Figure 2.4A).  In some cases we saw a marginal difference in the percent of cells 

expressing tdTom on a given day, but this was likely due to dissimilar differentiation 

speeds between the two different cell lines and not inherent qualities of the reporters 

(Figure 2.4A).  Sub-gating on the CD34+CD45+ and CD34+CD43+ hematopoietic 

progenitor populations revealed that they only possessed a minority of tdTom+ cells 

(Figure 2.4B). In both cases, the proportion of the gated population expressing tdTom 
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was even less than the tdTom+ percent in the bulk, ungated cells, indicating that there was 

a slight negative enrichment for tdTom in these progenitor sub gates.  These findings 

suggest that the PU.1 promoter and URE are activated in a similar subpopulation as the 

RUNX1c regulatory elements during human hematopoietic development, consistent with 

PU.1 being a direct downstream target of RUNX1c. 

    

Discussion 

 Here, we show that a combination of the PU.1 proximal promoter and URE can 

drive expression of tdTom in hESCs, and that they do so in a manor which is faithful to 

expression of endogenous PU.1 over hematopoietic development.  Furthermore, we 

demonstrate that the activation of these regulatory elements appears to mirror activation 

of human RUNX1c regulatory elements, as shown by similar expression patterns between 

the two reporters.  This result is appropriate given the direct role RUNX1 has been shown 

to have in activating PU.1 expression in early mouse hematopoietic development. 

 Though the ability to track PU.1 expression over hematopoietic development 

from hPSCs could be very useful in describing, though in vitro assays, early myelopoiesis 

and how it is differentially regulated from erythropoiesis, it remains to be seen if this 

reporter has the ability to distinguish emerging SRCs.  While a lack of Pu.1 expression in 

HSCs in the fetal liver leads to a decrease in progenitor numbers and deficient 

engraftment in the bone marrow, this does not mean that PU.1 expression can be used to 

track HSCs.  In fact, due to its positive influence in myeloid development, it would be 

easy to conclude that cells expressing PU.1 have recently transitioned from a multipotent 
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HSC to a further restricted progenitor.  McIvor et al demonstrated that enforced, transient 

Pu.1 expression in multipotent progenitors eliminated their ability to self-renew201.  This 

again indicates that Pu.1 is expressed at higher levels in restricted progenitors not capable 

of engraftment.  As such, it might be possible to use Pu.1 expression as a means for 

negative selection when attempting to identify HSCs.  Indeed, as with the use of extra-

cellular markers, hPSC-derived HSC isolation will likely rely on the tracking of multiple 

transcription factors. 
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Figure 2.1: Bioinformatical analysis of the human PU.1 promoter and URE using the 

UCSC genome browser showing Chr. 11 bases 47,398,806 – 47,425,159.  The coding 

region for PU.1 (SPI1) is on the minus strand and is read right to left in this image.  A.  

Diagram showing the PU.1 translational start site along with 20 kb of the upstream 

region.  Underlying graphs represent the mammalian conservation using the PHAST 

package and H3K27 acetylation patterns from experimental data derived through 

ENCODE.  B.  Close up of the promoter region comparing H3K27 acetylation levels 

between K562, HUVEC and H1 hESC.  C.  Close up of the PU.1 URE comparing 

H3K27 acetylation.  
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Figure 2.2: Activity of the Pu.1 promoter/5’ UTR and URE in K562 and 

undifferentiated H9 hESCs. A.  Diagram of the construct utilizing the promoter/5’ URE 

to drive expression of tdTom followed by a constitutively driven GFPzeocin fusion 

protein.  B.  Same as in A but with the addition of 1.2 kb of the URE upstream of the 

promoter/5’ URE.  C.  K562 leukemic cells were nucleofected with either Pu.1 reporter 

plasmid and assessed for expression of tdTom, GFP and CD45 by flow cytometry after 2 

days.  Images are shown at 20x magnification.  Top row: PU.1-P.  Bottom row: PU.1-

P+URE.  D.  Flow cytometric analysis of K562 nucleofected in 2.2C.  E.  H9 hESCs 

were nucleofected with either plasmid then selected for zeocin resistance.  Colonies 

stably expressing the Pu.1 reporter transgene are shown at 20x magnification. 
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Figure 2.3: tdTom expression correlates with endogenous PU.1 and is specific to 

hematopoietic populations.  A. Fluorescent microscopy of the Pu.1 reporter 

differentiating as Spin EBs on Day 15.  GFP expression is constitutively driven by the 

MCAG promoter while tdTom is driven by the Pu.1 promoter and UTR.  B.  Flow 

cytometric analysis for expression of the mesenchymal marker CD73 and tdTom shows 

that tdTom expression is specific for hematopoietic cells.  C.  Proportion of tdTom 

expressing cells by flow cytometry versus expression of endogenous PU.1 transcript in 

the bulk population by qPCR over a hematopoietic differentiation time course.  qPCR 

values are displayed as relative expression to GAPDH. D.  Colony forming unit assay for 

sorted tdTom+ vs tdTom- populations.  Reporter H9s were differentiated for 15 days, 

sorted, and then enumerated after 7 days in methylcellulose.  Values represent the 

averages from one experiment. 
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Figure 2.4: Comparison of the PU.1 hESC reporter to an hESC reporter for 

RUNX1c.  A.  Both the PU.1 and RUNX1c reporter were differentiated in parallel as spin 

EBs and analyzed for tdTom expression as well as various hematoendothelial 

extracellular markers.  Shown is the flow cytometric analysis from day 14 of 

differentiation.  B.  Subgating on the CD34+CD45+ and CD34+CD43+ progenitor 

populations to assess for frequency of tdTom expression on day 12 of differentiation.  

Also shown is tdTom expression in the bulk, ungated population.   
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Supplementary figure 2.1:  Two independently derived PU.1 reporter transgenic 

clones are able to undergo hematopoietic differentiation.  Clones were derived by 

single cell passing and picking of individual colony outgrowths.  After expansion, clones 

were assessed for their ability to undergo hematopoietic differentiation as spin EBs. 
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CHAPTER 4: 

Functional assessment of hematopoietic niche cells derived from human embryonic stem 

cells 
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 To evaluate hematopoietic niche cell populations isolated from human embryonic 

stem cells (hESC)s, we tested the ability of hESC-derived stromal lines to support CD34+ 

umbilical cord blood (UCB) and hESC-derived CD34+45+ cells in long-term culture 

initiating cell (LTC-IC)  assays. Specifically, these hematopoietic populations were 

cocultured with hESC-derived mesenchymal stromal cells (hESC-MSCs) and hESC-

derived endothelial cells (hESC-ECs) and assessed for their LTC-IC potential in 

comparison to coculture with bone marrow-derived MSCs and mouse stromal line M2-

10B4.  We found that the hESC-derived stromal lines supported LTC-ICs from UCB 

similar to M2-10B4 cells and better than BM-MSCs.  However, none of the stromal 

populations supported LTC-IC from CD34+45+ cells.  Engraftment data using the output 

from LTC-IC assays showed long-term repopulation (12 weeks) of NSG mice to directly 

correlate with LTC-IC support on a given stromal layer.  Therefore, hESC-derived 

stromal lines can be used to efficiently evaluate putative hematopoietic stem/progenitor 

cells derived from hESCs or other cell sources.  Likewise, results showing lack of LTC-

IC from hESC derived CD34+45+ cells are consistent with in vivo data showing these 

cells to be deficient for long-term, multilineage engraftment.   
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Introduction: 

 Quantification of putative hematopoietic stem cells (HSCs) in human bone 

marrow or cord blood is typically assessed by its potential to mediate long-term, 

multilineage engraftment when transplanted into immunodeficient murine recipients25,202.  

However, in vitro surrogate assays are extremely attractive due to their relative ease of 

implementation, lower cost and improved throughput of results.  The long-term culture 

initiating cell (LTC-IC) assay serves this purpose by quantifying the ability of putative 

HSCs in a given population to be cultured for an extended period, typically 5 weeks.  

LTC-IC readout is then quantitatively assessed both by proliferation and the ability to 

produce hematopoietic colony forming units (CFU), with the CFU output at the end of 

the assay being proportional to the number of LTC-ICs in the starting population59. 

Distinct supporting stromal layers and the addition of hematopoietic cytokines can have 

varying effects on maintenance of LTC-ICs58,203-206.   

Along with the ability to assess putative HSCs in hematopoietic populations, 

LTC-IC is also a valuable tool for investigating cell types and factors which play a role in 

HSC maintenance.  Numerous in vivo studies have examined aspects of the mouse 

hematopoietic niche, typically in the bone marrow or fetal liver50,52,207,208.   The 

generation of knock-out and transgenic mice has been extremely useful in these 

experiments, as it allows researchers to selectively and systematically evaluate the 

functional importance of individual niche factors52,54.  Study of the human hematopoietic 

niche, however, is largely limited to analysis of BM biopsy specimens or culture methods 
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which attempt to recapitulate the human hematopoietic microenvironment, such as LTC-

IC209-211.  As such, genetic modification of primary human BM cell populations for use in 

LTC-IC has been a valuable tool in dissecting niche-related gene expression which 

modulates HSC function, though manipulation and continued culture of these cells is 

often difficult60,212.  Human embryonic stem cells (hESCs) are capable of differentiating 

into any adult tissue, can be cultured long-term, and are easy to genetically modify62,169.  

Therefore, the prospect of using hESC-derived niche populations represents an effective, 

versatile way to study human HSC maintenance in vitro.  

Previously, our group and others have derived both mesenchymal stromal cells 

(MSCs) and endothelial cells (ECs) from hESCs 213-218.  MSCs and ECs are important 

components of the osteogenic and vascular hematopoietic niches and hESC-derived 

stromal cells can provide autologous supporting cell populations for putative hESC-

derived HSCs.  Here, we test the capacity of these hESC-derived stromal layers to 

support LTC-IC from CD34+ UCB and hESC-derived CD34+CD45+ cells.  Cell 

proliferation and LTC-IC quantification of input populations were measured over a 5-

week period and compared to use of bone marrow-derived mesenchymal stem cells (BM-

MSCs) and the murine stromal line M2-10B4.  Finally, we subjected the surviving LTC-

IC populations to repopulation assays in order to determine a relationship between LTC-

IC support and the ability for long-term engraftment.  
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Materials and Methods  

Cell Culture 

H9 human embryonic stem cells were adapted to single cell passage with TrypLE 

Select (Invitrogen Corp., Carlsbad, CA, USA) as previously described and were 

maintained as undifferentiated cells via coculture with irradiated mouse embryonic 

fibroblasts as previously described76,166,219.  Karyotype of TrypLE-adapted H9 was found 

to be normal.  M2-10B4 murine bone marrow stromal cells, mesenchymal stem cells 

derived from H9 hESCs (hESC-MSCs), bone marrow (BM-MSCs), and endothelial cells 

derived from H9 hESCs  (hESC-ECs) were cultured as previously described213,214.  For 

LTC-IC assays, M2-10B4, hESC-MSCs, hESC-ECs, and BM-MSCs were incubated with 

the appropriate cell culture media containing 10 µg/mL mitomycin C (Accord 

Healthcare, Durham, NC) before attachment to gelatin coated 24-well plates or flat-

bottom 96-well plates.  The use of all human tissue was approved by the Committee on 

the Use of Human Subjects in Research at the University of Minnesota. 

 

Hematopoietic Differentiation of hESCs as spin EBs 

 H9 were differentiated using the previously described spin EB method166.  

Briefly, TrypLE-adapted H9 were dissociated to a single cell suspension via 5 minute 

incubation with TrypLE Select.  The undifferentiated H9 were plated at 3000 cells per 

well into untreated, round-bottom, 96-well plates in BPEL media166 containing 40 ng/mL 

human Stem Cell Factor (Peprotech, Rockey Hill, NJ), 20 ng/mL human vascular 

endothelial growth factor (R&D Systems, Minneapolis, MN), and 20 ng/mL human bone 
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morphogenic protein 4 (R&D Systems).   After 12 days in spin EB culture, the 

differentiated hESC spin EBs were harvested and made into a single cell suspension 

using 0.05% trypsin/EDTA (Invitrogen) supplemented with 2% chicken serum (Sigma, 

St. Louis, MO).   The differentiated cells were analyzed via flow cytometry and 

hematopoietic colony-forming cell (CFC) assay for the presence of hematopoietic 

progenitor cells68. 

 

Positive Selection of CD34+ and CD34+CD45+ cells via magnetic sorting 

 Single cell suspensions of 11-12 day H9 spin EB cultures were obtained as 

described above.  Cells were resuspended in DPBS (ThermoFisher Hyclone, Logan, UT) 

containing 2% FBS and 1 mM EDTA (Invitrogen) before magnetic sorting.  EasySep 

Human CD34 Positive Selection kit  (StemCell Technologies, Vancouver, BC) was used 

to isolate CD34+ cells from differentiated hESCs.  For enrichment of the CD34+CD45+ 

cell population, the EasySep PE Selection kit (StemCell Technologies) was used on 

CD34+ cells labeled with anti-human CD45-PE.   CD34+ cells were positively selected 

via magnetic sorting from UCB mononuclear cells using the Miltenyi CD34 microbead 

kit (Miltenyi Biotec, Boston, MA) and AutoMACS Pro Separator (Miltenyi).  CD34+ 

UCB were frozen down in 90% FBS + 10% DMSO and stored in liquid nitrogen until 

use.  Enrichment for CD34+/CD34+CD45+ cells was assessed via staining with mouse 

anti-human CD34-APC, CD45-PE, CD43-PE, CD41a-PE, CD31-PE and corresponding 

isotype controls (all from BD Biosciences, Sparks, MD).  
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Bulk Culture LTC-IC 

M2-10B4, hESC-MSCs, hESC-ECs, and BM-MSCs were treated with mitomycin 

C before plating on fibronectin-coated or gelatin-coated 24-well plates at 105 to 2 x 105 

cells/well.  For a combined hESC-MSC + hESC-EC condition, 5 x 104 hESC-MSCs and 

5 x 104 hESC-ECs were to each well.   Cells were allowed to adhere overnight before 

addition of UCB- or hESC-derived hematopoietic progenitor cells. 

 5 x 103 CD34+ UCB or 2.5 x 104 to 105 CD34+CD45+ hESC-derived cells were 

plated per well of mitotically inactivated cells in 1 mL/well Myelocult H5100 media 

(StemCell Technologies) containing 10-6 M hydrocortisone (Sigma).  Cultures were 

incubated at 37oC, 5% CO2.  Cells were fed with fresh medium by half medium changes 

every 7 days.  At the indicated time points, cells were harvested via collection of 

nonadherent cells and dissociation of the adherent cell layer with 0.05% trypsin 

containing 2% chicken serum for 5 minutes.  The nonadherent and adherent cells were 

combined and clumps removed by 70µm filter (BD Biosciences, Sparks, MD) for 

counting and transfer to hematopoietic CFC assay.  Photos were taken on an Olympus 

CKX41 microscope attached to a Nikon D90 camera in Myelocult H5100 media. 

  

Hematopoietic CFC assays 

 CD34+ UCB or CD34+CD45+ hESC-derived cells were cultured for the indicated 

number of days on M2-10B4 or the human-derived cell layers before harvest to a single 

cell suspension.  Colony forming assays were performed by culturing these cells in semi-

solid Methocult H4435 Enriched (StemCell Technologies).  2.5 x 104 to 5 x 104 UCB-
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derived cells or 5 x 104 to 105 hESC-derived cells were cultured per 35 mm culture dish 

(Greiner, Monroe, NC).   After 14 days, the plates were scored for colony-forming units 

according to standard criteria68.  For each adherent cell population, CFC yield per 103 

CD34+ UCB or 105 CD34+CD45+ hESCs initially placed into LTC-IC culture was 

determined by dividing the total number of cells harvested per well by the number of 

cells put into CFC assay, and using this factor to multiply the total number of colonies 

yielded by CFC assay.     

 

Limiting Dilution CFC assay 

 For comparison of LTC-IC frequency from CD34+ UCB cultured on various 

feeder layers, CD34+ UCB were plated in limiting dilutions (semi-log dilution from 300 

to 3 cells/well) in flat-bottom 96-well plates with a confluent monolayer of M2-10B4, 

hESC-MSC, hESC-EC, or BM-MSC.  Cells were cultured in the same media/incubation 

conditions as described above for bulk LTC-IC culture and were similarly provided with 

fresh media every 7 days.  After 5 weeks of culture, cells were placed in hematopoietic 

CFC assay conditions by removing all but 20 µL of media from each well and replacing 

with 100 µL of Methocult H4435 Enriched per well.  After 14 days in Methocult, wells 

were scored for the presence of hematopoietic colonies.  Frequency of LTC-ICs from 

each feeder condition was calculated by Poisson distribution (L-Calc software, StemCell 

Technologies) based on the number of wells at each cell dose with one or more 

hematopoietic colonies after 5 weeks of culture. 
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In vivo engraftment 

All animals were housed, treated, and handled in accordance with the guidelines set forth 

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

National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.  The 

day before engraftment, 6-8 week old NOD-scid IL2rγnull (NSG) mice were irradiated.  

On the day of engraftment, LTC-ICs were harvested as described in bulk culture LTC-IC.  

Cells were then enumerated, resuspended in IMDM and injected through the tail vein at a 

dose equivalent of 7.5 – 10 x 103 initially seeded CD34+ UCB cells per mouse.  At both 4 

and 8 weeks, mice were bled through the facial vein for analysis of peripheral blood.  At 

12 weeks, each mouse was bled then sacrificed for the collection of spleen and bone 

marrow.  All tissue samples were treated with ammonium chloride for the lysis or red 

blood cells and blocked with human serum then stained with conjugated antibodies and 

analyzed in a flow cytometer as described.      

 

Results 

hESC-derived stromal cells support LTC-IC from CD34+ UCB 

We evaluated the ability of hESC-MSCs and hESC-ECs to support LTC-ICs 

using UCB- and hESC-derived hematopoietic cells compared to BM-MSCs and M2-

10B4.  All human cell populations (hESC-ECs, hESC-MSCs, and BM-MSCs) as well as 

a combined layer of hESC-MSCs and hESC-ECs, supported short-term expansion of 

CFCs from CD34+ cells isolated from UCB (CD34+ UCB).  After three weeks, UCB 

cultured with hESC-MSCs, hESC-ECs, and hES-MSCs+hESC-ECs resulted in at least as 
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many CFCs per initial input CD34+ UCB as use of M2-10B4 cells, and more than BM-

MSCs (Figure 3.1A).  Over this time, the UCB CD34+ cell population expanded most 

rapidly on hESC-MSCs, hESC-ECs, and the combined hESC-MSC/EC condition (Figure 

3.1B; also see Fig. 3.1E for photographs of representative cultures).  

After five weeks of LTC-IC conditions, both hESC-MSC and hESC-ECs 

supported LTC-ICs from UCB similar to M2-10B4, yielding on average 85 +/- 29 and 74 

+/- 12 LTC-IC-derived CFCs per 103 input UCB, respectively. This result compares to 

104 +/- 56 CFCs per 103 input UCB co-cultured with M2-10B4 cells (Figure 3.1C).  

Likewise, UCB CD34+ cells co-cultured with hESC-MSC or hESC-EC cells continued to 

maintain a population of non-adherent cells (Figure 3.1E, bottom row) with total cell 

numbers of 158 +/- 78 x 103 and 172 +/- 60 x 103, respectively, which was similar to use 

of M2-10B4 cells (Figure 3.1D). These LTC-IC assays demonstrated highest frequency 

when UCB CD34+ cells were cultured on M2-10B4 cells (1:33), though hESC-MSCs and 

hESC-ECs supported a far higher frequency of LTC-IC than BM-MSC (1:204, 1:229, 

and. 1:7846, respectively; Figure 3.1F).  These data demonstrate that our hESC-derived 

ECs and MSCs are able to support LTC-ICs from UCB over a 5 week period similar to 

M2-10B4 and better than BM-MSCs  

 

hESC-derived hematopoietic progenitors do not contain LTC-ICs 

We next evaluated the ability for hESC-derived stromal cells and M2-10B4 to 

support LTC-ICs from hESC-derived CD34+CD45+ hematopoietic progenitors (Figure 

3.2A).  With H9 hESCs, we routinely obtain over 20% total CD34+ and CD34+CD31+ 
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cells after 8 days of differentiation using a “spin-EB” method166,220,221 with subsequent 

emergence of CD34+CD43+ and CD34+CD41a+ populations previously shown to indicate 

early hematopoietic development173 (Figure 3.2A, top row).  Between 11-13 days of 

differentiation, total CD34+ cells can reach over 50% of total live cells with populations 

of CD34+CD31+, CD34+CD43+, and CD34+CD45+ ranging from 20-50% of total live 

cells (Figure 3.2A, bottom row). 

  After 12 days, differentiating hESCs were sorted for CD34+CD45+ cells (Figure 

3.2B). As expected, the hESC-derived CD34+CD45+ population was enriched for 

hematopoietic progenitor cells (CFCs) (Figure 3.2C). However, after 2 weeks of co-

culture with either the hESC-MSCs or M2-10B4 cells, they were markedly reduced for 

CFCs.  While coculture of CD34+ UCB yielded 5125 +/- 725 CFC on M2-10B4 for 2 

weeks, progenitors from hESCs cultured on M2-10B4 yielded relatively few CFCs  

(averaging 48 +/- 45 CFC per 105 initial CD34+CD45+ hESCs; Figure 3.2D).    After 

more than 2 weeks of M2-10B4 coculture, hematopoietic progenitor cells, as quantified 

in the CFU assays, were absent from the hESC-derived cell population. Using hESC-

MSCs as supportive stromal cells, 34+ UCB yielded 12767 +/- 5525 CFC, with hESC-

derived progenitors yielding no hematopoietic colonies (Figure 3.2D).  CD34+CD45+ 

hESC-derived cells did not maintain a nonadherent population in prolonged (5 week) 

culture on M210 or hESC-MSCs, with total cell number declining markedly after 1 week 

of culture, unlike CD34+ UCB cells (Figure 3.2F, G & H). 

Other hESC-derived populations also failed to demonstrate LTC-IC potential.  

CD34+CD43+ cells derived from hESCs differentiated for 8 days and CD34+CD45+ cells 
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isolated from hESCs differentiated for a longer period of time (12-15 days) both 

proliferated for the first 1-2 weeks of culture in LTC-IC assay and then started to decline 

(data not shown).  Both cell populations failed to produce colonies in hematopoietic CFC 

assay after more than 2 weeks of culture (data not shown).  These data demonstrate that, 

similar to their inability to engraft in immunodeficient mice, hESC-derived CD34+CD45+  

and  CD34+CD43+ hematopoietic progenitors do not contain LTC-ICs. 

 

Stromal support of LTC-IC from CD34+ UCB predicts engraftment potential 

 We next wanted to determine whether the ability of our hESC-derived stromal 

layers to support LTC-IC from CD34+ UCB correlated with engraftment potential of the 

hematopoietic cells after 5 weeks in culture.  To do so, we performed LTC-IC assays 

with CD34+ UCB using M210-B4, BM-MSCs, hESC-MSCs and hESC-ECs as 

supporting stromal layers for 5 weeks, then injected the bulk harvested cells into 

NOD/SCID/IL-2Rgcnull (NSG) mice at doses equivalent of 7,500 – 10,000 starting CD34+ 

cells per mouse.  We were careful to include both male and female mice in each group, as 

female NSG mice show more robust HSC engraftment than males222.  Flow cytometric 

analysis of peripheral blood at 4 and 8 weeks showed little to no engraftment in each 

group, with exception to a single female from the hESC-EC group showing 0.4% 

engraftment (data not shown).  For week 12 analysis, all mice were sacrificed and 

analyzed for engraftment in peripheral blood, spleen and bone marrow.  By this point, all 

groups exhibited limited but noticeable engraftment in at least one of the mice.  Relative 

engraftment between groups was consistent in each tissue, with M210-B4 cultured cells 
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showing the highest levels, followed by hESC-EC and hESC-MSC (Figure 3.3A,B).  

BM-MSC cultured cells, while showing some engraftment in peripheral blood, were not 

detected in the spleen or bone marrow.  These results demonstrate that the LTC-ICs 

maintained on our hESC-derived ECs and MSCs are capable of long-term engraftment in 

NSG mice.  Likewise, we show that the level of LTC-IC support between these different 

stromal layers is predictive of engraftment potential.  

  

Discussion 

We have shown that hESC-derived ECs and MSCs are able to support the 

survival and proliferation of CD34+ UCB in the LTC-IC assay similar to M2-10B4 and 

better than BM-MSCs, but that hESC-derived hematopoietic progenitors could not be 

maintained in LTC-IC regardless of the stromal layer used for support.   Based on these 

data, hESC-derived MSCs and ECs are a viable alternative to M2-10B4 for long-term 

culture of multipotent hematopoietic cells. Notably, other studies have used coculture 

with human umbilical vein endothelial cells (HUVEC) as well as MSCs from human 

bone marrow to expand LTC-ICs from CD34+ UCB205,223.  However, use of hESC- and 

iPSC-derived MSCs and ECs has advantages over MSCs and ECs from other human 

sources.  hESCs and iPSCs have the ability to derive multiple cell populations that make 

up the hematopoietic niche (including MSCs, ECs, and osteoblasts, and osteoclasts) from 

a single cell line  -- providing a shared genetic background between these interacting 

cells.  Moreover, the ability to genetically modify hESCs with relative ease allows a 

renewable source of cells that express transgenes of interest to hematopoietic 
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development169,224.  These benefits provide the means to better mimic the human in vivo 

niche environment using several lineage types derived from a single cell line with either 

normal or modulated gene expression, thus allowing for a detailed assessment of factors 

crucial to the maintenance of human HSCs.     

hESC-derived cells may differ from their post-natal-derived counterparts in terms 

of their ability to support hematopoietic cultures, as we observed by comparing hESC-

MSCs and BM-MSCs.  The differential ability of hESC-MSCs and BM-MSCs to support 

LTC-ICs from CD34+ UCB reflects our previous findings that demonstrate distinct gene 

expression patterns for these two MSC populations.  For example, hESC-MSCs express 

higher levels of the hemato-endothelial genes, vWF and FLK-1, and the pluripotency -

associated genes REX-1, hTERT, and CD133 213.  This apparent enrichment in hemato-

endothlial gene expression in hESC-derived MSCs could be the result of their derivation 

from a single CD34+CD73- subset, which itself also gives rise to hematopoietic and 

endothelial populations, whereas BM-MSCs may be more heterogeneous in their origin 

and developmental state.   

 The inability of hESC-derived hematopoietic progenitors to demonstrate LTC-IC 

potential, in contrast to progenitors from UCB, is consistent with in vivo studies of 

hematopoietic engraftment from hESCs.  Although SCID-repopulating cells (SRCs), an 

in vivo surrogate for HSCs, can be isolated from umbilical cord blood, adult bone marrow 

and peripheral blood, hESC-derived cells have thus far demonstrated relatively limited 

potential for long-term, multilineage hematopoietic engraftment in vivo 98,219,225.  The 

reasons for this are not completely understood, but our results suggest that these cells 
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may be more similar to short-term repopulating cells or multipotent progenitors (MPPs) 

than HSCs, as demonstrated by an initial expansion but quick proliferative exhaustion.  

Indeed we have shown through gene array studies that, while CD34+CD45+ and 

CD34+CD43+ share expression patterns typical of hematopoietic progenitors, they are 

distinct from populations capable of long-term engraftment such as CD34+ UCB and 

CD34+ fetal liver (unpublished).    The challenges posed by generation of hematopoietic 

progenitors with LTC-IC/engraftment potential from hESCs also highlight the need for a 

better understanding of the in vivo marrow microenvironment – including the role of 

MSCs, ECs, and related cell types.  Finally, this in vitro data combined with the results of 

our in vivo engraftment studies using LTC-IC cultured CD34+ UCB suggest that LTC-IC 

is an accurate indicator for SRC potential, thus providing researchers with an accessible 

way to screen numerous putative hematopoietic progenitor populations before subjecting 

them to time-consuming and costly in vivo experiments.    
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Figure 3.1: hESC-derived MSCs and ECs support CFCs and LTC-ICs from CD34+ 

UCB hematopoietic progenitors.  For LTC-IC assays, 3-5 x 103 CD34+ UCB/well were 

cocultured with mitotically-inactivated M2-10B4, hESC-MSCs, hESC-ECs, a 1:1 mix of 

hESC-MSCs and hESC-ECs, or human BM-MSCs, as indicated. Wells were harvested 

from each cell condition after 3 weeks to quantify hematopoietic CFU assay, CFC yield 

and total cell number.  A. CFC yield/well quantified based on input of 103 CD34+ UCB 

cells in LTC-IC culture and (B) total cell number per well (output) after 3 weeks, as this 

also accounts for cell proliferation over this time course. (C-D) Studies to quantify LTC-

ICs at 5 weeks were assessed based on LTC-IC yield and total cell number, similar to (A) 

and (B).  All values shown for (A)-(D) are the mean +/- SEM of 3 trials, except for the 

combined hESC-MSC/hESC-EC condition (mean +/- SEM of 2 trials).  E.  Photos of 

representative wells at 100X final magnification after 3 weeks (top row) and 5 weeks 

(bottom row) of coculture in Myelocult H5100 media. F. Additional studies using 

limiting dilution LTC-IC analysis with CD34+ UCB were conducted to compare LTC-IC 

frequency between M210, hESC-MSC, hESC-EC, and BM-MSC cells. 
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Figure 3.2:  CD34+CD45+ cells derived from hESCs demonstrate only short-term 

hematopoietic progenitor potential.  Hematopoietic differentiation of hESCs was done 

via spin-EB culture to derive CD34+CD45+ hematopoietic progenitor cells.  A. 

Phenotypic analyses of hESC-derived cells at day 8 (top row) and day 13 (bottom row) of 

differentiation.  B. hESCs differentiated in the spin EB culture system for 12 days were 

magnetically sorted to enrich for CD34+CD45+ hematopoietic progenitors. Representative 

flow cytometry data comparing the pre-sort and post-sort (CD34+CD45+) populations is 

shown.  C. hESCs differentiated for 12 days produced colonies in hematopoietic CFU 

assay, with enrichment for CD34+CD45+ cells showing corresponding increase in the 

frequency of CFCs.  D. Short-term analysis using 5-10 x 104 CD34+CD45+ hESCs/well 

and 5 x 103 CD34+ UCB/well cocultured in parallel on M2-10B4 and hESC-MSC cells. 

After 2 weeks of culture, CFC yield per 105 UCB- or hESC-derived cells initially plated 

in M2-10B4 or hESC-MSC coculture was quantified, with values shown as the average 

of 3 trials +/- SEM.  E. CD34+CD45+ hESCs were harvested at regular intervals 

beginning at day 7 of coculture to assess total cell numbers. F.  CD34+ UCB cultured in 

parallel with hESC-derived cells were harvested at regular intervals beginning at day 14 

of coculture for assessment of total cell number.  Values shown are the mean +/- SEM of 

three trials. G-H. Photographs of representative wells of (G) M2-10B4 coculture and (H) 

hESC-MSC coculture were taken after 1 week (top row) and 3 weeks (bottom row) at 

100X magnification. 
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Figure 3.3: Stromal-cultured LTC-ICs exhibit engraftment potential in NSG mice.  

Bulk cell populations were harvested from each LTC-IC condition after 5 weeks of 

culture.  Cells were then divided among 2-4 non-lethally irradiated NSG mice and 

injected through the tail vain at a dose equivalent of 7.5 – 10 x 103 CD34+ UCB initially 

seeded per mouse.  Each group had at least one male and at least one female and were 

divided evenly where possible.  (A) Flow cytometric analysis of peripheral blood, spleen 

and bone marrow from a single mouse representing each experimental group.  (B) Dot 

plot representing % human CD45 chimerism in each tissue for individual mice.  

Horizontal bars represent the group mean values. 
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The use of hPSCs for in vitro generation of HSCs to treat individuals with 

hematological disorders remains an extremely attractive possibility for regenerative 

medicine.  In addition to the potential for theoretically unlimited production of cellular 

material for engraftment, iPSCs open the door for individuals harboring a disease-

promoting mutation to have their own cells reprogrammed, genetically corrected, 

differentiated into functional HSCs or other blood lineages, then transplanted back into 

them.  This patient-specific mode of therapeutics would ideally bypass the enormous 

complications associated with graft versus host disease (GVHD) that plague current 

standards of transplantation biology.  However, before any of this is possible, we must 

first gain an adequate understanding of the physiology behind human in vivo HSC 

development and maintenance.  To this end, using hPSCs as a model for human blood 

development provides us with a means to experiment with a variety of culture conditions, 

thus gradually refining our ability to recreate the in vivo HSC microenvironment. 

The studies conducted as part of this thesis attempt to address these issues from 

both the perspectives of hPSC-derived hematopoietic progenitor physiology as well as an 

assessment of the supporting hematopoietic niche.  Using a novel system to detect the 

transcriptional activity of genes known to be crucial for the first stages of mouse 

definitive hematopoietic development in differentiating hPSCs, we were able to 

determine that RUNX1c and PU.1 are activated in only particular sub-sets of human 

hematopoietic progenitors, and that these cells share a number of gene expression 

differences with SRC-containing populations such as CD34+ UCB and FL.  In addition, 

we demonstrated that hESC-derived stromal cells representing the hematopoietic 
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microenvironment were able to support the long-term survival of LTC-ICs from UCB 

equal to or better than primary BM niche populations.  Furthermore, our results showing 

a lack of LTC-ICs in hPSC-derived hematopoietic progenitors are in support of previous 

findings which show these populations are also deficient for long-term, multilineage 

reconstitution. 

 Our initial hypothesis that RUNX1c expression would allow for the prospective 

isolation of engraftable hPSC-derived HSCs ultimately proved to be incorrect, as we 

found these cells were not even capable of long-term culture, which we contend is a pre-

requisite for engraftment.  However, this lofty expectation aside, our first-of-its-kind 

system for tracking human hematopoietic development yielded several positive results 

with implications regarding future research in this field.  First, we were able to 

demonstrate that, as in mouse, RUNX1c expression identifies and is specific for 

hematopoietic populations as well as rare adherent cells which appear to be acting as an 

in vitro hemogenic endothelium.  This again is consistent with in vivo mouse data 

showing RUNX1 expression in endothelial cells of the dorsal aorta directly prior to the 

emergence of definitive HSCs.  Additionally, while our studies with the PU.1 reporter are 

incomplete, the preliminary results outlined here demonstrate that the promoter and URE 

are active in the same subsets of cells expressing RUNX1c, suggesting that these 

transcription factors are closely related as part of a distinct regulatory network in hPSC-

derived hematopoietic cells. 

 Second, it is interesting and potentially very informative that the regulatory 

elements for these genes are only active in particular subsets of hPSC-derived 
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hematopoietic cells.  We and others have speculated that part of the engraftment 

deficiency in hPSC-derived populations is due to their bias toward development of 

primitive progenitors.  It then stands to reason that, if we are to develop conditions which 

skew this bias toward definitive development, given that it occurs, we need an accessible 

means to distinguish between these two types of progenitors as they emerge in culture.  A 

few of our findings suggest that the RUNX1c and PU.1 reporters may serve this purpose.  

If we are to assume that in vitro hematopoiesis at least partially recapitulates that which 

occurs in vivo, we would then expect that the first hematopoietic cells to develop are part 

of the primitive system, and should be excluded from any model tracking definitive 

hematopoiesis.  Indeed, the initial CD34+CD41a+ and CD34+CD43+ cells to emerge, both 

of which are enriched for primitive progenitors, lack expression of the reporter.  It is not 

until several days later that the CD31+, CD43+ tdTom (RUNX1c) cells are detected.  This 

could be interpreted as an in vitro recapitulation of the two hematopoietic waves with 

RUNX1c expression marking the definitive compartment, though more detailed 

experiments would be required to confidently reach such a conclusion.  Our results using 

the SB inhibitor of primitive hematopoiesis are also in support of this hypothesis, as these 

conditions favored the development of tdTom+ progenitors while decreasing proportion 

of initial CD34+CD41a+ and CD34+CD43+ emerging populations.  Future studies should 

seek to evaluate in greater detail the origin and characteristics of these temporally distinct 

hPSC-derived subsets to determine if they indeed represent separate phases of 

hematopoietic development. 
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 Finally, our genetic analysis showing distinct expression patterns differentiating 

all of the hPSC-derived populations from SRC-containing CD34+ UCB and FL appears to 

support what is becoming an increasingly evident reality within the field: that current in 

vitro culture conditions are simply inadequate for the production of HSCs from hPSCs.  

While these populations indeed show phenotypic and functional qualities (CFU-enriched, 

CD34+, etc) consistent with hematopoietic progenitors, their lack of long-term, 

multilineage engraftment is likely a consequence of these genetic differences.  More 

specifically, the discrepancies involving genes associated with proliferation are 

particularly intriguing.  Current studies are continually finding that populations of HSCs 

within the BM can be subdivided into those which are entering the cell cycle in order to 

replenish pools of MPPs, and those which remain quiescent, with the former being 

enriched for LTMR capability over the latter.  Therefore, it appears that our hPSC-

derived progenitors may be more similar to actively dividing HSCs, MPPs, or possibly an 

even more restricted subpopulation with respect to expression of genes that affect cell 

cycle and proliferation.  This notion is further supported by our LTC-IC data, which 

demonstrate the hESC derived cells to proliferate for the first 1-2 weeks of culture while 

quickly dying out thereafter, losing the ability to produce CFUs.  As such, modulation of 

gene expression using the key findings in our array analysis may help to circumvent this 

deficiency.  For instance, conditional, enforced expression of Let-7 family members at 

early stages of in vitro differentiation may help to preserve any self-renewing, 

multipotent progenitors by negatively regulating cell-cycle entry genes such as the 

CCND family.  Another potential target could be the HoxA family.  A recent study has 
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shown the HoxA genes to promote self-renewal over differentiation in hematopoietic 

progenitor cells226.  Increasing HoxA locus expression in hPSC-derived progenitors could 

bias their fate decisions toward self-renewal and increase their capacity for long-term 

engraftment.  Finally, our finding that mir-181a is deficient in the hPSC-derived 

populations provides a potential cause for their apparent lack of multipotency in relation 

to B-cell development, and it too may be targeted in an attempt to further refine 

progenitor function.  Whether forced conditional expression approaches will require 

numerous independent genetic modifications, or only a couple which result in a cascade 

of regulatory network alterations remains to be seen.    

 In light of this evidence, it seems increasingly evident that the prospect for in 

vitro production of hPSC-derived HSCs will require a 2-pronged approach: the 

development of culture conditions which more accurately simulate the hematopoietic 

niche and a detailed characterization of regulatory networks which influence not only 

HSC identity, but that of the precursors as well.  At this point, the later method is 

probably seems a little less daunting, but will rely on access to large amounts of aborted 

fetal tissues as well as collaborative efforts to analyze these samples using recently 

developed technologies such as single-cell RNAseq.  This way, the human-specific in 

vivo developmental progression from mesoderm to hemogenic endothelium to HSC can 

be articulated on a cell-by-cell basis, allowing us to identify the causative factors in our 

SRC-deficient hPSC-derived progenitors.  Using reporter models such as those described 

here, we can then systematically design hPSC differentiation conditions aimed at 

alleviating these deficiencies.  Indeed, though the in vitro production of HSCs seems to 
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be more complicated than researchers originally hoped, the combination of increasingly 

sophisticated technologies for analysis, mass-collaborative efforts and continued 

experimental creativity should eventually help us realize this goal.          
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Appendix  

Commonly used acronyms 

AGM: Aorta-gonad-mesonephros.  Region of the developing mouse embryo from which 

hematopoietic stem cells first emerge. 

BM: Bone marrow.  The primary site of adult HSC maintenance. 

BM-MSC: Bone marrow-derived mesenchymal stromal cell.  Cells derived from human 

bone marrow used for in vitro hematopoietic support. 

CFU: Colony forming unit:  A progenitor cell which gives rise to a hematopoietic 

colony. 

Dub7: Umbilical cord blood-derived induced pluripotent stem cell line used for the 

RUNX1c reporter studies. 

E: Embryonic day.  Referring to the number of days post fertilization. 

EB: Embryoid body.  A spherical cluster of cells used hematopoietic differentiation 

protocols. 

EC: Endothelial cell. 

EryP: Primitive erythrocyte.  The first blood cells to arise through the primitive 

hematopoietic program. 

FL: Fetal liver.  Tissue extracted from the liver of an aborted fetus. 

GFP: green fluorescent protein.  A fluorescent protein constitutively expressed in our 

transgenic reporter cell lines. 
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hESC: human embryonic stem cell.  Pluripotent stem cells derived from the inner cell 

mass of a human blastocyst. 

hESC-EC: endothelial cells derived from hESCs 

hESC-MSC: mesenchymal stromal cells derived from hESCs 

hPSC: human pluripotent stem cell.  Collectively referring to hESCs and iPSCs. 

HSC: hematopoietic stem cell.  A progenitor cell capable of long-term self renewal and 

multilineage hematopoietic differentiation. 

HSCT: Hematopoietic stem cell transplant. 

IBMT: Intra-bone marrow transplantation.  The practice of injecting material directly 

into the bone marrow.  

iPSC: Induced pluripotent stem cell.  An adult cell which has been reprogrammed to a 

pluripotent developmental state. 

KTLS: ckit+Thy1.1loLin-Sca1+.  Referring to the phenotype of an SRC enriched 

population of BM cells. 

LTC-IC: Long-term culture initiating cell.  A hematopoietic progenitor cell which can 

survive long-term (>5 weeks) in culture.  Commonly thought of as an in vitro surrogate 

for an SRC. 

LTMR: long-term, multilineage reconstitution.  The ability of a cell population to 

reconstitute all blood lineage of a recipient upon transplantation. 

mESC: mouse embryonic stem cell. 

M2-10B4: A stromal cell line derived from mouse bone marrow used to induce 

hematopoiesis from hPSCs in vitro. 
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MPP: Multipotent progenitor.  Typically referring to an HSC derivative capable of 

differentiating into myeloid and lymphoid lineages while lacking full HSC function. 

MSC: Mesenchymal stromal cell. 

PBI: Peripheral blood island.  Pools of primitive erythrocytes within the vasculature of 

the embryonic yolk sac. 

P1:  The distal promoter which drives expression of the Runx1c isoform. 

P2:  The proximal promoter which drives expression of the Runx1b isoform. 

SRC: SCID repopulating cell.  A cell capable of LTMR in a SCID mouse. 

UCB: Umbilical cord blood. 

 

 

   

    

 

 


