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CHAPTER 1:  Aims 

The hematopoietic stem cell (HSC) maintains hematopoiesis throughout life. HSC 

are used to treat a number of hematopoietic disorders including leukemia and other 

hematopoietic malignancies, as well as immunodeficiencies. The first successful 

bone marrow (BM) transplantation was performed over 30 years ago1,2. Even so, we 

still have an incomplete understanding of what regulates different aspects of HSC 

behavior3. To repopulate the hematopoietic system, physicians initially used bone 

marrow (BM) as a cell source, and more recently granulocyte colony stimulating 

factor (G-CSF) mobilized peripheral blood (PB) cells, and umbilical cord blood 

(UCB).  Although HSC transplantation can cure a significant proportion of patients, 

limitations still remain. Histocompatibility complex leukocyte antigen (HLA) 

matching is imperative to reduce the risk of graft versus host disease, such that a 

suitable donor cannot be found for many patients. Near complete matching is 

required when adult sources of cells are used, whereas, some degree of HLA-

mismatch is allowed when UCB grafts are used, even though a low incidence of 

severe graft versus host disease (GVHD) persists following UCB transplantation4. 

One of the problems related to the use of UCB as cell source is the limited number of 

HSC per graft, such that one UCB unit is insufficient to treat adult patients5-7.  

Therefore, many investigators have examined whether HSC can be expanded ex vivo, 

as this would circumvent the problem associated with the limited number of HSC 

present in UCB. However, robust methods for ex vivo maintenance, let alone HSC 

expansion, have not been developed. Understanding the mechanisms that regulate 

proliferation, self-renewal, and differentiation of HSC may yield means of HSC 

expansion in vitro, as well as, allow for a single cord blood graft to be used for an 

adult recipient, and aid in attempts for genetic modification of autologous HSC for 

therapy of genetic hematopoietic disorders. Theoretically, the potential to expand 

HSC in vitro could provide a limitless supply of HSC for therapy.  

In vivo, HSC receive signals from the local microenvironment in which they reside 

that regulate self-renewal vs. differentiation. In adults, HSC reside in the BM, in 

putative stem cell niches. The hypothesis of the HSC niche was first proposed in 
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1978 by Schofield, who proposed that cell contact is required between HSC and cells 

in the niche for HSC maintenance8. Over the last 5 years, two different locations 

have been identified within the adult BM that may serve as the BM niche: the 

endosteal niche and the vascular niche9. Even less is known regarding putative stem 

cell niches during development. During development hematopoiesis is initiated in the 

yolk sac and the aorta-gonad-mesenephros (AGM) region. Around embryonic day 

(E) 12 in mouse, HSC migrate to the fetal liver (FL) where extensive expansion of 

the HSC pool occurs and HSC differentiate to the lineage committed progenitors. 

HSC migrate from the liver to the BM just before birth. As each of these 

microenvironments plays a unique role in development of hematopoiesis, it is 

hypothesized that they may possess unique signals that govern different aspects of 

HSC development, self-renewal and differentiation.  However, the nature of these 

signals is still poorly understood. The aim of this thesis was to identify candidate 

factors produced by the HSC niche that regulate HSC cell maintenance (and 

expansion).  

In Chapter 4 of this thesis I hypothesized that at least some factors produced in HSC 

niches responsible for HSC self-renewal would be soluble. A number of stromal cell 

lines have been generated from the AGM region, fetal liver and BM that support 

HSC in vitro. I used three stromal cell lines that preserve human and / or mouse HSC 

cultured in direct contact with the feeders, namely UG26-1B6, derived from the 

AGM region of E10.5 embryos; EL08-1D2, derived from fetal liver of E10.5 

embryos; and AFT024, derived from fetal liver of E14.5 embryos10-14. To determine 

if soluble factors secreted by these feeders could support HSC, I cultured HSC-

enriched murine BM cells either in direct contact with or separated by a transwell 

from the feeder for 3 weeks, and tested the ability of the ex vivo maintained cells to 

competitively repopulate the hematopoietic system of lethally irradiated mice. I 

demonstrated that only UG26-1B6 cells support competitive repopulating HSC 

cultured separated from the feeder, and that UG26-1B6 cells must secrete one or 

more HSC-supportive factors that are not secreted by the EL08-1D2 feeder. 

In Chapter 5, I describe studies in which I compared the transcriptome of UG26-1B6 

and EL08-1D2 cells, to identify candidate factors secreted by UG26-1B6 but not 
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EL08-1D2 that support HSC maintenance/expansion in vitro. Eighteen candidate-

secreted factors were identified. I describe initial studies to test if 3 of these 18 

factors, Galectin-3, Tfpi, and SerpinE2, can support HSC ex vivo. 

In Chapter 6, I evaluated the effect of a fourth factor expressed significantly higher 

in UG26-1B6 than EL08-1D2 cells, Wnt5a, on HSC support in ex vivo cultures. I 

describe studies to determine if (1) addition of Wnt5a to the EL08-1D2-based 

cultures allows maintenance of HSC placed in transwells above the feeders and if 

addition of anti-Wnt5a antibodies to the UG26-1B6–based cultures prevented HSC 

persistence; (2) if Wnt5a can also be used in the absence of any stromal support to 

maintain HSC; (3) and to evaluate the mechanisms via which Wnt5a affects HSC. 

In Chapter 7 of the thesis, I evaluated the effect of bone morphogenic protein (BMP) 

antagonists on HSC maintenance / expansion. These studies were not strictly derived 

from the transcriptome studies described in Chapter 5, but followed from other 

studies in the lab demonstrating that BMPs play a key role in mesoderm specification 

and initiation of hematopoiesis during zebrafish development. I describe studies (1) 

wherein the effect of loss of two BMP antagonists, Twisted gastrulation (Twsg1) and 

Chordin (Chrd), on adult hematopoiesis is evaluated, (2) and studies wherein the 

effect of addition of Twsg1 and Chrd to ex vivo feeder-free cultures on the 

repopulation ability of HSC is being tested.  
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CHAPTER 2: Introduction and Background 

 

2.A. Development Of Hematopoiesis 

Hematopoiesis in mammals takes place in multiple locations throughout 

development (Figure 2.1). Hematopoiesis can first be detected in the yolk sac around 

embryonic day (E) 7.515,16. The yolk sac, derived from the hypoblast, includes 

mesodermal and visceral endoderm cells that surround the embryo. Within the 

mesoderm of the yolk sac, blood islands form consisting of endothelial and 

hematopoietic cells17-19.  At E7.5, primitive erythroblasts, macrophages, and a few 

megakaryocytes are found in blood islands20-22. Erythrocytes found in the yolk sac 

are commonly nucleated, larger in size than erythrocytes in postnatal blood, and 

express different hemoglobins than postnatal erythrocytes23,24. As in the formation of 

hematopoietic cells from the mesoderm in the embryo proper, BMP signaling in the 

extraembryonic mesoderm is critical for the specification of yolk sac mesoderm to 

hematopoietic cells25.   There has been significant debate the last ten years whether 

HSC arise in the yolk sac that persist into adulthood, as some studies suggested that 

cells generated in the aorta-gonad-mesenephros (AGM) region around E10.5 were 

the precursors of all postnatal HSC. A first indication that cells capable of populating 

postnatal hematopoiesis are generated within the yolk sac were studies demonstrating 

that HSC can be found in the yolk sac at ~E9.0 that are capable of repopulating the 

hematopoietic system in conditioned newborn mice16,26. Recent lineage tracing 

studies using Runx1 to identify the first hematopoietic cells, have found that 

hematopoietic cells generated as early as E7.5 in the yolk sac, give rise to HSC that 

can be found in the embryo at later stages of gestation as well as in adult mice27. 

A second location where hematopoiesis appears to initiate, is in the AGM region of 

the embryo proper around E10.528,29.  In the mouse embryo during gastrulation the 

para-aortic-splanchnopleure (PAS) is derived from mesoderm at around E7-9, which 

at E9 forms the AGM region30. Hematopoietic multipotent progenitor cells, including 

colony-forming units-spleen (CFU-S) are first found in the PAS around E930. Similar 

to HSC in the yolk sac, cells in the PAS/AGM region at E9 can repopulate newborn 
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mice, but lack adult repopulation potential31.  The AGM region consists of the dorsal 

aorta and its surrounding mesenchyme, as well as, the neighboring early tissues of 

the urogenital system, including the mesonephros and genital ridge32. In the AGM 

the first HSC with adult multilineage engraftment potential are found at E10.529. 

These HSC are found in the dorsal aorta29.  Unlike in the yolk sac where endothelial 

cells and hematopoietic cells are found at the same time and HSC do not appear to 

originate from hemogenic endothelium27, the aorta is formed one day prior to when 

the first hematopoietic cells are found33.  Studies in a number of species have 

suggested that the endothelial cells of the aorta, termed hemogenic endothelium, give 

rise to the hematopoietic cells34. It is believed that hematopoiesis in the PAS/AGM 

consists of an initial wave of multipotential progenitor cells with lymphoid-lineage 

potential and then the generation of adult-type HSC35. Some investigators have 

hypothesized that these intra-embryonic HSC are the only source of HSC that 

colonize the fetal liver and later the BM and persist in adulthood35,36. However, as 

circulation between the yolk sac and embryo initiates around E8.5, HSC in the AGM 

might also be descendants of the early HSC in the yolk sac37. As discussed above, 

recent studies suggest that at least some of the HSC in the embryo as well as in adult 

mice are derived from the yolk sac26,27,31. Additional studies in multiple species have 

now also identified HSC in the placenta, that can be found as early as E8.5 in mice, 

at the same time that HSC appear in the AGM38. As for HSC in the AGM, the 

possibility exists that some of these HSC are derived from the yolk sac as their 

detection coincides with the first detection of HSC in the circulation36,39. Hence it 

remains not fully clear what the exact origin is of HSC found in adult animals.  

Better understood is the fate of HSC in subsequent stages of development. HSC 

migrate from the AGM region to the fetal liver at around E1140. In the fetal liver 

HSC undergo extensive self-renewal and commit to the different cell lineages, 

including myeloid and lymphoid progenitors41. As is true for HSC in postnatal BM, 

the frequency of HSC in FL is low, and HSC only comprise 0.05% of FL cells41,42. 

Prior to birth the location of hematopoiesis shifts to the BM where hematopoiesis 

remains throughout adulthood43. The BM then plays a vital role in maintaining 

hematopoiesis throughout life by maintaining and regulating the HSC population.  
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During gestational life, lymphopoiesis occurs in the thymus and spleen, and 

subsequently in the secondary lymphoid organs such as lymphnodes. At E11-12, at 

which time T-lymphoid progenitors are also detected in the AGM, the first lymphoid 

progenitors can be detected in the thymus44-46. These progenitors then undergo 

maturation where they progressively become restricted to the T-cell lineage46. At the 

same time the population expands significantly. By contrast B-cell development 

occurs largely in the fetal liver, where from E14 B-cell progenitors expand peaking 

at the perinatal stage47. At E11, cells cluster at the site of the spleen in the dorsal 

mesogastrium, but the spleen is not identifiable until around E1348. By E13 cells 

derived from the fetal liver start to migrate to the spleen. By E14-16, hematopoietic 

progenitors such as CFU-E and CFU-GEMM can be found in the spleen, a 

phenomenon that persist in mice till after birth, even though the frequency of colony 

forming cells decreases around 3 weeks postnatally49.  Around E17, coinciding with 

initiation of lymphopoiesis, cells from the thymus immigrate in the spleen49. 

Migration of HSC from the fetal liver to the marrow commences around E17, and 

peaks in the immediate pre-natal period at which time the BM becomes the chief 

hematopoietic organ.  

2.B.  Hematopoietic Stem Cell Characterization 

The concept of hematopoietic stem cells (HSC) was first proposed in the 1950’s after 

researchers discovered lethally irradiated mice could be rescued from BM aplasia by 

transplanting cells from healthy mouse BM or spleen50. Subsequent studies 

demonstrated that HSC posses the unique property to self-renew and maintain the 

hematopoietic system throughout life. The HSC is capable of generating all blood 

cell lineages. In the adult mouse, HSC reside in the BM where they constitute less 

than 0.01% of the total cell population42. Many studies over the last 2-3 decades have 

developed tools to characterize HSC and their descendants. This has led to the 

development of a hematopoietic cell hierarchy wherein HSC are at the top of the 

hierarchy generating progressively more lineage committed cells which coincides 

with decreased self-renewal and proliferative potential.  

HSC are the only cells that reconstitute hematopoiesis long-term. In contrast to 

hematopoietic progenitor cells (HPC), direct descendants of the HSC, HSC 
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proliferate rarely in vivo, with frequencies estimated to be somewhere between every 

month51 to every year52. HPC cannot reconstitute the hematopoietic system for the 

life of the recipient, but are responsible for the extensive proliferation of progenitors 

needed to generate the millions of hematopoietic cells generated daily in the mouse. 

At the bottom of the hierarchy are the terminally differentiated hematopoietic cells 

(Figure 2.1). Within the most primitive HSC compartment, more recent studies have 

demonstrated that cells with different degrees of self-renewal capabilities exist, 

namely long-term repopulating (LTR-HSC) and short-term repopulating (STR-HSC). 

LTR-HSC repopulate lethally irradiated mice for over 16 weeks and repopulate 

successive animals when serially transplanted53,54. STR-HSC have more limited self-

renewal potential: they repopulate primary recipients for 3-4 months, but not longer, 

and cannot repopulate successive recipients when serially transplanted55,56.   

The development of fluorescence activated cell sorting (FACS) has enabled the 

purification of HSC and progenitor cells. Cells can be labeled with fluorochrome 

tagged antibodies against specific cell surface markers and separated in different 

subfractions. Adult murine HSC do not express mature lineage markers, such as 

B220, CD3, Mac-1, Gr-1 among others, but express Sca-1 and c-kit (Lin-Sca-

1+ckit+), and are named KLS cells 56,57. The murine KLS population can be further 

purified based on the expression of CD34 or Thy1: murine HSC are KLS-CD34-

negative and KLS-Thy-1 low57-59. When selected using these combinations of 

antibodies, 1 of 5 cells has LTR-HSC capacities 60. To further enrich for HSC, a 

number of other approaches have been developed, including selecting based on the 

side population (Sp) profile  (based on Hoechst staining)61, using antibodies against 

one or more of the SLAM markers60, expression of Flt355, Tie262,63, integrin-alpha-

664 among others, allowing near 100% purification of LTR-HSC. Differential 

expression of the SLAM receptors, Flt3, integrin-alpha-6, CD34, CD38, and Thy1.1 

among others can be used to discriminate between LTR-HSC and STR-HSC58,59,65. 

HSC give rise to multi-potent progenitor (MPP) populations that differentiate to 

progeny with more restricted differentiation potential. The two subclasses of 

progenitor populations are the common myeloid progenitor (CMP) and the common 

lymphoid progenitor (CLP). The CMP, phenotypically defined as a 
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ScalowckitlowFcγRII/III neg IL7RnegCD34pos cell, gives rise to all myeloid cells that 

include granulocytes, monocytes, macrophages, erythrocytes, megakaryocytes, mast 

cells, and certain antigen presenting dendritic cells (DC)66. The CMP further 

differentiates to granulocyte-macrophage progenitors 

(GMP)(ScalowckitlowFcγRII/III hiIL7RnegCD34neg cell)66 which gives rise to basophils, 

eosinophils, neutrophils, and monocytes, and megakaryocyte-erythrocyte progenitors 

(MEP)(ScalowckitlowFcγRII/III loIL7RnegCD34pos cell), which have more restricted 

lineage potential66.  

CLP give rise to the mature cells required for the innate and adaptive immunity, 

including T-cells, B-cells, NK cells and certain DC. The murine CLP population is 

phenotypically charecterized as a Lin-ScalowckitlowFcγRII/III negIL7RposCD34pos cell67.  

It has also been proposed that some progenitors posses both myeloid and lymphoid 

potential but not other lineages such as erythrocytes and megakaryocyte68.   

2.C. The HSC Microenvironment: The HSC Niche 

The stem cell niche, or the local microenvironment wherein a stem cell resides, is 

constituted of supportive cells, extracellular matrix and secreted factors that allow a 

stem cell to maintain its undifferentiated state (Figure 2.3). Although hematopoiesis 

is the most well studied stem cell system, the exact nature of the niche wherein the 

HSC resides remains incompletely understood. The notion that HSC reside in niches 

that regulate their behavior (cell quiescence vs. symmetric divisions vs. asymmetric 

divisions vs. differentiation) was put forward first by Schofield, et. al. in 19788. 

However, until a few years ago the precise location of HSC and hence its niche, 

within the adult BM was unknown.  

2.C.1. The Germinal Stem Cell Niche In Drosophila Gonads 

Insights in the role of the niche, wherein stem cells reside, on stem cell behavior 

have first been obtained in lower animal species like C. Elegans and Drosophila 

Melanogaster. For instance, since more than a decade, investigators have studied the 

niche wherein germ stem cells (GSC) in Drosophila gonads reside.  

In Drosophila testis, approximately 12 nondividing somatic hub cells at the apical tip 
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of the testis make up the niche that maintain 5-9 GSC in a characteristic rosette 

pattern69. When GSC divide, one spindle pole associates with the GSC-niche 

interface70. In this manner the two daughter cells remain attached to the hub cell and 

remain as a GSC, and the other cell no longer attached to the hub undergoes 

differentiation. In the female gonad, the niche consists of GSC associated with a 

group of five to seven nondividing somatic cap cells that each physically anchor two 

or three GSC to the anterior of each germarium69. As in the male gonad survival and 

preservation of GSC is dependent on close association with the somatic cap cells69. A 

number of signaling mechanisms have been identified that regulate GSC self-renewal 

vs. differentiation in the GSC niche in Drosophila gonads, that are also active in 

mammalian stem cell fate decisions. These include among others Notch signaling 

and signaling via BMPs (more active in the female gonad) and via Jak/Stat (more 

active in the male gonad).  

In the male Drosophila gonad, the Jak-Stat pathway is the major signaling pathway 

required for GSC maintenance69,70. Upd, a short-range signal expressed in hub cells, 

maintains GSC fate by activating the Jak-Stat signaling pathway in GSC 71. Jak-Stat 

signaling initiates when Upd binds to the Domeless receptor and activates Hopscotch 

(the Janus kinase). Hopscotch then phosphorylates Stat92E, which leads to target 

gene transcription 72,73. GSC lacking either hop or Stat92E cannot transduce the Upd 

signal and can no longer self-renew74, whereas forced expression of Upd leads to an 

expansion of GSC72,74. In female drosphila gonads, the Jak-Stat pathway plays a less-

important role in GSC maintenance75. Dpp, the Drosophila homologue of BMP2, is 

the major signaling mechanism that regulates female GSC in Drosophila.  Dpp, acts 

over the short range from the stem cell niche to the GSC to inhibit expression bag of 

marbles (bam) for which there is no good mammalian homologue known. Loss of 

dpp signaling in GSC allows bam expression leading to differentiation76 whereas 

forced expression dpp inhibitss bam transcription and blocks the differentiation of 

GSC77. Finally, another molecule also important in mammalian stem cell regulation, 

Notch, also plays a role in the drosopghila gonad niche78. Notch is a large trans-

membrane protein that functions by direct interaction with its ligands on a 

neighbouring cell (Delta and Serrate)79-81. Upon binding, Notch becomes activated, 

the intracellular domain is released from the membrane and enters the nucleus where 
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it activates expression of target genes. In Drosophila increased activation of Notch in 

the supportive cells induces an increase in support cells, leading to a secondary 

increase in GSC, suggesting a stem cell-to-niche reverse signaling78. 

2.C.2. The Epidermal Stem Cell Niche in Mammals  

In higher mammalian species several stem cell niches have been extensively studied, 

including the neural stem cell niche, the gastrointestinal epithelium stem cell niche 

and the skin epithelial stem cell niche. Many of the signaling mechanisms operative 

in Drosophila and C. Elegans stem cell niches also play a major role in niches for 

mammalian stem cells. Over the last 5-10 years it has become clear that stem cells 

that can generate all skin appendage as well as keratinocytes of the skin are located 

next to the hair shaft in the so called bulge82. These cells were initially identified on 

the basis of their quiescence, i.e. BrdU label retaining cells83. Since then, FACS 

sorting as well as intracellular marker proteins have allowed the purification of these 

stem cells (integrin -α6, Keratin15 (K15), CD34 or P63). Cells from the bulge 

migrate to populate the basal layer of the skin epithelium. It is not yet fully 

understood how stem cells in the bulge remain undifferentiated. It has been 

hypothesized that stem cells generate slightly more committed cells to generate 

transit-amplifying cells, by asymmetric divison, as in Drosophila gonads. Signals 

that affect the epidermal stem cell include Wnt signaling, Hedgehogs, BMPs, but 

interestingly not Notch84,85. Binding of Wnt to its receptors, commonly one of the 

Frizzled (Fzd) receptors and an LRP receptor, leads to stabilization of β-catenin 

which then transfers to the nucleus and activates its target genes, including Tcfs, Lef, 

Myc, and cyclins, a pathway also termed the canonical pathway (this will be 

discussed more extensively in the next sections).  Stem cells in the bulge usually do 

not express Lef-1, but express Tcf3, which may be important for the maintenance of a 

multipotent cell phenotype86. When bulge stem cells start to differentiate, expression 

of Tcf3 decreases and expression of Lef-1 is induced86. Hence, Wnt dependent 

induction or suppression of either Tcf3 or Lef-1 appears to be the switch to 

determine whether cells differentiate or retain stem cell characteristics86. Bmp-4 

produced by the mesenchyme surrounding the epidermal stem cells also plays a role 

in epidermal stem cell behavior. Noggin-/- mice have decreased numbers of hair 



 11 
 

follicles87, which is also associated with decreased expression of Lef-1. The latter 

suggests that the relative levels of Bmps, Bmp antagonists and Wnt signaling 

regulate the properties and fate of the hair follicle stem cells88. Notch1 is not 

expressed in the bulge stem cells, but is present in the transient amplifying pool 

where it plays a role in fate decision of the transit-amplifying cells89. 

Similar signal molecules play a role in regulating the fate of gastrointestinal stem 

cells as well as neural stem cells90-94. Hence, one can conclude that most stem cells 

from C. Elegans till humans depend on their microenvironment for fate decisions. 

The signals involved are both direct cell-cell interactions as well as local secreted 

factors, interestingly mostly morphogens but not cytokines or classical growth 

factors. Two of these morphogens will be discussed more extensively in Section 2.E.  

2.C.3. The Hematopoietic Stem Cell Niche 

In the adult mouse, two locations in the BM have been proposed to constitute the 

stem cell niche. HSC reside near the endosteum lining the BM cavity95,96. The 

findings that osteoblasts play a role in HSC homeostasis comes from studies wherein 

the osteoblast compartment of the bone was expanded by overexpression of 

parathyroid hormone (Pth) and its receptors97, and a second series of studies wherein 

the BMP-receptor-1a was knocked out, both leading to an increase in HSC98. As 

these genetic manipulations increase HSC numbers62, it is believed that the 

osteoblastic niche regulates HSC maintenance and self-renewal, perhaps by direct 

cell-cell interactions via the Notch99 and N-cadherin100 pathway. An alternative 

method through which osteoblasts maintain HSC quiescence is by the secretion of 

diffusible factors such as thrombopoietin101, angiopoietin62, CXCL12102, among 

others, that directly affect HSC. Yet another possibility is that osteoblasts affect 

adjacent cells including osteoclasts103 that then affect HSC fate decisions. For 

instance, there is evidence that bone remodeling with production of calcium affects 

HSC self-renewal103,104. However, some studies demonstrated that ablation of 

osteoblasts using a Collagen-1A1 conditional knockout mouse leads first to the 

depletion of more committed progenitors and later to depletion of the HSC 

compartment, which is in contradiction to the notion that osteoblasts would preserve 
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the HSC pool105. Hence the exact role of the osetoblastic niche is not yet understood. 

The second niche that has been identified in the BM is the vascular endothelial niche. 

Using antibodies against SLAM receptors on HSC, it became clear that HSC could 

also be found adjacent to sinusoidal vascular endothelial cells 60. Like osteoblasts, 

endothelial cells secrete factors that affect HSC106,107. As for osteoblasts, there is 

significant evidence that endothelial cells support HSC in vivo 108,109. Moreover, in 

other tissues, such as the yolk-sac16 and AGM29 as discussed in 2.A above, as well as 

postnatal tissues other than BM such as spleen48 and liver41, there is evidence that 

HSC reside near endothelial cells.  These studies demonstrate that in the adult 

multiple niches may exist for HSC. Whether the different HSC niches play a 

different role in maintaining HSC quiescent, and / or controlling symmetric vs. 

asymmetric cell divisions is not yet known. 

2.D. Assays For Hematopoietic Stem Cells 

Since HSC were first identified in 1961, assays to analyze their functional potential 

have been developed110. As discussed above, great progress has been made in the 

phenotypic characterization of murine HSC and their descendants such that it is now 

possible to isolate nearly 100% pure murine HSC57,58,61. Similar progress has been 

made in the phenotypic characterization of the direct descendants of HSC, the 

CMP66, CLP67 and further committed cells42. A similar phenotypic characterization 

of human HSC and HPC is less well established, owing chiefly to the fact that the 

functional readout of human LTR- HSC is unavailable.  

A number of in vitro assays have been developed to assess different aspects of 

HSC/HPC function. The most commonly used assay to evaluate HPC is the colony-

forming unit cell (CFC) assay. The CFC assay uses a methylcellulose-based media 

supplemented with cytokines to identify myeloid lineage-restricted cells. Types of 

colonies that are found include colony-forming units-granulocyte (CFU-G), colony-

forming units-macrophage (CFU-M), colony-forming units-

granulocytes/macrophages (CFU-GM), colony-forming units-erythroid (CFU-E), 

burst forming-units (BFU-E) (more immature erythroid colonies than CFU-E), and 

colony-forming unit-granulocytes/ erythrocytes/ macrophages/ megakaryocytes 



 13 
 

(CFU-GEMM), which is the most primitive colony.  Colonies are usually 

enumerated after 10 days for mouse cells and 14 days for human cells. A more 

primitive colony-forming cell is the high proliferative potential CFC (HPP-

CFC)111,112. The HPP-CFC is characterized by its large colony size (usually around 

50,000 cells); it contains multiple cell types and can be replated, demonstrating at 

least limited self-renewal111,112.  

More primitive cells can be evaluated using stroma-based cultures: the cobblestone 

area forming cell assay (CAFC) and the long-term culture-initiating cell assay (LTC-

IC).  These assays follow from studies by M. Dexter and colleagues demonstrating 

that when BM is plated in vitro, a feeder layer of adherent cells or stromal cells is 

established whereunder and above colonies of hematopoietic cells are formed, that 

appear after several weeks, and contain primitive as well as more committed cells113-

115. This finding was subsequently used to develop assays wherein a stromal support 

feeder is plated, and selected cell populations plated on the feeders allowing one to 

evaluate those cells that cannot form colonies in CFC assays, but need to undergo 

commitment supported by the feeder to subsequently generate CFC multiple weeks 

later116,117. The CAFC assay enumerates cells that can generate the typical 

cobblestone colonies wherein primitive cells underneath the stromal cells give rise to 

colonies of cells that reside under and above the feeder118. The LTC-IC assay 

enumerates those cells that survived and matured for differing periods of time in the 

stromal culture to then be able to generate CFC following by replating in a CFC 

assay118.  When the LTC-IC culture system is extended to up to 10-12 weeks 

(extended LTC-IC) more and more primitive progenitors are assessed117. Using a 

similar approach, it is also possible to enumerate lymphoid progenitors, using either 

BM stromal cells, which in some instances need to be genetically modified to 

express for instance Notch ligands, or by co culture with eptithelial cells from the 

thymus119-121. 

When the LTC-IC assay is combined with some of these lymphoid progenitor 

cultures, one can evaluate single progenitor cells capable of generating not only 

myeloid but also lymphoid progeny, using either “switch” culture assays122, or the 

myeloid-lymphoid initiating cell assay ML-IC123. Although the latter assays thus 
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allow the enumeration and characterization of cells with the ability to generate most 

hematopoietic cells, they cannot assess whether the original cell can home to the 

marrow and are competent to engraft in vivo, which is the most important hallmark 

of HSC.  

The colony-forming spleen unit (CFU-S) assay is an in vivo assay that measures 

progenitor populations that can radioprotect (immature HPC and STR-HSC). In the 

CFU-S assays, cells are injected intravenously into lethally irradiated recipients. 

After 1 to 3 weeks the spleen of the recipient mouse is removed and colonies that 

have formed on the spleen are enumerated110.  Cells capable of giving rise to CFU-S 

are equivalent to cells capable of generating hematopoietic cells that circulate in the 

blood within one month after transplantation, and represent hence HPC not true 

HSC. 

Transplantation remains the gold standard assay to evaluate the frequency and 

potential of putative HSC. In a radioprotection assay, lethally irradiated recipient 

mice are given a dosage of cells, to evaluate if the cells can rescue the mouse from 

lethal aplasia124.  BM can then be harvested from reconstituted animals and 

transplanted in secondary recipients to assess whether LTR-HSC were present. If 

these studies are done with highly purified HSC, radioprotection may not be possible 

due to the fact that the primitive HSC, when given in low cell numbers, cannot 

generate myeloid cells that rescue the animal from lethal irradiation125. Therefore a 

non-competing population of cells, such as lineage positive cells, can be co-

transplanted125. 

The disadvantage of the radioprotection assay is that the functional abilities of the 

candidate HSC cannot be tested against the functional ability of a given number of 

donor cells known to be able to long term repopulate irradiated recipients. To better 

assess HSC frequency and function, competitive repopulation assays are used126,127.  

In a competitive repopulation assay test cells, containing an unknown quantity of 

HSC, are transplanted together with competitor BM cells that contain a known 

number of HSC, into a lethally irradiated recipient. To discriminate between the 

descendants from the test cells and the competitor cells, investigators use mice 

congenic for the CD45 locus (CD45.1 versus CD45.2), or expression of a fluorescent 
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protein, such as green fluorescent protein (eGFP) in one of the grafted cell 

populations. The competitive repopulation assays allows testing whether the test 

cells have similar ability as the competitor unmanipulated BM cells to repopulate the 

host. When the competition is set up wherein test cells are competed in a limiting 

dilution against the competitor population, functional of HSC can be assessed in a 

semi-quantitative manner128.   

Finally, to accurately evaluate the potential of the transplanted HSC, i.e. whether 

STR-HSC or LTR-HSC were present, the time point of analysis is critical. To assess 

LTR-HSC, analysis of transplanted recipients is optimally at least 4 months, perhaps 

better 8-10 months post-transplant. Alternatively, serial transplantation can be done 

as secondary transplantations test whether the donor-derived cells in the primary 

recipient contain HSC that are capable of repopulating the secondary recipient, 

definitively demonstrating that LTR-HSC were present in the grafted cells. 

Strategies to study human HSC are more limited as transplantation models are 

xenogeneic. In order to study human HSC in vivo, two types of xenotransplantation 

models are used: the NOD/SCID mouse model that lacks T- and B-lymphoid cells, 

which limits immune rejection of the human derived donor cells129, or the pre-

immune fetal sheep transplantation model130.  In the NOD/SCID model, mice are 

usually irradiated sublethally and transplanted with human cells via intravenous 

injection or intrafemoral injection. When combined with limiting dilution analyses, 

the number of SCID repopulating cells (SRC) can be enumerated. Additional mouse 

strains have also been generated that lack functional NK cells to further improve the 

assay system131.  The pre-immune fetal sheep transplantation model exploits the fact 

that human cells are grafted prior to the development of a competent immune system 

in the fetal sheep, permitting the engraftment of human HSC in the sheep. The 

advantage is that the behavior of the grafted cells can be followed for an extended 

time period130. Disadvantages are obviously that the model is more difficult to 

accommodate in most labs, and that engraftment levels are commonly very low. Due 

to the xenogeneic nature of these assays, it is unclear how well either system 

enumerates human HSC. 
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2.E. Identification Of Factors That Govern HSC Cell Fate Decisions 

Robust expansion of HSC ex vivo remains elusive. Although a very large number of 

cytokines and growth factors have been cloned that affect HSC, no combination of 

such factors applied to HSC ex vivo has lead to robust HSC expansion132-135. As HSC 

reside in niches created by non-hematopoietic supportive cells, including 

mesenchymal cells, endothelial cells, osteoblasts, among others, stromal cell lines 

have been generated from ontogenically different environments in order to identify 

signals that are of importance for preventing HSC differentiation while encouraging 

HSC proliferation.  

2.E.1 Stromal cell lines 

Based on the observation by M Dexter and colleagues113-115 that HSC could be 

maintained ex vivo, when they were cultured together with adherent cells from BM, 

many groups have isolated clonal stromal cell lines from murine BM. Essentially 

BM cells are allowed to adhere to culture vessels usually in the presence of fetal 

bovine serum, and such adherent cells are then subcloned to isolate single cell 

derived stromal cell lines. The nature of the cell is commonly myofibroblastic136. Of 

these feeders, some support maintenance in vitro of primitive progenitors, and others 

more committed progenitors12,113-115,137. However, there is no data to indicate that 

expansion of HSC is possible. Likewise, cell lines have been generated from murine 

fetal liver (FL), such as AFT024 cells generated from the FL of E14.5 mouse 

embryos, which supports both human and mouse repopulating HSC10,11. Although 

extensive HSC expansion occurs in the fetal liver, none of the fetal liver derived 

stromal cell lines thus far have allowed on to expand LTR-HSC. It is important to 

note that as for BM derived stromal cell lines, not all cell lines generated from FL at 

the same stage of development are capable of supporting repopulating HSC in vitro. 

Oostendorp, et. al. generated a series of stromal cell lines from different subregions 

of the AGM of E10.5 mouse embryos, specifically the urogenitial ridge (UG), as 

well as, E10.5 embryonic liver (EL)13,14. At least two of these cell lines, EL08-1D2 

and UG26-1B6, support human and mouse HPC and HSC in long-term 

culture13,14,138,139.  
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As stromal cell lines generated from all hematopoietic supportive tissues consist of 

some lines that support and others that do not support HSC in vitro, comparative 

analysis between the cell lines can be exploited to aid in understanding signals 

present in vivo responsible for HSC maintenance and / or proliferation12. 

2.E.2. Secreted factors 

It should be obvious from the studies described thus far that, in vivo, niche cells 

control the fate of stem cells. All studies evaluating stem cell niches, from C. 

Elegans to man, have demonstrated that direct cell-cell interactions are important, as 

well as secreted factors. Noteworthy, however, is that these soluble signals are in 

general not common cytokines or growth factors, but are morphogens, known to 

direct specification and differentiation of stem cells during embryogenesis, but 

clearly also still active in regulating stem cells during postnatal life. The roles of 

members from the TGF-β family and Wnt family in hematopoiesis will be discussed 

in the next sections.  

2.E.2.a. Wnt Signaling In Hematopoiesis 

The Wnt family consists of 19 different secreted glycoproteins, that signal through a 

number of receptors including 10 transmembrane receptors of the frizzled (Fzd) 

family, retinoid orphan receptor 2 (Ror2), and two co-receptors, LRP5/6.  Wnt 

proteins are commonly grouped according to the downstream signaling cascade that 

they activate, most commonly but not limited to “canonical” or β-catenin dependent 

and “non-canonical” or β-catenin independent proteins.  

When Wnts signal via the β-catenin dependent or canonical pathway, binding of Wnt 

to a Fzd receptor and LRP co-receptor dephosphorylates and therefore activates β-

catenin. In the absence of Wnt, β-catenin is found in the cytoplasm in a complex 

with APC, Axin, casein kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3β)140 

(Figure 2.4). CK1 and GSK3β phosphorylate β-catenin, making it a target for 

ubiquitination and proteasome-based degradation. In the presence of Wnt, disheveled 

(Dvl) forms a complex with the Fzd receptor. This complex inhibits the ability of 

GSK3β to phosphorylate β-catenin141. Unphosphorylated β-catenin accumulates in 
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the cell cytoplasm and then translocates to the nucleus where it functions as a 

transcriptional activator. Once in the nucleus, β-catenin combines with a member of 

the T-cell factor/lymphoid enhance factor (TCF/LEF) family of transcription factors, 

and together they activate a number of genes including Cyclin-D1 and c-Myc, among 

many others142.  The canonical Wnt signaling pathway is not limited to the above 

players. It involves a number of additional protein interactions, but the proteins 

mentioned above are key players in the Wnt/β-catenin signaling pathway. 

The β-catenin independent pathways are not clearly understood, possibly due to 

overlapping signaling mediators, including calcium and Dvl143. The non-classical 

pathways are thought to use Fzd receptors, as well as, Ror2 and Ryk receptors, 

whereas signaling via the canonical pathway depends exclusively on Wnt binding to 

Fzd receptors and an LRP receptor143. Multiple signal pathways have been identified 

that are activated when Wnt signals via the non-canonical or “non-classical” 

pathway.  

One of the β-catenin independent pathways is the Wnt/calcium pathway.  The role of 

the Wnt/calcium pathway is not as clearly defined in mammalian cells as in Xenopus 

and zebrafish. This pathway plays an important role in developmental specification 

in both Xenopous and zebrafish, as well as in mammalian muscle cells144-147. Studies 

in zebrafish have shown that injection of wnt5a mRNA in single cell embryos results 

in an increase of intracellular calcium in the cells of the blastula during 

development148. This was the first observation to suggest a calcium dependent 

alternative signaling pathway for Wnt proteins. Further studies have demonstrated 

that Wnt5a uses calcium as a second messenger to activate calcium sensitive 

proteins, calcium/calmodulin-dependent kinase (CamKII) and protein kinase C 

(PKC) leading to an activation of transcription factors including nuclear factor of 

activated T-cells (NFAT)145,149.   

Wnts can signal through multiple pathways and the specific pathway is determined 

by the receptor to which Wnts bind150.  In the mouse Frizzled receptors -3, 4, and -6, 

as well as, Ror2 have been shown to activate CamKII and PKC145,149,151,152. The 

Wnt/calcium may, however, also interact with molecules that partake in the β-
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catenin pathway including Dvl153, and may mediate, in this way, inhibition of the 

Wnt/β-catenin signaling pathway.  

A second non-canonical Wnt signaling pathway involves signaling through GTP-

binding proteins, that activate phosphodiesterases (PDE). The Wnt/GTP binding 

protein pathway also activates the transcription factor NFAT154. A third non-classical 

Wnt signaling pathway is the planar cell polarity (PCP) pathway. The Drosophila 

PCP pathway is characterized by wnt signaling through fzd to activate Jun-N-

terminal kinase (jnk) and GTPases143. Activation of this pathway is thought to be 

important for polarity of specific tissues, such as the arrangement of Drosophila 

bristles143.   

Whether Wnt proteins can act via both β-catenin dependent and independent 

pathways is still under investigation. Wnt5a, Wnt4 and Wnt11 have been categorized 

as non-canonical Wnts, however a number of studies have found that they also can 

activate β-catenin 150,155. 

It has long been known that TCF and LEF-1, the downstream targets of canonical β-

catenin signaling play a major role in lymphopoiesis156,157. Tcf-1 is important for the 

maturation of T-lymphoid cells: Tcf-/- mice have a deficiency in T-lymphoid cells, 

whereas Tcf-/-xLef-1-/- mice demonstrate a significant block in T-lymphoid 

differentiation and maturation157,158. Lef-1-/- mice also have aberrations in B-

lymphoid cells157,159.  

Fleming, et. al. found that using a mouse wherein an osteoblast- specific promoter 

drives expression of the Dickkopf1 (Dkk1), which inhibits the canonical Wnt 

signaling pathway, the number and repopulation ability of HSC harvested from these 

mice was significantly decreased. This suggests that canonical Wnt signaling in vivo 

is important to retain the potency of HSC160. Addition of Wnt3a to ex vivo cultures of 

murine HSC leads to improved maintenance and expansion of HSC, and this appears 

to be dependent on the activation of β-catenin signaling in HSC161,162. It should be 

noted that these studies also used cells constitutively expressing Bcl2. However, 

other studies question the role of β-catenin in hematopoiesis in vivo. β-catenin-/- mice 

have no aberrations in hematopoiesis163, whereas mice expressing a constitutively 
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active form of β-catenin have a decreased number of HSC164,165, findings that appear 

to contrast with some of the studies evaluating to role of Tcf/Lef-1, Dkk1, and Wnt3a 

effects in hematopoiesis.   

One of the Wnt family members, Wnt5a, evaluated in this thesis, appears to 

participate in both β-catenin dependent and independent signaling pathways. Wnt5a 

was traditionally classified as a non-canonical Wnt as it appeared to inhibit rather 

than activate β-catenin. Recent findings suggest however that Wnt5a may also 

activate β-catenin, in a receptor-dependent context. Mikels and Nusse found that 

interaction of Wnt5a with Ror2 inhibits the β-catenin pathway, whereas, Wnt5a 

binding to Fzd4 activated the β-catenin signaling 150.  A recent study demonstrated 

that Wnt11 and WNT5a complex to activate the β-catenin pathway in Xenopus axis 

formation155. A number of studies have evaluated the role of Wnt5a in 

hematopoiesis. Microarray studies following hematopoietic development in human 

embryonic stem cells identified WNT5a as one of the genes expressed during 

development of definitive hematopoiesis166. It has also been demonstrated that 

deletion of the Wnt5a gene leads to B-cell lymphomas and addition of Wnt5a inhibits 

B-cell proliferation167.  

One approach researchers have used to evaluate the role of Wnt in hematopoieis is to 

overexpress the Wnt genes in stromal cell lines. Using this method groups have 

shown that stromal cells overexpressing Wnt1, Wnt2b, Wnt5a, or Wnt10b induce 

proliferation of murine fetal liver cells enriched for HSC168 and increase the 

frequency of progenitor cells when used to culture human CD34+ cells169. 

Intraperitoneal injection of WNT5a conditioned medium in NOD-SCID mice 

transplanted with human CD34+ UCB cells enhanced hematopoietic repopulation, 

however proliferation and repopulation of CD34+ UCB cultured in vitro with stromal 

cell transduced with Wnt5a or conditioned media with WNT5a was not enhanced170.  

More recently studies demonstrated that treatment of Lin- murine BM cells with 

Wnt5a in HSC may inhibit the canonical Wnt pathway to preserve HSC in culture171.  

That Wnt5a affects HSC has been convincingly shown, but whether Wnt5a does so 

by activating the canonical vs a non-canonical pathway is not clearly defined.  
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2.E.2.b. TGFβ Family Signaling in Hematopoiesis 

The transforming growth factor-β (TGFβ) family consists of 35 ligands including 

TGFβs, activins, nodal, and bone morphogenic proteins (BMP) which regulate cell 

proliferation, apoptosis, and differentiation172. The TGFβ family in particular 

members of the BMP family are important during development for the specification 

of mesoderm. In the adult, BMPs are important for the maintenance of bone, 

including the osteoblast population. BMP binds to specific receptors on the cell 

membrane, namely BMP receptors type IA and IB (BMPR1A&B)173. Following 

binding of BMP to its receptors, the BMP type I and II receptors heterodimerize, 

which initiates a Smad protein based signaling cascade174. Likewise, TGFβ signaling 

is transduced through binding of type I and II receptors. TGFβ binds the 

constitutively activated type II receptor and recruits the type I receptor in a 

heterotetrameric complex175. 

Once the type I and type 2 receptors heterodimerized, the kinase domain of the type I 

receptors becomes activated, and can phosphorylate the downstream Smad targets 

(Figure2.5)175. There are 8 Smad proteins categorized into three classes; receptor 

regulated Smads (Smad-1, -5, -8, -2, -3) that bind to the cell surface receptors, the 

mediator Smad, Smad-4 that complexes with receptor regulator Smads and enters the 

nucleus to mediate transcription, and inhibitory Smads (Smad-6 and Smad-7)175-177. 

BMPs activate Smad-1, -5 and -8, whereas TGFβ signals through Smad-2 and -3178. 

The mediator Smad, Smad -4 acts as a co-Smad with both groups of receptor 

activated Smad proteins. Once Smad-1, -5, -8, -2, -3 are phosphorylated and 

complexed with Smad-4, they are able translocate to the nucleus where they function 

as transcriptional regulators by binding directly to DNA or to other transcription 

factors179. The inhibitory Smads, Smad-6 and -7, interact directly with type I 

receptors inhibiting phosphorylation of receptor regulated Smads, or inhibit the 

interaction between the receptor mediator Smads and Smad-4176,177. 

Although TGFβ can also the activate MAPK pathway, here we will concentrate 

chiefly on TGFβ/Smad pathway179. Tgfβ1-/- mice are embryonic lethal with defects in 

yolk sac formation, including erythroid cell development, with a similar phenotype 
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also seen in TgfβrII-/- mice suggesting an important role of TGFβ in hematopoietic 

development180-182. By contrast, Tgfβr-/- mice have increases in early erythroid cells 

suggesting that TGFβ is not important in early hematopoietic development180-182. The 

addition of TGFβ to in vitro HSC cultures inhibits proliferation of HSC and 

primitive progenitors but not more mature progenitor populations182.  Neutralization 

of TGFβ by blocking antibodies in BM cultures leads to increased repopulation of 

murine HSC183,184. How TGFβ influences hematopoietic cells is not fully understood 

even though there is evidence that it regulates cell cycle progression and 

apoptosis185. 

As Bmp4-/- mice are embryonically lethal, its role in mammalian development as well 

as postnatal hematopoiesis is unclear186.  BMP4 is thought to play a role in initiation 

of mammalian HSC as it is highly expressed in the AGM region where the first HSC 

are found187 as well as in the ICM region of Zebrafish, where HSC are born.  

Differentiation studies using embryonic stem (ES) cells have demonstrated that 

BMP4 is important for mesodermal differentiation including hematopoietic 

specification and development, and inhibition of BMP signaling impairs 

hematopoietic differentiation of ES cells188-190. Studies wherein BMP4 was added to 

ex vivo expansion cultures of human HSC demonstrated that BMP4 acts in a dosage 

dependent manner to increase human SRC ex vivo191. On the other hand, BMP4 was 

found to have no effect on mouse HSC cultured ex vivo 192. Forced expression of the 

inhibitory Smad, Smad-7, in BM cells resulted in reduced proliferation of KLS in 

vitro; however in vivo, Smad7-overexpressing HSC demonstrated increased self-

renewal and engraftment ability193.  Smad5-/- mice, activated by BMP, die early in 

development with defects in yolk sac development, but they have increased numbers 

of HPP-CFC in the yolk sac194. As most mice wherein BMPs or Smads, activated by 

BMPs, are embryonical lethal the role of BMP signaling in adult hematopoiesis 

remains incomplete195. 

 

2.E.2.c. BMP Antagonists 

The effect of BMPs is regulated both at the intracellular and extracellular level by 
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different mechanisms.  Intracellularly, BMP signaling can be inhibited by Smad-6 

and-7, and also by ubiquitination of receptor mediated Smads followed by 

proteosome degradation176,177. Extracellularly, secreted proteins interact with BMP to 

inhibit their interaction with their respective receptors.  Four groups of extracellular 

antagonists have been identified for the BMP signaling pathways. These include 

chordin, twisted gastrulation, noggin, and the Dan family of proteins. Noggin and 

chordin are specific inhibitors to the BMP pathway and do not interact with 

TGFβ196,197. The BMP pathway is inhibited by direct interaction between noggin or 

chordin and BMP2, BMP4 and BMP7173,197 (Figure 2.5).  In the adult noggin is 

expressed at low levels by the osteoblasts and forced expression of noggin in 

osteoblast leads to a reduction in bone mass198. The Dan family of BMP antagonists 

consists of 9 proteins with a common carboxyterminal CR domain173. Expression of 

the Dan family has been shown during embryonic development, but very little 

expression is found in the adult.  One of the family members is gremlin, which when 

overexpressed in osteoblast leads to a decrease in bone mass199-201. The mechanism 

through which Twsg1, another BMP antagonist functions is more complicated. 

Twsg1 can form a complex with Chrd bound to BMPs, which increases BMP 

inhibition195. Other reports find that the binding of Twsg1 to Chrd inactivates Chrd, 

therefore inactivating the inhibition of BMP by Chrd202-205. A third mechanism might 

be that Twsg1 binds directly to BMP, inhibiting interaction of BMP with its 

respective receptors173,203-205. 

Inhibitors of the BMP pathway affect HSC development in multiple species. When 

Chordin is knocked-down using morpholino antisense oligonucleotides in zebrafish, 

an expansion of the blood is found in the ICM206. This is consistent with the 

phenotype of the zebrafish mutant, dino 207. Chrd-/- mice have some mesodermal 

defects, whereas Chrd-/- x Noggin-/- mice have severe defects in forebrain 

development along with defects in mesodermal development and are embryonic 

lethal208. Twsg1-/- mice have skeletal deformities and suffer from lymphopenia209. 

Twsg1 plays a role in activation of T-lymphoid cell by inhibiting BMP4210. Finally, a 

recent study suggest that Twsg1 also binds to TGFβ, enhancing TGFβ signaling211.  

2.F. Gene Expression Profiling Of HSC And The HSC Niche 
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2.F.1 High Throughput Gene Expression Profiling 

DNA is the basic unit of all living organisms and contains all the genetic information 

required for life.  Segments of DNA that contain the genomic information make up a 

gene. Genes are transcribed to mRNA and finally translated to protein. Even though 

protein is the final output of the gene, the transcriptional regulation at the mRNA 

level plays a key role in all tissues and cells of the organism. The sequencing of the 

genome of multiple organisms, including mouse 212 and man 213,214, in recent years 

has lead to the development of high throughput techniques that allow one to evaluate 

all genes expressed by cells, termed transcriptome profiling. These methods allow 

for a quantitative comparison of all transcripts expressed in two different cells, or the 

same cell under different circumstances. mRNA levels are controlled both at the 

transcriptional level, and post-transcriptionally by a complement of micro-RNAs that 

can affect the longevity of a given transcript. Although mRNA levels themselves are 

not responsible for changing the cell phenotype, and translation to protein and 

subsequent posttranslational changes in proteins are responsible for affecting the 

behavior of cells, much can be gained from understanding the level of a given 

transcript in a cell related to its ultimate behavior.   

To evaluate the expressed gene profile in cells DNA microarrays are used, by which 

the level of specific transcripts can be measured by hybridization against a number of 

gene specific cDNA or oligonucleotide probes. In one method, specific single 

stranded cDNA probes are spotted onto glass slides. cDNAs from two specific cell 

samples are labeled with a different fluorochrome and fragmented for hybridization 

to the chip. The intensity of the fluorescent signal derived from binding of the cDNA 

fragments from two different cell populations can thus be used to determine the 

relative gene expression in the two cell populations215.  An alternative method is 

single color hybridization onto DNA microarrays as developed by Affymetrix, Inc. 

(Santa Clara, CA, USA). The Affymetrix mouse genome 430 2.0 arrays use around 

45,000 25-mer oligionucleotides representing the whole mouse genome216. The 

oligonucleotide probes are synthesized on the glass slides, rather than spotted on the 

slide. RNA is extracted from cell samples and converted into labeled cRNA. The 

double stranded cRNA is then hybridized to the chip, and the intensity of the 
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fluorochrome correlates with the frequency of the RNA present in the cell.   

The first step after signal detection is normalization. This allows for the replicate 

chips to be normalized for fluorescence intensity and the expression values can be 

compared. Arrays can be normalized using several methods, (1) the values of all 

probes can be multiplied by a constant to reach the same total array intensity in all 

chips. This assumes that sum of all gene intensities is constant. (2) Alternatively, one 

can hypothesize that at least some of the genes have the same expression among all 

samples, as is also done in PCR, and RT-qPCR analyses with housekeeping genes 

such as GAPDH. The one multiplies all probes in the array by a constant to make the 

expression of the control genes equal among all arrays. Here it is of importance that 

the control genes chosen are truly equally expressed between samples. Affymetrix 

has developed the GeneChip Software that has a statistical signal condensing 

algorithm (MAS 5.0)217.  

Determination of differentially expressed genes in studies where the cell populations 

are very different is normally done based on selection of a fold-change that is 

considered biologically significant. It is very important that one can determine if a 

gene is statistically differentially expressed between two data sets. If one applies the 

Students’ t-test and sets a p-value like 0.01, then one accepts that 1% of the results is 

false positive (type 1 error), to microarray experiments when typically ~40,000 

probes are tested then would identify incorrectly 400 genes as differentially 

expressed where they are not. A novel method was developed to control for the 

unacceptable high false positive calls, named the False Discovery Rate (FDR), where 

FDR is defined as the expected proportion of rejected null hypothesis that are false 

positives, and proposed a method for controlling it218. This approach has been 

implemented in the software SAM (Statistical Analysis of Microarrays) that has 

become widely used in the microarray community219,220.   

 

2.F.2. High Throughput Gene Expression Profiling Of HSC And HSC Supportive 

Feeders 
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A number of groups have used gene expression profiling to identify intrinsic and 

extrinsic regulators of stem cells221-225. One example is the comparison of the 

transcriptome of murine CD38+CD34-KLS (LTR-HSC) and CD38+/-CD34+KLS 

(STR-HSC) by Zhong, et. al.226. They identified 210 differentially expressed genes 

that comprised transcription factors, cell-surface protein, and proteins involved in 

signal transduction, including the transcription factors, Gata3 and Cited2; and cell 

surface proteins, Kit, Mpl, and Fzd4226. Cited2-/- null mice are embryonic lethal, but 

analysis of HSC in the fetal liver they revealed defects in HSC repopulation227. 

Zhong, et. al. compared their data set to two previously published HSC microarray 

data sets from Ivanova, et. al.228 and Ramalho-Santos, et. al.229.  Even though the 

three separate papers used different techniques for isolation and microarray 

processing 160 of the identified differentially expressed genes were identified in the 

other two gene sets. This illustrates the reproducibility of microarray experiments, as 

well as, confirms the molecular signature of the HSC. Similarly, Venezia et. al. 

compared the transcriptome of Sp cells from FL and BM, and evaluated the gene 

expression profile of quiescent versus proliferating HSC to reveal molecular 

mechanisms that regulate HSC self-renewal225. In order to enrich for quiescent HSC, 

adult mice were treated with 5-FU in order to deplete proliferating HSC, and these 

were compared with HSC from FL that are expanding and therefore in general not in 

Go. These studies provide a molecular signature of quiescent versus proliferating 

HSC, and suggest the JAK/STAT pathway is important in maintaining the quiescent 

state of HSC. Our group identified genes differentially expressed in CD34+CD33-

CD38-Rho(lo)c-kit+ cells, enriched for SRC, and CD34+CD33-CD38-Rho(hi) cells, 

depleted of SRC, of both BM and UCB221. Two hundered and seventy transcripts 

were identified to be differentially expressed and were subsequently evaluated in a 

high throughput zebrafish morpholino knockdown study. Of the 61 orthologes 

identified in zebrafish, knockdown of 14 genes yielded a hematopoietic phenotype in 

the fish. These genes obviously need to be re-evaluated in mammalian cells to define 

their role in mammalian hematopoiesis.  

Gene expression profiling can also be used to identify extrinsic regulators of HSC. 

Stromal cell lines are able to mimic the HSC microenvironment in vitro. Hence, 

transcriptome studies have been done to identify specific cell surface expressed or 
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secreted proteins in stromal lines that support HSC but not lines that fail to support 

HSC.  Moore and colleagues have compared the transcriptome of the FL cell line, 

AFT024, which supports HSC, with FL feeders that do not support HSC using both 

subtractive hybridization and transcriptome analysis222,223. A number of genes were 

identified including Dlk-1, more highly expressed in the HSC supportive stromal cell 

line, and subsequent studies have shown a role of Dlk-1 in HSC support ex vivo.  

Bmp-4 was identified in gene expression profiling of AGM region stromal cell lines 

that support AGM derived HSC 230. The addition of BMP-4 or two additional factors 

identified by the analysis to AGM explant cultures enhanced HSC repopulation 230. 

These are just a few of the examples demonstrating that gene expression profiling of 

the cell lines that may represent aspects of the in vivo HSC microenvironment may 

identify HSC regulators. 
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Figure 2.1. Development of Hematopoiesis in mice. The first site of hematopoiesis 
in the embryo is in the yolk at around E7.5, which is followed by hematopoiesis in 
the PAS/AGM at around E9.5. At around E12.5 cells from the AGM migrate and 
seed the fetal liver, where the major site of hematopoiesis remains until just before 
birth when hematopoiesis moves the BM17,19,28,40,231. 
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Figure 2.2. The Hematopoietic Cell Lineages Hierarchy. In hematopoiesis the 
HSC is at the top of the hematopoietic hierarchy and is capable of differentiating into 
all hematopoietic lineages. The HSC generate lineage restricted progenitors cells, 
and at the bottom of the hierarchy are the terminally differentiated hematopoietic 
cells. LTR-HSC, long-term repopulating HSC; STR-HSC, short-term repopulating 
HSC; MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, 
common lymphoid progenitor; MEP, megakaryocyte/erythroid progenitor; GMP, 
granulocyte−macrophage progenitor42,66,67,232. 
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Figure 2.3. The Hematopoietic Stem Cell Niche. The HSC niche consists of the 
extracellular matrix, neighboring cells, and secreted factors that regulate the stem 
cell fate. Here we show some of the important regulators in the HSC 
microenvironment.  BMP, bone morphogenetic protein; BMPRIA, BMP receptor IA; 
SCF, stem cell factor; TIE2, tyrosine kinase receptor 2; PTH, parathyroid hormone; 
PPR, PTH/PTH related protein receptor; ANG1, angiopoietin-19,97,103,107,160,233. 
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Figure 2.4. Wnt Signaling Pathways. Wnt proteins signal via the canonical 
pathway where transcription factors are regulated by β-catenin stabilization and 
translocation to the nucleus. Wnt protein can also signal through non-canonical Wnt 
pathways such as the Ca+ influx pathway, where Wnt signaling via Fzd or Ror 
receptors increases the level of Ca+, activating downstream signaling and activation 
of transcription factors such as NFAT173,174,178,195,202-204,234. 
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Figure 2.5. BMP Signaling Pathway. BMP binding to the constitutively active 
BMPRII leads to recruitment of BMPR1A or BMPR1B followed by phosphorylation 
of receptor regulated Smad1/5/8. Smad1/5/8 then form a complex with co-Smad, 
Smad4, and translocate to the nucleus. BMP is inhibited by extrinsically and 
intrinsically. Intrinsic inhibitors are Smad 6/7 and extrinsic inhibitors include Twsg1, 
Chrd, and, noggin, which inhibit through interaction with BMPs. Likewise, TGFβ 
binds constitutively active TGFβRII leads to recruitment of TGFβRI followed by 
phosphorylation of receptor regulated Smad2/3. Smad2/3 then form a complex with 
co-Smad, Smad4, and translocate to the nucleus. Once the Smad complex initiated 
by either BMPs or TGFβs translocates to the nucleus, it acts as a transcription 
regulator173,174,176,178,195,202-204.
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CHAPTER 3:  Material and Methods 

 

3.A. Animals 

3.A.1. Transplantation and HSC isolation 

8 to 10 week female mice were used as recipient mice and male mice were used as 

donor mice. C57BL/6J (CD45.2) and B6.SJL-PTPRCA (CD45.1) mice were 

purchased from Jackson Laboratories (Bar Harbor, ME). 129 mice were purchased 

from Charles River Labortatories (Willmington, MA).  Twsg1-/- mice were 

previously described235. Mice were maintained at the University of Minnesota 

Research Animal Resources in specific pathogen free conditions or Katholieke 

Universiteit Leuven. Chrd-/- mice were maintained at the University of Minnesota 

Research Animal Resources in conventional housing 

3.B. Isolation of Bone Marrow Populations 

3.B.1. Isolation of Lin- BM Cells  

Femurs and tibias from mice were removed, BM flushed, and depleted of red blood 

cells by ammonium chloride (Stem Cell Technologies, Vancouver, BC, Canada). 

Lineage negative (Lin-) cells were obtained using the Stem Cell Technologies 

Lineage Negative Selection Kit (Stem Cell Technologies) per manufacturer’s 

protocol. Purity was usually between 85-95% Lin- BM (Figure 3.2) 

3.B.2. Isolation of KLS BM cells  

For KLS cell isolation, Lin- BM cells isolated as described above, were stained with 

the following antibodies: anti-ckit (2B8) allophycocyanin (APC), anti-Sca-1 (E13-

161.7) phycoerythrin (PE) and biotinylated antibodies against the lineage markers  

(Gr-1 (RB6-8C5), Mac-1 (M1/70), B220 (RA3-6B2), CD4 (H129.19), CD8 (53.6.7), 

Terr-119 (Ly-76)) followed by streptavidin fluorescein isothiocyanate (FITC) (BD 
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Pharmingen, San Jose, CA). KLS cells were then sorted on a FacsVantage with Diva 

update (BD Biosciences, San Jose, CA). Appropriate IgG controls were used for 

each antibody.  

3.B.3. Isolation of KLS/CD34- BM cells  

For KLS/CD34- cell isolation, Lin- BM cells isolated as described above, were 

stained with the following antibodies: anti-CD34 FITC (RAM34) (eBioscience, San 

Diego, CA), anti-ckit (2B8) APC, anti-Sca-1 (E13-161.7) PE and biotinylated 

antibodies against the lineage markers  (Gr-1 (RB6-8C5), Mac-1 (M1/70), B220 

(RA3-6B2), CD4 (H129.19), CD8 (53.6.7), Terr-119 (Ly-76)) followed by 

strepavidin peridinin chlorophyll (PerCP) (BD Pharmingen, San Jose, CA). KLS 

cells were then sorted on a FacsVantage with Diva update (BD Biosciences, San 

Jose, CA). 

3.C. Cell Culture 

3.C.1. Stromal Cell Lines 

UG26-1B6 and EL08-1D2 stromal cell lines (a kind gift from Dr. E Dzierziak and 

Dr. R. Oostendorp, U of Rotterdam, The Netherlands) were cultured as previously 

described13. The AFT024 fetal liver cell line (a kind gift from Dr. K. Moore, 

Princeton University) was cultured as previously described10,12. For stromal cell 

mixing experiments, UG26-1B6 cells were transduced with the MSCV-eGFP 

vector236. eGFP+ UG26-1B6 cells were sorted using the FacsAria (BD Biosciences) 

to a purity of 98±1%. 

3.C.2. Stroma-Contact Cultures   

Stromal cell lines were grown on 0.1% gelatin (Sigma, St.Louis, MO) in 6-well 

plates (Corning, Lowell, MA). Once cells reached confluence plates were irradiated 

at 20-25 Gy. 1 or 5x104 Lin- BM cells were seeded in 3ml of LTC-medium (Stem 

Cell Technologies) with hydrocortisone (10-6 M, Stem Cell Technologies), and 

cultured for 3 weeks. Each week one half of the medium was removed and replaced 

with fresh medium. After 3 weeks, adherent and non-adherent cells were collected 
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and assayed for presence of CFC and repopulating HSC.  

3.C.3. Stroma-Non-Contact Cultures   

For non-contact cultures, stromal cell lines were grown on 0.1% gelatin (Sigma) in 

6-well plates (Corning). Once cells reached confluence plates were irradiated at 20-

25 Gy.  Lin- BM cells were plated in a 0.4µm collagen coated transwell (Corning) 

placed above the feeders (Figure 3.1). Each week, half of the medium was removed 

from beneath the transwell and fresh medium added to the transwell insert.  After 3 

weeks, the adherent feeder layer below the transwell and cells in the transwell were 

collected, and assayed for CFC and repopulating HSC. Some cultures were 

supplemented with 10ng/ml recombinant mWnt5a, 1µg/ml anti-Wnt5a, or 1µg/ml 

anti IgG (R&D Systems, Minneapolis, MN). 

In some studies the eGFP+ UG26-1B6 and EL08-1D2 feeders were mixed using the 

following ratios:  100% UG26-1B6 / 0% EL08-1D2, 75% UG26-1B6 / 25% EL08-

1D2, 50% UG26-1B6 / 50% EL08-1D2, 25% UG26-1B6 / 75% EL08-1D2, or 0% 

UG26-1B6 / 100% EL08-1D2 cells. To confirm the relative ratios of cells present in 

the feeder, the percent eGFP+ cells were determined by both fluorescent microscopy 

and by flowcytometry.  

3.C.4. KLS Stroma-Free/Serum-Free Cultures   

For KLS stroma-free cultures, 50 KLS cells were plated per well of a 96-well U-

bottom plate (BD Biosciences, San Jose, MA) in 100µl of Stemspan (Stem Cell 

Technologies) supplemented with 100ng/ml mTpo, 50ng/ml mSCF, and/or 100ng/ml 

mWnt5a, 100ng/ml mTfpi, 5µg/ml mSerpinE2, 5µg/ml mGalectin-3, 100ng/ml 

hBMP-4, 5µg/ml mTwsg1, 5µg/ml mChrd (all from R&D Systems). Cells were 

cultured for 5 days at 37°C with 5% CO2. The culture system was adapted from 

Zhang, et. al.134. 

3.C.5. Colony-Forming Cells (CFC) Assay  

Fresh or culture progeny were plated in methylcellulose medium (M3234, Stem Cell 

Technologies) supplemented with 20ng/ml mSCF, 10ng/ml mIL-3, 10ng/ml mIL-6 
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(all from R&D Systems), and 3U/ml hEpo (Amgen Inc., Thousand Oaks, CA). All 

cultures were incubated at 37°C and 5%CO2. Colonies were counted between day 10 

and 12. In certain experiments we also enumerated colony-forming units-granulocyte 

(CFU-G), colony-forming units-macrophage (CFU-M), colony-forming units-

granulocytes/macrophages (CFU-GM), colony-forming units-erythroid (CFU-E), 

burst forming-units (BFU-E) (more immature erythroid colonies than CFU-E), and 

colony-forming unit-granulocytes/erythrocytes/macrophages/megakaryocytes (CFU-

GEMM) separately based on their characteristic morphologies. 

3.C.6. Phenotype of BM cells 

For lineage analysis, total BM cells were stained with antibodies against Gr-1, Mac-

1, Terr-119, CD4, CD8, or B220 in 200µl PBS + 2% FCS (Stem Cell Technologies).  

To determine presence of KLS cells, cells were stained with antibodies against Gr-1, 

Mac-1, CD4, CD8, B220, and Terr119 (lineage cocktail) -lineage markers PE, Sca-1 

FITC, and c-kit APC (BD Biosciences). Cells were stained for 15 minutes at 4°C in 

the dark. Samples were analyzed by FacsCalibur (BD Biosciences). 

3.D. Transplantation Assays 

3.D.1. Radioprotection Assay 

In Chapter 4, 5x104 fresh or culture progeny of CD45.1+ Lin- BM cells were 

transplanted into lethally irradiated CD45.2+ mice (1,000cGy).  

In Chapter 7, 1x106 fresh BM cells were transplanted into lethally irradiated CD45.1+ 

or Chrd-/- CD45.2+ mice (750cGy). Animals were evaluated as described below in 

competitive repopulation assay. 

3.D.2. Competitive Repopulation Assay 

For competitive repopulation studies, CD45.2 recipient mice were irradiated with 

950-1,100 cGy 3 to 12 hours prior to transplantation. 2x105 BM cells from CD45.2 

mice were mixed with fresh or 3-week culture progeny of 104 Lin- CD45.1 cells. For 

experiments using KLS cells, 200 D0 KLS or D5 progeny from 200 KLS cell were 
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competed against 2x105 BM. For experiments with Chrd-/- mice, CD45.2 recipient 

mice irradiated with 1,000 cGy 3 to 4 hours prior to transplantation of 1x106 Chrd-/- 

CD45.2+ BM cells and 1x106 CD45.1+ cells.  After 1 and 3/4 months, PB and/or BM 

was obtained and stained with FITC- conjugated anti-CD45.1 (A20) and PerCp-

conjugated anti-CD45.2 (104). The cells were simultaneously stained with APC-

conjugated anti-B220 antibody together with a mixture of PE-conjugated anti-Mac-1 

(M1/70) and –Gr-1 (RB6-8C5) or anti-CD4 (GK1.5) and –CD8 (53-6.7) antibodies 

(BD Pharmingen). Four-color analysis was performed on a FACSCaliber or 

FACSCanto (BD Biosciences, San Jose, CA). A recipient mouse was considered 

multi-lineage repopulated if the percentage of donor cell-derived cells was >1% and 

donor cells contributed to all three hematopoietic lineages (myeloid, T lymphoid and 

B lymphoid cells) in PB and/or BM (Figure 3.3). Competitive repopulation assays 

were repeated 2 to 4 times with separate isolations of lineage negative or KLS BM. 

3.D.3. Secondary Transplantation 

Animals with >5% donor cells in the BM were used as donors for secondary 

transplantation. 1x106 total BM cells obtained from primary recipients were injected 

into 3-5 lethally irradiated CD45.2 secondary recipients.  

3.E. Western Blot 

Cell pellets from stromal cells or KLS cells were resuspended in ice-cold RIPA 

buffer (Sigma) with protease inhibitor tablets (Roche, Nutley, NJ). Samples were 

then centrifuged at 14,000 rpm at 4°C for 10 minutes, and supernatant recovered. An 

equal volume of 2x sample buffer (Invitrogen, Carlsbad, CA) was added and samples 

were placed at 90°C for 10 minutes. Samples were separated on 4-12% (SDS-PAGE) 

gels (Invitrogen). Gels were transferred to Immuno-Blot PVDF membrane (BioRad, 

Hercules, CA) for 2 hours. Membranes were blocked using 5% nonfat dry milk in 

TBS-T pH 7.6, 0.1% Tween-20 (Sigma) in TBS (Amresco, Solon, OH) for 1 hour at 

room temperature and then incubated overnight with specific primary antibodies at 

4°C. Primary antibodies used were against Wnt5a (R&D Systems), β-catenin 

(Millipore; Upstate, Billerica, MA), activated β-catenin (ABC) (Millipore), and 

Disheveled-2 (Dvl-2) (Santa Cruz, Santa Cruz, CA). Blots were then washed 3X for 



 38 
 

5 minutes with TBS-T, and incubated with secondary horseradish peroxidase (HRP) 

conjugated anti-mouse IgG antibodies (Abcam, Cambridge, UK) and IgG-HRP 

conjugated anti-rabbit antibodies (Amersham, GE Healthcare Biosciences 

Piscataway, NJ) in TBS-T according the manufacturer's protocol. Bands were 

visualized using chemiluminescence (Amersham). 

3.F. Quantitative RT-PCR 

Total RNA was harvested from TBM cells, Lin- BM cells, KLS cells, or stromal cell 

lines using the Qiagen RNeasy Kit (Qiagen, Hilden, Germany). Total RNA was 

Dnase treated using Turbo DNase kit (Ambion, Austin, TX). RNA was quantified by 

absorbance at A260 nm and 2µg of total RNA used for cDNA synthesis using 

Taqman reverse transcription reagents (Perkin Elmer Applied Biosystems, Boston, 

MA). Q-RT-PCR was carried out using Taqman SYBR green universal mix PCR 

reaction buffer (Perkin Elmer Applied Biosystems) using an ABI PRISM 7700 

(Applied Biosciences, Norwalk, CT). 

3.G. Single Cell Immunofluorescent Staining 

CD34-KLS cells were sorted into 30µl Stemspan (Stem Cell Technologies) on Teflon 

printed 10 well glass slides (Matsunmai Glass Industry, Osaka, Japan). After sorting, 

slides were placed on ice for 1 hour and then supplemented with 50ng/ml SCF, 

100ng/ml Tpo and 100ng/ml Wnt5a, 100ng/ml BMP-4, and/or 5µg/ml Twsg1 (R&D 

Systems). Slides were incubated at 37°C for 2 to 18 hours as indicated in figure 

legends. Cells were then fixed with 30µl of 10% NBF (Sigma) for 10 minutes, and 

permeabilized for 10 minutes using 0.02% Triton-X100 (Sigma). Slides were 

blocked with 10% goat or donkey serum (Abcam, Cambridge, UK), and stained with 

primary antibodies (β-catenin, activated β-catenin (ABC), (Millipore)) overnight. 

The cells were washed with PBS, and stained with secondary donkey anti-goat, goat 

anti-mouse or goat anti-rabbit Alexa488 conjugated antibodies (Invitrogen) and 

Hoechst (Sigma) for 30 minutes. Protocol was adapted from Ema, et al.237. 

3.H. Statistical analysis 
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Data for studies determining cell number, cell phenotype, CFC number and transcript 

levels are shown as the mean of a minimum of three experiments±standard deviation. 

Statistical significance was determined by student’s two-tail t-test in all experiments. 

P-value of <0.05 was considered statistically significant.  
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Figure 3.1. Isolation of Lineage negative BM.  

A) Total BM stained with PE conjugated antibodies against lineage markers and anti-
c-kit APC. B) BM cells stained after lineage depletion using Stem Cell Technologies 
Hematopoietic Progenitor Enrichment Selection Kit with PE conjugated antibodies 
against lineage markers and anti-c-kit APC. C) KLS population in total BM: Total 
BM stained with PE conjugated antibodies against lineage markers and anti-c-kit 
APC and anti-Sca-1 FITC. D) KLS population in Lin- BM cells: Lin- BM cells were 
stained with PE conjugated antibodies against lineage markers and anti-c-kit APC 
and anti-Sca-1 FITC.   
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Figure 3.2. Schematic model of transwell culture. 
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Figure 3.3. Multilineage reconstitution of cells co-cultured in transwells above 
UG26-1B6 cells 

The progeny of 10,000 Lin- BM cells cultured in transwells above UG26-1B6 cells 
for 3 weeks were transplanted with 2x105 CD45.2 total BM cells into a lethally 
irradiated CD45.2 recipient. Peripheral blood was analyzed 16 weeks post-transplant 
for CD45.1-derived chimerism. Red blood cells were lysed using ammonium 
chloride followed by staining with antibodies against CD45.1 (FITC), CD45.2 
(PerCp), CD4&8 (PE) (T-Lymphoid), B220 (APC) (B-Lymphoid) and Mac-1&Gr-1 
(PE) (Myeloid). Cells were the analyzed on a FACSCanto using appropriate control 
antibodies. 

 

CD45.1 

                                     Myeloid                   B-Lymphoid               T-Lymphoid 
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CHAPTER 4: AGM derived stromal cell line secretes factor(s) 

capable of supporting hematopoietic stem cells 

4.A. Abstract 

Stromal cells derived from different stages of hematopoietic development, such as 

bone marrow (BM), fetal liver (FL), and the aorta-gonads-mesonephros region 

(AGM) - the earliest intra-embryonic site of hematopoiesis - can support 

hematopoietic stem cells (HSC) in vitro. To determine if direct contact between the 

stromal cells and HSC and hematopoietic progenitor cells (HPC) was required for 

their maintenance in vitro, we cultured murine BM cells depleted of lineage antigen 

positive cells (Lin-) either in contact with or in transwells above the urogenitial ridge 

(UG26-1B6), embryonic liver (EL08-1D2) and fetal liver (AFT024) derived cell 

lines. Lin- BM cells maintained for 3 weeks either in contact with or transwells 

above the UG26-1B6 cells contained competitive repopulating hematopoietic stem 

cells (CR-HSC) whereas, no CR-HSC were maintained when Lin- BM cells were 

cultured in transwells above the EL08-1D2 and AFT024 cell lines. HPC were 

maintained equally well in transwells above UG26-1B6 or EL08-1D2. Mixing 

studies demonstrated that as few as 25% UG26-1B6 cells added to EL08-1D2 cells 

lead to the preservation of CR-HSC in non-contact cultures. Thus, soluble factors 

secreted by the UG26-1B6 cell line, but not the EL08-1D2 cell line, suffice for 

maintenance of murine CR-HSC. 
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4.B. Introduction 

HSC are responsible for maintaining hematopoiesis throughout adult life. HSC fate 

decisions are regulated by both extrinsic and intrinsic signals. In vivo, extrinsic 

signals are emanated by the microenvironment where the cell resides. These signals 

are both direct cell-cell interaction based, wherein receptors on HSC bind to ligands 

on cells within their microenvironment (including among others osteoblasts, 

endothelial cells, and marrow stroma cells), cell-extracellular matrix (ECM) based 

(fibronectin, proteoglycans, among others), as well as, due to soluble factors secreted 

by cells residing in the microenvironment or present at a more distant location (e.g. 

erythropoietin secreted chiefly by cells in the kidney). The microenvironment 

wherein HSC reside differs throughout ontogeny, perhaps because distinct signals 

are needed for the proper development, expansion and lineage commitment of 

HSC19. 

Hematopoiesis is first seen in the yolk sac around E7.5 during mouse development, 

giving rise to primitive erythroid cells and macrophages, and as has recently been 

demonstrated also long-term repopulating HSC that persist into adulthood17,19. A 

second location where HSC are being generated is the AGM region around E9.5 in 

mouse, where the hemogenic endothelium differentiates into HSC. Around E12.5, 

HSC populate the FL where HSC expand and generate committed progenitors for all 

myeloid and lymphoid lineages. At birth, HSC migrate a final time from the FL to 

the BM where hematopoiesis is maintained throughout adult life40. The different 

hematopoietic microenvironments are thought to be responsible for regulating 

initiation, expansion, and maintenance of hematopoiesis.  

The microenvironment wherein HSC reside plays a key role in inducing either 

differentiation or self-renewal of HSC. For instance, interaction between osteoblasts 

and HSC in the BM has recently been shown to be crucial for in vivo self-renewal of 

HSC, as a result of, amongst others Notch/Jagged interactions9,97. Dexter, et. al. were 

the first to demonstrate that when whole BM is cultured in the presence of serum, a 

feeder of attached cells consisting of a mixture of macrophages, fibroblasts, large 

reticular cells and some endothelial cells (all together named marrow stroma) 
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becomes established113. Underneath and between the adherent stromal cells, 

hematopoietic cell colonies can be found, some of which contain cells that can 

repopulate the hematopoietic system, even after several weeks of in vitro culture. 

Subsequently many investigators have isolated cell lines from different regions of the 

developing embryo and the adult BM, hypothesizing that characterization of such 

feeders might aid in the identification of factors that are necessary for maintenance 

and expansion versus lineage commitment of HSC10,13,113. In so doing, it has become 

clear that some lines derived from postnatal BM support primitive progenitors, and 

others more committed progenitors in vitro12,113-115,137. Stromal cell lines have also 

been derived from the FL. For instance, the AFT024 cell line generated from the FL 

of E14.5 mouse supports mouse long-term repopulating HSC (LTR-HSC) and 

human cells that engraft in non-obese diabetic-severe combined immunodeficiency 

(NOD-SCID) mice, whereas other lines generated from FL from similar aged 

fetuses, only support committed progenitors or do not support hematopoiesis at 

all10,11. Oostendorp et al. generated a series of stromal cell lines from different 

subregions of the AGM of E10.5 mouse embryos, specifically the urogenital ridge 

(UG), as well as, E10.5 embryonic liver (EL)13,14. Two of these cell lines, EL08-1D2 

and UG26-1B6, support murine and human long-term culture initiating cells (LTC-

IC), mouse LTR-HSC and human NOD-SCID repopulating cells13,14,138,139. As only 

some cell lines generated from the different hematopoietic microenvironments at the 

same stage of development support repopulating HSC in vitro, comparing the cell 

surface antigens, secreted ECM components, and soluble factors of supportive and 

non-supportive feeders might shed light on microenvironment mediated signals 

responsible for HSC maintenance and / or proliferation12. 

To elucidate factors produced by the AGM and EL/FL feeders that support HSC 

maintenance in vitro, we evaluated the maintenance of competitive repopulating 

HSC from adult mice cultured in direct contact with or transwells above UG26-1B6, 

EL08-1D2 and AFT024 feeders. 
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4.C. Results 

4.C.1. The urogenital ridge and liver-derived feeders maintain committed 

progenitors for 3 weeks in vitro, both in contact and non-contact cultures. 

Murine Lin- BM cells were plated in transwells above or in direct contact with the 

UG26-1B6, EL08-1D2, and AFT024 feeders. Three weeks later, progeny was 

evaluated for total cell expansion and presence of colony forming cells (CFC). The 

total cell number in contact cultures using any of the three feeders was identical at 

three weeks, whereas significantly fewer cells were present in AFT024 non-contact 

cultures than in UG26-1B6 and EL08-1D2 non-contact cultures (Figure 4.1A). FACS 

analysis at 3 weeks demonstrated that the majority of progeny cells were Gr-1 and 

Mac-1 double positive, irrespective of the culture condition (Data not shown).  

The number of CFC recovered after 3 weeks from contact cultures was similar for 

the three feeders (n=3). However, fewer CFC were supported in AFT024 non-contact 

cultures than when cells were plated in transwells above the other two feeders (n=3) 

(Figure 4.1B), suggesting that in contrast to UG26-1B6 and EL08-1D2 cells, soluble 

factors produced by AFT024 are insufficient to support HPC. 

4.C.2. Long-term repopulating HSC are maintained when cultured in UG26-1B6 but 

not EL08-1D2 or AFT024 non-contact cultures.  

We next tested whether soluble factors from the different feeders can support HSC. 

We first tested the ability of progeny of Lin- BM cells from CD45.1+ mice cultured 

for 3 weeks in contact with or in transwells above UG26-1B6 and EL08-1D2 feeders 

to radioprotect lethally irradiated (1,000 cGy) congenic CD45.2+ animals. 80% of 

animals transplanted with CD45.1+ Lin- BM cultured in contact with EL08-1D2 were 

engrafted with donor cells (n=5), whereas none of the animals transplanted with 

progeny of Lin- BM cells from non-contact EL08-1D2 cultures engrafted. In contrast 

40% (n=5) and 100% (n=5) of animals receiving progeny of Lin- BM cells cultured 

in UG26-1B6-non-contact and -contact cultures, respectively, engrafted with 

CD45.1+ donor cells (Table 4.1). Animals that were not repopulated did not survive 

three months after transplant.  
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One million BM cells collected from two primary recipients that received Lin- BM 

cells from UG26-1B6 non-contact or contact cultures were grafted in lethally 

irradiated secondary animals. All secondary recipients showed multi-lineage 

repopulation by CD45.1+ cells demonstrating that soluble factors secreted by UG26-

1B6 feeders can support LTR-HSC (Data not shown). 

To further substantiate the HSC supportive ability of secreted factors from UG26-

1B6 feeders, we performed competitive repopulation assays126-128. 10,000 Lin- BM 

cells from CD45.1+ mice were cultured in contact with or in transwells above UG26-

1B6, EL08-1D2 and AFT024 feeders, and progeny were competed with 2x105 total 

BM cells from CD45.2+ mice in lethally irradiated CD45.2+ mice. Repopulation from 

CD45.1+ donor cells was defined as presence of >1% CD45.1+ cells in peripheral 

blood and / or BM, 3-4 months post transplantation, with contribution to the Gr-

1/Mac-1+ myeloid, B220+ B- and CD4/CD8+ T-lymphoid lineages.  

CD45.1+ hematopoiesis was seen in 12/13 mice transplanted with fresh CD45.1+ Lin- 

cells, (19±22% CD45.1 cells) (Figure 4.2). Fifteen of 25 recipient mice showed 

chimerism when Lin- progeny from 3 week EL08-1D2-contact-cultures was 

competed with TBM from CD45.2+ mice (15±21% CD45.1+ cells). Transplantation 

of week-3 progeny from EL08-1D2 non-contact cultured cells did not yield 

detectable CD45.1+ cell repopulation (0/29 mice, p<0.001 compared with EL08-1D2 

contact progeny), demonstrating again that EL08-1D2 cells support competitive 

repopulating HSC in contact but not in non-contact culture. Four of 4 mice grafted 

with progeny from AFT024-contact cultures (41±30% CD45.1+ cells), but 0/8 from 

AFT024 non-contact cultures had CD45.1+ hematopoiesis 4 months post 

transplantation. In contrast, UG26-1B6 feeders could maintain competitive 

repopulating HSC in both contact and in non-contact cultures: 8/19 mice transplanted 

with culture progeny of UG26-1B6 contact cultures met criteria for competitive 

repopulation by CD45.1+ cells (2±1.4% CD45.1+ cells), whereas, 15/30 mice 

transplanted with culture progeny of UG26-1B6 non-contact cultures showed 

multilineage repopulation with CD45.1+ cells (10±20% CD45.1+ cells) (Figure 4.2).  

At first sight, the level of chimerism from cells cultured in contact with EL08-1D2 
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feeders was higher than the level of chimerism in animals grafted with cells 

maintained in UG26-1B6 non-contact or contact cultures. As defined above, all 

engrafted animals had contribution to the myeloid, B- and T-lymphoid lineages. 

Figure 4.3 illustrates the multilineage potential of donor-derived cells from one 

representative individual mouse in each of the LTR-HSC supporting conditions. 

Multilineage engraftment in animals that received progeny of EL08-1D2-contact 

cultures was skewed towards T lymphocytes with a reduction in myeloid 

engraftment compared to fresh uncultured BM cells and cells cultured in contact with 

UG26-1B6 (p-value<0.05) (Figure 4.3). Of the 10/25 mice that did not meet the 

requirements for donor derived engraftment in the EL08-1D2 contact culture group, 

three mice were repopulated with CD45.1+ cells, but only in the lymphoid 

compartment, and one mouse showed only myeloid engraftment of CD45.1+ cells.  

We also performed secondary transplants to demonstrate that LTR-HSC had 

persisted in the different culture systems. One million BM cells from 2 animals with 

>5% CD45.1+ chimerism following transplantation of progeny from each of EL08-

1D2 contact, AFT024-contact, and UG26-1B6-non-contact cultured Lin- BM cells 4 

months earlier, was transferred to secondary recipients. Table 4.2 summarizes the 

chimerism of the 6 primary recipients from which the BM was used for secondary 

transplants. Three and four of four of the secondary recipients of BM cells from 

animals grafted with EL08-1D2-contact #1 or #2 progeny, respectively, had 

multilineage CD45.1+ hematopoiesis, but engraftment was skewed towards the B- 

and T-lymphoid lineage, respectively. Four and zero of four of the secondary 

recipients of BM cells harvested from animals grafted with AFT024-contact #1 or #2 

progeny showed multilineage CD45.1+ hematopoiesis, but – as for EL08-1D2-

contact secondary recipients - also skewed towards the lymphoid lineages. Both 

groups of mice that received cells from primary recipients repopulated with UG26-

1B6 non-contact cultured cells repopulated with CD45.1+ cells, which was 

multilineage in 6/8 secondary recipients.  

4.C.3. UG26-1B6 secretes a factor or factors capable of supporting HSC in culture. 

To determine whether lack of HSC maintenance in EL08-1D2 non-contact cultures is 

due to secretion of an inhibitor by the cells, or whether EL08-1D2 cells fail to secrete 
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one or more soluble factors capable of maintaining HSC, we mixed UG26-1B6 and 

EL08-1D2 cells at different ratios. If addition of 25% UG26-1B6 cells to 75% EL08-

1D2 cells would lead to maintenance of HSC, then UG26-1B6 cells must secrete a 

factor that supports HSC. If, by contrast, combining 75% UG26-1B6 cells with 25% 

EL08-1D2 cells does not lead to HSC support, a factor produced by EL08-1D2 may 

inhibit HSC maintenance.  To distinguish between the two cell lines, UG26-1B6 

cells were transduced with a retroviral vector encoding the enhanced green 

fluorescent protein (eGFP) and the GFP+ cells were sorted by FACS. The relative 

proportion of UG26-1B6 and EL08-1D2 present in culture after plating the different 

ratios was verified by FACS and fluorescence microscopy.  

Total cell expansion and recovery of CFC at 3 weeks was similar between cells 

maintained in any of the non-contact cultures above mixed stromal cell lines (Figure 

4.4A-B). We transplanted Lin- CD45.1+ BM cell progeny from the different cultures 

in a competitive repopulation assays with CD45.2+ cells. Addition of as little as 25% 

UG26-1B6 cells to the EL08-1D2 stromal cell cultures resulted in the maintenance of 

HSC in non-contact culture. Fifty percent of transplanted mice demonstrated multi-

lineage engraftment with >1% donor derived cells. Similar multilineage engraftment 

was seen in mice receiving progeny of cultures containing 100%, 75%, 50%, or 25% 

UG26-1B6 (Figure 4.5-6) indicating that EL08-1D2 fails to secrete a factor required 

for HSC support in non-contact cultures. Lymphoid skewing was not seen in 

recipients of cells cultured with mixed stromal cell lines (Figure 4.6B). These studies 

thus suggest strongly that UG26-1B6 cells secrete a factor or multiple factors 

required for HSC maintenance in non-contact culture, not produced by EL08-1D2 

cells.  
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4.D. Discussion 

The nature of signals that govern HSC self-renewal, differentiation and proliferation 

are still not well understood. Throughout development, HSC reside in multiple 

different sites40,238. It is therefore thought that characterization of the 

microenvironment of these developmentally diverse sites may yield important 

insights in factors that regulate HSC behavior.  

Here we demonstrate that feeders generated from E10.5-AGM, E10.5-EL and E14.5-

FL support HSC in vitro. Only for UG26-1B6 cells, contact between the feeder and 

HSC was not required to maintain HSC. In none of the cultures could we 

demonstrate HSC expansion. As mixed feeders comprising 25% UG26-1B6 cells and 

75% UG26-1B6 cells also support HSC, the studies suggest that one or more soluble 

factors secreted by the UG26-1B6 cell line that can support HSC in vitro, whereas, 

such factor(s) are not secreted by the EL08-1D2 or AFT-024 feeders.  

Although many studies have demonstrated that different hematopoietic cytokines and 

growth factors area secreted by different feeders, no specific pattern of expression 

has been associated with the ability of one but not other feeders to support primitive 

hematopoietic progenitors. A number of recent studies have suggested that 

morphogens operative during early embryonic development may play a role in HSC 

self-renewal and differentiation. Hedgehog (HH) proteins are involved in embryonic 

as well as post-natal hematopoiesis. For instance, Indian HH is involved in the 

induction of primitive hematopoiesis in mouse embryos through up-regulation of 

bone morphogenetic protein (BMP)-4 expression18,239.  More recently, a role for HH 

proteins in adult hematopoiesis has been recognized, as addition of exogenous sonic 

HH to stroma-free cultures of human CD34+38-Lin- cells, resulted in expansion of 

SCID-repopulating cells (SRC)240. Like HH proteins, BMPs are evolutionarily 

conserved. Although it has long been known that BMPs play a pivotal role in ventral 

mesoderm specification and induction of primitive hematopoiesis during embryonic 

development, recent evidence has been obtained that BMPs may also play a role in 

later stages of hematopoietic development. For instance addition of BMP-4 to 

cultures of primitive CD34+38-Lin- cells, results in increased preservation of 
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SRC191,240. A third family of proteins known to play an important role in 

development, including hematopoiesis, is the Wnt family. Components of the Wnt 

pathway promote proliferation of stem/progenitor cells of skin86, gut241, brain242 as 

well as embryonic stem cells243. A number of studies have shown that several Wnt 

members, including WNT3, WNT5a and WNT10b affect self-renewal of human or 

mouse HPC and HSC161,162,168,169. Wnt-5a and Wnt-10b are expressed in the yolk sac 

and embryonic liver168, and is expressed between E10 and E11 in the AGM 

region244.  

In the next two chapters of this thesis, I will define molecular differences between 

the three stromal feeders, which may aid in the identification of factors that regulate 

HSC self-renewal. Specifically, we will compare the transcriptome of the different 

feeders, identify differentially expressed transcripts and test whether these may play 

a role in the HSC supportive nature of UG26-1B6 non-contact cultures. As described 

in Chapter 6, we identified as one of these factors, Wnt5a, which when added to 

EL08-1D2 cells endows the feeder with the ability to support HSC in non-contact 

cultures. In addition, in Chapter 7, we will evaluate a possible role of BMPs in 

maintenance of HSC ex vivo. 

A second finding was that secondary transplantation of progeny of EL08-1D2 or 

AFT-024 contact cultures yielded mainly lymphoid repopulation. One possible 

explanation is that the number of LTR-HSC maintained in the EL08-1D2 contact 

cultures is limited, and mainly lymphoid progenitors are passed to the secondary 

recipient. Here too, evaluation of the expressed gene profile of EL08-1D2 cells may 

shed light on which factors expressed by this feeder may be responsible for 

maintenance of lymphoid HPC and to a lesser extent multilineage LTR-HSC.  

Contributions: David Abts provided technical assistance, and Kazuhiro Sudo and Dr. 

Catherine Verfaille assisted in design and interpretation of the experiments. 
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Number of mice 
repopulated vs. 

mice transplanted 

% 
Repopulated 

mice 

Fresh 2/3 67% 
UG26-1B6 

contact 
5/5 100% 

UG26-1B6 
non-contact 

2/5 40% 

EL08-1D2 
contact 

4/5 80% 

EL08-1D2 
non-contact 

0/5 0% 

 

Table 4.1. In a radio protective assay Lin-BM cells cultured for 3 weeks with 
UG26-1B6 in non-contact culture contain repopulating stem cells.  

5x104 Lin- CD45.1+ BM cells were cultured in contact with or transwells above 
confluent irradiated feeders. After 3 weeks, progeny from the 5x104 Lin- CD45.1+ 
BM cells were injected IV into C57BL/6J (CD45.2+) mice. PB and BM were 
analyzed by FACS after 4 ½ months. Numbers represent animals in which donor 
derived repopulation was seen after 4 ½ months in the PB. 
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Table 4.2. Culture of Lin- BM cell in UG26-1B6 non-contact cultures preserves 
LTR-HSC. 1x104 Lin- CD45.1+ BM cells were cultured in contact with or transwells 
above confluent irradiated feeders. After 3 weeks, progeny from the 1x104 Lin- 
CD45.1+ BM cells were transplanted with 2x105 fresh CD45.2+ TBM IV into 
C57BL/6J (CD45.2+) mice. 106 TBM cells from two separate primary recipients 
were injected into groups of four CD45.2+ secondary recipients for each primary 
recipient. The two separate primary recipients that were used for secondary 
transplantations are labeled #1 and #2. Peripheral blood was collected 3 months after 
transplantation, and analyzed by FACS for CD45.1+ derived cells. The total 
contribution of donor CD45.1+ cells or donor myeloid, B- or T-lymphoid cells was 
determined as described in the Materials and Methods section. 

Total Myeloid B Lymphoid T Lymphoid

EL08-1D2 
contact#1 31.8% 2.5±1.7 11.6±7.7 71.2±19.6 17.2±15.2

EL08-1D3 
contact#2 86.7% 43.7±7.1 10.3±4.2 13.5±15.5 79.3±12.4

UG26-1B6         
non-contact#1 7.1% 68.9±6.3 53.6±15.5 5.7±1.4 40.7±14.3

UG26-1B6      
non-contact#2 5.7% 7.8±14.9 64.9±10.6  21.6±13.5 13.5±15.7

AFT024     
contact #1 85.7% 29.3±6.6 6.7±2.8 32.3±9.6 67.4±11.8

AFT024     
contact #2 49.7% 9.5±8.2 20.8±31.9 0.0±0.0 79.2±31.9

(n=4)
in primary 

recipient PB
Percent of donor derived cells in secondary recipients
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Figure 4.1. Total cell and CFC expansion of Lin- BM cells in contact and non-

contact stromal cultures.  

104 Lin- BM cells were cultured either in direct contact with or in transwells above 
UG26-1B6, EL08-1D2 or AFT024 cells that had been irradiated at 25Gy. After 3 
weeks of culture, A) total cell number was enumerated to determine cell expansion. 
Trypan blue was used to distinguish the live cells from the irradiated stromal feeder 
and B) progeny were plated in CFC assay. CFC were enumerated at day 12. The data 
represents 4 individual experiments± standard deviation. % CFC recovery = (#CFC 
generated by the progeny of 104 Lin- BM cells recovered after 3 weeks of culture / 
#CFC / 104 fresh Lin- BM cells) x 100. Statistical significance for all experiments 
was determined by two-tail t-test. 
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Figure 4.2. UG26-1B6 cells but not AFT024 and EL08-1D2 cells can maintain 

HSC in non-contact cultures.  

A combination of 2x105 CD45.2+ competitor BM and 104 fresh CD45.1+ Lin- BM 
cells, or progeny from 104 CD45.1+ Lin- BM cells cultured for 3 weeks in contact 
with or in transwells above AFT024, UG26-1B6 or EL08-1D2 cells were 
transplanted in CD45.2+ recipients. Twelve to sixteen weeks after transplantation, PB 
was collected and analyzed by FACS for presence of CD45.2+ and CD45.1+ cells. 
Data points represent total CD45.1+ cells in the CD45.2+ recipient animals. The 
frequency of engraftment represents the number of mice that showed both >1% 
overall engraftment and evidence of multi-lineage engraftment versus the total 
number of mice transplanted. Statistical significance was determined by two-tail t-
test. 
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Figure 4.3. Lin- BM co-cultured in contact with all feeders and in transwells 
above UG26-1B6 cells have multi-lineage potential in competitive repopulation 
assays; however repopulation by progeny from EL08-1D2-contact cultures is 
skewed towards the T-lymphoid lineage.  

A combination of 2x105 CD45.2+ competitor BM and 104 fresh CD45.1+ Lin- BM 
cells, or progeny from 104 CD45.1+ Lin- BM cells cultured for 3 weeks in contact 
with or in transwells above AFT024, UG26-1B6 or EL08-1D2 cells were 
transplanted in CD45.2+ recipients. Twelve to sixteen weeks after transplantation, PB 
was collected and analyzed by FACS for presence of CD45.2+ and CD45.1+ cells, 
and for CD45.1+ cells co-labeling with anti-Gr-1/Mac-1+, anti-B220+, or anti-
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CD4/CD8+. A) The FACS plots demonstrate multi-lineage engraftment (Gr-1/Mac-
1+, B220+, and CD4/CD8+ cells) of one representative mouse from each group 
transplanted with cells co-cultured with stromal cells. Analysis was done on PB 3 
months after transplantation. B) The figure demonstrates multilineage repopulation 
of all transplanted mice that were engrafted with donor-derived cells. Bars represent 
percent±standard deviation for myeloid, B-lymphoid and T-lymphoid cells within the 
CD45.1+ population. Statistical significance in all experiments was determined by 
two-tail t-test.  
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Figure 4.4. No significant differences in cell expansion and recovery of CFC 
when Lin- BM cells are cultured on feeders consisting of different ratios of 
UG26-1B6 and EL08-1D2.  

104 CD45.1+ Lin- BM were cultured in transwells above mixed feeders containing 
variable percentages of UG26-1B6 and EL08-1D2 cells, shown in the X-axis. A) 
After 3 weeks of culture total cells numbers were counted to assess cell expansion. 
B) After 3 weeks of culture the frequency of CFC was determined. CFCs were 
enumerated at day 12. % CFC recovery = (#CFC generated by the progeny of 104 

Lin- BM cells recovered after 3 weeks of culture /#CFC/ 104 fresh Lin- BM cells) x 
100.  Experiments were repeated three times with separate isolations of Lin- BM. 
Statistical significance in all experiments was determined by two-tail t-test. 
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Figure 4.5. Addition of 25% UG26-1B6 cells to EL08-1D2 feeders enables 
maintenance of HSC cultured in transwells above the feeder.  

2x105 CD45.2+ total BM cells were competed against 104 CD45.1+ Lin- BM cells 
cultured for 3 weeks in transwells above different mixtures of UG26-1B6 and EL08-
1D2 cells in CD45.2+ recipients. Twelve to sixteen weeks after transplantation, PB 
was collected and analyzed by FACS for presence of CD45.2+ and CD45.1+ cells. 
Data points represent total CD45.1+ cells in the PB of CD45.2+ recipient animals. 
The frequency of engraftment represents the number of mice that showed both >1% 
engraftment, and multi-lineage engraftment versus the total number of mice 
transplanted. Statistical significance was determined by two-tail t-test. 
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Figure 4.6. Lymphoid skewing is not found in animals repopulated with 
progeny from cultures of Lin- BM cells cultured above mixed feeders with 25% 
or more UG26-1B6 cells, combined with EL08-1D2 cells.  

A combination of 2x105 CD45.2+ competitor BM and 104 fresh CD45.1+ Lin- BM 
cells, or progeny from 104 CD45.1+ Lin- BM cells cultured for 3 weeks in contact 
with or in transwells above different mixtures of UG26-1B6 or EL08-1D2 cells were 
transplanted in CD45.2+ recipients. Twelve to sixteen weeks after transplantation, PB 
was collected and analyzed by FACS for presence of CD45.2+ and CD45.1+ cells, 
and for CD45.1+ cells co-labeling with anti-Gr-1/Mac-1+, anti-B220+, or anti-
CD4/CD8+. A) The FACS profiles demonstrate multi-lineage engraftment (Gr-
1/Mac-1+, B220+, and CD4/CD8+ cells) of one representative mouse from each group 
that was transplanted with cells co-cultured with mixed stromal cells. PB of animals 
was analyzed at 12 weeks post transplantation. B) Bar graphs demonstrate 
multilineage repopulation of donor-derived cells in engrafted mice. Points represent 
percent myeloid, B-lymphoid and T-lymphoid cells within the CD45.1+ cell 
population. 
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CHAPTER 5: Gene expression profiling of HSC supportive stromal 
cell lines 

5.A. Abstract 

The microenvironment wherein the hematopoietic stem cell (HSC) resides, also 

termed the niche, plays a key role in HSC self-renewal vs. differentiation decisions. 

During development, HSC reside sequentially in different sites, including the aorta-

gonad-mesonephros (AGM) region, followed by the fetal liver (FL) and eventually 

the bone marrow (BM). Stromal cell lines isolated from these different sites have 

been generated, some of which support HSC self-renewal/maintenance while others 

do not. We have shown that a stromal line generated from the urogenital ridge (UG) 

of mouse, UG26-1B6, can maintain competitive repopulation HSC in non-contact 

cultures (Chapter 4), whereas a feeder from the embryonic liver (EL) (EL08-1D2) 

fail to support HSC in non-contact culture. As mixing studies suggested that one or 

more key growth factors or cytokines that support HSC maintenance are secreted by 

the UG26-1B6, we evaluated the transcriptome of the UG26-1B6 and EL08-1D2 cell 

lines after 7 days of non-contact culture below Lin- BM cells with the aim to identify 

possible candidate genes/proteins. 1,834 genes were differentially expressed between 

the UG26-1B6 line and EL08-1D2 cell at day 7. 872 genes were more highly 

expressed by EL08-1D2 cells than UG26-1B6 cells, and 962 genes were more highly 

expressed by UG26-1B6 cells than EL08-1D2 cells. Among the genes more highly 

expressed in UG26-1B6 than EL08-1D2 cells, 18 encoded for proteins categorized as 

present in the extracellular space, using GO analysis. These included Wnt5a, Tfpi, 

SerpinE2, and Galectin-3. In an initial screen, we have evidence that Tfpi, SerpinE2 

(and Wnt5, see chapter 6) may enhance expansion/maintenance of long-term 

repopulating murine HSC when cultured without stromal cells in cultures 

supplemented with stem cell factor (SCF) and thrombopoietin (Tpo). Based on these 

data, the effect of additional proteins more highly expressed in UG26-1B6 than 

EL08-1D2 cells should be evaluated for their effect on HSC maintenance / expansion 

ex vivo. 
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5.B. Introduction 

The HSC niche consists of “stromal” cells (including osteoblasts, endothelial cells, 

myofibroblasts, and macrophages) to which the HSC adhere, as well as, extracellular 

matrix (ECM), and secreted factors, all of which regulate cell fate decisions. 

Although many cytokines and growth factors have been isolated that affect HSC, 

none have been identified that can support in vitro long-term HSC maintenance 

(more than 1 week). Stromal cell lines have been isolated from different HSC 

supportive environments during embryonic development and have been used to 

mimic the microenvironment of the HSC. Others and we have found that some of 

these feeders support HSC maintenance, albeit no real expansion has been achieved 

in vitro 11,13,139,245-248. 

Initially, it was believed that stromal cell lines could only support primitive 

hematopoietic cells that were plated in contact with the stromal cells, as the most 

primitive cells are found in so called cobblestone areas, wherein the more primitive 

cells are actually underneath the stromal cells247. However, more recent studies have 

demonstrated that HSC can also be maintained using culture systems where direct 

contact between the HSC and stromal cells themselves is prevented by plating cells 

in a transwell placed above the stromal cells, which still allows for secreted factors to 

reach the HSC but prevents direct HSC-stromal cell interactions248-251.  Such a 

culture system has been named a “stroma-non-contact” culture. That primitive HPC 

can be maintained when cultured in transwells above stromal cells was first shown 

for mixed BM stromal cells251 and subsequently for a variety of clonal stromal cells 

from different hematopoietic microenvironments (such as BM derived M210-B4 

cells, FL derived AFT-024 cells and urogenital ridge derived UG26-1B6 

cells)12,13,252. Because some cell lines support HSC significantly better than others 

when hematopoietic cells are cultured in transwells above the feeders, comparing the 

secretome of the different feeders should yield insights in secreted factors that 

govern HSC maintenance.  

We demonstrated that one of the lines, derived from the urogenital ridge in E10.5 

AGM (UG26-1B6 cells) supports maintenance of murine LTR-HSC when plated 
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separate from the feeder by a 0.4mm pore transwell, suggesting that UG26-1B6 cells 

secrete factors important for HSC maintenance. By contrast murine LTR-HSC could 

not be maintained in transwells above another E10.5 derived feeder, namely the 

embryonic liver line, EL08-1D2.  

These studies suggest thus that UG26-1B6 cells may secrete one or more factors that 

can support murine HSC in vitro. We therefore performed transcriptome analysis of 

UG26-1B6 and EL08-1D2 after 7 days of non-contact culture below Lin- BM cells to 

identify candidate factors. 
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5.C. Results 

5.C.1. Identification of secreted factors expressed more highly in irradiated UG26-

1B6 than AFT024 and EL08-1D2 cells co-cultured with Lin-BM cells  

As there exists evidence for cross talk between hematopoietic cells and stromal cells 

both in vivo and in vitro13,138,253,254, we evaluated the transcriptome of UG26-1B6 and 

EL08-1D2 cells above which Lin- BM cells had been cultured in transwells for 7 

days. The stromal cell lines were cultured to confluence and irradiated at 25Gy. After 

24 hours, 10,000 freshly isolated Lin- BM cells were plated in transwells above the 

feeders. After 7 days, the transwells containing the Lin- BM cells were removed, 

total RNA was extracted from the stromal cells, labeled cRNA generated, which was 

hybridized to the mouse 430 2.0 Affymetrix arrays containing ~45,000 probes 

representing ~34,000 genes. All studies were done in triplicate using RNA harvested 

from cells cultured for different passages. The triplicate samples were normalized 

using a MAS 5.0 value of 140 for the mean fluorescence intensity of individual 

chips. The genes were then screened for absent or present call. If a probeset was not 

present in at least 2 out of 3 replicates in either UG26-1B6 or EL08-1D2, the 

probeset was removed from further analysis. Using these criteria 22,451 probe sets 

were identified as present in at least one of the groups, UG26-1B6 or El08-1D2. The 

average of the replicates was used to determine the genes that were at least two-fold 

differentially expressed between the stromal cell lines, and the significance was 

determined using a false-discovery rate (FDR) of less than 1%.  

In the analysis, we identified 1,834 genes that were differentially expressed between 

UG26-1B6 and EL08-1D2 cells at day 7. Using the Ingenuity database 

(www.ingenuity.com) the genes were categorized by their cellular component, and 

18 genes higher expressed in UG26-1B6 were classified in the extracellular space 

(Figure 5.1). None of the differentially expressed genes encode for cytokines or 

growth factors previously identified to influence HSC behavior. Indeed, transcripts 

for stem cell factor (Scf), thrombopoietin (Tpo), Flt-3-L, along with non-classical 

hematopoietic morphogens and cytokines, such as Igf-2, Wn3a, Angiopoietin like 

proteins were not differentially expressed133,134,161,162,255,256. Table 5.1 includes the 18 
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differentially expressed genes with higher expression in UG26-1B6 compared to 

EL08-1D2 cells.  

5.C.2. Possible role in HSC maintenance/expansion of genes identified to be more 

highly expressed in UG26-1B6 than EL08-1D2 and AFT024 feeders, encoding 

secreted factors 

In chapter 6, we will discuss studies aimed at evaluating the role of Wnt5a in in vitro 

HSC maintenance. We initiated studies to evaluate the role of three other proteins in 

hematopoiesis, namely Tfpi, SerpinE2 and LGALS3 (Galectin-3) for which purified 

proteins are available 

We cultured 50 c-kit+Sca-1+Lin- (KLS) murine BM cells in U-bottom well plates for 

5 days in serum free medium supplemented with 50ng/mL SCF, 100ng/mL Tpo, and 

100 ng/mL Tfpi, 5µg/ml Galectin-3 or 5 µg/ml SerpinE2. No significant differences 

were found in total cell expansion of KLS cells when Tfpi, SerpinE2, or Galectin-3 

were added (Figure 5.3A). We also found no significant differences in the number of 

CFC recovered after 5 days from cultures supplemented with SCF and Tpo with or 

without Tfpi, Galectin-3, or SerpinE2 (Figure 5.4.B).  

We also performed competitive repopulation studies with 200 freshly isolated 

CD45.1+ KLS cells or culture progeny of 200 CD45.1+ KLS cells, cultured with SCF 

and Tpo with or without Tfpi, Galectin-3, or SerpinE2 with 105 BM cells from 

CD45.2+ mice in lethally irradiated CD45.2+ recipient.  At 4 weeks and then again at 

12-16 weeks PB was analyzed for multi-lineage engraftment from CD45.1+ KLS 

cells. Recipients were considered engrafted if >1% CD45.1+ cells were detected with 

contribution to the myeloid, B-lymphoid and T-lymphoid lineages. Preliminary 

studies in 5 mice suggest that addition of galectin to the culture does not affect 

hematopoietic reconstitution from KLS cells.   

Transplantation of progeny from cultures in which Tfpi was added resulted in similar 

levels of engraftment in 6 mice at 4 weeks (13.03%±5.29% and 17.34%±9.84%, 

respectively). Contribution to both the myeloid and lymphoid lineage was similar at 

4 weeks. By contrast, significantly greater levels of engraftment from KLS cells 
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cultured with Tfpi (38.65%±12.78% and 3.4%±0.85%, p-value=0.01) (Figure 

5.4.C&D) were seen at 16 weeks following transplantation (n=4). The donor-derived 

cells contributed equally to myeloid and lymphoid lineages. These preliminary 

results suggest thus that addition of Tfpi enhances the maintenance of long-term 

repopulating (LTR-HSC) and might be useful for HSC expansion.  

Transplantation of KLS cells cultured with Tpo and SCF with in addition SerpinE2 

yielded higher levels of CD45.1 derived reconstitution at 4 weeks compared to cells 

treated with SCF and Tpo alone (32.04%±15.34% and 17.34%±9.84%, respectively 

(n=5)). Engraftment of myeloid and lymphoid compartment showed normal lineage 

distribution from the donor derived cells. Similarly at 12-16 weeks post-

transplantation KLS cells cultured in the presence of SerpinE2 yielded higher 

CD45.1 derived engraftment compared to cells in the presence of SCF and Tpo alone 

(24.7±25.6% and 8.7±7.3%, respectively).  

Addition of Galectin-3 to KLS cultures also supplemented with Tpo and SCF did not 

affect reconstitution by CD45.1+ cells at 1 month and 12-16 weeks (Figure 5.4). 
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5.D. Discussion 

To identify possible novel secreted factors that support HSC maintenance and / or 

expansion, we exploited stromal feeders that support (UG26-1B6 cells) or do not 

support (EL08-1D2 cells) maintenance of murine LTR-HSC when cultured in 

transwells above the irradiated feeders. A transcriptome analysis of these feeders 

demonstrated that at least 18 genes encoding proteins classified by the Gene 

Ontology classification to be present in the extracellular space, 15 of which have 

previously not been shown to affect HSC. Studies done with Wnt5a, previously 

shown to have an effect on HSC, are described in Chapter 6.  

Two of the genes in table 5.1 encode for proteins that have previously been shown to 

affect HSC. Delta-like 1 homolog (Dlk-1), expressed 100-fold more highly in UG26-

1B6 than EL08-1D2 cells was previously identified to be in part responsible for the 

maintenance of HSC in contact with the AFT024 feeder223.  Insulin-like growth 

factor binding protein 3 (Igfb3) modulates the effect of insulin growth factor (Igf) 

proteins. Insulin growth factor 1 (Igf1) and Insulin-like growth factor binding protein 

2 (Igbp2) have been identified to be produced by stromal cells and be in part 

responsible for the maintenance of HSC in these systems134,257,258.  

In postnatal life, at least some HSC reside in the osteoblastic niche of the BM97. One 

of the differentially expressed genes was connective tissue growth factor (Ctgf), 

which is expressed in osteoblasts. Overexpression of CTGF in skeletal cells leads to 

increased Hes-1 and NFAT activation through Notch independent mechanisms259. 

Interestingly CTGF also interacts with factors in the BMP and Wnt pathways altering 

these signaling pathways 260. CTGF and its CNN family member, Nov, share similar 

structures with the BMP antagonist, Twsg1 and Chrd, which will be discussed in 

chapter 7 261. Studies evaluating the effect of this protein on HSC 

maintenance/expansion will be of interest. 

We have tested the effect of 3 of the identified proteins, specifically LGALS3 

(Galectin-3), Tfpi and SerpinE2, on HSC maintenance/expansion ex vivo, using a 

serum-free stroma-free culture system of KLS cells supplemented with SCF and Tpo 

adapted from a previously established culture system134. Tissue factor pathway 
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inhibitor (Tfpi) is an anti-coagulant in vivo, but a role for Tfpi in hematopoiesis has 

not been described262,263.   

Galectin-3 is expressed in many tissues where it is present on the cell surface, from 

where it can be shed. Galectin-3 is a member of large family of β-galactoside–

binding animal lectins264. Multiple cell types including monocytes, macrophages, and 

epithelial cells secrete Galectin-3265-268. Secreted Galectin-3 activates cells, mediates 

cell-cell and cell-ECM interactions, and induces migration of monocytes, endothelial 

cells, and tumor cells 265-267,269. Gal3-/- mice appear normal, including lymph nodes, 

spleen, and thymus270. No significant differences were observed in blood cell count 

between Gal3-/- and Wt mice. However, these studies did not examine whether 

aberrations in HSC number or function exist in Gal3-/- mice.  

SerpinE2, also, termed glial-derived neurite promoting factor, protease nexin I and 

glial-derived nexin 1 is a 44-kD thrombin and urokinase inhibitor. It plays a major 

role in regulating alpha-thrombin in tissues and may be associated with development 

of chronic obstructive lung disease271,272. A role of SerpinE2 in hematopoiesis has 

not been evaluated.  

Initial results suggest that Tfpi may increase the number of HSC that engraft mice at 

4 months, whereas both early and 4-month reconstitution by KLS cells cultured with 

SerpinE2 was increased. Additional studies will be needed to determine the full 

effect of these two molecules on the maintenance or even expansion of LTR-HSC. 

These studies include limiting dilution competitive repopulating assays of KLS 

progeny from cultures supplemented with these factors against uncultured KLS cells, 

dose response studies for the proteins, and evaluation of the mechanism underlying 

the effect on LTR-HSC. As Wnt5a also increases the maintenance of LTR-HSC 

(described in Chapter 6), these findings suggest that more than one of the genes 

differentially expressed in stromal feeders that support or do not support HSC in 

vitro, may encode for factors responsible for maintaining HSC. 

Although genomics has had significant advances that allow for techniques such as 

microarray analysis, the function of many genes is still unknown.  We found that 

aside from the 18 genes found in the extracellular space that are differentially 
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expressed between UG26-1B6 and EL08-1D2 cells, a number of genes also 

differentially expressed are still uncategorized for their cellular component according 

to the Ingenuity database, however the NetAffyx database characterizes the cellular 

location for a number of these genes. Two of these genes are classified in the 

extracellular space and may also be of interest (Table 5.2 & 5.3). Because little is 

known about the uncategorized and unknown populations, investigation of these 

populations could identify additional factors involved in hematopoiesis.  

In conclusion, our data demonstrates that further investigation of proteins encoded by 

genes differentially expressed in HSC supportive and non-supportive stromal cell 

lines may yield more gene candidates involved in HSC cell fate decisions including 

self-renewal, and differentiation.  

Contributions:  Fernando Ulloa-Montoya assisted in experimental design and 

analysis of microarray experiment. Dr. Catherine Verfaille assisted in design and 

interpretation of the experiments. 
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5.E. Methods 

5.E.1. Processing of RNA samples and microarray analysis. 

Total cellular RNA was isolated using the RNAeasy microkit (Qiagen, Valencia, 

CA) from UG26-1B6, AFT024 and EL08-1D2 stromal cells (in triplicate) that had 

been irradiated with 2,500cGy per manufacturer's instructions. 2µg of RNA was then 

used for cDNA synthesis, which was performed using Superscript double stranded 

cDNA synthesis kit (Invitrogen, Carlsbad, CA) followed by labeling with the Enzo 

Bioarray HighYield RNA Transcript Labeling Kit (Enzo Life Sciences, Farmingdale, 

New York, United States) according to manufacturer's instructions. Samples were 

hybridized to Affymetrix mouse 430 2.0 chips (Affymetrix Inc), washed, and 

scanned at the University of Minnesota Affymetrix Microarray Core Facility as 

described in the Affymetrix GeneChip Expression Analysis Technical Manual.  

CEL files were loaded into GeneData Expressionist Refiner (GeneData, San 

Francisco, CA) to assess overall quality. Feature intensities for each probeset were 

condensed into a single intensity value using the Affymetrix Statistical Algorithm 

(MAS 5.0). Data was analyzed using GeneData's Expressionist. Two fold 

differentially expressed genes with a false discovery rate of <1% were considered 

significant and the fold difference was used to rank gene lists. Differentially 

expressed genes were classified according to their respective gene pathways and 

gene ontologies using Affymetrix NetAffx analysis tool 

(http://www.affymetrix.com) and Ingenuity database (www.ingenuity.com). 
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Table 5.1. Genes found highly expressed by UG26-1B6 in the extracellular 

space. 

 

Gene 
Symbol 

Gene 
Fold 

Change 
DLK1 delta-like 1 homolog 100 
TFPI tissue factor pathway inhibitor 20 

NXPH1 neurexophilin 1 16 
PRG4 proteoglycan 4 10 
CTGF connective tissue growth factor 9 

IGFBP3 insulin-like growth factor binding protein 3 8 
DEFCR3 defensin related cryptdin 3 5 
WNT5A wingless-type MMTV integration site family, member 5A 5 

SERPINE2 serpin peptidase inhibitor, clade E, member 2 5 
COL18A1 collagen, type XVIII, alpha 1 4 

EDN1 endothelin 1 3 
BGLAP bone gamma-carboxyglutamate protein 3 

COL8A1 collagen, type VIII, alpha 1 3 

PRG1 proteoglycan 1, secretory granule 3 
INHBA inhibin, beta A 2 

LTBP2 latent transforming growth factor beta binding protein 2 2 

MAC30 hypothetical protein MAC30 2 
LGALS3 Lectin, galactoside-binding, soluble, 3 2 
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Table 5.2. Genes found highly expressed by UG26-1B6 with unknown cellular 

location.  

 

Gene Symbol Gene 
Fold 

Change 
PEG12 paternally expressed 12 28 

FLJ20701 hypothetical protein FLJ20701 17 
SPBC24 spindle pole body component 24 homolog 14 
PPIL5 peptidylprolyl isomerase (cyclophilin)-like 5 11 

FKSG14 leucine zipper protein FKSG14 11 
C15ORF23 chromosome 15 open reading frame 23 11 
C10ORF3 centrosomal protein 55kDa 10 

ARHGAP11A Rho GTPase activating protein 11A 10 
DHFR dihydrofolate reductase 9 

CDCA5 cell division cycle associated 5 9 
SHCBP1 SHC SH2-domain binding protein 1 9 
CDCA3 cell division cycle associated 3 9 
SPBC25 spindle pole body component 25 homolog 9 
IRAK3 interleukin-1 receptor-associated kinase 3 7 

ASPM asp (abnormal spindle)-like, microcephaly associated 7 

FLJ20364 hypothetical protein FLJ20364 6 
UBE2T ubiquitin-conjugating enzyme E2T (putative) 6 
ASF1B ASF1 anti-silencing function 1 homolog B 6 
PSF1 DNA replication complex GINS protein PSF1 6 

RAPGEF5 Rap guanine nucleotide exchange factor (GEF) 5 5 
CGREF1 cell growth regulator with EF-hand domain 1 5 

CHTF18 
CTF18, chromosome transmission fidelity factor 18 

homolog 
5 

DTYMK deoxythymidylate kinase 5 
A130040M12RIK RIKEN cDNA A130040M12 gene 5 

ELMO1 engulfment and cell motility 1 4 

GALNT13 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 13 
4 

HS3ST6 heparan sulfate (glucosamine) 3-O-sulfotransferase 6 4 

FBXO42 F-box protein 42 4 
WRNIP1 Werner helicase interacting protein 1 4 

NUDT7 
nudix (nucleoside diphosphate linked moiety X)-type 

motif 7 
4 

STAF42 transcriptional adaptor 1 (HFI1 homolog, yeast)-like 4 
ATAD2 ATPase family, AAA domain containing 2 4 
TLL1 tolloid-like 1 4 

LOC93081 hypothetical protein BC015148 4 
CDCA4 cell division cycle associated 4 3 

BOK BCL2-related ovarian killer 3 
BRMS1 breast cancer metastasis suppressor 1 3 
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NKD2 naked cuticle homolog 2 3 
LYPLA1 lysophospholipase I 3 
DDIT4L DNA-damage-inducible transcript 4-like 3 

SMS spermine synthase 3 
FLJ22794 FLJ22794 protein 3 

PKMYT1 
protein kinase, membrane associated tyrosine/threonine 

1 
3 

ACYP1 acylphosphatase 1, erythrocyte (common) type 3 
EYA4 eyes absent homolog 4 3 

NUBP1 nucleotide binding protein 1 3 
KIAA1794 KIAA1794 3 

HN1 hematological and neurological expressed 1 3 

CHC1L 
regulator of chromosome condensation (RCC1) and 

BTB (POZ) domain containing protein 2 
3 

FLJ12443 acyltransferase like 2 3 
CTNNBIP1 catenin, beta interacting protein 1 3 
FLJ38973 hypothetical protein FLJ38973 3 

NUDT1 
nudix (nucleoside diphosphate linked moiety X)-type 

motif 1 
3 

B3GALT6 
UDP-Gal:betaGal beta 1,3-galactosyltransferase 

polypeptide 6 
2 

LOC221955 KCCR13L 2 
SLC43A3 solute carrier family 43, member 3 2 
FAM57A family with sequence similarity 57, member A 2 
PIP5KL1 phosphatidylinositol-4-phosphate 5-kinase-like 1 2 
MAGEH1 melanoma antigen family H, 1 2 
CHPT1 choline phosphotransferase 1 2 

COMMD10 COMM domain containing 10 2 
FLJ13798 hypothetical protein FLJ13798 2 

DKFZP762E1312 hypothetical protein DKFZp762E1312 2 
C9ORF76 chromosome 9 open reading frame 76 2 
RQCD1 RCD1 required for cell differentiation1 homolog 2 

L2HGDH L-2-hydroxyglutarate dehydrogenase 2 
SOCS5 suppressor of cytokine signaling 5 2 

MGC5508 transmembrane protein 109 2 
ADK adenosine kinase 2 

C14ORF130 chromosome 14 open reading frame 130 2 
C14ORF106 chromosome 14 open reading frame 106 2 

MUTED muted homolog (mouse) 2 
IRAK4 interleukin-1 receptor-associated kinase 4 2 
UBE2S ubiquitin-conjugating enzyme E2S 2 
ING5 inhibitor of growth family, member 5 2 

CXORF53 BRCA1/BRCA2-containing complex, subunit 3 2 

MTBP 
Mdm2, transformed 3T3 cell double minute 2, p53 

binding protein (mouse) binding protein 
2 

PRPS1 phosphoribosyl pyrophosphate synthetase 1 2 
C10ORF119 chromosome 10 open reading frame 119 2 
CASP8AP2 CASP8 associated protein 2 2 
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            Table 5.3. Celular location of genes by NetAffyx from Igenuity databases 

unknown or uncategorized cellular location list of genes. 

Gene Symbol Gene  
Fold 

Change 
NetAffyx Cellular 
Component Term 

PEG12 
chromosome 14 open reading frame 

106 
2 

nucleus 
/cytoplasm 

FLJ20701 paternally expressed 12 28 
nucleus / 
cytoplasm 

SPBC24 
nudix (nucleoside diphosphate linked 

moiety X)-type motif 7 
4 

nucleus / 
cytoplasm 

PPIL5 BCL2-related ovarian killer 3 
nucleus / 
cytoplasm 

FKSG14 hypothetical protein FLJ13798 2 
nucleus / 
cytoplasm 

C15ORF23 hypothetical protein BC015148 4 nucleus 
C10ORF3 cell division cycle associated 3 9 nucleus 

ARHGAP11A 
spindle pole body component 25 

homolog  
9 nucleus 

DHFR hypothetical protein FLJ20364 6 nucleus 

CDCA5 
ubiquitin-conjugating enzyme E2T 

(putative) 
6 nucleus 

SHCBP1 tolloid-like 1 4 nucleus 
CDCA3 nucleotide binding protein 1 3 nucleus 
SPBC25 acyltransferase like 2 3 nucleus 
IRAK3 melanoma antigen family H, 1 2 nucleus 

ASPM 
hypothetical protein 
DKFZp762E1312 

2 nucleus 

FLJ20364 inhibitor of growth family, member 5 2 nucleus 

UBE2T 
BRCA1/BRCA2-containing 

complex, subunit 3 
2 nucleus 

ASF1B 
phosphoribosyl pyrophosphate 

synthetase 1 
2 nucleus 

PSF1 deoxythymidylate kinase 5 membrane 
RAPGEF5 engulfment and cell motility 1  4 membrane 

CGREF1 
UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-
acetylgalactosaminyltransferase 13 

4 membrane 

CHTF18 
heparan sulfate (glucosamine) 3-O-

sulfotransferase 6 
4 membrane 

DTYMK 
transcriptional adaptor 1 (HFI1 

homolog, yeast)-like 
4 membrane 

A130040M12RIK COMM domain containing 10 2 
intracellular 

/nucleus 

ELMO1 
interleukin-1 receptor-associated 

kinase 4 
2 intracellular 
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GALNT13 Werner helicase interacting protein 1 4 
extracellular 

region 

HS3ST6 
hematological and neurological 

expressed 1 
3 

extracellular 
region 

FBXO42 
protein kinase, membrane associated 

tyrosine/threonine 1 
3 

cytoplasm 
/membrane 

WRNIP1 solute carrier family 43, member 3 2 
cytoplasm 
/membrane 

NUDT7 spermine synthase 3 
cytoplasm /// 
cytoplasm 

STAF42 RIKEN cDNA A130040M12 gene 5 
cytoplasm / 
membrane 

ATAD2 leucine zipper protein FKSG14 11 cytoplasm 

TLL1 
interleukin-1 receptor-associated 

kinase 3 
7 cytoplasm 

LOC93081 FLJ22794 protein 3 cytoplasm 
CDCA4 catenin, beta interacting protein 1 3 cytoplasm 

BOK adenosine kinase 2 cytoplasm 

BRMS1 
chromosome 10 open reading frame 

119 
2 cytoplasm 

NKD2 L-2-hydroxyglutarate dehydrogenase 2 
nucleus 

/cytoplasm 
LYPLA1 hypothetical protein FLJ38973 3 nucleus 
DDIT4L transmembrane protein 109 2 nucleus 

SMS 
asp (abnormal spindle)-like, 

microcephaly associated 
7  membrane 

FLJ22794 
cell growth regulator with EF-hand 

domain 1 
5  membrane 

PKMYT1 naked cuticle homolog 2 3  membrane 

ACYP1 
UDP-Gal:betaGal beta 1,3-

galactosyltransferase polypeptide 6 
2  membrane 

EYA4 KCCR13L 2  membrane 
NUBP1 hypothetical protein FLJ20701 17 --- 

KIAA1794 
spindle pole body component 24 

homolog 
14 --- 

HN1 
peptidylprolyl isomerase 

(cyclophilin)-like 5 
11 --- 

CHC1L 
chromosome 15 open reading frame 

23 
11 --- 

FLJ12443 centrosomal protein 55kDa 10 --- 
CTNNBIP1 Rho GTPase activating protein 11A 10 --- 
FLJ38973 dihydrofolate reductase 9 --- 
NUDT1 cell division cycle associated 5 9 --- 

B3GALT6 SHC SH2-domain binding protein 1 9 --- 

LOC221955 
ASF1 anti-silencing function 1 

homolog B  
6 --- 

SLC43A3 
DNA replication complex GINS 

protein PSF1 
6 --- 
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FAM57A 
Rap guanine nucleotide exchange 

factor (GEF) 5 
5 --- 

PIP5KL1 
CTF18, chromosome transmission 

fidelity factor 18 homolog 
5 --- 

MAGEH1 F-box protein 42 4 --- 

CHPT1 
ATPase family, AAA domain 

containing 2 
4 --- 

COMMD10 cell division cycle associated 4 3 --- 
FLJ13798 breast cancer metastasis suppressor 1 3 --- 

DKFZP762E1312 lysophospholipase I 3 --- 

C9ORF76 
DNA-damage-inducible transcript 4-

like 
3 --- 

RQCD1 
acylphosphatase 1, erythrocyte 

(common) type 
3 --- 

L2HGDH eyes absent homolog 4 3 --- 
SOCS5 KIAA1794 3 --- 

MGC5508 
regulator of chromosome 

condensation (RCC1) and BTB 
(POZ) domain containing protein 2 

3 --- 

ADK 
nudix (nucleoside diphosphate linked 

moiety X)-type motif 1 
3 --- 

C14ORF130 
family with sequence similarity 57, 

member A 
2 --- 

C14ORF106 
phosphatidylinositol-4-phosphate 5-

kinase-like 1 
2 --- 

MUTED choline phosphotransferase 1 2 --- 

IRAK4 
chromosome 9 open reading frame 

76 
2 --- 

UBE2S 
RCD1 required for cell 

differentiation1 homolog 
2 --- 

ING5 suppressor of cytokine signaling 5 2 --- 

CXORF53 
chromosome 14 open reading frame 

130 
2 --- 

MTBP muted homolog (mouse) 2 --- 
PRPS1 ubiquitin-conjugating enzyme E2S 2 --- 

C10ORF119 
Mdm2, transformed 3T3 cell double 

minute 2, p53 binding protein 
(mouse) binding protein 

2 --- 

CASP8AP2 CASP8 associated protein 2 2 --- 
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Figure 5.1. Cellular localization of genes highly expressed in UG26-1B6 
compared to EL08-1D2.  

RNA was extracted from irradiated UG26-1B6 and EL08-1D2 cells cultured for 7 
days with Lin- BM cells in transwells above the feeders. Labeled cRNA was 
hybridized to Affymetrix mouse 430 2.0 chips in triplicate. For differentially 
expressed genes (see methods), we used the Ingenuity database 
(www.ingenuity.com) to categorize the genes by cellular component.  

6% 7%

19%

5%

14%

49%

unknown
plasma membrane
nucleus
extracellular space
cytoplasm
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Figure 5.2. Effects of Tfpi, SerpinE2, and Galectin-3 on HSC.  

A&B) 50 KLS cells per well were cultured in serum-free media with 50ng/ml SCF 
and 100ng/ml Tpo with or without 100ng/ml Tfpi, 5µg/ml SerpinE2, or 5µg/ml 
Galectin-3 for 5 days. A) Fold expansion at day 5 from three separate isolations of 
KLS cells (mean± standard deviation). B) Total number of CFC per 50 Day 0 KLS 
cells counted 10 days after cells were seeded. The combined data represents three 
individual experiments (mean± standard deviation). C&D) Fresh or the progeny of 
200 CD45.1+ KLS cells, cultured with Tpo, SCF with or without Galectin, Tfpi or 
SerpinE2 were competed with 105 CD45.2+ BM and transplanted IV into lethally 

A. B. 

C. 
16 weeks 4 weeks 

0

20

40

60

S+
T

T
fp

i

G
al

ec
ti

n

Se
rp

in
E

2

F
ol

d 
E

xp
an

si
on

D. 

0

20

40

60

80

S+
T

T
fp

i

G
al

ec
ti

n

Se
rp

in
E

2

C
D

45
.1

 C
hi

m
er

is
m

0

50

100

150

200

S+
T

T
fp

i

G
al

ec
ti

n

Se
rp

in
E

2C
F

C
 p

er
 5

0 
D

0 
ce

lls



 80 
 

irradiated CD45.2+ recipients. PB was analyzed for CD45.1+ multilineage donor-
derived engraftment at C) 4 weeks and D) 12-16 weeks. Each point represents 
recipients with >1% donor-derived engraftment that contributed to all three lineages 
(Myeloid, T-lymphoid, and B-lymphoid).  
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CHAPTER 6: Wnt5a is capable of maintaining hematopoietic stem 
cells  

6.A. Abstract 

We previously demonstrated that the urogenital ridge derived UG26-1B6 cells, but 

not the embryonic liver derived EL08-1D2 cells secrete one or more soluble factors 

that allow maintenance of competitive repopulation (CR)-long-term-repopulating 

(LTR-) HSC. We here demonstrate that at least one of the factors produced by 

UG26-1B6 cells responsible for preserving CR-LTR-HSCs is Wnt5a. Addition of 

Wnt5a to cultures wherein hematopoietic cells were cultured in transwells above the 

EL08-1D2 feeder, restored maintenance of short-term repopulating (STR) HSC and 

to a lesser extent CR-LTR-HSC. Addition of an anti-Wnt5a antibody to cultures 

wherein hematopoietic cells were cultured in transwells above the UG26-1B6 feeder 

inhibited maintenance of ST-HSC and CR-LTR-HSC. Finally, addition of Wnt5a to 

a stroma-independent culture supplemented with Tpo and SCF significantly 

improved preservation of CR-LTR-HSC. We further demonstrate that Wnt5a likely 

acts by stabilizing β-catenin in KLS-CD34- cells. This is, to our knowledge, the first 

illustration that the morphogen, Wnt5a, may maintain murine CR-LTR-HSC in vitro 

via activation of the β-catenin Wnt signaling pathway 
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6.B. Introduction 

Many studies have found that cytokines and / or growth factors alone fail to support 

the maintenance of CR-LTR-HSC in vitro. More recently, studies have evaluated the 

role of morphogens known to play a role in early embryo development in HSC self-

renewal, maintenance and differentiation. These include members of the hedgehog 

(HH) family18,240, the transforming growth factor (TGF) family191,240, and Wnts.  

In the previous 2 chapters we demonstrated that the UG26-1B6 cell line derived from 

the urogenital ridge of E10.5 mouse embryos possesses the unique ability to maintain 

CR-LTR-HSC for 3 weeks cultured in transwells above the feeder without addition 

of exogenous cytokines. Subsequent studies wherein we compared the transcriptome 

of UG26-1B6, and EL08-1D2 cells using Affymetrix gene arrays identified Wnt5a as 

one of the genes coding for a secreted factor significantly higher expressed in UG26-

1B6 cells.  

Wnt proteins are grouped into different categories based on the downstream signal 

pathways that are activated. The best understood pathway is the canonical pathway, 

wherein ligands bind to their respective receptors, and stabilize β-catenin. β-catenin 

then translocates to the nucleus leading to activation of the Tcf/Lef transcription 

factors, which then regulate a number of genes. In the absence of Wnt, β-catenin is 

found in a complex with among others, adenomatous polyposis coli (APC) and 

glycogen synthase kinase-3β (GSK3β). GSK3β phosphorylates β-catenin, targeting 

β-catenin for ubiquitination and degradation by the proteasome. Wnt binding to 

frizzled along with its co-receptor low-density lipoprotein receptor related protein 

(LRP) leads to phosphorylation of Dishevelled 2 (Dvl2), enabling Dvl2 to inhibit the 

ability of GSK3β ability to phosphorylate β-catenin273,274. A typical example of Wnts 

that affect the canonical pathway is Wnt3a, which has been shown to enhance 

survival of LTR-HSC ex vivo161. By contrast, Wnt5a has been categorized as a non-

canonical Wnt. Wnt5a mediates its activity by binding to the orphan tyrosine kinase, 

Ror2 and thus inhibits the β-catenin dependent canonical pathways150. However, a 

recent study has demonstrated that Wnt5a may also activate the canonical pathway 

by binding to the Frizzled 4 receptor150.  
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Wnt proteins are expressed in the developing embryo in sites of hematopoiesis like 

the fetal liver168 as well as the osteoblastic niche in postnatal BM160, and there is 

mounting evidence that Wnts affect the self renewal of HSC in postnatal life. For 

instance, Reya, et. al. demonstrated that Wnt3a supports HSC self-renewal in 

vitro162,275. Stromal cells transfected with Wnt1, Wnt2b, Wnt5a, or Wnt10b support 

proliferation of fetal liver cells, or CD34+ human BM cells168,169. Intraperitoneal 

injection of Wnt5a conditioned media increased engraftment potential of CD34+ 

human cells170. In mice where Dkk1, an inhibitor of the Wnt pathway, is over-

expressed in the osteoblastic niche, a reduced activation of the Tcf/Lef transcription 

factors in HSC was seen160. Although HSC from Dkk1 null mice could reconstitute 

hematopoiesis in primary mice, a significant decrease in reconstituting capacity after 

serial BM transplantation was noted160. These studies suggest that loss of activation 

of the canonical pathway by Wnts in the niche results in the premature loss of self-

renewal activity. Nevertheless, it remains unclear what the precise role is of β-

catenin in hematopoiesis. Mice lacking β-catenin have no defects in HSC 

maintenance and survival, whereas constitutive active β-catenin leads to defects in 

multilineage potential of HSC in vivo163-165. 

We here tested whether Wnt5a, which is significantly higher expressed in UG26-1B6 

cells than EL08-1D2 cells is responsible for the ability of UG26-1B6 but not EL08-

1D2 cells to support CR-LTR-HSC in non-contact culture. When Wnt5a was added 

to EL08-1D2 cultures improved maintenance of STR-HSC and to a lesser extent CR-

LTR-HSC was observed, whereas addition of an anti-Wnt5a antibody to UG26-1B6 

non-contact cultures inhibited maintenance of STR-HSC and CR-LTR-HSC.  Wnt5a 

inhibited the canonical pathway in EL08-1D2 cells, but appeared to activate the 

canonical pathway in KLS-CD34- cells that express Frizzled 4 but not Ror2 

receptors. When Wnt5a was added to a non-stroma dependent 5-day culture system 

also containing SCF and Tpo, a significant increase in maintenance  of CR-LTR-

HSC was noted.  
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6.C. Results 

6.C.1. Wnt5a is more highly expressed in UG26-1B6 than EL08-1D2 stromal cells  

We evaluated the expression of Wnt proteins in UG26-1B6 and EL08-1D2 cells by 

RT-qPCR. Although many Wnt genes are expressed, the level of expression in 

general is low, except for Wnt5a that was significantly higher expressed in UG26-

1B6 than EL08-1D2 cells (Figure 6.1A). To confirm the differential expression 

further, western blot analysis was preformed. As Wnt5a is a secreted protein we 

initially tested whether the protein could be quantified in stromal cell line 

conditioned medium. However, this was unsuccessful. Nevertheless, when the 

protein level was measured in total cell lysates, significantly higher levels of Wnt5a 

protein were detected in UG26-1B6 than EL08-1D2 cells (Figure 6.1B).  

6.C.2. Addition of Wnt5a to EL08-1D2-non-contact cultures increases maintenance 

of CR-LTR-HSC 

To determine if Wnt5a produced by UG26-1B6 cells is responsible for the 

maintenance of LTR-HSC cultured in transwells above the feeder, we cultured 

CD45.1+ Lin- BM in transwells above the EL08-1D2 or UG26-1B6 cells with or 

without 10ng/ml Wnt5a, added weekly for the 3-week culture period. As control, 

Lin- BM cells were also cultured in direct contact with the feeders with or without 

Wnt5a. Week 3 progeny was enumerated, and progeny of 104 Lin- BM cells 

harvested from the different cultures were co-transplanted with 105 BM cells from 

CD45.2+ mice in lethally irradiated CD45.2+ mice. Addition of Wnt5a to EL08-1D2 

or UG26-1B6-contact cultures did not affect the maintenance of CR-LTR-HSC after 

3 weeks (Figure 6.2). 

Addition of Wnt5a to EL08-1D2 or UG26-1B6 non-contact cultures did not affect 

cell expansion at 3 weeks (Figure 6.3A). Also, addition of Wnt5a to UG26-1B6-non-

contact cultures did not affect the percentage of mice engrafted with progeny of the 

CD45.1+ cells, nor the levels of engraftment seen from the CD45.1+ donor cells 

(Figure 6.3B). By contrast, when Lin- CD45.1+ cells were cultured in EL08-1D2-
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non-contact cultures supplemented with 10ng/ml Wnt5a, 9/13 mice showed 

multilineage CD45.1+ cell derived engraftment at 4 months, while no CD45.1+ cells 

were detected in animals grafted with cells cultured in EL08-1D2-non-contact 

cultures not supplemented with Wnt5a. As we had noticed for cells cultured in EL08-

1D2-contact cultures (with or without Wnt5a), engraftment seen with cells from 

EL08-1D2-non-contact cultures supplemented with Wnt5a was skewed towards the 

B-lymphoid lineage (p-value=0.002 & 0.02, B-lymphoid lineage compared to fresh 

uncultured cells and UG26-1B6 non-contact cultures supplemented with Wnt5a, 

respectively) (Figure 6.4). When higher concentrations of Wnt5a were added (50 and 

100 ng/ml Wnt5a weekly for 3 weeks), we observed no further increase in the 

frequency of mice engrafted with CD45.1+ progeny, or the relative contribution of 

CD45.1+ cells to the lymphoid and myeloid lineages (Figure 6.3C).  

To further substantiate a role for Wnt5a in maintenance of LTR-HSC in UG26-1B6 

non-contact cultures, we added 1µg/ml-neutralizing antibody to Wnt5a to UG26-

1B6-non-contact cultures, weekly for 3 weeks. Anti-Wnt5a inhibited the ability of 

UG26-1B6 feeders to maintain CR-LTR-HSC, as 0 out 7 mice were engrafted with 

CD45.1+ cells at 4 months (Figure 6.5), whereas 2/5 animals grafted with progeny of 

UG26-1B6-noncontact cultures treated with 1µg/ml anti-IgG control antibodies and 

3/5 animals grafted with cells maintained in UG26-1B6-non-contact cultures without 

antibody addition were engrafted with CD45.1+ progeny. These studies thus suggest 

that Wnt5a may be one of the secreted factors in UG26-1B6 responsible for 

maintenance of CR-LTR-HSC. Wnt5a might act either directly onto the HSC or 

indirectly by altering production of other factors by the feeder.  

6.C.3. Wnt5a inhibits the canonical pathway in EL08-1D2 cells but activates the β-

catenin pathway in KLS and CD34-KLS cells 

To further determine the mechanism of action of Wnt5a in our culture system, we 

examined the activation of signaling pathways downstream of Wnts. Wnt5a is 

considered a member of the non-canonical Wnt signaling proteins, which following 

binding to the orphan receptor Ror2 inhibits the β-catenin activation. However, a 

recent study has suggested that Wnt5a may also bind to Fzd4 and its co-receptor 
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Lrp5 leading to activation of the β-catenin pathway150. 

RT-qPCR revealed that EL08-1D2 and UG26-1B6 cells expressed receptors thought 

to be targets of Wnt5a including Fzd-4 (as well as Fzd-4, -5, and -7) and Ror-2 

(Figure 6.6A). To evaluate if Wnt5a activates the canonical or non-canonical signal 

pathway in EL08-1D2 or UG26-1B6 cells, the feeders were grown to confluence, 

irradiated at 25Gy and then exposed to 100ng/ml Wnt5a. As a positive control for β-

catenin activation we incubated NIH3T3 cells with 100ng/ml Wnt3a276. As expected, 

treatment of NIH3T3 cells with Wnt3a induced an increase in activated β-catenin 

and an increase in disheveled-2 (Dvl-2). Treatment of UG26-1B6 with 100ng/mL 

Wnt5a did not affect the total levels of β-catenin protein, levels of activated β-

catenin or the levels of Dvl-2. By contrast, incubation of EL08-1D2 with Wnt5a 

resulted in a decrease of both total β-catenin and activated β-catenin, but no 

difference in the level of Dvl-2 (Figure 6.6.B). Transcripts of β-catenin target genes, 

such as CyclinD1 and c-Myc were not altered in EL08-1D2 treated with Wnt5a 

compared with cells not treated with Wnt5a (data not shown). Thus, Addition of 

Wnt5a to UG26-1B6 cells did not lead to inactivation or activation of the canonical 

signaling pathway, likely reflecting the fact that significant amounts of Wnt5a are 

already present in this culture system. By contrast, Wnt5a inhibits the β-catenin 

pathway in EL08-1D2 cells consistent with non-canonical signaling in this cell line. 

Whether this leads to the production of other factors that might be responsible for the 

improved maintenance of LTR-HSC in EL08-1D2-non-contact cultures 

supplemented with Wnt5a was not evaluated.  

We then performed similar studies in KLS and CD34-KLS cells. Microarray studies 

by Zhong, et. al. showed that Fzd4 distinguishes LTR-HSC from hematopoietic 

progenitor cells (HPC) and STR-HSC226. We used RT-qPCR to assess the level of 

expression of Fzd2, Fzd4, Fzd5, Fzd7, and Ror2 in total BM cells, Lin- BM cells, and 

HSC-enriched BM-derived KLS cells. Fzd2 was not expressed in either BM, Lin- 

BM, or KLS cells. By contrast, Fzd5 and Fzd7 were expressed in all three cell 

populations with higher expression of Fzd7 in Lin- BM cells and KLS cells than total 

BM cells. Ror2 could not be detected in any of the three cell populations. Fzd4 was 
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solely expressed in the KLS population (Figure 6.7A).  

We stained KLS cells with an anti-Fzd4 antibody and found that Fzd4 was expressed 

by a small subpopulation of KLS cells (12.9±12.0%) (Figure 6.7B). Although the 

KLS population is enriched for HSC it still contains a mixture of HPC, STR-HSC 

and LTR-HSC 58. To determine if Fzd4 is expressed on the LTR-HSC subpopulation 

of KLS cells we sorted CD34-KLS cells, which are more highly enriched in LTR-

HSC 58 into a drop of serum-free media and performed single-cell immunostaining 

for Fzd4. 90±5% of CD34-KLS cells stained positive for Fzd4 (Figure 6.7D). We 

also subfractionated KLS cells using the anti-Fzd4 antibody and preformed 

competitive repopulation assays. 100 Fzd4+ KLS or 100 Fzd4- KLS cells from 

CD45.1+ mice were co-transplanted with 105 BM cells from CD45.2+ mice in 

lethally irradiated CD45.2+ mice. Only 1/7 mice transplanted with Fzd4- KLS 

showed CD45.1+ cell engraftment whereas 8/8 mice transplanted with Fzd4+ KLS 

cells were repopulated with CD45.1+ cells (p=0.05) (Figure 6.7C). This data 

demonstrates that CR-LTR-HSC express Fzd4.  

We next determined whether Wnt5a signals via the canonical or non-canonical 

pathway in KLS and CD34-KLS cells. Treatment of KLS cells for 3 hours with 

100ng/ml Wnt5a revealed an increase in the level of the activated form of β-catenin 

(Figure 6.8A), suggesting that Wnt5a can activate the canonical signal pathway in 

KLS cells. To further substantiate this, we also evaluated the effect of Wnt5a on 

CD34- KLS cells. 

We sorted 50 to 100 CD34-KLS into a drop of serum-free media and stimulated the 

cells for 3 hours in the presence of SCF and Tpo with or without Wnt5a. We then 

examined total β-catenin accumulation and activated β-catenin in CD34-KLS.  

Addition of SCF and Tpo lead to a slight accumulation of total β-catenin and non-

phosphorylated activated β-catenin (ABC) (Figure 6.9). However, the addition of 

SCF, Tpo, and Wnt5a lead to a significant increase in total β-catenin as well as non-

phosphorylated ABC, suggesting that addition of Wnt5a to CD34-KLS leads to 

stabilization and accumulation of β-catenin in the cells. 



 88 
 

 

6.C.4. Addition of Wnt5a to stroma-free serum-free cultures of KLS cells 

supplemented with SCF and Tpo enhances LT-HSC potential.  

We next tested whether Wnt5a has a direct effect on CR-LTR-HSC maintenance / 

expansion in vitro. We cultured 50 KLS cells per well in serum-free medium without 

feeder cells but with 100ng/ml thrombopoietin (Tpo), 50ng/ml stem cell factor 

(SCF), and with or without 100ng/ml Wnt5a for 5 days. Total cell number on day 5 

was increased approximately 40-fold in cultures with or without Wnt5a (Figure 

6.10A). The total number of CFC was similar on day 5 in cultures with or without 

Wnt5a (Figure 6.10B).  

We next transplanted 200 freshly isolated KLS cells or progeny of 200 KLS cells 

cultured in serum-free, stroma-free cultures for 5 days with SCF and Tpo with or 

without Wnt5a together with 105 BM cells from CD45.2+ cells in lethally irradiated 

CD45.2+ mice. Four weeks after transplantation, the percent CD45.1+ cells present in 

blood of mice that received KLS cells cultured with or without Wnt5a was similar 

(16.13±10.09% and 12.78±9.03%, p-value=0.3) (Figure 6.11A). However, KLS 

progeny cultured with Wnt5a generated significantly higher levels of myeloid cells 

than KLS cells cultured without Wnt5a (8.28±9.56% and 22.56±21.89%) (p<0.01) 

(Figure 6.11B). A similar pattern was seen at 8 and 16 weeks after transplantation.  

106 mononuclear BM cells from two of the primary recipients grafted 4 months 

previously with 200 CD45.1+ KLS cells cultured with Tpo and SCF with or without 

Wnt5a, were transplanted into 4 each secondary CD45.2+ recipients. Chimerism of 

CD45.1+ cells was evaluated in the PB 14 weeks after transplantation. Limited to no 

engraftment was seen in secondary recipients grafted with cells harvested from 

primary recipients transplanted with KLS progeny cultured with SCF and Tpo alone 

(2/3 secondary recipients grafted with cells from a primary recipient with 22.8% 

CD45.1 chimerism only had an average of 1.8±1.2% engraftment, and 0/4 secondary 

recipients grafted with BM derived from a primary recipient with 8.2% CD45.1 

chimerism). By contrast the mean CD45.1+ cell percentage in the peripheral blood of 

the 4 recipients grafted with BM from a primary recipient reconstituted with 27.1% 
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CD45.1 cells derived from SCF, Tpo and Wnt5a treated KLS cells was 62.1±22.0% 

(Figure 6.12). 3/4 animals recipients of BM from the primary recipient reconstituted 

with 6.5% CD45.1 cells derived from SCF, Tpo and Wnt5a treated KLS cells had 

multilineage reconstitution with CD45.1+ cells.  
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6.D. Discussion 

The nature of signals that govern HSC self-renewal and differentiation is still largely 

unknown. Throughout development, HSC reside in multiple different sites40,238. It is 

therefore thought that characterization of the microenvironment of these 

developmentally diverse sites may yield important insights in factors that regulate 

HSC behavior. Stromal cell lines have been generated from the different 

hematopoietic supportive organs, including yolk sac, AGM, embryonic liver, fetal 

liver, fetal BM and adult BM with differing abilities to support murine or human 

HSC10,11,13,14. We have previously shown that the AGM-derived UG26-1B6 feeder 

supports HSC when cultured separated from the feeder by a transwell, whereas the 

embryonic liver derived EL08-1D2 feeder does not. Based on transcriptome analysis 

of both feeders, we identified that Wnt5a was one of the secreted factors highly 

differentially expressed between these feeders. Here we demonstrate that Wnt5a is at 

least in part responsible for the ability of UG26-1B6 to support CR-LTR-HSC in 

non-contact cultures.  

Addition of Wnt5a to EL08-1D2-non-contact cultures resulted in maintenance of 

CR-LTR-HSC whereas addition of an anti-Wnt5a antibody to UG26-1B6 non-

contact cultures inhibited the ability of UG26-1B6 cells to maintain CR-LTR-HSC. 

Of note hematopoietic repopulation in animals receiving cells cultured in contact 

with EL08-1D2- feeder cells or in transwells above EL08-1D2 cells in the presence 

of Wnt5a showed skewing to the lymphoid lineage. Another Wnt, Wnt4, is highly 

expressed in EL08-1D2 but not UG26-1B6 cells.  Wnt4 is expressed in the thymus 

and plays a role in thymocyte development. Mice lacking Wnt4 display a decrease in 

total number of thymocytes, while maturation is normal277. It is thus possible that 

presence of Wnt4 in EL08-1D2-based cultures induces skewing towards lymphoid 

committed cells. However, as described in Chapter 4, mixing studies wherein a 

combination of 25% UG26-1B6 and 75% EL08-1D2 cells served to support Lin- BM 

cells in transwells above the feeder, demonstrated robust multilineage engraftment 

without skewing to the lymphoid lineage from cells culture above the mixed feeders. 

This argues against an inhibitor of HSC maintenance, or perhaps an inducer of HSC 

differentiation to be responsible for the poor maintenance of HSC in EL08-1D2-non-
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contact cultures, but for the absence of one or more factors produced by UG26-1B6 

cells that support HSC. Thus the more likely explanation for the persistent skewing 

seen in Wnt5a supplemented EL08-1D2-non-contact, is that aside from Wnt5a, 

UG26-1B6 cells secrete additional factors that support the most primitive CR-LTR-

HSC, perhaps one or more of those identified in Chapter 5.   

That HSC are influenced by Wnts has been shown in numerous 

publications161,164,168,170,278,279. Most studies have evaluated the role of the typical 

canonical Wnt, Wnt3a. The role of Wnt5a in hematopoiesis has been less extensively 

studies. However, several studies evaluating hematopoietic development in vivo and 

from ESC in vitro found that Wnt5a (and in one study its putative receptors, Fzd4 

and Lrp5), not Wnt3a, is expressed at the time of definitive hematopoietic cell 

development166,227,280. Austin, et. al.168 and Van Den Berg, et. al.169 demonstrated that 

Wnt5a increases proliferation in vitro of primitive murine and human hematopoietic 

progenitors, respectively. Two studies have addressed the effect of Wnt5a on HSC. 

Murdoch, et. al.  provided evidence that exposure to Wnt5a during in vitro culture 

did not significantly affect the proliferative and differentiation capacity of human 

primitive hematopoietic progenitors, but that administration of Wnt5a containing 

conditioned medium to mice transplanted with human umbilical cord blood 

CD34+CD38-Lin- cells significantly increased the repopulation ability of these cells. 

These studies would suggest that Wnt5a may affect the most primitive compartment 

of hematopoietic cells. However, the study did not address whether the effect of 

Wnt5a was directly on HSC. Nemeth, et. al. demonstrated that culture of highly 

enriched murine HSC with Wnt5a alone under serum free conditions yields an 

increase in STR-HSC, possibly by increasing the maintenance of a quiescent state of 

the ex vivo cultured HSC. They further demonstrate that this appears to occur via 

activation of the non-canonical signaling pathway as no clear-cut increase in β-

catenin was observed following incubation of Lin- cells with Wnt5a, and incubation 

of Lin- cells with Wnt3a and Wnt5a decreased Wnt3a-mediated increase of β-

catenin. As most of the studies performed in this manuscript evaluated only Lin- 

cells, it remains unclear whether Wnt5a affects HSC via the canonical vs. the non-

canonical pathway.  
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Our studies concur in general with the findings published previously, although we 

found some significant differences. First, we find that Wnt5a used in combination 

with SCF and Tpo does not affect committed HPC or STR-HSC, and only affects the 

maintenance of LTR-HSC. Second, we found that the effect of Wnt5a on KLS cells 

and CD34-KLS cells appears to be via stabilzation and accumulation of β-catenin. 

We detected an increase in activated β-catenin by Western blot of KLS cells, and by 

immunostaining of single sorted CD34-KLS cells, which also demonstrated an 

increase in total β-catenin protein expression following addition of Wnt5a. There is 

recent evidence for activation of the canonical pathway by Wnt5a following its 

interaction with the Fzd4 receptor and Lrp5. We demonstrate here that a 

subpopulation of KLS cells expresses Frzd4, and that the Fzd4+ KLS cell population 

contains nearly all LTR-HSC. By contrast we could not detect Ror2 transcripts in 

KLS cells. Obviously, non-canonical Wnts may activate cells via receptors other 

than Ror2, which we did not evaluate. The reasons for the differences seen in our 

studies and those published by Nemeth, et al. are not totally clear. However, we 

tested the effect of Wnt5a in combination with SCF and Tpo whereas Nemeth, et al. 

studies the effect of Wnt5a without additional cytokines. Whether the combination of 

the three cytokines alters the mechanism through which Wnt5a signals in cells is 

currently not known. Moreover, as indicated above Nemeth, et al. evaluated β-

catenin activation chiefly in Lin- cells, not more highly enriched KLS or CD34-KLS 

cells. 

In conclusion, we demonstrate here that use of stromal feeders from different origin 

can aid in identifying soluble growth factors / signals that play a role in maintenance 

of HSC. Comparing the transcriptome of an HSC supportive and a non-supportive 

feeder identified Wnt5a, as a candidate factor responsible for HSC maintenance. We 

here demonstrate that Wnt5a can following addition to non-supportive feeders, or 

following addition to a feeder free culture system, increase maintenance/expansion 

of murine HSC in vitro.  Studies aimed at evaluating whether Wnt5a may also 

maintain/ expand human HSC in vitro are underway. 

Contributions: David Abts and Sarah Schouteden provided technical assistance. Dr. 

Catherine Verfaille assisted in design and interpretation of the experiments.
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6.E. Methods 

6.E.1. Fzd4 KLS 

Lineage depleted BM cells were isolated as described in chapter 3. Cells were 

stained with 1µg/ml mouse anti-Frizzled 4 (R&D Systems, Minneapolis, MN) or 

1µg/ml IgG control antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in 2% 

FCS (Stem Cell Technologies, Vancouver, BC, Canada) for 1 hour, followed by 30 

minute staining with FITC conjugated anti-goat IgG (Santa Cruz Biotechnology). 

Afterwards, cells were stained with antibodies against Lineage positive cells, Sca1 

and cKit as described in chapter 3.   
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Table 6.1. Quantitative RT-PCR primers for Wnt genes. 

mWnt1 F1  CTACTGGCACTGACCGCTCT
R1 GAATCCGTCAACAGGTTCGT

mWnt2 F1 GCAACACCCTGGACAGAGAT
R1 ACAACGCCAGCTGAAGAGAT

mWnt2b F1 ACTGGGGTGGCTGTAGTGAC
R1 ACCACAGCGGTTGTTGTGTA

mWnt3 F1 TTCCCATCTCTCCTTCCAGA
R1 CCCGGAAACATGACTTTATCA

mWnt3a F1 GCCTGGAAGTGAGGTGCTAC
R1 ACTCCTGTATGGCCACATCC

mWnt4 F1 CTGGAGAAGTGTGGCTGTGA
R1 GGACGTCCACAAAGGACTGT

mWnt5a F1 AATCCACGCTAAGGGTTCCT
R1 GAGCCAGACACTCCATGACA

mWnt5b F1  GCATCAGAGAGTGCCAACAC
R1 GCTCACTGCATACGTGAAGG

mWnt6 F1 CTTCGGGGATGAGAAGTCAA
R1 AGCCCATGGCACTTACACTC

mWnt7a F1 TCGGGAAGGAGCTCAAAGT
R1 GCCACAGTCGCTCAGGTT

mWnt7b F1  ATGCCCGTGAGATCAAAAAG
R1 GTGGTCCAGCAAGTTTTGGT

mWnt8a F1 AACGGTGGAATTGTCCTGAG
R1  GGTGACTGCGTACATGATGG

mWnt8b F1  GTGGACTTCGAAGCGCTAAC
R1  CAGTTGTCCATTTCGGGAGT

mWnt9a F1  GTACCAGTTCCGCTTTGAGC
R1 AGATGGCGTAGAGGAAAGCA

mWnt9b F1 ACAGCACCAAGTTCCTCAGC
R1 GCACTTGCAGGTTGTTCTCA

mWnt10a F1 CCGAGGTTTTCGAGAGAGTG
R1 AACCGCAAGCCTTCAGTTTA

mWnt10b F1 TTCTCTCGGGATTTCTTGGA
R1  CGCTTCAGGTTTTCCGTTAC

mWnt11 F1 TTCCGATGCTCCTATGAAGG
R1  CCCCATGGCATTTACACTTC

mWnt16 F1 CACCACAGGAAAAGAAAGCAG
R1 CAGGTTTTCACAGCACAGGA
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Table 6.2; Quantitative RT-PCR primers for Wnt receptors. 

 

  

mFzd1 F1 CACCTGGATAGGCATCTGGT
R1 GTAACAGCCGGACAGGAAAA

mFzd2 F1 CCGTCTCTGGATCCTCACAT
R1 TAGCAGCCGGACAGAAAGAT

mFzd3 F1 GAAGCAAAGCAGGGAGTGTC
R1 ATGCTGCCGTGAGGTAGTCT

mFzd4 F1 AACCTCGGCTACAACGTGAC
R1 TGGCACATAAACCGAACAAA

mFzd5 F1 CTGTGGTCTGTGCTGTGCTT
F2 TCCCAGTGACACACACAGGT

mFzd6 F1 CCTTACCAGGCAAATCCAAA
R1 TGTGCACGTCTTTTTGCTTC

mFzd7 F1 CCATCCTCTTCATGGTGCTT
R1  ATGGCCAAAATGGTGATTGT

mFzd8 F1 TCCGTTCAGTCATCAAGCAG
R1 CGGTTGTGCTGCTCATAGAA

mRor1 F1  GATTTATTGGCAACCGCACT
R1 ATGGCGAACTGAGAGCACTT

mRor2 F1 CACTGCCACTGGGGTTCTAT
R1 TAGTCCGGTTCCCAATGAAG
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Figure 6.1. Wnt5a is highly expressed in UG26-1B6 compared to EL08-1D2.  

UG26-1B6 and EL08-1D2 cells were grown to confluence and irradiated at 25Gy 24 
hours prior to RNA or protein extraction. A) RT-qPCR was preformed to assess the 
expression of different Wnt genes. Transcript levels are represented as the average 
delta Ct [delta Ct= Ct (gene of interest) – Ct (Gapdh)] of three to five independent 
experiments ± standard deviation.  Statistical significance was determined by a two-
tail t-test. (*P <0.05, **P<0.01, ***P<0.001) Primers are found in Table 6.2.  B) 
Expression of Wnt5a was evaluated by western blot on lysates of 106 stromal cells 
using 1µg/ml anti-Wnt5a antibody. To control for loading, blots were stripped and 
reprobed with antibodies against β-actin. The western blot is a representative 
example of three independent experiments. 
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Figure 6.2. Addition of Wnt5a to UG26-1B6 and EL08-1D2 contact cultures 
does not affect the number of CR-LTR-HSC.  

Lin- BM cells were cultured in contact with irradiated UG26-1B6 and EL08-1D2 
cells. Cultures were supplemented with or without 10ng/ml Wnt5a. After 3 weeks, 
progeny of 104 CD45.1+ Lin- BM cells were transplanted together with 105 CD45.2+ 
fresh BM in lethally irradiated CD45.2+ recipients. After 4 months PB of recipient 
animals was analyzed for CD45.1+ cells. Data points represent total CD45.1+ cells in 
the CD45.2+ recipient animals. The frequency of engraftment represents the number 
of mice that showed both >1% overall engraftment and evidence of multi-lineage 
engraftment versus the total number of mice transplanted. 
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Figure 6.3. Addition of Wnt5a to UG26-1B6 and EL08-1D2 non-contact cultures 

does not affect cell expansion, but enables EL08-1D2 cells to support LTR-HSC 

in transwells above the feeder.  

A) 104 CD45.1+ Lin- BM were cultured in transwells above or in contact with 
irradiated UG26-1B6 and EL08-1D2 cells. Cultures were supplemented with or 
without 10ng/ml Wnt5a. After 3 weeks, the total cell number was enumerated to 
determine cell expansion. Trypan blue was used to distinguish the live cells from the 
irradiated stromal feeder.  Data shown is mean ± standard deviation of 4 
experiments. Statistical significance was determined by a two-tail t-test. B) Lin- BM 
were cultured in transwells above irradiated UG26-1B6 and EL08-1D2 cells with or 
without 10ng/ml Wnt5a. After 3 weeks, progeny of 104 CD45.1- Lin- BM cells were 

A. 

 
 

0

20

40

60

- +

F
ol

d 
E

xp
an

si
on

- +
UG6-1B6 EL08-1D2 

0

1

10

100

UG EL

%
 C

D
45

.1
 E

ng
ra

ft
m

en
t

UG EL 10ng/ml 50ng/ml 100ng/ml

  6/11         0/13             3/6            9/13    
Frequency of 
engraftment 

C.  B.  

        +Wnt5a 

     5/7           3/4            3/5 

-Wnt5a +Wnt5a 



 99 
 

transplanted together with 105 CD45.2+ fresh BM in lethally irradiated CD45.2+ 
recipients. After 4 months PB of recipient animals was analyzed for CD45.1+ cells. 
Data points represent total CD45.1+ cells in the CD45.2+ recipient animals. The 
frequency of engraftment represents the number of mice that showed both >1% 
overall engraftment and evidence of multi-lineage engraftment versus the total 
number of mice transplanted. C) Lin- BM were cultured in transwells above 
irradiated UG26-1B6 and EL08-1D2 cellswith 10ng/ml, 50ng/ml, or 100ng/ml 
Wnt5a. After 3 weeks, progeny of 104 CD45.1- Lin- BM cells were transplanted 
together with 105 CD45.2+ fresh BM in lethally irradiated CD45.2+ recipients. After 
4 months PB of recipient animals was analyzed for CD45.1+ cells. Data points 
represent total CD45.1+ cells in the CD45.2+ recipient animals. The frequency of 
engraftment represents the number of mice that showed both >1% overall 
engraftment and evidence of multi-lineage engraftment versus the total number of 
mice transplanted. 
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Figure 6.4. Addition of Wnt5a to EL08-1D2 non-contact cultures enables EL08-
1D2 cells to support multilineage repopulating LTR-HSC in transwells above 
the feeder.  

Lin- BM were cultured in transwells above irradiated UG26-1B6 and EL08-1D2 cells 
with 10ng/ml Wnt5a. After 3 weeks, progeny of 104 CD45.1+ Lin- BM cells were 
transplanted together with combination 105 CD45.2+ fresh BM in lethally irradiated 
CD45.2+ recipients. After 4 months PB of recipient animals was analyzed for 
CD45.1+ cells. A) The FACS plots demonstrate multi-lineage engraftment (Gr-
1/Mac-1+, B220+, and CD4/CD8+ cells) of one representative mouse grafted with 
cells cultured above irradiated UG26-1B6 and EL08-1D2 cells with 10ng/ml Wnt5a. 
B) The figure demonstrates multilineage repopulation of all transplanted mice that 
were engrafted with donor-derived cells. Bars represent percent of myeloid, B-
lymphoid and T-lymphoid cells within the CD45.1+ population. Statistical 
significance was determined by two-tail t-test. (**P<0.01, B-lymphoid lineage 
compared to fresh uncultured cells and UG non-contact cultures) 
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Figure 6.5. Addition of anti-Wnt5a antibodies to UG26-1B6 non-contact 
cultures inhibits maintenance of LTR-HSC.  

Lin- CD45.1+ BM cells were cultured in transwells above irradiated UG26-1B6 cells 
without addition of antibodies, with addition 1µg/ml anti-Wnt5a or with 1µg/ml 
control IgG added weekly. After 3 weeks, progeny of 104 CD45.1+ Lin- BM cells 
were transplanted together with 105 CD45.2+ fresh BM in lethally irradiated CD45.2+ 
recipients. After 4 months PB of recipient animals was analyzed for CD45.1+ cells. 
Data points represent total CD45.1+ cells in the CD45.2+ recipient animals. The 
frequency of engraftment represents the number of mice that showed both >1% 
overall engraftment and evidence of multi-lineage engraftment versus the total 
number of mice transplanted. 
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Figure 6.6. Wnt5a inhibits the canonical Wnt pathway in EL08-1D2 cells.  

A) UG26-1B6, EL08-1D2, and AFT024 cells were grown to confluence and 
irradiated at 25Gy 24 hours prior to RNA extraction. Expression of Fzd2, Fzd4, 
Fzd5, Fzd7 and Ror2 mRNA was evaluated by RT-qPCR. Transcript levels are 
represented as the average delta Ct [delta Ct= Ct (gene of interest) – Ct (Gapdh)] of 
three to five independent experiments ± standard deviation. Statistical significance 
was determined by a two-tail t-test. (*P <0.05, **P<0.01, ***P<0.001) Primers are 
found in Table 6.2. B) UG26-1B6 and EL08-1D2 cells were grown to confluence in 
a 6-well plate and irradiated at 25Gy 24 hours prior to treatment with Wnt5a for 3 
hours prior to isolation of protein from total cell lysate. NIH3T3 cells treated for 3 
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hours with or without Wnt3a served as control. Proteins were extracted from UG26-
1B6, EL08-1D2 and NIH3T3 cells, separated on 4-12% SDS-PAGE and blots 
probed with anti-β-catenin, activated β-catenin (ABC), and Dvl2 antibodies. To 
control for loading, blots were stripped and reprobed with antibodies against β-actin. 
Figure is representative example of three independent experiments.  
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Figure 6.7. Frizzled 4 is expressed on nearly all LTR-HSC.  

A) RNA was extracted from total BM, Lin- and KLS cells. Expression of Fzd2, Fzd4, 
Fzd5, Fzd7 and Ror2 mRNA was evaluated by RT-qPCR. Transcript levels are 
represented as the average delta Ct [delta Ct= Ct (gene of interest) – Ct (Gapdh)] of 
three independent experiments ± standard deviation. Statistical significance was 
determined by a two-tail t-test. (*P <0.05, **P<0.01, ***P<0.001). Primers are 
found in Table 6.2. B) Lin- cells were stained with anti- Sca-1-PE, anti-c-kit-APC, 
and anti-Lineage markers-PerCp antibodies as well as with an anti-Fzd4 antibody 
followed by an anti-goat IgG-FITC conjugated secondary antibody, or control IgGs, 
and cells analyzed using a FACSCanto. .Figure is representative example of four 
independent experiments. C) 100 Fzd4- or Fzd4+ KLS from CD45.1+ mice were 
transplanted with 105 CD45.2+ BM cells into lethally irradiated CD45.2+ mice. Four 
months after transplantation, PB was collected and analyzed by FACS for presence 
of CD45.1+ cells. Data points represent total CD45.1+ cells in the CD45.2+ recipient 
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animals. Mice that showed both >1% overall engraftment and evidence of multi-
lineage CD45.1+ cells were considered engrafted. D) Lin- cells were stained with 
anti- Sca-1-PE, anti-c-kit-APC, and anti-Lineage markers-PerCp, and anti-CD34-
FITC antibodies. 50 CD34- KLS were sorted into a drop of serum-free media and 
stained with anti-Fzd4 and Hoechst. A representative example of a CD34- KLS 
stained with anti-Fzd4 antibodies is shown. The percentage of CD34- KLS that was 
Fzd4 positive was 90±5%. Figure is representative example of two independent 
experiments. 
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Figure 6.8. Wnt5a activates ββββ-catenin pathway in KLS cells.  

10,000 KLS cells were plated in wells of 6-well plates in serum-free medium, 
supplemented with SCF, Tpo with or without 100 ng/ml Wnt5a for 3 hours.  Proteins 
were extracted from the KLS cells, separated on 4-12% SDS-PAGE and blots probed 
with anti-β-catenin and anti-activated β-catenin (ABC) antibodies. To control for 
loading, blots were stripped and reprobed with antibodies against -actin. Figure is 
representative example of two independent experiments. 
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Figure 6.9. ββββ-catenin activation in CD34- KLS. 

50 to 100 CD34-KLS cells were sorted into a drop of serum-free media on glass 
slides. The cells were stimulated with either 50ng/ml SCF and 100ng/ml Tpo, or 50 
ng/ml SCF, 100ng/ml Tpo, and 100ng/ml Wnt5a for 3 hours at 37°C. The cells were 
stained with Hoechst (Blue) and either total β-catenin or non-phosphorylated active 
β-catenin (ABC) antibodies (Green) followed by an Alexa-488 secondary. 
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Figure 6.10. Addition of Wnt5a has no effect on KLS cell expansion or CFC 
expansion  

50 KLS cells were cultured in serum-free media with 50ng/ml SCF and 100ng/ml 
Tpo with or without 100ng/ml Wnt5a. A) Overall cell expansion at day 5. Data 
shown is mean ± standard deviation of three separate experiments. B) Progeny of 50 
cells were plated in CFC assay. Total number of CFC per 50 Day 0 KLS cells were 
counted 10 days after cells were seeded. Data shown is mean ± standard deviation of 
three separate experiments. Statistical significance was determined by two-tail t-test. 
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Figure 6.11. Addition of Wnt5a to stroma-free, serum free cultures of KLS cells 
cultured with SCF and Tpo enhances early myeloid engraftment in primary 
recipients.  

200 uncultured CD45.1+ KLS cells or the progeny of 200 CD45.1+ KLS cells 
cultured with Tpo, SCF with or without 100ng/mL Wnt5a were transplanted together 
with 105 CD45.2+ BM cells and transplanted IV into lethally irradiated CD45.2+ 
recipients. PB was analyzed for CD45.1+ donor-derived engraftment at 4, 8, and 16 
weeks post-transplantation. A) Data points represent total CD45.1+ cells in the 
CD45.2+ recipient animals. Animals were considered engrafted if there was >1% 
overall engraftment and evidence of multi-lineage engraftment versus the total 
number of mice transplanted. B) Data shown represents the fraction of CD45.1+ cells 
that also express Gr-1/Mac-1. 
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Figure 6.12. Addition of Wnt5a to stroma-free, serum free cultures of KLS cells 
cultured with SCF and Tpo increases maintenance / expansion of CR-LTR-
HSC.  

200 uncultured CD45.1+ KLS cells or the progeny of 200 CD45.1+ KLS cells 
cultured with Tpo, SCF with or without 100ng/mL Wnt5a were transplanted together 
with 105 CD45.2+ BM cells into lethally irradiated CD45.2+ recipients. PB was 
analyzed for CD45.1+ donor-derived engraftment at 4, 8, and 16 weeks post-
transplantation. BM from primary recipients was analyzed by FACS for the 
percentage of CD45.1+ cells. Approximately 106 total BM cells from two separate 
primary recipients that received progeny of KLS cells cultured A) without Wnt5a or 
B) with Wnt5a, with ~6% and ~25% CD45.1+ cells in the BM were injected into 
groups of four CD45.2+ secondary recipients for each primary. Peripheral blood was 
collected 14 weeks after transplantation, and analyzed by FACS for multilineage 
CD45.1+ derived cells. 
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 CHAPTER 7: Role of BMP antagonist in adult hematopoiesis 

7.A. Abstract 

Bone morphogenetic protein 4 (BMP4) has been shown to play a key role in 

mesoderm specification along with the initiation of hematopoiesis. The effects of 

BMPs can be modulated both at the receptor level and intracellularly. Multiple 

proteins have been identified to interfere with the interaction of BMPs with their 

respective receptors including chordin (Chrd), twisted gastrulation (Twsg1), and 

noggin. It is not known whether the BMP interacting proteins affect adult 

hematopoiesis, but has been shown in the developing embryo. The aim of the study 

was to determine the role of Chrd and Twsg1 in adult hematopoiesis. There was an 

increase in the relative proportion of myeloid cells and hematopoietic progenitor 

cells in Chrd-/- mice, even though their absolute number was similar to that in Wt 

mice. By contrast, no aberrations in basic hematopoietic parameters were seen in 

Twsg1-/- mice. When Twsg1 or Chrd were added to short-term ex vivo expansion 

cultures, also supplemented with thrombopoietin (Tpo) and stem cell factor (SCF), 

an inhibition of hematopoietic cell expansion was noted. When the repopulation 

capacity of such ex vivo cultured KLS cells was tested using competitive 

repopulation assays, we demonstrate that Twsg1 but not Chrd completely blocks 

repopulation by KLS cells. Addition of BMP4 to restored repopulation by KLS cells.  
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7.B. Introduction 

Hematopoietic stem cells (HSC) are self-renewing cells that generate all 

differentiated blood elements, hence maintaining hematopoeisis throughout life. As 

such they can also serve as a therapeutic cell source to repopulate the hematopoietic 

system following bone marrow (BM) ablation. Over the last 5-10 years, umbilical 

cord blood (UCB) HSC have emerged as a good source of stem cells as 

transplantation can be done using partially histocompatibility antigen (HLA) 

mismatched UCB-HSC. However, the number of HSC present per UCB graft is 

limited. Therefore, many groups are evaluating methods to ex vivo expand HSC. Ex 

vivo cultures with combinations of hematopoietic cytokines and growth factors have, 

however, not yielded robust HSC expansion. More recent studies have started to 

evaluate the effect of morphogens known to play a role in mesoderm induction and 

hematopoietic specification during development on adult HSC self-renewal and 

differentiation.  

One family of morphogens is the TGF-β family of ligands, which includes 

transforming growth factor beta (TGF-β) members, bone morphogenic proteins 

(BMP), and activins. BMPs play a pivotal role in ventral mesoderm specification and 

induction of hematopoiesis during embryonic development25,281.  Addition of BMP4 

to murine and human embryonic stem cells (ESC) supports the specification of 

hematopoietic cells282,283. In the adult, there is extensive evidence for a role for 

BMPs in maintaining osteoblasts173, one of the cell types that supports HSC self 

renewal and identity in vivo. BMPs bind to BMPIA and BMPIB receptors, which 

leads to their heterodimerization with type II receptors174.  Receptor binding leads to 

phosphorylation of receptor-regulated Smads (R-SMADs), specifically, Smad1, 

Smad5 and Smad8. These subsequently form a complex with the common mediator 

Smad, Smad4, and the complex translocates to the nucleus where they bind to the 

promoters of transcription factors/cofactors173,284.  

The exact role of BMPs in adult hematopoiesis is unclear. Published results obtained 

using mouse and human hematopoietic progenitors appear to differ, as are some of 

the results on the effect of BMPs on hematopoietic progenitors (HPC) in vitro and in 
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vivo191,192,284. For instance addition of BMP4 to cultures of human CD34+38-Lin- 

cells increased numbers of severe combined immunodeficiency (SCID) repopulating 

cells (SRC)191 in a dose dependent manner. However, addition of BMP4 to cultures 

of murine c-kit+Sca-1+Lineage (Lin)- BM (KLS) cells did not affect colony-forming 

cells at all concentrations tested192. As Bmp4-/- mice are not viable beyond E7.5-E9.5, 

no studies have assessed the effect of loss of BMP4 on adult hematopoiesis in vivo 
283.  

Several BMP antagonists have been identified that interfere with the binding of 

BMPs to their receptors, including noggin, Twsg1, and Chrd202,204.  Noggin and Chrd 

regulate BMPs by binding directly to BMPs, therefore inhibiting BMP interaction 

with its receptor173. By contrast, Twsg1 is both an antagonist and agonist, dependent 

on the circumstances. Twsg1 inhibits BMPs by directly interacting with BMPs203-205. 

When complexed with Chrd, Twsg1 can function as an inhibitor of BMP, but can 

also function as an agonist by cleaving Chrd, hence blocking the inhibitory effect of 

Chrd202-204.  Twsg1 may also bind TGFβ, hereby enhancing TGFβ signaling in 

mature T-lymphocytes 211.  A reduction in Chrd expression in zebrafish embryos 

using morpholino antisense oligonucleotides, or a complete loss of Chrd in the dino 

mutant fish leads to an expansion of the intermediate cell mass (ICM) where 

hematopoiesis initiates and a skewing towards the monocytic lineage206,207. The role 

of Twsg1 and Chrd in postnatal hematopoiesis has not been extensively studied. 

Twsg1-/- mice develop lymphopenia due to defects in thymocyte development209 

likely by interfering with thymic stroma derived BMP4 signals required for the 

maturation of thymocytes 210.  

Here we evaluated the role of the BMP antagonists Twsg1 and Chrd in murine 

hematopoiesis. Loss of Twsg1 does not affect murine hematopoiesis, whereas, loss 

of Chrd leads to a relative but not absolute increase in committed myeloid cells, and 

does not affect the murine HSC compartment. Addition of Twsg1, but not Chrd, to 

ex vivo stem cell factor (SCF) and thrombopoietin (Tpo) supported cultures of KLS 

cells inhibits the repopulation ability of KLS cells. Addition of BMP4 to HSC 

cultures with Twsg1 restores the repopulation capability of KLS cells. This supports 

the notion for a role of BMP in adult murine hematopoiesis.  
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7.C. Results 

7.C.1 Twisted gastrulation and chordin are expressed in bone marrow 

Previous studies have shown that murine KLS cells express BMP4, its receptors, as 

well as, SMAD1/5/8 and SMAD4192.  We here evaluated whether the BMPs known 

to affect osteoblasts and fetal hematopoiesis, as well as, the BMP antagonists Twsg1, 

Chrd, and Noggin are expressed in BM, Lin- BM cells or KLS cells. RT-qPCR 

revealed that Bmp-2, -4 and -7 are expressed in Lin- and KLS cells. Likewise, Twsg1 

is expressed in Lin- and KLS cells whereas expression of noggin and chordin was 

lower in KLS cells than in total BM cells (n=3; Figure 7.1).  

7.C.2. Loss of Chrd does not affect hematopoiesis in mice 

To determine if Chrd affects adult hematopoiesis, we evaluated the relative and 

absolute number of mature blood cells and hematopoietic progenitors in the BM 

compartment of Chrd-/- mice. Chrd-/- mice are similar in overall size to wild type 

mice (Wt), but femurs of Chrd-/- mice are more slender than Wt femurs (data not 

shown). Accordingly, the total cell number per femur was decreased in Chrd-/- mice 

(Chrd-/- mice: 1.6x107±4.9x106 cells/femur; Wt mice: 3.9x107±3.5x106 cells/femur, 

n=3; p=0.01) (Figure 7.2A). The percent Gr-1+/Mac-1+ cells in Chrd-/- BM was 

significantly increased compared to Wt mice (n=3; p=0.01); the percent B220+, 

CD4+, and CD8+ cells was similar between Chrd-/- and Wt mice (n=3; p=0.06, 0.7, 

and 0.06, respectively); whereas the percent Ter-119 cells was lower in Chrd-/- than 

Wt mice (n=3; p=0.02)(Figure 7.2B). However, due to the overall lower cell number 

in Chrd-/- than Wt mice, the absolute number of all cell lineages was decreased in 

Chrd-/- mice (Figure 7.2D). The percent Sca-1+ and KLS cells was not significantly 

different between Chrd-/- and Wt mice (n=3; p=0.1) (Figure 7.2C), as was the 

absolute number of KLS cells (n=3; p=0.3 Figure 7.2E).  

The absolute number of colony forming cells (CFC) present per 25,000 BM cells was 

higher in Chrd-/- than Wt mice (n=3; Chrd-/-, 36.8±9.9; Wt, 16.6±1.3 per 25,000 BM 

cells; p=0.004), an increase seen for all types of CFC (CFU-E, CFU-M, CFU-GM 

and CFU-GEMM (n=3) (Figure 7.2F). 
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To assess whether expression of Chrd in the BM microenvironment or in 

hematopoietic cells themselves affects the ability of LTR-HSC to engraft, we 

transplanted 106 Wt BM cells into lethally irradiated 8-12 week old Chrd-/- or Wt 

mice. No significant differences were seen in the overall percent engraftment (n=7; 

Figure 7.3) or in the contribution of the graft to the different lineages in the 

peripheral blood. In addition, survival was similar in Chrd-/- and Wt mice. This 

suggests that Chrd expressed in the host BM microenvironment does not affect 

engraftment of Wt radioprotective cells. 

We also transplanted 106 BM cells from Chrd-/- mice in lethally irradiated Wt mice. 

Once again no significant differences were observed in levels of engraftment or 

lineage contribution in recipient mice (n=8; Figure 7.3), suggesting that the number 

of HSC in Chrd-/- and Wt mice is similar. To further substantiate this, we also 

performed competitive repopulation assays 126-128 wherein 106 Wt BM cells (from 

CD45.1+ mice) were competed against 106 Chrd-/- CD45.2+ BM or 106 Wt CD45.2+ 

BM cells in lethally irradiated CD45.1+ recipients. The average percent of Chrd-/- 

CD45.2+ cells at 4 months in the BM was 61%, with normal lineage distribution, 

which was not significantly different from the contribution of Wt CD45.2+ cells 

(n=9; p-value=0.06; Figure 7.4). These studies further confirm that the number and 

competitive repopulation ability of HSC is not affected by loss of Chrd in the donor 

animals. 

7.C.3. Loss of Twsg1 does not affect hematopoiesis in mice.  

To determine if Twsg1, another BMP antagonist202-204,285, plays a role in adult 

hematopoiesis, we evaluated the cell number, lineage distribution and progenitor 

number in the BM of Twsg1-/- mice. As C57Bl6 Twsg1-/- mice are embryonic lethal, 

studies were done using 129 Twsg1-/- mice that survive till adulthood. Twsg1-/- mice 

have skeletal deformities and are significantly smaller than Wt littermate controls235. 

Consistent with this, the overall cell number per femur was significantly reduced in 

Twsg1-/- compared with Wt mice, but no significant changes in frequency of mature 

blood cell lineages and committed hematopoietic progenitor cells were detected 

(n=5; Figure 7.5). The frequency of KLS cells was also not different between Twsg1-

/- and Wt mice, as was the frequency of CFCs (n=5; Figure 7.5). Due to the overall 
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decrease in BM cells, the absolute number of progenitors and mature blood cells was 

decreased (Figure 7.5). Because of the 129 background of the viable mice, 

transplantation experiments could not be done to assess the role of loss of Twsg1 on 

HSC engraftment and HSC frequency. 

7.C.4. Twsg1 inhibits maintenance of competitive repopulation HSC ex vivo 

We next tested the effect of Twsg1 and Chrd on HSC maintenance/expansion in 

vitro. Fifty KLS cells per well were cultured for 5 days in serum-free medium 

supplemented with 100ng/ml Tpo, 50ng/ml SCF, with or without 5µg/ml Chrd or 

5µg/ml Twsg1. The addition of Twsg1 or Chrd inhibited overall cell expansion. 

Total cell number on day 5 increased 34±12-fold in SCF and Tpo cultures, but only 

12±5-fold and 12±6-fold in cultures also supplemented with Chrd or Twsg1, 

respectively (p-value=0.03 and 0.04, respectively) (Figure 7.6). Addition of Chrd 

significantly reduced the number of CFC present on day 5 of culture whereas Twsg1 

had no impact on the number of d5 CFC (n=3; p-value=0.01 for Chrd and 0.95 for 

Twsg1) (Figure 7.6B). 

We also transplanted the progeny of 200 CD45.1 KLS cells cultured with SCF and 

Tpo with or without 5µg/ml Chrd or 5µg/ml Twsg1 for 5 days in serum-free, stroma-

free cultures together with 105 CD45.2+ BM cells in lethally irradiated CD45.2+ 

mice. Analysis of the PB of the recipient mice at 4 weeks demonstrated that 

approximately 20% of the hematopoietic cells were CD45.1+ in animals that received 

cells cultured with Tpo and SCF, or Tpo, SCF and Chrd (20.9%±10.5 and 

19.4±17.7%, respectively, p-value=0.85). By contrast, no CD45.1+ cells were seen in 

animals grafted with cells cultured for 5 days with Tpo, SCF and Twsg1 (n=9; Figure 

7.7). We re-evaluated the animals after 4 months, to assess the effect of Twsg1 and 

Chrd on long-term competitive repopulating HSC. Again we found no effect of 

addition of Chrd to the 5 day expansion culture, whereas addition of Twsg1 

completely prevented repopulation by the ex vivo cultured CD45.1+ cells (Figure 

7.7B). These results suggest that Twsg1 inhibits maintenance of short term and long 

term repopulating HSC ex vivo, when cultured in the presence of Tpo and SCF. 

However, Chrd does not affect the maintenance of HSC cultured ex vivo.  
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To determine whether Twsg1 inhibits maintenance of HSC by interfering with 

autocrine BMP signaling in KLS cells, we added excess BMP4 to the cultures 

supplemented with SCF and Tpo alone and cultures supplemented with SCF, Tpo, 

and Twsg1. Addition of BMP4 to SCF and Tpo did not alter the percent CD45.1+ 

cells in recipients at 4 weeks (20.5%±21.3% and 20.9%±10.5%, respectively, n=5, p-

value=0.96). Addition of BMP4 to cultures supplemented with Twsg1 aside from 

SCF and Tpo partially counteracted the inhibition of Twsg1 on hematopoietic 

progenitor maintenance, as recipient mice at 4 weeks were repopulated with 

8.9%±3.7% CD45.1+ cells (n=5, p=0.03). 
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7.D. Discussion 

The hematopoietic microenvironment plays a key role in HSC cell fate decisions. In 

the adult, at least some of the HSC are found juxtaposed to osteoblasts in the 

“osteoblastic niche” 9. Hence, proteins produced by osteoblasts may regulate HSC 9. 

BMP-2, -4, and -7, as well as, their antagonists, Twsg1 and Chrd, are expressed by 

osteoblast 97,173. These BMPs affect osteoblasts themselves, as, for instance, loss of 

the Bmpr1A receptor in the osteoblast population leads to an increase in the number 

of osteoblasts, with a secondary increase in the number of HSC 97.  Here we 

demonstrate that one of the BMP antagonists, Twsg1, has a potent inhibitory effect 

on the ex vivo maintenance of HPC and HSC, even though, loss of Twsg1 in vivo 

does not affect hematopoiesis.  

Although there is a large body of evidence that BMPs affect hematopoiesis during 

development25,281,283, the role of BMPs in adult hematopoiesis is less well 

understood. Bhatia, et. al. that found that culture of human umbilical cord blood cells 

with BMP4 increases in a dosage dependent manner human severe combined 

immunodeficient (SCID) repopulating cells (SRC) 191.  Utsugisawa, et. al. 

demonstrated that BMP4 does not affect murine KLS CD34- HSC 192. Consistent 

with the latter study, we found no direct effect of BMP4 on short term and long term 

repopulating murine HSC cultured for 5 days with SCF and Tpo combined with 

BMP4. However, Twsg1, a known antagonist of BMP4, significantly inhibited the 

repopulation at 1 and 4 months of KLS cells cultured with SCF and Tpo, an effect 

that could be partially counteracted by addition of BMP4. As KLS cells express 

BMP4 (Figure 7.1 and192).  

Aside from inhibiting BMP-mediated effects, recent studies in T-lymphocytes have 

shown that Twsg1 may potentiate TGF-β signaling 211.  It is well known that TGF-β 

inhibits proliferation and survival of HPC/HSC in vitro 193. However, the addition of 

BMP4 to short-term 5-day cultures at least partially restored engraftment, suggesting 

that Twsg1 inhibits BMP4-medidated signaling in HSC. Specifically, Twsg1 may 

inhibit the autocrine effect of BMP4 on murine HPC and HSC. These findings 

therefore confirm previous studies suggesting a role ex vivo of BMP signaling in 
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adult hematopoietic cells.  

The effect of Twsg1 was specific, as addition of another BMP antagonist, Chrd, did 

not interfere with the ability of KLS progeny to engraft mice at 1 and 4 months, 

consistent with the finding that loss of Chrd in vivo does not significantly alter 

hematopoiesis.  

Our studies confirm therefore a role of BMPs in adult hematopoiesis. We here show 

that auto/paracrine BMPs may regulate the fate of HSC. Although, Twsg1 and BMP4 

are, also, produced by BM cells the relative concentration of these two proteins may 

affect HSC in vivo. However, we could not demonstrate an effect of Twsg1 loss on 

in vivo HPC, even though we have not demonstrated that Twsg1 may not affect 

short-term and long-term repopulating HSC in vivo as loss of Twsg1 is embryonic 

lethal in C57Bl/6 mice.  

Contributions: Sarah Schouteden provided technical assistance, Dr. Anna Petryk 

provided valuable reagensts, and Dr. Catherine Verfaillie assisted with designa and 

intreptation of experiments. 
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Table 7.1. Primers BMPs and BMP antagonists. 

 

Bmp-2 F1 AGGCGAAGAAAAGCAACAGA 
  R1 GCCCAGCTCTGGAATGAG 

Bmp-4 F1 CGAGGCGACACTTCTACAG 
  R1 CGTCATTCCGGATTACATGA 

Bmp-7 F1 TCCGGTTTGATCTTTCCAAG 
  R1 GCTGCTCAGCAAGAAGAGGT 

Chrd F1 CAAATCTGGAGCCAGGAGAG 
  F2 GTCCCTGACCCTACTGGACA 

Twsg1 F1 CCCTGCTGTAAGGAGTGCAT 
  R1 GTTCCAGTTCAGCTGGGTGT 

Noggin F1 TGTTGTGCTCCTGAAGAACG 
  R1 GCAACACTTTGGCAGTCTCA 

 

 

.  
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Figure 7.1. RT-qPCR analysis for Bmp-2, -4, -7, Twsg1 and Chrd transcripts in 
BM cells, Lin- cells and KLS cells 

RNA was extracted from total BM cells, Lin- BM cells, and KLS cells. Expression of 
Bmp-2, -4, and -7; Twsg1; Chrd; and Noggin mRNA was evaluated by RT-qPCR. 
Transcript levels are represented as the average delta Ct [delta Ct= Ct (gene of 
interest) – Ct (Gapdh)] of three independent experiments ± standard deviation. 
Statistical significance was determined by a two-tail t-test. (***P<0.001) Primers are 
found in Table 7.1.   
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Figure 7.2. Loss of Chrd causes an overall reduction in BM cell number, with 
changes in the relative frequency but not absolute frequency of mature myeloid 
cells, KLS, and CFC. 

BM was harvested from the femurs of Wt and Chrd-/- mice.  A) Total cell number 
was determined using a hemocytometer. B&D) BM cells were assayed by FACS to 
determine the percentage of Gr-1 and Mac-1 (myeloid); B220 (B-lymphoid); CD4 
and CD8 (T-lymphoid); and Terr119 (erythroid) expressing cells. B) The relative 
frequency of lineages in Chrd-/- mice, whereas D) shows the absolute number of the 
different cell lineages (determined by multiplying the frequency of the cell type with 
the overall BM cell number). C&E) We analyzed the C) relative and E) absolute 
number of Sca1+ cells and KLS cells in BM of Wt and Chrd-/- mice by FACS. F) 
25,000 total BM cells were plated in methylcellulose CFC assay.  CFU-E, CFU-M, 
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CFU-GM and CFU-GEMM were enumerated on day 12. All results are shown as 
mean ± standard deviation of triplicate experiments.  Statistical significance was 
determined in all experiments by a two-tail t-test. (*P <0.05, **P<0.01, ***P<0.001)  
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Figure 7.3. Loss of Chrd in BM microenvironment or in hematopoietic cells 
does not affect engraftment. 

106 Wt CD45.1+ BM cells were transplanted into lethally irradiated Wt CD45.2+ 
mice (black bar; n=10), or lethally irradiated Chrd-/- CD45.2+ mice (white bar; n=8). 
Alternatively, 106 CD45.1+ BM cells were transplanted into lethally irradiated Chrd-/- 
CD45.2+ mice (gray bar; n=7). PB was analyzed for donor derived multilineage 
engraftment at 12-16 weeks post-transplantation. Shown is the mean ± standard 
deviation of the level of donor hematopoiesis. Statistical significance was determined 
by a two-tail t-test. 
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Figure 7.4. Similar competitive repopulation ability of Chrd-/- and Wt HSC. 

106 Wt CD45.1+ BM cells and 106 Chrd-/- CD45.2+ BM were transplanted IV into 
lethally irradiated CD45.1+ recipients. PB was analyzed for Wt CD45.1+ vs. Chrd-/- 
CD45.2+ multilineage engraftment at 4 months post-transplantation. A) Bar graph 
represents the percentage of CD45.1+ Wt (black bar) vs. CD45.2+ Chrd-/- (white bar) 
in the PB of animals at 4 months. B) Bar graph represents CD45.1+ Wt vs. Chrd-/- 
CD45.2+-derived engraftment in the myeloid, T-lymphoid, and B-lymphoid 
compartment. Statistical significance was determined by a two-tail t-test. (n=9; *P 
<0.05, **P<0.01) 
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Figure 7.5. Loss of Twsg1 causes an overall reduction in BM cell number, 
without changes relative frequency but an overall reduction of mature 
hematopoietic cells, KLS, or CFC frequency. 

BM was harvested from the femurs of Wt and Twsg1-/- mice.  A) Total cell number 
was determined using a hemocytometer. B&D) BM cells were assayed by FACS to 
determine the percentage of Gr-1 and Mac-1 (myeloid); B220 (B-lymphoid); CD4 
and CD8 (T-lymphoid); and Terr119 (erythroid) expressing cells. B) The relative 
frequency of lineages in Twsg1-/- mice, whereas D) the absolute number of the 
different cell lineages (determined by multiplying the frequency of the cell type with 
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the overall BM cell number). C&E) We analyzed the C) relative and E) absolute 
number of Sca1+ cells and KLS cells in BM of Wt and Twsg1-/- mice by FACS. F) 
25,000 total BM cells were plated in methylcellulose CFC assay. CFU-E, CFU-M, 
CFU-GM and CFU-GEMM were enumerated on day 12. All results are shown as 
mean ± standard deviation of triplicate experiments. Statistical significance was 
determined in all experiments by a two-tail t-test. (*P <0.05) 
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Figure 7.6. Chrd and Twsg1 inhibit KLS cell expansion in vitro.  

KLS cells per well were cultured in serum-free media with 50ng/ml SCF and 
100ng/ml Tpo with or without 5µg/ml Twsg1 or 5µg/ml Chrd. A) Total cell number 
was enumerated to determine the fold cell expansion at day 5. Data is shown as mean 
± standard deviation of triplicate experiments. Statistical significance was 
determined by a two-tail t-test. (*P <0.05)  B) Progeny of 50 KLS cells were plated 
in CFC assay. CFC were counted 10 days after cells were seeded. Data is shown as 
mean ± standard deviation of triplicate experiments. Statistical significance was 
determined by a two-tail t-test. (**P<0.01) 
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Figure 7.7. Twsg1 added to Tpo and SCF causes a significantly decreased 
engraftment potential of KLS cells at 4 weeks and 4 months; which is partially 
counteracted by BMP-4. 

Progeny of 200 CD45.1+ KLS cells, cultured with 50ng/ml SCF and 100ng/ml Tpo 
with or without 5µg/ml Twsg1, 5µg/ml Chrd, and/or 100ng/ml BMP4 were 
transplanted together with 105 CD45.2+ BM cells into lethally irradiated CD45.2+ 
recipients. PB was analyzed for CD45.1+ engraftment at A) 4 weeks and B) 16 
weeks. Each point represents recipients with >1% donor-derived engraftment that 
contributed to the myeloid, T-lymphoid, and B-lymphoid lineages. Statistical 
significance was determined by a two-tail t-test. 
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CHAPTER 8:  Conclusions and Future Directions 

 

Even though HSC were first described more than 30 years ago and intensive research 

has been ongoing since then, many questions related to HSC behavior and obstacles 

related to their use in the clinic still remain. The use of HSC from umbilical cord 

blood (UCB) for transplantation has overcome a number of hurdles, including 

problems related to graft versus host disease associated with transplantation of HLA-

mismatched HSC increasing the fraction of patients that can now be treated with 

HSC. However, the number of HSC per UCB is low. For this reason as well as other 

reasons, ex vivo expansion of HSC remains one of the holy grails of HSC research. 

Expansion of HSC would theoretically provide a limitless supply of HSC for 

transplantation, enabling physicians to meet the demands for cells for therapy. It 

would also decrease toxicity still associated with HSC transplantation by shortening 

engraftment times of the transplanted cells and decreasing the time needed for the 

establishment of the depleted immune system. 

Studies to understand intrinsic mechanisms that regulate HSC have proven very 

useful and insight in a number of these signal pathways has improved the 

understanding of HSC, as well as other stem cell populations. However, identifying 

extrinsic factors that regulate HSC cell fate decisions, such as self-renewal, have 

been less successful, even thought they would obviously lead to improved methods 

for HSC expansion, and in therapy.  

In this thesis, we used stromal cells that mimic the microenvironment in vitro. 

Although, it only allows provides one component of the microenvironment, which is 

made up of a complex network of regulators, we demonstrate that use of such lines 

can yield important information regarding extrinsic factors that may affect HSC 

expansion. We demonstrate that the AGM derived, UG26-1B6 cell line, secretes one 

or more factors that maintain HSC in vitro. Although, our data implies that HSC 

maintenance is due to secreted factors by UG26-1B6 and not a result of inhibitors in 
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EL08-1D2 cultures. The skewing toward the lymphoid lineages in contact cultures 

with EL08-1D2 suggest that cell-cell mediated signals or secreted factors that do not 

diffuse through the transwell may signal to differentiate the HSC toward the 

primitive lymphoid progenitor populations or short-term repopulating HSC. We also 

performed gene expression profiling on the transcriptosomes of UG26-1B6, EL08-

1D2, and AFT024 to identify genes differentially expressed by both the fetal liver 

stromal cell lines, EL08-1D2 and AFT024. In the top ten differentially expressed 

genes found in the extracellular space of the fetal liver stromal cell lines, three of the 

genes are involved in the Wnt signaling pathway including Wnt4, Dkk2, and Sfrp2. 

One of the factors differentially expressed by EL08-1D2 is Wnt4, which is involved 

in T-lymphocyte maturation and differentiation286. High concentration of Wnt4 in 

EL08-1D2 stromal cell culture may direct differentiation towards the lymphoid 

lineages. The other two genes encode, Dkk2 and Sfrp2, are inhibitors of the Wnt 

pathway.  Preliminary studies adding Sfrp2 to stromal-free, serum-free 5-day KLS 

cultures inhibit expansion, as well as, maintenance of competitive repopulating HSC. 

The role and signaling of Wnt4 and Sfrp2 may reveal the mechanisms of lymphoid 

skewing in the EL08-1D2 contact cultures.  

Gene expression profiling of UG26-1B6 and EL08-1D2 cells cultured for 7 days 

with Lin- BM cells separated from the feeder by a transwell identified 18 genes 

encoding for proteins classified by the GO classification as expressed in the 

extracellular space. We have tested the effect of 4 of these 18 on HSC behavior in 

vitro.  Preliminary results in 5-day stroma-free cultures with SCF and Tpo, with 

either SerpinE2 or Tfpi suggest a role in HSC maintenance and/ or expansion. 

Studies are underway to determine if true LTR-HSC are maintained/ expanded by 

serial transplantation and long-term follow-up of engraftment in primary recipients. 

Further analyses will be needed to demonstrate that HSC are expanded:  including 

limiting dilution assays wherein the number of LTR-HSC present in cultured KLS 

versus freshly isolated KLS are enumerated, as well as studies aimed at determining 

the mechanism underlying the effect of these two proteins.  

 

The remaining differentially expressed genes identified in the microarray analysis, 
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may also play a role in HSC maintenance and/or expansion. One of the genes is 

connective tissue growth factor (Ctgf), which is expressed in osteoblasts. When Ctgf 

is over expressed in skeletal cells, Ctgf leads to increased Hes-1 and NFAT 

activation through Notch independent mechanisms 259,260. Interestingly Ctgf also 

interacts with factors in the BMP and Wnt pathways. Ctgf and its CNN family 

member, Nov, share similarities with the BMP antagonist, Twsg1 and Chrd 

examined in chapter 7261.  Analysis of 3 additional proteins in stroma-free short-term 

KLS cultures, including Ctgf, is already underway in our laboratory to determine 

their role in HSC maintenance and/or expansion ex vivo.  

Since the sequencing of the genome, the signaling partners, function, and cellular 

localization for a number of previously unknown genes have been determined. Our 

gene expression profiling revealed 55% of the differentially expressed genes that 

were identified to be either uncategorized or to have an unknown cellular 

component. Although the ingenuity database categorized a number of genes as 

unknown or uncategorized, only around 15 genes are truely unknown for function 

and cellular location. A number of the genes encode cytoplasmic or nuclear 

transcription regulators. However, of the ones with known function, Galnt13, 

Hs3st6, Tll1 are secreted or affect secreted protein. A number of the unknown / 

uncategorized genes may reveal roles in self-renewal and expansion of the HSC.  

Another factor identified in the gene expression analysis was Wnt5a. The Wnt family 

of proteins has been extensively researched for its role in development of 

hematopoiesis as well as its role in adult hematopoiesis168,169,279. A number of Wnt 

proteins have been found to enhance proliferation and/or differentiation of 

hematopoietic cells such as Wnt4, Wnt3a, Wnt10b, and Wnt5a169-171,254. Addition of 

Wnt5a to EL08-1D2-non-contact cultures enabled maintenance of STR-HSC and to a 

lesser extent LTR-HSC, and addition of Wnt5a to short-term stroma-free, serum-free 

increased SCF and Tpo medidated mainttenance, and may even expand LTR-HSC. 

We demonstrated that Wnt5a leads to the stabilization and accumulation of β-catenin 

in CD34- KLS cells: this was demonstrated by staining single sorted CD34- KLS 

cells, with an antibody against β-catenin as well as activated β-catenin. In addition, 

Western blot analysis of KLS cells also demonstrated the accumulation of β-catenin 
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as well as activated β-catenin. The stabilization and accumulation of β-catenin 

usually suggests activation of the canonical Wnt pathway. However, preliminary 

studies evaluating the Rt-qPCR for CyclinD1 and c-Myc transcripts, two of the 

downstream targets of β-catenin activation, in KLS cells treated with SCF, Tpo, and 

Wnt5a did not reveal any alteration in gene expression. As a number of genes have 

been identified as targets for the canonical Wnt pathway, further gene expression 

analysis will need to be performed to further understand the mechanism of action of 

Wnt5a in KLS cells. We also demonstrated that KLS cells, as well as, CD34-KLS 

cells express Fzd4, which has been shown to activate the canonical Wnt signaling 

pathway when initiated by Wnt5a150.  Signal transduction in KLS is not limited to the 

Fzd4 receptor and could be from a number of the other frizzled receptors expressed 

on KLS. By contrast, KLS cells do not express Ror2, one of the receptors bound by 

Wnt5a that activates non-canonical signaling. This may further argue against non-

canonical signaling being responsible for the effects we have seen with Wnt5a. 

In the last chapter of this thesis, we describe a role for BMP in adult murine 

hematopoiesis. BMPs have long been known to play an important role in the 

development of hematopoiesis19,282. The connection between the osteoblast, an 

important component of HSC niche, and BMP suggest a role of BMP in regulation of 

the HSC in vivo. Studies supplementing human and murine HSC in vitro with BMP4 

have shown differing results 191,192. In a dosage dependent manner BMP-4 has been 

shown to enhance SRC from UCB, whereas addition of BMP4 to murine KLS 

cultures had no impact on proliferation or expansion of progenitor cells.  Here we 

have shown that the addition of a BMP inhibitor, Twsg1, inhibits KLS proliferation 

and repopulation in vitro, and that repopulation can be partially restored by the 

addition of BMP4. Our data therefore confirms a role of BMP4 in vitro in adult 

hematopoiesis, and suggests a possible role of Twsg1 and BMP4 in regulating 

murine HSC in vivo. Further studies are required to determine the downstream 

targets and signaling mechanisms of Twsg1 and BMP4 in HSC. 

The ultimate and clinically very important step will be to test whether the secreted 

factors identified, such as Wnt5a and perhaps Tfpi and SerpinE2, also have an effect 

on human HSC. Studies wherein human HSC, from UCB, or BM or PB are cultured 
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with these proteins and subsequently transplanted in immunodeficient mice should 

be performed to move the research forward from the bench to possible clinical 

applications of HSC transplantation. 

In conclusion, the HSC niche is a complex microenvironment that possesses all 

necessary signals that regulate HSC cell fate decisions. Understanding the niche 

holds great promise for improving therapeutics. For instance, studies in mice that 

have targeted the osteoblastic niche have proven to increase the number of HSC in 

the animal as well as transplantable HSC9,160. These insights are now being tested in 

humans wherein HSC are scarce. The ultimate goal of the research presented in this 

thesis is to further our understanding of factors that would allow for HSC expansion 

and maintenance ex vivo, as a means to increase the supply of HSC for therapy and 

to make gene therapy in HSC more readily feasible. Although many questions 

remain unanswered, this thesis has indentified some new protein targets that regulate 

HSC cell fate decisions and might one day be suitable for expansion of human HSC. 
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