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ABSTRACT 

 
  The maintenance of the hematopoietic stem and progenitor cell (HSPC) 

population is critical to sustaining the adult blood and immune system throughout 

an organism’s lifespan. The bone marrow microenvironment plays a key role in 

the regulation of HSPC maintenance and functions. Previous work from our lab 

has identified the tetraspanin CD82 as an important modulator of HSPC 

interactions with the bone marrow niche. However, the mechanisms as to how 

CD82 contributes to the maintenance, trafficking and retention of HSPCs with the 

niche remained unclear. First, we investigated how CD82 promotes HSPC 

quiescence, homing and engraftment using a global CD82 knock out (CD82KO) 

mouse model. Our data demonstrate that CD82 promotes the maintenance of the 

long-term HSC (LT-HSC) population within the bone marrow through increased 

HSC quiescence. Additionally, we demonstrate that CD82KO HSPCs display 

reduced bone marrow homing and engraftment, identifying a key role for CD82 in 

these processes. We go on to demonstrate that Rac1 is hyperactivated in the 

CD82KO HSPCs and inhibition directed to Rac1 restored HSPC homing and 

migration. While HSPCs primarily reside within the bone marrow 

microenvironment, they also traffic into the blood under steady state conditions 

and upon treatment with mobilizing agents. We also identified CD82 as a novel 

regulator of HSPC mobilization utilizing the CD82KO mouse model. Our data 

demonstrate that CD82 promotes bone marrow retention, finding increased blood 

mobilization in the CD82KO mice. Further studies identified the S1PR1 as a key 

component of CD82-mediated mobilization. Additionally, intravenous treatment 

with anti-CD82 antibodies resulted in enhanced HSPC mobilization in animal 

models. Taken together, these data provide evidence that CD82 is a critical 

regulator of HSPC quiescence, homing, engraftment and mobilization. More 

importantly, these studies identify CD82 as a potential novel molecular target to 

enhance HSPC transplantation therapies for the treatment of hematological and 

non-hematological disorders.  
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Chapter 1 – Introduction  
 
 
1.1 Hematopoietic stem cells 
  
1.1.1 History of hematopoietic stem cells 

Research over the past 70 years has led to significant advances in the 

field of hematopoietic stem cells (HSCs) resulting in improved treatments for 

hematological malignancies. The need for hematopoietic research became 

evident after residents of Hiroshima and Nagasaki were exposed to a continuous 

low lethal dose of radiation due to the atomic bomb drop in 1945. This exposure 

led to diseases that researchers now describe as hematopoietic failure. 

Development of a treatment for hematological failure began in 1949, where 

Jacobson et al. demonstrated mice exposed to a lethal dose of irradiation, where 

lead plates shielded the spleen, resulted in increased survival (Jacobson et al., 

1949). This group later showed that mice were also protected when the femurs 

were shielded with a lead plate (Jacobson et al., 1950). Additional studies found 

that infusion of bone marrow or spleen cell suspensions into lethally irradiated 

mice also increased survival (Lorenz et al., 1951). These studies suggested that 

the spleen and bone marrow were critical organs for survival, but the population 

of cells that were responsible for radioprotection remained unknown. Future, 

transplantation studies provided evidence that the bone marrow and spleen 

contained a specialized population of cells that possess self-renewal properties 

(Barnes and Loutit, 1953; Main and Prehn, 1955). Work by other researchers 

demonstrated that transplanted bone marrow could be detected within the 

marrow of recipient mice, which further supported the fact that these specialized 

cells were responsible for survival (Ford et al., 1956; Nowell et al., 1956).  

However, it wasn’t until 1961 when Till and McCulloch demonstrated through 

transplant studies that a single cell can have the capacity to self-renew and 

differentiate into more than one type of blood and immune cell (Till and Mc, 

1961). Ultimately, in 1963 Becker, Till and McCulloch, were able to determine 

that this specialized group of cells with long-term self-renewing properties were 

hematopoietic stem cells (HSCs) (Becker et al., 1963) 
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 1.1.2 Classification of hematopoietic stem and progenitor cells 
 Hematopoietic stem and progenitor cells (HSPCs) are a specialized 

population of cells that have the capacity to self-renew and differentiate to 

produce all blood and immune cells throughout an organism’s life. The HSPC 

self-renewal and differentiation hierarchy is depicted in Figure 1.1. The hierarchy 

of HSPC differentiation starts with a long-term hematopoietic stem cell (LT-HSC), 

which has the capacity to self-renew or differentiate into a short-term 

hematopoietic stem cell (ST-HSC), which then gives rise to multi-potent 

progenitors (MPPs). MPPs differentiate into a common myeloid progenitor (CMP) 

or common lymphoid progenitor (CLP), which ultimately give rise to terminally 

differentiated blood and immune cells toward their restricted lineage type. Each 

of these cell types will be further described below. 

 1.1.3 Long-term hematopoietic stem cells 
 LT-HSCs are the most primitive cells, which have the ability to self-renew 

and repopulate the blood and immune system throughout an organism’s lifespan.  

Currently, there is not a single surface marker that exclusively identifies LT-

HSCs. Rather, a combination of surface markers are used to isolate distinct 

hematopoietic populations. The combination of surface markers used to identify 

human hematopoietic stem cells is Lineage-CD34+CD38-CD90+CD45RA- 

(Weissman and Shizuru, 2008). The first surface marker used to identify LT-

HSCs was CD34, which enriches for the HSC population, but still contains other 

cell types such as lymphocyte progenitors (Civin et al., 1984; Strauss et al., 

1986). CD34 is a membrane glycoprotein, which is expressed on approximately 

1-4% of bone marrow cells (Saeland et al., 1992). Early studies have shown that 

CD34+ cells were able to establish hematopoiesis in lethally irradiated baboons 

(Andrews et al., 1992). In combination with the CD34+ marker, CD90+ and 

lineage negative (Lin-) markers further purify the LT-HSC population. Lineage 

negative (Lin-) cells lack surface markers found on terminally differentiated blood 

and immune cells. In addition, the surface marker CD90 is a GPI-linked 

glycoprotein that is also expressed on human HSCs (Wisniewski et al., 2011). A 

study showed that CD34+CD90+Lin- human cells harvested from different 
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hematopoietic organs had long-term multi-lineage repopulating (LTMR) potential 

in lethally irradiated SCID-hu mice (Whitlock et al., 1987).  

 Additional markers include the CD38 antigen which is expressed on >90% 

of CD34+ cells, however, the CD34+CD38- population has been shown to have 

multi-lineage reconstitution capabilities after transplantation into an 

immunodeficient mouse (Bhatia et al., 1997). Moreover, another LT-HSC marker 

is the surface glycoprotein CD45RA. CD45RA, which is an isoform of CD45, 

identifies B cells, naïve T cells, common myeloid progenitor (CMP), granulocyte 

myeloid progenitor (GMP) and myeloid erythroid progenitor (MEP) cells, however 

has low surface expression on LT-HSCs (Galy et al., 1995; Manz et al., 2002).  

One study demonstrated that the LT-HSCs identified by the markers, Lineage-

CD34+CD38-CD90+CD45RA- had improved long-term engraftment potential 

when compared to the CD90- population (Majeti et al., 2007). Collectively, these 

studies provide evidence that human LT-HSCs can be identified by a 

combination of the following surface markers: Lineage-CD34+CD38-

CD90+CD45RA-. 

 The hematopoietic differentiation lineages for a murine and human model 

are identical, however, the markers used to identify each population of cells are 

different. Initial irradiation studies where the bone marrow and spleen were 

blocked by lead shields, ultimately demonstrating the hematopoietic system was 

important for survival, were performed in mice. From this time, researchers 

heavily used animal models (mostly mice) to further investigate the function of 

hematopoietic stem cells. Therefore, the use of surface markers to identify 

mouse LT-HSCs and ST-HSCs have been important for the advancement of 

hematopoietic research. For the purpose of experiments explained in my 

dissertation, the surface markers used to identify mouse LT-HSCs and ST-HSCs 

are as follows: LT-HSCs are lineage-Sca1+ckit+CD34-CD135-CD48-CD150+, 

whereas ST-HSCs are lineage-Sca1+ckit+CD34+CD135-CD48-CD150+ 

(Weissman and Shizuru, 2008). Like human LT-HSCs, the mouse LT-HSC and 

ST-HSC populations are also negative for lineage markers. However, mouse 

HSPCs are commonly referred to as the “KLS” or “LSK” population, which is 
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negative for lineage and double positive for surface markers sca-1 and c-kit. To 

further distinguish between the LT-HSC and ST-HSC populations, additive 

markers are also used: CD34, CD135 and SLAM markers CD48 and CD150 (Kiel 

et al., 2005; Yilmaz et al., 2006). In contrast to human LT-HSC markers, mouse 

CD34 expression status is differentially expressed in which LT-HSCs are CD34- 

and ST-HSCs are CD34+. While the combination of markers described is 

commonly used to identify mouse LT- and ST-HSCs, researchers are constantly 

trying to detect additional markers to further purify these cell populations. 

 1.1.4 Hematopoietic progenitor cells 

  Hematopoietic progenitor cells lack self-renewal properties but are 

important for the differentiation of lineage restricted blood and immune cells. The 

following surface markers are used to identify human hematopoietic progenitors: 

Lineage-CD34+CD38-CD90-CD45RA- (Weissman and Shizuru, 2008). The 

human progenitor markers are identical to the LT-HSC population, except CD90 

is negatively expressed due to the lack of long-term multi-lineage repopulation 

(LTMR) properties (Whitlock et al., 1987). Hematopoietic progenitor cell 

populations still fall within the Lin- population due to the lack of surface 

expression markers found on terminally differentiated blood and immune cells. 

These progenitor cells can differentiate into two different lineages of blood and 

immune cells that follow either a myeloid or lymphoid track (Weissman and 

Shizuru, 2008). The common myeloid progenitor lineage consists of 

megakaryocyte-erythroid progenitors (MEPs): which differentiate into 

erythrocytes and platelets and granulocyte-macrophage progenitors (GMPs): 

which differentiate into granulocytes, macrophages, and dendritic cells. The 

common lymphoid progenitor lineage differentiates into dendritic cells, T cells, B 

cells and natural killer cells. The overall differentiation of these blood and 

immune cells is tightly regulated in order to maintain homeostatic conditions.  
 In mice, the following markers are used to identify multipotent progenitors 

(MPP): Lineage-Sca1+ckit+CD34+CD135+CD48-CD150-.  MPPs are part of the 

LSK population, which also contains LT-HSCs and ST-HSCs. However, to further  
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Figure 1.1: Diagram of hematopoiesis. Depicted is the hematopoietic stem and 
progenitor (HSPC) cell self-renewal and differentiation hierarchy. The HSPC 
population is collectively made up of the LT-HSCs, ST-HSCs and MPPs. The 
hematopoietic progenitor population termed HPCs is similar to HSPCs but does 
not consist of the LT-HSC and ST-HSC populations. Long-term HSCs have the 
capacity to self-renew or differentiate into short-term HSCs, which then give rise 
to multipotent progenitor cells. Multipotent progenitor cells then differentiate into 
common myeloid or common lymphoid progenitors, which then have the capacity 
to ultimately differentiate into blood and immune cells.  
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characterize the MPP population, SLAM markers are used. Downstream of 

MPPs, progenitors differentiate into CMP or CLP lineages, which then give rise to 

terminally differentiated cells based on their restricted lineage.  Murine common 

myeloid or lymphoid progenitors give rise to the same lineage restricted blood 

and immune cells as human progenitors described in the section above. 

Although the markers used to identify murine HSPCs are different from human 

markers, the use of such surface markers for in vivo transplantation studies have 

been critical to providing a better understanding for the function of HSPCs and 

improving the efficacy of stem cell transplants for humans. 

 The expansion of HSPCs in vitro remains a major obstacle for 

researchers. HSPCs can be cultured on feeder cells with a variety of 

supplements but the quiescent properties are difficult to maintain. Currently, a 

combination of the surface markers are used to identify each of these specialized 

populations of HSPCs in culture through using positive and negative selection 

antibodies and flow cytometry. Additionally, various colony forming unit (CFUs) 

assays are used to identify different population of progenitors, where the 

morphology and number of each colony identifies and quantifies progenitors that 

are present within each population of HSPCs. However, the key functional 

assays used to identify HSCs depend on in vivo studies using mice. Isolated 

HSCs transplanted into lethally irradiated mice are used to measure the 

repopulation capacity, in which long-term survival of a mouse indicates the 

presence of a LT-HSC (Liu et al., 2012a). All it takes is one LT-HSC to engraft 

into a lethally irradiated mouse in order for repopulation to occur (Abe et al., 

2010). Collectively, the identification of LT-HSCs through the use of surface 

markers has proven to be important for the improvement of bone marrow 

transplants.   

 1.1.5 Clinical use of hematopoietic stem cells 
 HSCs are commonly used in the clinic for treatment of a variety of 

hematologic and non-hematologic malignancies such as leukemia, lymphoma 

and neuroblastoma (Hatzimichael and Tuthill, 2010). Hematopoietic stem cell 

transplants require intravenous administration of autologous, allogenic or 
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syngeneic HSCs for re-establishment of the hematopoietic system of patients 

undergoing myeloablative treatment (Copelan, 2006). These transplantation 

methods each have benefits and weaknesses but the treatment regime heavily 

depends on the patient’s age and disease. Autologous transplantation occurs by 

transplanting HSCs from patient’s own bone marrow or blood to treat self. 

Autologous HSCs are usually harvested when the patient is in remission or in a 

state of low minimal residual disease. But, the risk of harvested HSCs containing 

malignant cells still remains. One benefit of autologous transplants is bypassing 

the likelihood of engrafted cells subsequently attacking the host tissues due to 

contaminating T lymphocytes, known as graft-versus-host disease (Ferrara et al., 

1999). Although the patient is protected from graft-versus-host disease with 

autologous transplantation, the benefit of allogenic transplantation is the graft-

versus-leukemia or graft-versus-tumor response. The graft-versus-leukemia or 

graft-versus-tumor response is beneficial because transplanted cells are able to 

recognize and attack malignant cells, which is important for achieving and 

maintaining remission (Kolb, 2008; Porter, 2011). To get around this issue, 

allogenic transplantation occurs by transplanting harvested HSCs from one 

individual (not genetically identical) to treat another individual. For a successful 

transplantation to occur, the patient and donor must have a close match between 

6-10 major human leukocyte antigens (HLA) markers expressed on white blood 

cells (Anasetti et al., 2001).  An ideal donor would match all HLA markers of the 

host because the more diverse the donor and host are, the higher the chance for 

graft-versus-host disease. The third type of transplantation is syngeneic 

transplantation, which occurs by transplanting HSCs from an identical twin (Fefer 

et al., 1986). This type of transplantation is rare, but very similar to an autologous 

transplant in which graft-versus-host disease does not occur in addition to graft-

versus-leukemia or graft-versus-tumor. The benefit of syngeneic transplantation 

is the absence of donor malignant cells, which is a huge caveat of autologous 

transplants. Additionally, the population of transplanted cells can be increased 

since the donor is healthy and has not undergone any myeloablative treatment. 

 HSCs used for transplants are harvested from three different sources: 
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bone marrow, peripheral blood and umbilical cord blood for transplantation 

(Hatzimichael and Tuthill, 2010). Historically, bone marrow is the primary source 

for collecting a large volume of HSCs. Bone marrow is collected using a 

combination of large bore needles and heparinized syringes, which are 

punctured into the posterior iliac crest or sternum. The ideal amount of 

transplanted marrow is about 1-2x108/kg nucleated cells in order to establish 

long-term engraftment (Bahceci et al., 2000). After collection, the marrow is 

filtered to remove any debris or clots before intravenous injection into the 

recipient. More recently, the use of peripheral blood stem cells (PBSCs) for 

transplantations has become a favored option. Unlike bone marrow, PBSCs 

harvest is significantly less laborious and invasive for the patient. A donor is 

treated for about a week with a mobilizing drug, granulocyte colony-stimulating 

factor (G-CSF) or AMD3100 to allow HSCs within the bone marrow to be 

released into the peripheral blood (Bensinger et al., 1995; Schmitz et al., 1995). 

However, due to low numbers/counts of circulating PBSCs, a donor must often 

undergo a few rounds of apheresis to obtain enough cells. Apheresis is a 

process by which circulating stem cells are removed and filtered from the blood 

via a centrifugation-based machine. Evidence shows that infused PBSCs engraft 

much quicker than bone marrow derived cells which could be due to higher 

numbers of CD34+ cells and lymphoid progenitors (Korbling et al., 1995). The 

third source of transplantable stem cells can be enriched from umbilical cord 

blood. The advantage of cord blood transplant is the increased enrichment of 

HSCs compared to other sources. Since cord blood tissue is relatively naïve, the 

chances of GVHD by the resident immature immune cells are decreased, which 

is beneficial for recipients who lack a suitable donor. Currently the major 

problems with cord blood transplants are: poor engraftment, high non-relapse 

mortality and poor survival (Rocha et al., 2009). In addition, other drawbacks 

include limited amounts of tissue available and the high cost for this type of 

transplant (Ballen, 2017).  

 At this time, HSCT is an active research area with continuous new 

advances being made to improve the efficacy of harvest and transplantation 
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methods. The use of HSCT for the treatment of hematological malignancies is 

quite successful with only about 4% of patients dying within the first 100 days of 

transplantation (Gribben et al., 2005). Although HSCs are commonly used to 

treat various hematological disorders and solid tumors, two main issues remain: 

1) HSCs are limited in number when harvested from a donor and 2) the likelihood 

of HSCs effectively engrafting into the recipient bone marrow to restore 

hematopoiesis is low. These issues are currently being researched in order to 

identify key molecules and methods to improve the efficacy of HSC harvest and 

transplants, which will ultimately improve the life of many individuals suffering 

from non-hematological and hematological diseases.  

  

1.2 Hematopoietic stem cell: self-renewal and differentiation  
 1.2.1 Asymmetric vs. symmetric divisions 
 Within the self-renewal and differentiation process, HSCs undergo 

either asymmetric or symmetric cell division (Ho, 2005). Asymmetric cell division 

occurs when a cell produces a daughter cell that retains intrinsic stem cell 

properties and the other initiates differentiation (Caocci et al., 2017). This 

process is critical for the maintenance of long-term hematopoiesis especially in 

the event of a hematopoietic stem cell transplant to replenish the bone marrow 

after myeloblative treatment. Both murine and human hematopoietic progenitor 

cells were shown to undergo asymmetric divisions of about 20% from a single 

progenitor cell (Leary et al., 1984; Leary et al., 1985). In an independent 

approach, human cord blood HSCs were sorted and cultured into single cell 

suspensions to determine the cell division fate. Under the described culture 

conditions, asymmetric division was confirmed from a single cell in which 

differentiation into another cell type was detected (Mayani et al., 1993). Using a 

time-lapse camera system to monitor the replicative capacity of human HSCs, 

one group demonstrated asymmetric divisions of CD34+ HSCs. They 

demonstrated one daughter cell remained quiescent or divided very slowly while 

the other multiplied quickly into progenitors and terminally differentiated cells 

(Huang et al., 1999). HSCs are known to divide slowly, whereas differentiating 
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cells undergo rapid proliferation. Interestingly, asymmetric division is more 

frequent among CD34+CD38- cells, compared to CD34+CD38+ cells suggesting 

that some populations have a greater replicative capacity (Huang et al., 1999). 

The mechanism by which HSCs undergo self-renewal or differentiation 

commitment is still unclear. Studies measuring the mitotic index and colony 

formation of HSC division demonstrate that extracellular soluble molecules do 

not influence asymmetric division.  However, surface expression of CD53, CD63, 

CD133, CD71, CD62L and CD34 was detected on HSCs that undergoing 

asymmetric division (Beckmann et al., 2007; Giebel and Beckmann, 2007). The 

expression of these surface proteins could influence the regulation of asymmetric 

division in HSCs(Beckmann et al., 2007; Giebel and Beckmann, 2007).  

 Symmetric cell division occurs when a cell produces two daughter cells 

that retain intrinsic stem cell or differentiation properties (Ho, 2005). This process 

is important for HSC self-renewal in order to maintain homeostasis of the 

primitive HSC pool. In the context of HSC transplantation, HSCs undergo 

symmetric division in order to replenish the depleted malignant hematopoietic 

system (Keller, 1992). The symmetric division of primitive HSCs is also important 

to maintain the rare pool of HSCs that contain limitless self-renewal properties 

(Ho, 2005).  

 HSC self-renewal in asymmetric and symmetric divisions is tightly 

regulated through intrinsic and extrinsic signaling for the maintenance and 

reconstitution of the stem cell pool. The self-renewal of HSCs is regulated by a 

variety of signaling pathways such as Notch, Wnt, bone morphogenetic protein 

(BMP), mTOR and Hedgehog (Bhardwaj et al., 2001; Butler et al., 2010; 

Karlsson et al., 2007; Reya et al., 2003). The activation of these signaling 

pathways results in the up-regulation of self-renewal genes such as β-Catenin, 

SMAD and STAT3/5 (Zon, 2008), which is critical for the maintenance of the 

HSC pool. The balance between asymmetric and symmetric division is important 

for HSC pool maintenance. Nevertheless, over time and with increased age the 

HSC pool becomes depleted due to aberrant activation of HSCs often leading to 

downstream hematological pathologies (Rossi et al., 2005). HSC aging is defined 
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by a decrease in HSC self-renewal, impaired bone marrow homing and 

engraftment and skewing of myeloid lineage differentiation (Warren and Rossi, 

2009). This decline is due to a decrease in red blood cell production and often 

leads to an increase in myeloid cell differentiation (Rossi et al., 2008). Similar to 

humans, HSCs from old mice display decreased bone marrow homing and 

engraftment compared to HSCs from young mice (Morrison et al., 1996). The 

decline in homing and engraftment in mice is due to an increase in cycling of the 

old HSCs compared to the less active young HSCs.  Another hallmark of HSC 

aging is myeloid skewing, which is defined as an increase in myeloid production 

and a decrease in lymphoid differentiation (Elias et al., 2017). A global gene 

profile of LT-HSCs harvested from young and old mice determined that lymphoid 

specific fate genes were down regulated and myeloid differentiation genes were 

up regulated in aged mice (Rossi et al., 2008). Myeloid skewing is not only 

influenced by intrinsic factors, but also extrinsic cues from the bone marrow 

microenvironment. For example, one study demonstrated that HSC localization 

within the bone marrow microenvironment can dictate lineage fate (Pinho et al., 

2018). This study demonstrated that HSCs in contact with megakaryocytes 

resulted in myeloid bias, whereas, arteriole localization resulted in lymphoid bias. 

Collectively, these studies provide evidence that HSC self-renewal and 

differentiation processes are greatly influenced by age and a combination of 

intrinsic and extrinsic factors.   

 

1.3 Intrinsic regulation of hematopoietic stem cells 
 1.3.1 Introduction to intrinsic signals 
  HSCs are regulated by intrinsic signals that promote sustained self-

renewal and differentiation processes. Blood contains the highest turnover rate in 

the body with the daily production of 1011-1012 new blood cells in a healthy 

individual (Lampreia et al., 2017). Two signaling pathways that regulate HSC 

self-renewal and differentiation are the Notch and Wnt/β-catenin signaling 

pathways.  
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 1.3.2 Notch signaling 

  Notch is a highly conserved signaling pathway that functions to regulate 

HSC self-renewal and fate determination (Bigas and Espinosa, 2012; Kopan and 

Ilagan, 2009). Notch is heavily characterized for its role in T cell activation and 

differentiation, however, its role in HSCs is less clear due to conflicting studies 

(Bigas and Espinosa, 2012; Calvi et al., 2003; Karanu et al., 2000; Mancini et al., 

2005; Varnum-Finney et al., 2011). Notch is a transmembrane protein that is 

activated through ligand-mediated interaction from cell-to-cell contact (Lampreia 

et al., 2017). The receptor and ligand engagement results in two cleavage 

processes mediated by first the metalloproteinase, TACE, and second by the γ-

secretase complex and APH1 to form the intracellular Notch receptor domain (N-

ICD). The N-ICD domain translocates to the nucleus to bind to the DNA binding 

protein, RBP-J, which ultimately induces gene expression changes in HSC 

regulatory genes. Notch ligands and receptors have been identified in the bone 

marrow and on HSPCs (Calvi et al., 2003; Duncan et al., 2005; Milner et al., 

1994). Studies have shown that a constitutively active form of Notch1 N-ICD 

results in increased human HSPC self-renewal capacity (Carlesso et al., 1999). 

In addition, in vitro exposure of primitive HSCs to Notch ligands promotes self-

renewal (Calvi et al., 2003; Karanu et al., 2000; Varnum-Finney et al., 2003). Itch 

is an E3 ligase that negatively regulates Notch Signaling by inducing Notch 

receptor degradation (Rathinam et al., 2011). In vivo studies show that mice 

transplanted with Itch-deficient HSPCs resulted in expansion of the stem cell 

pool. These data further suggest that Notch signaling plays a role in HSC 

maintenance. In contrast, the deletion of the Notch ligand Jagged and Notch1 

receptor in the bone marrow had no effect on hematopoietic pool (Mancini et al., 

2005). Similarly, the loss of either Notch 1 or Notch 2 had no effect on HSC 

number in mice (Varnum-Finney et al., 2011). These conflicting results suggest 

that Notch signaling may be important for HSC self-renewal and maintenance, 

but other factors are likely to be involved and further studies are required.  
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 1.3.3 Wnt/β-catenin signaling 
 The Wnt/β-catenin signaling pathway is evolutionarily conserved and 

important for HSC self-renewal and differentiation (Angers and Moon, 2009). Wnt 

proteins are secreted glycoproteins that bind to the N-terminal domain of the G-

protein coupled receptor, Frizzled (Komiya and Habas, 2008). The Wnt signaling 

pathway is activated upon Wnt binding to the Frizzled receptor complex with low-

density lipoprotein co-receptors. Upon activation, the cytoplasmic phosphoprotein 

Dishevelled forms a protein complex with GSK-3, Axin, APC and Ck1, which 

results in the accumulation of β-catenin within the cytoplasm. β-catenin 

undergoes nuclear translocation to the cytoplasm to bind the transcription factors 

LEF/TCF and activate gene expression of target genes. Wnt signaling is 

important for regulating the hematopoietic system during the fetal and adult 

stages of development (Bigas et al., 2013; Lento et al., 2013).  Both the ligand 

and receptors of the Wnt/β-catenin pathway have been confirmed in the bone 

marrow and on HSCs (Van Den Berg et al., 1998). Multiple studies have 

demonstrated the importance of Wnt/β-catenin signaling in maintaining the HSC 

stem cell pool. Mouse HSPCs transduced with constitutively active β-catenin 

resulted in an increase in self-renewal and differentiation (Reya et al., 2003). In 

addition, activation of β-catenin via GSK-3β inhibitors resulted in HSC expansion 

(Trowbridge et al., 2006). Together, these studies provide evidence that the 

Wnt/β-catenin pathway is critical for the maintenance and expansion of the HSC 

pool.  

 

1.4 Extrinsic regulation of hematopoietic stem cells 
 1.4.1 Bone marrow microenvironment 
 Extrinsic regulation of HSCs occurs within the bone marrow 

microenvironment through a combination of cell-cell interactions from direct 

contact or autocrine or paracrine signaling (Lin et al., 2015). Schofield 

hypothesized in 1978 that stem cell behavior is determined by the types of cells it 

interacts with (Schofield, 1978). HSCs primarily reside in the bone marrow, but 

can also be found in other hematopoietic organs such as the blood, spleen, and  
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Figure 1.2: Components of the hematopoietic stem cell niche. The bone 
marrow microenvironment is also termed an endosteal niche. The main cellular 
components of this niche consist of osteoblasts, osteoclasts and extracellular 
matrix, which maintains the HSC population through extrinsic stimuli. In addition, 
the vasculature niche, also known as the sinusoid, is made up of endothelial 
cells. HSCs are able to migrate between the endosteal and vasculature niche by 
extravasating through endothelial cells. 
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liver. The bone marrow is a complex microenvironment that consists of different 

cellular components to regulate HSC function and maintenance, including 

osteoblasts, osteoclasts, stromal cells, mesenchymal stem cells (MSCs), 

adipocytes and extracellular matrix (ECM) (Morrison and Scadden, 2014). The 

different components of the bone marrow microenvironment are depicted in 

Figure 1.2. Currently, it is believed that immature HSCs primarily reside within 

the endosteal region, which is the inner surface of the long bone that is enriched 

in mature osteoblasts (Balduino et al., 2005; Balduino et al., 2012; Nilsson et al., 

2005; Taichman et al., 2010). Early studies demonstrated that human CD34+ 

hematopoietic progenitor proliferation is stimulated by secretion of granulocyte 

colony stimulating factor (G-CSF) by osteoblasts (Taichman et al., 2010). The 

importance of osteoblasts for HSPC maintenance has been demonstrated 

through a variety of in vivo studies.  One key study using a transgenic mouse 

engineered to increase osteoblast number demonstrated an increased 

percentage of Lin-sca-1+c-kit+ (LSK) cells within the bone morrow compared to 

control mice (Calvi et al., 2003). Additionally, another group showed that 

increased spindle-shaped N-cadherin+CD45- osteoblasts (SNO) cells resulted in 

increased numbers of long-term HSCs in vivo (Zhang et al., 2003), which further 

supports a role for osteoblasts in HSC maintenance. Another study ablated bone 

marrow osteoblasts, which resulted in a 3 to 10-fold decrease in HSPC number 

due to reduced bone marrow cellularity (Visnjic et al., 2004). This reduction in 

bone marrow cellularity resulted in an increase in extramedullary hematopoiesis 

in the spleen. Conversely, osteoblastic activation increased bone marrow 

cellularity, which reduced HSC activity and function (Schepers et al., 2012). 

Collectively, these studies provide evidence that osteoblastic homeostasis within 

the bone marrow is important for HSC bone marrow retention and activity.  

 Mesenchymal stem cells are multipotent stromal cells in the bone marrow 

that provide additional HSC support (Smith and Calvi, 2013). Mesenchymal stem 

cells are a heterogenous population of cells that can give rise to the osteogenic 

lineage. These cells reside perivascularly but traffic to the endosteal surface of 

the bone to differentiate into osteoblasts (Morrison and Scadden, 2014). One 
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study confirmed increased localization of nestin GFP+ mesenchymal stem cells 

around blood vessels throughout the bone marrow by immunostaining of mouse 

femoral sections (Mendez-Ferrer et al., 2010). Mesenchymal stem cells were 

also shown to be physically associated with HSCs using the same method 

(Mendez-Ferrer et al., 2010). In addition, the co-transplantation of mesenchymal 

stem cells with HSPCs increased bone marrow engraftment and enhanced self-

renewal (Ahn et al., 2010; Masuda et al., 2009). These data provide evidence 

that mesenchymal stem cells are important regulators of HSC function. 

 In addition to the endosteal/osteoblastic niche, the vascular niche, shown 

by the sinusoid in Figure 1.2 has been shown to play an equally important role in 

HSC regulation. The bone marrow is highly vascularized and HSCs can be found 

adjacent to the vasculature (Kiel et al., 2005). Endothelial cells function to 

promote HSC maintenance within the bone marrow (Morrison and Scadden, 

2014). Studies demonstrate that endothelial cells with nuclear β-catenin are 

located adjacent to HSCs and are important for the emergence of HSCs (Ruiz-

Herguido et al., 2012). In addition, in vitro culture of endothelial cells with HSCs 

promoted long-term reconstituting HSC expansion in culture (Cardier and 

Barbera-Guillem, 1997; Ohneda et al., 1998). The ablation of endothelial cells 

with the use of an anti-VE-cadherin antibody resulted in hematopoietic failure in 

vivo (Avecilla et al., 2004). Collectively, these studies demonstrate the 

importance of the vasculature for the maintenance of the HSC pool. 

The extracellular matrix (ECM) within the bone marrow acts as a 

supportive tissue for the maintenance of HSCs (Discher et al., 2009). ECM 

creates a dynamic and complex environment that regulates HSC behavior. 

Adhesion of HSCs to ECM inhibits proliferation and prevents apoptosis, which 

results in long-term survival of quiescent HSCs (Krause, 2002). The bone 

marrow microenvironment is thought to be comprised of collagen VI, collagenIV, 

fibronectin, laminin and tenascin-C (Klein et al., 1993; Klein et al., 1995; Nilsson 

et al., 1998). Integrins on the plasma membrane of HSCs are key receptors that 

mediate ECM interactions within the bone marrow microenvironment. Integrins 

are heterodimeric proteins that mediate HSC adhesion, migration and 
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downstream signaling for HSCs (Legate et al., 2009). Evidence shows that 

integrins inhibit cell proliferation through the activation of cell cycle inhibitors, p21 

and p27 (Cheng et al., 2000a; Cheng et al., 2000b). Therefore, the adhesion of 

HSCs to ECM via integrins is thought to be important for HSC quiescence.   

Adipocytes have also been found to be important for HSC maintenance 

within the bone marrow (Anthony and Link, 2014). Adipocyte number within the 

bone marrow increases with age, which directly influences the number and 

function of HSCs within the bone marrow (Naveiras et al., 2009). A study showed 

that mice with adipocyte rich bone marrow had decreased HSC numbers 

compared to controls with low adipose content (Naveiras et al., 2009)). 

Therefore, these studies demonstrate that adipocytes can play an inhibitory role 

in HSC activity. When taken together, the diverse components of the bone 

marrow microenvironment are critical regulators of HSC maintenance and 

function. 

 

1.5 Hematopoietic stem cell quiescence  
 1.5.1 Introduction to hematopoietic stem cell quiescence 
 HSCs primarily reside within the bone marrow microenvironment in a 

quiescent state. It is thought that quiescence or slowly cycling is necessary to 

maintain primitive HSCs, in which a high cycling state is thought to be important 

for the effective expansion of progenitor populations (Pietras et al., 2011).  About 

20-30% of the HSC population is within the quiescent phase of the cell cycle, 

which means this population only cycles once every 150-200 days (Foudi et al., 

2009; Wilson et al., 2008). In contrast, more actively cycling hematopoietic 

progenitor populations cycle once every 20-30 days (Foudi et al., 2009; Wilson et 

al., 2008). In mice, about 90% of LT-HSCs remain within the G0 phase of the cell 

cycle, with only 6% of this population entering into the active cycling phases each 

day (Kiel et al., 2007a). HSC quiescence is not only important for protecting the 

stem cell pool from mutations accumulated via active cycling, but also for 

sustaining the HSC pool (Li, 2011). However, when quiescence is disrupted, the 

HSC pool can undergo premature exhaustion, which can eventually lead to 
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hematopoietic failure (Cheng et al., 2000b; Wilson and Trumpp, 2006). In the 

event of an infection or blood loss, the demand of hematopoiesis increases, 

which results in HSCs cycling out of a quiescent state from inflammatory cytokine 

exposure (Baldridge et al., 2010; Essers et al., 2009; Morrison et al., 1997). HSC 

quiescence in the bone marrow microenvironment is regulated by both extrinsic 

and intrinsic mechanisms. The key players that initiate and regulate HSC 

quiescence will be explained within this section.  

 1.5.2 Regulation of hematopoietic stem cell quiescence 

 The osteoblastic niche is critical for extrinsic regulation of HSCs through 

the promotion of c-kit, Tie2/Ang-1, and TPO/MPL signaling (Li, 2011). 

Osteoblasts secrete factors such as stem cell factor (SCF), angiopoietin (Ang-1) 

and thrombopoietin (TPO) to mediate the interaction between HSCs and the 

bone marrow microenvironment to promote HSC quiescence (Czechowicz et al., 

2007; Thoren et al., 2008). The disruption of the interaction between c-kit 

receptor on HSCs and its ligand, stem cell factor (SCF) on osteoblasts resulted in 

a decrease in HSC quiescence (Kiel et al., 2007a). In addition, Tie2/Ang-1 

signaling mediates HSC quiescence through the activation of the PI3K/AKT 

signaling pathway that results in increased gene expression of cell cycle inhibitor, 

p21 (Visnjic et al., 2004). Moreover, TPO and and the myeloproliferative 

leukemia virus proto-oncogene (MPL) signaling promotes HSC quiescence 

through an increase in β1 integrin-mediated adhesion to osteoblasts (Yoshihara 

et al., 2007). As before mentioned, HSC quiescence is promoted through integrin 

mediated HSC adhesion to ECM by activating gene expression of cell cycle 

inhibitors, p21 and p27 (Cheng et al., 2000a; Cheng et al., 2000b; Legate et al., 

2009) and mediated by the Wnt/ β-catenin and Notch signaling pathways 

(Described in Section 1.3).   

Molecules that mediate the interaction between osteoblasts and HSCs to 

promote quiescence are N-cadherin and TGF-β (Haug et al., 2008; Li, 2011; Li 

and Zon, 2010; Sitnicka et al., 1996). N-Cadherin and integrin β1 are both targets 

of Tie2/Ang-1 and TPO/MPL signaling, promoting HSC quiescence (Li, 2011). 

Overexpression of N-cadherin in HSPCs induced slow cell division, which 
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protected the HSPCs from myelosuppression (Hosokawa et al., 2010a). 

Conversely, the knock down of N-cadherin using shRNA resulted in reduced 

bone marrow lodgment and adhesion of HSPCs in vivo, which significantly 

reduced long term engraftment (Hosokawa et al., 2010b). These findings 

prompted the authors to conclude that the inhibition of N-cadherin may affect the 

ability of HSPCs to effectively adhere to the bone marrow microenvironment to 

maintain quiescence However, the role of N-cadherin in regulating HSC function 

still remains controversial; the basis being that deletion of N-cadherin in 

osteoblasts does not affect HSC numbers or function, which suggests N-cadherin 

is not important for the regulation of HSCs (Bromberg et al., 2012; Greenbaum et 

al., 2012).  

TGF-β is described as a potent inhibitor of HSC growth and critical 

regulator of HSC quiescence (Sitnicka et al., 1996). TGF-β is thought to mediate 

HSC quiescence through the increased expression of cell cycle inhibitors, p21 

and p57 (Cheng et al., 2001; Dao et al., 1998), further illustrating the importance 

of HSC quiescence and regulation of cell cycle-mediated transcription factors 

and inhibitors. In addition, there are other transcription factors that mediate 

HSPC quiescence such as, Gfi1, which is a zinc finger transcription repressor 

that mediates HSC quiescence through the up regulation of p21 (Hock et al., 

2004; Zeng et al., 2004). In addition, the transcription factor pre-B cell acute 

lymphoblastic leukemia (Pbx1) is preferentially expressed in LT-HSC population, 

promoting quiescence via the TGF-β pathway (Ficara et al., 2008). Moreover, LT-

HSCs also express high levels of p53, which in combination with p21, results in 

increased HSC quiescence (Dumble et al., 2007; Lacorazza et al., 2002). As 

mentioned before, cell cycle inhibitors also play key roles in the regulation of cell 

cycle maintenance of HSCs. The up-regulation of cell cycle inhibitors, such as 

p21, p57 and p27, results in a decrease in cell-cycle activation, which promotes 

HSC quiescence. The cell cycle inhibitor, p21 is a regulator of the G1 checkpoint. 

The absence of p21 in mice led to increased HSC numbers due to enhanced 

HSC proliferation (Zhang et al., 2003; Zhang et al., 1997). In addition, the loss of 

p21 in mice also impaired HSC transplantation due to impaired self-renewal 
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potential (Zhang et al., 2003). Futhermore, the cell cycle inhibitor p57 is also 

important for regulation of cell cycle dynamics. TGF-β mediates the up regulation 

of p57 expression, promoting cell cycle arrest within HSCs (Scandura et al., 

2004) Mouse studies demonstrated that p57 and p27 null HSCs had reduced 

engraftment capacity and increased proliferation (Scandura et al., 2004; Zou et 

al., 2011). Together, the transcription factors and cell cycle inhibitors described 

are important for the regulation of HSC quiescence within the bone marrow 

microenvironment.  

 

1.6 Hematopoietic stem cell fitness 
 1.6.1 Introduction to hematopoietic stem cell fitness 
 Hematopoietic stem cell fitness is dictated by the combined ability of 

HSCs to migrate, adhere and self-renew, differentiate and maintain quiescence 

within the bone marrow microenvironment (Heazlewood et al., 2014). HSC 

fitness is a multi-step process that requires a combination of adhesion and 

signaling molecules to facilitate a successful engraftment for the restoration of 

long-term hematopoiesis. HSC homing is the first step in this process, which is 

regulated by the chemokine CXCR4/CXCL12 signaling axis. In addition, Rho-

related small GTPases such as Rac1 have been shown to play a role in 

regulating HSPC adhesion, migration and homing (Chen et al., 2016; Gu et al., 

2003; Liu et al., 2011b; Yang et al., 2001). These homing molecules are 

important for engraftment of HSCs within the bone marrow to establish 

interactions with surrounding supportive cells. The interactions between HSCs 

and the bone marrow microenvironment is necessary for the establishment of LT-

HSCs to repopulate blood and immune cells. 

 1.6.2 Hematopoietic stem cell homing 
 The active process by which HSCs migrate towards the bone marrow from 

the vasculature is defined as homing. The homing process also occurs under 

normal physiological conditions in which HSCs circulate at low levels within the 

vasculature (Lapidot et al., 2005). HSC homing is a dynamic process that 

involves complex communication of HSCs between chemokines, chemokine 
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receptors, and adhesion molecules (Caocci et al., 2017).  The role of the 

chemokine receptor CXCR4 and the corresponding ligand, CXCL12, in HSC 

homing will be described more in depth in the next section labeled 

“CXCR4/CXCL12 signaling”. In addition to chemokine signaling, adhesion 

molecules such as integrin complexes (α4β1 (VLA-4) and α6β1) and selectins 

(E-endothelial selectin and P-endothelial selectin) not only facilitate adhesion 

within the bone marrow, but also mediate rolling and tethering of HSCs within the 

blood vessels to enable trans-endothelial migration (Nabors et al., 2013). Other 

molecules that mediate the interaction between HSCs and the endothelium to 

facilitate homing are intercellular adhesion molecule-1 (ICAM-1) and vascular cell 

adhesion molecule 1 (VCAM- 1) (Frenette et al., 1998; Mazo et al., 1998). In 

combination, these molecules are critical for effective bone marrow homing which 

ultimately results in successful HSC engraftment 

  1.6.2.1 CXCR4/CXCL12 signaling 
 The primary homing receptor for HSCs is the chemokine receptor, 

CXCR4, which is a Gi-coupled protein receptor highly expressed on the surface 

of HSCs. The ligand for CXCR4, CXCL12, is highly expressed and secreted by 

stromal cells (expressed by osteoblasts and endothelial cells) within the bone 

marrow microenvironment, thereby promoting chemotaxis of HSCs to the bone 

marrow. Intracellular GTPases have been shown to promote HSC chemotaxis 

through the activation of CXCR4 upon CXCL12 ligand binding (Marchese and 

Benovic, 2001; Papayannopoulou et al., 2003). Downstream signaling of the 

CXCR4 receptor leads to the activation of ERK, JAK/STAT and MAPK pathways 

(Roland et al., 2003). The interaction between CXCR4-CXCL12 regulates not 

only HSC homing, but also promotes HSC quiescence through the inhibition of 

cell cycle progression, which is critical for HSC maintenance (Nie et al., 2008). 

The importance of CXCL12 and CXCR4 for HSC homing was identified using a 

combination of knock out mouse models and transplant studies. HSPCs isolated 

from a CXCL12KO mouse showed a significant decrease in total bone marrow 

engraftment in a competitive repopulation study (Tzeng et al., 2011). Whereas, 

the loss of CXCR4 on HSPCs led to a significant decrease in bone marrow 
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homing (Nie et al., 2008). Interestingly, bone marrow engraftment was rescued 

with the re-expression of CXCR4, providing evidence that CXCL12/CXCR4 

signaling axis is critical for HSC homing and bone marrow maintenance.  

  1.6.2.2 Rac 1 and hematopoietic stem and progenitor cells 

 Additional signaling stimulated downstream of CXCR4 includes the Rho 

family of GTPases. GTPases act as molecular switches that cycle between a 

GTP (active) and GDP (inactive) state. Upon activation through extracellular 

signals, Rac1 converts from its active form via guanine nucleotide exchange 

factors (GEFS) and to its inactive form via GTPase-activating proteins (GAPs) 

(Bosco et al., 2009). Rac1 binding to the effector protein p21 activating kinase 

(PAK) leads to the stimulation of downstream processes such as cytoskeletal 

rearrangements, which further impacts cellular behaviors such as migration and 

adhesion (Ridley, 2001).  

 Among the family of Rho GTPases, Rac1 is known to play a clear role in 

HSPC migration and homing (Cancelas et al., 2005; Dorrance et al., 2013; Gu et 

al., 2003; Liu et al., 2011b; Shang et al., 2011; Williams et al., 2008; Yang et al., 

2001). Rac1 has been shown to associate with CXCR4, in which inhibition of 

Rac1 induces a conformational change of CXCR4 resulting in blocked receptor 

internalization and impaired CXCL12 activation (Zoughlami et al., 2012). Using a 

conditional Rac1KO mouse both resulted in impaired HSPC engraftment and 

decreased adhesion to fibronectin (Gu et al., 2003). Interestingly, the deletion of 

both Rac1 and Rac2 resulted in a significant increase in CXCR4 expression, but 

migration to CXCL12 was decreased (Gu et al., 2003).  These studies show the 

importance of Rac1 for HSPC homing and engraftment using KO studies. The 

dynamic process of HSPC circulation is also regulated by GTPase activity, which 

mediates the tethering of HSPCs within the blood vessels to enable trans-

endothelial migration (Mazo and von Andrian, 1999; Sahin and Buitenhuis, 

2012). Rac1KO in HSCs resulted in a defect in long-term engraftment due to a 

decrease in bone marrow homing (Cancelas et al., 2005). One study 

demonstrated that endogenous Rac1 hyperactivation could decrease HSPC 

bone marrow homing through the manipulation of R-Ras expression (Shang et 
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al., 2011). The collective studies suggest Rac1 expression and activity are 

important for the tight control of HSPC homing and engraftment.  

 1.6.3 Hematopoietic stem cell repopulation 
 HSC repopulation, also termed engraftment, is a critical step in 

hematopoietic stem cell transplants. Similar to the HSC homing process, HSC 

repopulation also requires a combination of signals from adhesion molecules to 

mediate interactions between HSCs and the bone marrow microenvironment 

(Mazo and von Andrian, 1999; Sahin and Buitenhuis, 2012). The cellular 

components within the bone marrow microenvironment, such as osteoblasts and 

endothelial cells, mediate the proper signals needed to promote engraftment and 

downstream hematopoiesis (Anthony and Link, 2014). The expression of surface 

markers can also influence engraftment potential of HSCs. HSCs that were 

CD34+ had greater engraftment potential compared to CD34- HSCs when 

transplanted in a lethally irradiated NOD/SCID mouse (Gao et al., 2001). 

Molecular analysis comparing the expression of adhesion and homing genes 

associated with HSPC homing showed an increase in VLA-4 and VLA-5 in the 

Lin-CD34+ fraction compared to the Lin-CD34- fraction (Manfredini et al., 2005). 

These data suggest that integrins on CD34+ cells have a role in increasing 

engraftment potential compared to CD34- cells. However, additional adhesion 

molecules used to identify primitive HSCs maybe involved with long-term 

repopulation potential and would be beneficial to further increase engraftment.   

 1.6.4 Hematopoietic stem cell adhesion 
 The molecules that facilitate HSC maintenance within the bone marrow 

and vasculature consist of adhesion molecules such as integrins, selectins and 

cadherins. These adhesion molecules facilitate HSC homing and engraftment in 

order to re-establish hematopoiesis. Integrin complexes, α4β1 (VLA-4) and αLβ2 

(LFA-1) play an important role in HSC adhesion to the vasculature to aide in 

trans-endothelial migration (Peled et al., 2000). Additionally, integrin complexes 

α4β1 (VLA-4) and α6β1, are important for homing of HSCs to the bone marrow 

and spleen (Papayannopoulou et al., 1995; Qian et al., 2006). Moreover, 
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adhesion and chemotaxis of CD34+ HPCs on fibronectin were found to be 

mediated by α5β1 (Carstanjen et al., 2005).  

 Selectins play an important role in rolling and tethering of HSCs within the 

vasculature to mediate trans-endothelial migration. There are three different 

selectins: P-selectin, E-selectin and L-selectin, in which only P- and E-selectin 

have been shown to have a role in mediating HSC homing.  In vitro studies, 

demonstrated that CD34+ human cells rolling was induced on surfaces coated 

with P- and E- selectins, but not L-selectin (Xia et al., 2004). In vivo 

transplantation studies further confirmed that bone marrow engraftment of 

HSPCs were dependent on P- and E- selectins (Frenette et al., 1998).  

 The cadherins, N-cadherin and VE-cadherin, are mediators of adhesion 

within the vasculature and bone marrow compartment. Interestingly, the inhibition 

of VE-cadherin on endothelial cells increase CD34+ HPC trans-endothelial 

migration (van Buul et al., 2002). This suggests VE-cadherin also mediates 

endothelial cell permeability to allow HPCs to traffic into the bone marrow. N-

cadherin has been shown to mediate the interactions of HSCs with osteoblasts 

within the bone marrow (Kiel et al., 2007b; Zhang et al., 2003). However, a few in 

vivo studies show that deletion of N-cadherin in osteoblasts does not alter HSC 

activity, therefore, the role of N-cadherin still remains controversial (Bromberg et 

al., 2012; Greenbaum et al., 2012).  

 

1.7 Hematopoietic stem cell mobilization 
 1.7.1 Introduction to hematopoietic stem cell mobilization 
 Mobilization is the active process HSCs undergo to migrate from the bone 

marrow into the peripheral blood (Mohty and Ho, 2011). Under physiological 

conditions, HSCs circulate at low levels within the vasculature to survey for 

infection or injury (Massberg et al., 2007). The nervous system regulates 

circadian mobilization, which results in oscillated release of HSCs throughout the 

day (Mendez-Ferrer et al., 2009). It is well known that HSC bone marrow 

retention and mobilization are mediated by CXCR4 and CXCL12. In addition, the 

bioactive lipid receptor, sphingosphine-1-phosphate receptor (S1PR) promotes 
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HSC trafficking in combination with CXCR4 signaling. Within the clinic, HSC 

mobilization is often the chosen method used to isolate HSCs for transplants. For 

a recent period (January 1, 2015 to Decemeber 31, 2016), The Seattle Cancer 

Care Alliance at the Fred Hutchinson Cancer Research Center reported that the 

majority of transplants were performed with stem cells taken from the peripheral 

blood (https://bloodcell.transplant.hrsa.gov/). Mobilizing drugs such as AMD3100 

and granulocyte-colony stimulating factor (G-CSF) are used individually or in 

combination to mobilize HSCs into the peripheral blood, with G-CSF being the 

most commonly used for transplantation.  

 1.7.2 Molecules that regulate hematopoietic stem cell mobilization 

  1.7.2.1 CXCR4/CXCL12 signaling 
The interaction between CXCR4 expressed on HSCs and CXCL12 

expressed in the bone marrow microenvironment promotes HSC retention. 

CXCR4 expression on HSCs promotes quiescence within the bone marrow 

critical for HSC maintenance (Nie et al., 2008). As previously described, the 

CXCR4 receptor has also been shown be an important regulator of HSC homing 

and engraftment. However, CXCR4 signaling has been shown to play an equally 

important role in HSC mobilization (Nie et al., 2008; Tzeng et al., 2011). The 

blockade of CXCR4 on HSCs with the use of clinically used drugs, AMD3100 and 

G-CSF, promote mobilization. These mobilizing drugs target CXCR4 through 

direct or indirect mechanisms in order to promote mobilization. These 

mechanisms will be further discussed within this section.  

CXCL12 is abundantly expressed on endothelial cells and osteoblasts 

within the bone marrow microenvironment. However, disruption between the 

interaction of CXCR4 and CXCL12 results in the release of HSCs into the 

vasculature. CXCL12 expression is both intrinsically and extrinsically regulated 

with the bone marrow. The Wnt signaling was shown to transcriptionally regulate 

CXCL12 expression in bone marrow stromal cells (Tamura et al., 2011). 

Extrinsically, G-CSF treatment leads to the proteolytic cleavage of the N-terminus 

of CXCL12 and promotes the release of HSCs into the blood (Levesque et al., 

2003). CXCL12 levels are also regulated by proteases, which could also promote 
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mobilization. Recent evidence shows that chronic variable stress can also 

contribute to the down regulation of CXCL12, which results in HSC release (Heidt 

et al., 2014). The pharmacological induction of HSC mobilization is used to 

increase the release of HSCs in the blood for the use of hematopoietic stem cell 

transplants.  

 1.7.2.2 Clinical drugs used to mobilize hematopoietic stem cells 

  1.7.2.2.1 Granulocyte colony stimulating factor (G-CSF) 
 G-CSF is important for the production of neutrophils and its effects are 

mediated upon binding to a single homodimer of the G-CSF receptor (Fukunaga 

et al., 1990). Under physiological conditions, G-CSF levels are undetectable, 

however the levels increase upon infection. G-CSF was first used to treat 

patients with neutropenia, which is a condition characterized by a decrease in 

neutrophil production as a result of chemotherapy treatment (Bendall and 

Bradstock, 2014). G-CSF treatment not only stimulated production of neutrophils, 

but also induced mobilization of HSCs into the blood. The induction of HSC 

mobilization by G-CSF treatment is an indirect response by HSCs. Studies have 

shown that HSC release is due to the secretion of neutrophil associated 

extracellular proteases such as matrix metalloproteinase 9 (MMP9), which led to 

the degradation of bone marrow retention molecules (Petit et al., 2002). G-CSF 

treatment also affects the bone marrow microenvironment by decreasing 

osteoblast formation by blocking mesenchymal stem cell differentiation (Ferraro 

et al., 2011; Semerad et al., 2005). Osteoblasts highly express CXCL12, 

therefore the decrease in this bone marrow component results in HSC 

mobilization. Today, G-CSF is routinely given to patients receiving chemotherapy 

or those being treated to donate HSCs for transplantation. After administration of 

G-CSF, the peak HSC mobilization occurs at 4-5 days (Uy et al., 2008). Although 

G-CSF is highly effective in mobilizing HSCs, about 5-20% of patients fail to 

mobilize a sufficient amount of cells (Mohty and Ho, 2011). Therefore, other 

mobilizing drugs such as AMD3100 can be used to increase the efficacy of HSC 

mobilization.  
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  1.7.2.2.2 AMD3100 
 AMD3100 (Plerixafor) was first discovered to have antiviral properties by 

having potential inhibitory effects on the replication of the human 

immunodeficiency virus (HIV) (De Clercq et al., 1992). Soon after, AMD3100 was 

found to be a selective antagonist for the chemokine receptor, CXCR4. Upon 

AMD3100 treatment, the interaction between CXCR4 and CXCL12 is blocked, 

inducing the mobilization of HSCs from the bone marrow into the blood. In 

combination with G-CSF, AMD3100 treatment resulted in a dramatic increase in 

the mobilization of CD34+ cells in comparison to just AMD3100 treatment alone 

(Broxmeyer et al., 2005). In comparison to G-CSF where the peak HSC 

mobilization occurs on a matter of 4-5 days, AMD3100 treatment occurs within 

10-16 hours (Uy et al., 2008). AMD3100 and G-CSF treatment often requires 

multiple sessions in order to obtain the necessary amount of HSCs for the use of 

autologous and allogenic transplantations. In the context of autologous stem cell 

transplants, one clinical study showed that combination treatment of AMD3100 

and G-CSF resulted in increased stem cell mobilization, which required less 

apheresis sessions (Uy et al., 2008). This situation would be ideal for patients 

who often fail with G-CSF mediated mobilization alone.  

1.7.2.3 Sphingosine 1-phosphate receptor 1 (S1PR1) 
 In addition to CXCR4, the S1PR is important for HSC trafficking and 

mobilization. S1PR, like CXCR4, is classified as part of the G-protein-coupled-7- 

transmembrane receptor family that modulate cell chemotaxis (Bendall and 

Basnett, 2013). S1P receptors 1-5 all have unique roles in mediating cellular 

processes that are not only restricted to hematopoietic stem cells (Blaho and Hla, 

2014). S1PR1 is expressed on HSCs and is described as an important mediator 

of HSC mobilization and trafficking (Golan et al., 2012; Juarez et al., 2012). 

Combined treatment of AMD3100 and FTY720 (S1PR agonist), which binds and 

targets the receptor for degradation, resulted in decreased numbers of mobilized 

HSPCs compared to control treated animals (Golan et al., 2012). These data 

demonstrate that S1PR1 plays an important role in HSPC mobilization. HSC 

mobilization was enhanced by administration of the S1P analog, SEW2871 
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(Juarez et al., 2012) and further increased used in combination with AMD3100. 

This study demonstrates that high S1P levels in the vasculature sets up a 

gradient for HSC mobilization that induces release from the osteoblastic niche 

and trans-endothelial migration.   

 S1P is the ligand for the S1PR and is found at high concentrations within 

the blood (Schwab et al., 2005). S1P levels within the blood are maintained by 

endothelial cells (Ito et al., 2007; Liu et al., 2011a). The levels of S1P remain at 

low concentrations within tissues and bone marrow in order to provide a 

chemotactic gradient for HSC migration to the blood (Massberg et al., 2007). 

Levels of S1P are regulated by the balance between type 1 sphingosine 

phosphate-1 kinase (SphK1) and S1P lyase which degrades S1P levels (Pebay 

et al., 2007). Interestingly, S1P is thought to be a stronger chemoattractant than 

CXCL12/CXCR4-mediated attraction for HSC homing, engraftment and 

mobilization (Golan et al., 2012; Juarez et al., 2012).  

 

1.8 Tetraspanins and hematopoietic stem cells 
 1.8.1 Introduction to tetraspanins 

The tetraspanin family of proteins function as scaffolds at the plasma 

membrane to regulate a large array of cellular processes such as morphology, 

migration, fusion and signaling (Hemler, 2003; Maecker et al., 1997; Wright et al., 

2004). The first members of tetraspanins were identified in human and 

schistosomes (Hotta et al., 1988; Wright et al., 1990). There are 33 known 

tetraspanins in humans, 37 in Drosophila and 20 in C. elegans (Adell et al., 2004; 

Boucheix and Rubinstein, 2001; Todres et al., 2000). The expression of 

tetraspanins across different species suggests this family of proteins contain an 

evolutionary conserved structure (Garcia-Espana et al., 2008). Some 

tetraspanins such as CD9, CD81 and CD82 are ubiquitously expressed (Maecker 

et al., 1997), whereas, other tetraspanins such as CD37 and CD53 are restricted 

to hematopoietic cells (Maecker et al., 1997; Schwartz-Albiez et al., 1988). The 

differential expression of tetraspanins in various tissues translates into specific 

functions within different cell types.  
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Tetraspanins protrude only 4-5 nm above the transmembrane, which often 

results in them being overlooked by biochemical and immunological detection 

(Hemler, 2005). A simplified schematic of the tetraspanin molecular structure is 

depicted in Figure 1.3. Tetraspanins are characterized by four transmembrane 

domains, which consist of two extracellular loops and two intracellular tails. 

Tetraspanins range from 200-350 amino acids, in which 13-31 amino acids are in 

the first extracellular loop (EC1 and 69-132 amino acids are in the second 

extracellular loop (EC2) (Hemler, 2005; Stipp et al., 2003). EC2 contains a region 

with three alpha helices and a variable region, which is important for tetraspanin 

protein-protein interactions (Hemler, 2003; Stipp et al., 2003). EC2 also contains 

a conserved CCG motif and two cysteines that also consist of two di-sulfide 

bonds (Hemler, 2003; Stipp et al., 2003). Proteins are only characterized as a 

tetraspanin if they contain 4-6 conserved extracellular cysteines residues and 

polar residues within the trasnsmembrane domains (Hemler, 2005; Stipp et al., 

2003).  A new crystal structure of full length CD81 provided evidence that 

tetraspanins also consist of a cholesterol-binding pocket created by the four 

transmembrane domain structure (Zimmerman et al., 2016). This structure also 

provided evidence that tetraspanin function can be mediated by an open or 

closed conformation due to the binding of cholesterol at the binding pocket. For 

example, cholesterol binding regulates CD81 function by mediating the export of 

CD19 to the surface of 293T cells (Zimmerman et al., 2016), however, it is still 

unknown how cholesterol binding affects the function of other tetraspanins. 

 Tetraspanins contain post-translational modifications that mediate the 

unique function of each transmembrane protein. The post-translational 

modification sites on tetraspanins include palmitylotation, N-glycosylation, and 

ubiquitination. Additionally, tetraspanins have a cytoplasmic tail-sorting motif 

YXXΦ. The addition of palmitate to the membrane proximal cysteine residues 

facilitates the stability of the tetraspanin within the membrane (Levy and Shoham, 

2005). Tetraspanins CD9, CD37, CD53, CD63, CD81, CD82 and CD151 were 

found to incorporate palmitate (Charrin et al., 2002). Tetraspanin palmitylotation 

promotes formation of tetraspanin enriched mirco-domains (TEMs), which  
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Figure 1.3: Diagram of tetraspanin molecular structure. This diagram is 
based off the crystal structure of CD81 published in, (Zimmerman et al., 2016). 
The molecular structure of tetraspanins depicts four transmembrane domains 
(TM1-TM4). These transmembrane domains create three loops, one small 
extracellular (EC1), one large extracellular loop (EC2) and one small intracellular 
loop. Tetraspanins also consist of two intracellular tails, N-termini and C-termini. 
The Cys-Cys-Gly amino acid motif and two disulfide bonds are located on EC2. 
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contributes to tetraspanin-dependent signaling (Charrin et al., 2002). Loss of 

palmitoylation results in decreased lateral associations of CD151 and CD9 

(Berditchevski et al., 2002; Charrin et al., 2002; Yang et al., 2002). Palmityolation 

mutants of CD82 led to the disorganization of CD82 clusters at the plasma 

membrane of AML cells (Termini et al., 2014). In addition, palmityolation was 

also found to be important for the tight packing of the α4 integrin at the plasma 

membrane.  Moreover, tyrosine phosphorylation of the nucleotide exchange 

factor, Vav1, has been shown to be dependent on the interaction between 

palmityolated tetraspanins and cholesterol (Charrin et al., 2003). Most 

tetraspanins are heavily glycosylated, which contributes to the heterogeneity in 

size of 20 to 50kDa (Yunta and Lazo, 2003). N-glycosylation sites are expressed 

on the first and second extracellular loop of tetrspanins and are important for cell-

cell interactions and the organization of the structure (Stipp et al., 2003). Studies 

from our lab and others show the importance of N-linked glycosylation sites for 

tetraspanin functions. Our lab demonstrated that the loss of CD82 N-

glycosylation sites led to increased clustering of N-cadherin on the plasma 

membrane resulting in increased bone marrow homing of AML cells (Marjon et 

al., 2016). In addition, another group showed that N-glycosylation of CD82 

regulated adhesion and motility through the interaction with α3 and α5 (Ono et 

al., 2000). In addition, N-glycosylation sites on CD63 mediated the down 

regulation of CXCR4 (Yoshida et al., 2009).  

 The YXXΦ cytoplasmic tail-sorting motif consists of a Tyr-Xaa-Xaa-Φ motif 

in which the Φ represents a bulky hydrophobic side chain amino acid (Bonifacino 

and Dell'Angelica, 1999). The YXXΦ sorting motif found on the C-terminal tail of 

specific tetraspanins is important for endocytosis (Rous et al., 2002). For 

example this motif has been found to be important for internalization of CD151, 

Tspan7 and CD82 (Liu et al., 2007; Rous et al., 2002; Stipp et al., 2003). The C-

terminal tail motif is also important for endocytic trafficking, localization and 

lysosomal targeting (Bonifacino and Dell'Angelica, 1999). Mutations in the sorting 

motif of CD63 resulted in the lost of intracellular localization and cell surface 

trafficking (Rous et al., 2002). Tetraspanins without this sorting motif can also be  
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Table 1.1: Tetraspanin regulation of hematopoietic stem and progenitor cell 
function. Tetraspanins have been shown to play a role in regulating 
hematopoietic stem and progenitor cell functions. This table lists the roles of 
each tetraspanin in respect to HSPC function.    
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localized to intracellular compartments such as endosomes, late endosomes and 

lysosomes by interacting with tetraspanins with this sort motif (Stipp et al., 2003). 

 Tetraspanin enriched micro-domains (TEMs) function as a membrane 

scaffold that regulates adhesion and signaling. Tetraspanins can interact with 

other tetraspanins, adhesion molecules, signaling molecules and Ig receptors to 

form TEMs (Serru et al., 1999; Szollosi et al., 1996; Termini et al., 2014). With 

the use of biochemical techniques and super resolution microscopy, 

tetrasapanins have been shown to influence integrin clustering and avidity 

(Thoren et al., 2008). In addition, tetraspanins are known to interact with 

signaling molecules at the membrane in order to elicit down stream signaling. For 

example, Rac1 activation is mediated by CD81 expression through the 

interaction with the C-terminal tail (Tejera et al., 2013). In addition, PKCα has  

also been shown to interact with the intracellular tails of tetraspanins upon PMA 

stimulus to promote down stream signaling (Zhang et al., 2001). In addition, 

CD82-associated TEMs stabilize PKCα activation at the plasma membrane to 

promote down stream ERK signaling (Termini et al., 2016). Therefore, 

tetraspanins acts as molecular facilitators that coordinate and organize the 

membrane to promote down stream signaling to activate cell-mediated behaviors 

(Termini and Gillette, 2017). The following section will describe how tetraspanins 

specifically regulate HSC functions and behaviors, which are summarized in 

Table 1.1.  

 1.8.2 Tetraspanins as regulators of hematopoietic stem cell function 

  1.8.2.1 CD9 

Tetraspanin CD9 expression has been described on hematopoietic stem 

and progenitor cells (HSPCs) where it was shown to regulate HSPC proliferation, 

migration and adhesion. The use of surface markers is critical for the 

identification of a pure population of HSPCs. CD9 expression was used as 

marker to enrich HPCs in a porcine model (Heinz et al., 2002). This study 

identified seven markers for negative enrichment of hematopoietic progenitor 

cells (HPCs), one of which was CD9. Here, HPCs with negative or low 

expression of CD9 fell within the side population, which is a technique used to 
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identify putative HSCs. In contrast, CD9 has also been identified as a positive 

marker for HSCs and HSPCs in the following systems: murine HSCs (Karlsson et 

al., 2013), bone marrow derived multipotent hematopoietic progenitor cell line 

(Bruno et al., 2004) and human umbilical cord blood stem cells (Zhao et al., 

2006). 

In addition to being used as a surface marker for HSPCs, CD9 has also 

been shown to regulate HSPC migration, adhesion and homing (Leung et al., 

2011). This study showed that CD9 expression on human cord blood CD34+ 

HSPCs was modulated by SDF-1 and CXCR4 activity to increase HSPC 

migration and adhesion. Additionally, this group demonstrated that enhancing 

CD9 expression on the surface of CD34+ HSPCs with the treatment of a protein 

kinase C agonist,  ε ingenol 3,20 dibenzoate (IDB), increases homing to the bone 

marrow. However, another group later found that IDB increases CD9 expression 

on CD34+ HSPCs, but does not increase HSPC homing compared to control 

treated CD34+ HSPCs intravenously injected into NSG mice (Desmond et al., 

2011). More recently, another group characterized human CD34- HSCs isolated 

from cord blood and found that engraftment in mice and sheep was limited due to 

a decrease in CD9 and an increase in the inhibitory homing molecule, CD26 

(Abe et al., 2017). Together these data suggest that CD9 can be used as a 

marker for HSPCs and has a role in HSPC adhesion and migration. 

CD9 is also expressed on the surface of dendritic cells derived from 

CD34+ HPCs isolated from human cord blood (Caux et al., 1996). Human 

CD34+ HPCs cultured in vitro in the presence of the hematopoietic growth factor, 

granulocytic-macrophage-colony stimulating factor (GM-CSF) and tumor necrosis 

factor-alpha (TNF-alpha) differentiated along two independent dendritic cell 

pathways: 1) CD1a+ dendritic cells and 2) CD14+ dendritic cells. Day 12 of 

culture yielded CD14+ progenitors that differentiated into dendritic cells 

characterized by the expression of CD9, CD68, CD2 and factor XIIIa. Functional 

assays showed that CD14+ dendritic cells are unique from CD1a dendritic cells, 

which could be important in immune responses (Caux et al., 1997). Therefore, 

these studies suggest that CD9 is important for immune cell differentiation.  
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 Finally, the expression of CD9 on stromal cells also regulates HSPC 

activity (Aoyama et al., 1999; Oritani et al., 2000). The pluripotent hematopoietic 

cell line, EML-C1, plated on stromal cells ligated with an anti-CD9 antibody 

blocked HSC differentiation, proliferation and self-renewal. The authour 

speculated that the interaction of CD9 with integrin β1 and an unknown 100kD 

protein leads to the inhibition of HSPC differentiation. The identification of this 

unknown 100kD protein could be important in determining a novel regulator for 

HSPC activity.  

  1.8.2.2 CD81 

 HSCs primarily reside in a quiescent state within the bone marrow 

microenvironment. The tetraspanin CD81 was shown to be important for the re-

entry of HSC quiescence through the inhibition of the Akt signaling pathway (Lin 

et al., 2011). This group found that the spatial distribution of CD81 on the surface 

of murine HSCs was important for the re-entry of HSCs into quiescence from a 

highly proliferative state. The polarization of CD81 leads to the deactivation of 

Akt and nuclear translocation of FoxO1a, which resulted in an increase in 

quiescence. Therefore, CD81 is important for the regulation of HSC quiescence. 

 The tetraspanin CD81 has been shown to serve as a marker for the 

development of lymphohematopoietic stem and progenitor cells (Ma et al., 2001). 

Differential surface expression of CD81 and CD34 caused differentiation of 

CD34+ HSPCs into specific lineages of blood and immune cells. Therefore, 

CD81 expression can be useful for determining the differentiation status of 

lymphohematopoietic stem and progenitor cells 

 Finally, within tetraspanin-enriched micro-domains (TEMs), CD81 has 

been shown to interact with integrins and the c-kit receptor tyrosine kinase in 

human hematopoietic progenitors (Anzai et al., 2002). Using a combination of 

immunoprecipitation and co-localization experiments this study showed that 

CD81 interacts with c-kit on the surface of human CD34+ cord blood HSPCs and 

the human growth factor-dependent myeloid cell line, MO7e. C-kit expression on 

HSPCs is critical for the maintenance and regulation of HSPC processes. 
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Therefore, the interaction of CD81 and c-kit could be important for the regulation 

of HSPCs.   

  1.8.2.3 CD151 
 The tetraspanin CD151 is expressed within the hematopoietic system on 

activated T cells, megakaryocytes and platelets. CD151+ human megakaryocyte 

progenitors derived from mobilized peripheral blood were shown to enhance T 

helper cell responses (Finkielsztein et al., 2015). In addition, CD151 is also 

expressed on the hematopoietic stem cell lines MO7e, HEL and K562 (Fitter et 

al., 1999). This study found that CD151 interacts with the integrins β1 and αIIbβ3, 

which was found to mediate HSPC adhesion to various extracellular matrices 

(ECMs). Together these data indicate that CD151 is used as a HSPC marker and 

is important for the regulation of HSPC adhesion via the interaction with integrins.  

  1.8.2.4 CD63 

 HSPCs are tightly regulated within the bone marrow microenvironment 

through cell-cell interactions mediated by adhesion and signaling molecules. 

CD63 was found to be associated with c-kit on the surface of the hematopoietic 

progenitor cell line, MO7e (Anzai et al., 2002). The association of c-kit with CD63 

could be important for the regulation of HPC functions such as adhesion, 

proliferation and migration. The tetraspanin CD63 was described to interact with 

the tissue inhibitor of metalloproteinase-1 (TIMP1) to promote cell survival in a 

breast cancer cell line model (Jung et al., 2006). The role of TIMP1 in HSCs was 

investigated using a TIMP1 knock out mouse, in which TIMP1 was shown to be 

important for HSC quiescence and long-term engraftment (Rossi et al., 2011). In 

another study, TIMP1 was found to bind to the CD63/beta 1 integrin complex on 

the surface of human CD34+ HSPCs to induce adhesion and migration (Wilk et 

al., 2013). This group also determined that homing and short term engraftment of 

HSPCs were also increased upon exogenous stimulation with TIMP1. The 

interaction of TIMP1 and CD63 has also been shown to impact HSPC 

proliferation through the activation of the PI3K/AKT signaling pathway (Rossi et 

al., 2015). This group also found that TIMP1 treatment of HSPCs led to an 

increase in cyclin D1 gene expression due to AKT phosphorylation. Another 
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study demonstrated that CD63 and another tetraspanin, CD53, were suggested 

to be stringent markers for asymmetric HSC division compared to the current 

CD133 and CD34 expression profiles (Beckmann et al., 2007; Giebel and 

Beckmann, 2007). Together these studies display an important role for CD63 in 

HSPC function and maintenance within the bone marrow microenvironment.  

  1.8.2.5 CD53 
 Tetraspanin CD53 is expressed on most immune cells and is expressed 

on a small population of hematopoietic stem cells. As stated above, CD53, in 

combination with CD63 both served as more stringent markers for asymmetric 

division than the current CD133 and CD34 expression profiles (Beckmann et al., 

2007; Giebel and Beckmann, 2007). In addition, another study completed a 

comprehensive single-cell gene expression analysis of the mouse hematopoietic 

system, in which they found CD53 to be differentially expressed within the HSPC 

population (Guo et al., 2013). Moreover, another study has shown that in a 

HSPC cell line, CD53 is important for the development of B cells (Mansson et al., 

2007).  

  1.8.2.6 Tetraspanin 3  

 The expression of Tetraspanin 3 has been confirmed on HSPCs. A recent 

study described Tetraspanin 3 as an important mediator of AML development 

and expansion (Kwon et al., 2015). This study also showed that in the normal 

hematopoietic system, Tetraspanin 3 expression is dependent on the expression 

of the RNA binding protein, Musashi 2. Interestingly, the loss of Tetraspanin 3 led 

to a decrease in CXCR4 activity. Together, these data suggest that Tetraspanin 

3 could have a potential role in the regulation of HSPC development and 

migration.  

  1.8.2.7 TSSC6 (TSPAN32)  
 The expression of TSSC6 has been confirmed on HSPCs, but the function 

of this tetraspanin has not been fully characterized. TSSC6 has been identified in 

the adult hematopoietic tissue of both human and mice (Nicholson et al., 2000; 

Robb et al., 2001). Expression of TSSC6 was also confirmed in various 

hematopoietic stem cell lines (Robb et al., 2001). The role of TSSC6 in HSPCs 
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was assessed using a TSSC6 knock out mouse model, in which steady-state 

hematopoiesis was unaltered compared to control mice (Tarrant et al., 2002). In 

addition, there was no difference in the hematopoietic system when challenged 

with various stimuli. Collectively, this study suggests that TSSC6 is not 

necessary for hematopoietic system development, however, a specific role for 

TSSC6 in HSPCs has not been fully explored.  

  1.8.2.8 CD82 

 The tetraspanin CD82 is ubiquitously expressed and has been described 

to interact with different adhesion and signaling molecules on the surface of 

HSPCs. A schematic of the CD82 structure is depicted in Figure 1.4. CD82 was 

first described on the surface of human HSPCs isolated from peripheral blood 

(Burchert et al., 1999). In addition, this group found that CD82 expression is 

increased in leukemias such as CML, AML and CLL. However, interestingly the 

level of CD82 expression decreased upon differentiation of CD34+ HSPC. CD82 

expression and its plasma membrane organization were also found by our group 

to mediate the interaction between human CD34+ HSPCs and osteoblasts 

(Larochelle et al., 2012). In this study, CD34+ HSPCs were also cell sorted 

based on their cell cycle status, which identified the distribution of CD82 in G0 

cells. More recently, CD82 expression was shown to be highly expressed on LT-

HSCs (Hur et al., 2016). This study also determined that CD82 is important for 

LT-HSC quiescence, which is mediated through the interaction of CD82 and 

DARC via the activation of the TGFB pathway. Together these data suggest an 

important role for CD82-mediated regulation of HSPC differentiation, 

maintenance and quiescence. 

 

1.9 Summary and Discussion 
 The introduction to this thesis intends to provide an overview of key 

studies regarding the mechanisms known to regulate HSPC functions such as 

quiescence, homing, engraftment and mobilization. However, a few questions 

still remain within the field. Previous work from our lab identified the tetraspanin  
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Figure 1.4: CD82 structure and posttranslational modifications. This 
diagram depicts the structure of CD82. CD82 spans the transmembrane four 
times which creates two extracellular loops and one small intracellular loop. In 
addition, CD82 contains two intracellular tails, a N-termini and C-termini. CD82 
contains five proximal cysteine residues shown in yellow, which can be 
palmitoylated. The three asparagine residues shown in green are N-link 
glycosylated sites. The C-terminal tail of CD82 consists of a tyrosine based sort 
motif (YXXø) shown in orange, which contains amino acids, Tyr-Ser-Lys-Val. 
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CD82 as a critical regulator of HSPC function. For example, while a number of 

molecules involved in HSPC homing and engraftment have been extensively 

studied, the role of CD82 in regulating these functions is still limited. Previous 

antibody-based studies (Larochelle et al., 2012) suggest that CD82 is important 

for regulating HSPC homing, however, a role for CD82 in HSPC engraftment has 

never been described. We hypothesize that the CD82 scaffold promotes HSPC 

bone marrow homing and engraftment. In Chapter 2, we utilized a global CD82 

knock out (CD82KO) mouse model to test the hypothesis that CD82 promotes 

HSPC quiescence, homing and engraftment. We demonstrated that the lost of 

CD82 resulted in decreased LT-HSCs, which we believe is due to increased 

CD82KO activation. In addition, we determined that the defect in CD82KO HSPC 

bone marrow homing was due to hyperactivation of Rac1. We were able to 

rescue CD82KO HSPC homing through the use of Rac1 inhibitors. In addition, 

we detected a defect in CD82KO HSPC engraftment in a competitive 

environment, which could potentially be a result of a defect in CD82KO HSPC 

homing. 

 The molecules and mechanisms that mediate HSPC mobilization has 

been extensively studied, however, the role for CD82 has never been described. 

In chapter 3, we describe a novel role for CD82 in regulating HSPC mobilization 

through the modulation of the sphingoshine-1-phosphate receptor 1 (S1PR1). 

Again, using the global CD82KO mouse and flow cytometry techniques, we 

hypothesized that the loss of CD82 would promote HSPC mobilization. We were 

able to detect enhanced mobilization of CD82KO HSPCs compared to WT 

HSPCs. Our data demonstrate that CD82KO HSPCs have enhanced 

mobilization due to increased surface expression of S1PR1. In addition, 

phosphoflow signaling analysis show increased signaling of pERK and pAKT 

downstream of S1PR1 within CD82KO HSPCs. Futhermore, we find a significant 

decrease in the internalization of S1PR1 on the surface of CD82KO HSPCs, 

which could mechanistically explain the increase in surface expression we 

detect. Finally, through the use of a CD82 antibody we were able to increase 

HSPC mobilization in WT mice compared to control treatment.  
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 Collectively, these chapters describe an important role for tetraspanin 

CD82 as a critical regulator of HSPC quiescence, homing, engraftment and 

mobilization. Chapters 2 and 3 will further describe the important role for CD82 in 

mediating these processes. Our work provides evidence that CD82 could be 

exploited to increase HSPC homing and engraftment potential. Additionally, we 

provide evidence that CD82 could be a valuable target to promote HSPC 

mobilization. Taken together, we have identified the tetraspanin CD82 as a 

critical regulator of HSPC fitness and function.  
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2.1 Abstract 
  Hematopoietic stem and progenitor cell (HSPC) transplantation 

represents a treatment option for patients with malignant and non-malignant 

hematological diseases. Initial steps in transplantation involve the bone marrow 

homing and engraftment of peripheral blood injected HSPCs. In recent work, we 

identified the tetraspanin CD82 as a potential regulator of HSPC homing to the 

bone marrow, although its mechanism remains unclear. In the present study, 

using a CD82 knock out (CD82KO) mouse model, we determined that CD82 

modulates HSPC bone marrow maintenance, homing and engraftment. Bone 

marrow characterization identified a significant decrease in the number of long-

term hematopoietic stem cells in the CD82KO mice, which we linked to cell cycle 

activation and reduced stem cell quiescence. Additionally, we demonstrate that 

CD82 deficiency disrupts bone marrow homing and engraftment, with in vitro 

analysis identifying further defects in migration and cell spreading. Moreover, we 

find that the CD82KO HSPC homing defect is due at least in part to the 

hyperactivation of Rac1, as Rac1 inhibition rescues homing capacity. Together, 

these data provide evidence that CD82 is an important regulator of HSPC bone 

marrow maintenance, homing and engraftment and suggests exploiting the CD82 

scaffold as a therapeutic target for improved efficacy of stem cell transplants.   

 
2.2 Introduction 

Hematopoietic stem and progenitor cells (HSPCs) provide the cellular 

reservoir that gives rise to the highly varied blood and immune cells required to 

support the lifespan of an organism. As such, it is necessary that HSPCs 

maintain a finely tuned balance between quiescence, self-renewal, proliferation 

and differentiation. While key signaling pathways intrinsic to HSPCs are involved 

in regulating this delicate balance, HSPCs are also regulated by a variety of 

signals they receive from their microenvironment or niche. The bone marrow 

microenvironment is the primary residence for HSPCs, where they are regulated 

by both secreted signals and cell-cell interactions (Mendelson and Frenette, 

2014; Morrison and Scadden, 2014; Morrison and Spradling, 2008). Under 
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physiological conditions, HSPCs are maintained in the bone marrow, but also 

circulate within the blood at low levels (Mazo and von Andrian, 1999; Sahin and 

Buitenhuis, 2012). Then from the peripheral blood, the HSPCs can migrate back 

to the bone marrow using a process called homing, which is the critical first step 

in the repopulation of the bone marrow after stem cell transplantation. Currently, 

allogeneic hematopoietic stem cell (HSC) transplantation is a standard treatment 

option for patients suffering from a variety of malignant and non-malignant 

hematological diseases (Gyurkocza et al., 2010). The effectiveness of this 

treatment requires the successful homing of donor HSPCs back to the bone 

marrow microenvironment, where they can engraft and repopulate the blood and 

immune cell lineages. Notably, only a small percentage of transplanted HSPCs 

have the capacity to engraft, and while graft failure is rare, it remains a significant 

contributor to patient morbidity and mortality (Ratajczak and Suszynska, 2016). 
With the ultimate goal of improving transplantation therapies, there is significant 

interest in understanding the molecular mechanisms that regulate the 

repopulation potential or fitness of HSPCs, which requires productive bone 

marrow homing and engraftment.  
HSPC bone marrow homing is a dynamic process, which includes various 

adhesion and signaling molecules such as chemokines and integrins. The 

chemokine CXCL12 is an important chemoattractant and regulator of HSPCs. 

The expression and secretion of CXCL12 is abundant in the bone marrow 

microenvironment (expressed by osteoblasts and endothelial cells) and promotes 

the homing and maintenance of HSPCs within the bone marrow. The receptor for 

CXCL12 is the C-X-C Chemokine receptor type 4 (CXCR4) receptor, which is 

highly expressed on HSPCs and controls HSPC homing, mobilization and niche 

localization (Nie et al., 2008; Prosper and Verfaillie, 2001; Sahin and Buitenhuis, 

2012). The loss of CXCR4 on HSPCs results in a significant decrease in HSPC 

homing to the bone marrow (Nie et al., 2008). Interestingly, the re-expression of 

CXCR4 restored hematopoiesis upon bone marrow engraftment. In addition, 

integrins such as α4, α6, and β1 facilitate adhesion in the bone marrow, but also 

mediate tethering of HSPCs within blood vessels to enable trans-endothelial 
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HSPC migration (Mazo and von Andrian, 1999; Papayannopoulou et al., 1995; 

Papayannopoulou et al., 2001a). The treatment of bone marrow HSPCs with an 

antibody to α4β1 resulted in decreased bone marrow homing (Papayannopoulou 

et al., 1995; Papayannopoulou et al., 2001a). In addition, bone marrow cells from 

a conditional α4 KO mouse showed a delay in bone marrow homing and defect 

in short-term engraftment (Scott et al., 2003). Similarly, HSPCs deficient in the 

integrin β1 (Hirsch et al., 1996; Potocnik et al., 2000) and treatment of bone 

marrow cells with an α6 antibody (Qian et al., 2006) led to a decrease in bone 

marrow homing and engraftment. Together, these data highlight the critical role 

for integrins and the CXCR4/CXCL12 signaling axis in HSPC homing and 

engraftment. Thus, understanding how these signaling and adhesion pathways 

are regulated in HSPCs is critical for improved transplantation therapies.  

Tetraspanins are a family of scaffold proteins that are known to regulate 

adhesion and signaling molecules at the plasma membrane (Boucheix and 

Rubinstein, 2001; Hemler, 2005). Tetraspanins have an evolutionary conserved 

structure that spans the plasma membrane four times and interact with other 

tetraspanins, signaling and adhesion molecules to form tetraspanin-enriched 

microdomains (TEMs) that are important for modulating cell migration and 

adhesion (Charrin et al., 2009; van Deventer et al., 2017). Previous work from 

our lab identified the tetraspanin CD82 as a potential regulator of HSPC 

adhesion and migration, demonstrating that human CD34+ HSPC bone marrow 

homing was diminished when CD82 was neutralized with a monoclonal antibody 

(Larochelle et al., 2012). CD82 was first described as a tumor metastasis 

suppressor in solid tumors (Bienstock and Barrett, 2001) and is expressed in 

both normal and malignant hematopoietic cells (Burchert et al., 1999). Using an 

acute myeloid leukemia (AML) cell line model, our laboratory also identified 

decreased bone marrow homing upon CD82 knock down (Marjon et al., 2016) 

and went on to show that CD82 regulates the density of the α4 integrin at the 

plasma membrane, which contributes significantly to HSPC adhesive potential 

(Termini et al., 2014). More recently, CD82 was shown to be highly expressed on 

the long-term hematopoietic stem cell population (LT-HSCs) with a potential role 
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in the regulation of HSPC quiescence (Hur et al., 2016). In this current study, we 

set out to determine how CD82 impacts the homing and engraftment of HSPCs.  

 Using a global CD82 knock out (CD82KO) mouse model, we identify a 

reduction in the LT-HSCs localized within the bone marrow compartment, which 

we find results from LT-HSC activation. Moreover, measurements of HSPC 

fitness identified both engraftment and homing defects upon CD82 deficiency. 

Isolated HSPCs analyzed by confocal imaging demonstrated additional defects in 

migration and cell spreading. Recognizing the critical role for the Rho GTPase, 

Rac1, in cell migration and spreading, we analyzed the expression and activity of 

Rac1, finding Rac1 hyperactivation in CD82KO HSPCs. Inhibition of Rac1 

hyperactivation using pharmacological inhibitors restored the bone marrow 

homing capacity of the CD82KO HSPCs, suggesting that CD82-mediated 

regulation of HSPC homing and engraftment involves the modulation of Rac1 

activity.  

 

2.3 Results 
2.3.1 Diminished LT-HSCs within the bone marrow of CD82KO  

mice. 
To understand the mechanism by which the CD82 scaffold impacts HSPC 

regulation, we took advantage of the CD82KO mice previously described (Jones 

et al., 2016; Wei et al., 2014). To address the consequence of CD82KO on 

HSPC homeostasis, we first compared the bone marrow frequencies of HSPCs 

in the wild-type (WT) and CD82KO mice. Using flow cytometry, we observed a 

reduction in the frequency of long-term HSCs (LT-HSCs), defined as Lin-

Sca1+Kit+CD34-CD135-CD48-CD150+, in CD82KO, whereas short-term HSCs 

(ST-HSCs: Lin-Sca1+Kit+CD34+CD135-CD48-CD150+), multipotent progenitors 

(MPP: Lin-Sca1+Kit+CD34+CD135+CD48-CD150-), and LSK (Lin-Sca1+Kit+) 

populations showed no significant change (Figure 1A,B). Further characterization 

of the immune phenotype of bone marrow isolated cells identified similar 

percentages of B cells, T cells and myeloid cells between the WT and CD82KO 

mice (Figure 1C). Together, these data suggest that CD82 functions in the 
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Figure 2.1: CD82 expression maintains LT-HSCs within the bone marrow. 
(A) Representative flow cytometry plots of LT-HSCs gated on the LSK CD135- 
CD34-CD48-CD150+ population. Flow cytometry analysis of the percentage of 
MPP, ST-HSC and LT-HSCs from the bone marrow LSK population of WT and 
CD82KO mice. Error bars, SEM; n=8-9 mice per strain (***p<0.001). (B) Flow 
cytometry analysis of the percentage of the LSK population from WT and 
CD82KO mice. n=8 mice per strain. (C) Flow cytometry analysis of the 
percentage of immune cells (B cells (B220), T cells (CD3) and myeloid cells 
(Gr1/Mac1)) within the bone marrow of WT and CD82KO mice. n=15 mice per 
strain. (D) Flow cytometry plots of DNA (Hoechst) and the proliferative nuclear 
antigen (Ki-67) expression of the bone marrow to measure the cell cycle status of 
LT-HSC population from WT and CD82KO mice. Error bars, SEM; n=3 
independent experiments (*p<0.05 and **p<0.01). (E) Flow cytometry analysis of 
BrdU expression in the LT-HSC population after 3 days of BrdU incorporation in 
vivo. Error bars, SEM; n=3 independent experiments (**p<0.01).  
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maintenance of the LT-HSC population.  

To address the cause of the reduction in LT-HSCs in the CD82KO bone 

marrow, we first analyzed extramedullary tissues and identified no increase in the 

number of LT-HSCs in CD82KO mice (data not shown). Therefore, 

extramedullary hematopoiesis does not appear to contribute to the observed 

reduction in bone marrow LT-HSCs. Next, we analyzed the proliferation and cell 

cycle status of CD82KO LT-HSCs. Combining the Ki67 marker with DNA content 

analysis, we find that CD82KO LT-HSCs increase cell cycle entry (Figure 1D). 

We also completed bromodeoxyuridine (BrdU) incorporation assays to assess 

proliferation changes in vivo, identifying a significant increase in BrdU+ LT-HSCs 

within the bone marrow of CD82KO mice (Figure 1E). These data suggest that 

the cell cycle activation of the CD82KO LT-HSCs ultimately results in the 

reduction of the quiescent LT-HSC population localized to the bone marrow. 

Collectively, these data are consistent with a previous study using an alternative 

CD82KO mouse model, which described a similar reduction in the LT-HSCs, 

resulting from cell cycle entry (Hur et al., 2016). 

2.3.2 Reduced competitive repopulation capacity of CD82KO 

HSPCs. 
To assess how CD82 deficiency impacts stem cell repopulation, we 

carried out long-term engraftment assays where we analyzed the reconstitution 

ability of WT and CD82KO HSPCs. Using a congenic mouse system, we 

transplanted donor WT or CD82KO Lin- HSPCs into lethally irradiated recipients 

(Figure 2A). The B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) mouse strain was used as 

recipients because they carry the differential pan leukocyte marker CD45.1, 

which can be distinguished from the WT and CD82KO donor cell populations that 

express the CD45.2 allele. Monthly peripheral blood analysis confirmed a similar 

engraftment of both CD82KO and WT donor-derived CD45.2 cells (Figure 2B). 

Additionally, analysis of the immune cell phenotype of the recipient mice 

identified no significant changes in the production of B, T, or myeloid cells (Figure  
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Figure 2.2: CD82KO HSPCs display decreased repopulation in a 
competitive environment. (A) Experimental scheme for the non-competitive 
repopulation experiment. (B) The percentage of donor cell repopulation of 
peripheral blood collected monthly from tail bleeds. Donor cell chimerism 
(CD45.2) status measured via flow cytometry. n=6 mice per strain. (C) Flow 
cytometry analysis of the percentage of donor immune cells (B cells (B220), T 
cells (CD3) and myeloid cells (Gr1/Mac1)) from donor (CD45.2) population in 
figure 2C. (D) Experimental scheme for the competitive repopulation experiment. 
(E) Representative flow cytometry plot for the competitive repopulation assay 
gated for donor cells (WT, CD45.1 and CD82KO, CD45.2) in the peripheral blood 
recipient mice. (F) The percentage of donor cell repopulation of peripheral blood 
collected monthly from tail bleeds. Donor cell chimerism (WT, CD45.1 and 
CD82KO, CD45.2) status measured via flow cytometry. Error bars, SEM; n= 7 
mice per strain (***p<0.001 and ****p<0.0001). (G) Flow cytometry analysis of the 
percentage of donor immune cells (B cells (B220), T cells (CD3) and myeloid 
cells (Gr1/Mac1)) from donor population in figure 2F. Error bars, SEM; n= 7 mice 
per strain (*p<0.05, **p<0.01, and ***p<0.001). 
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2C). Therefore, CD82KO HSPCs have the capacity to repopulate a recipient and 

generate similar percentages of differentiated immune cells.  

 Next, we went on to assess the long-term engraftment potential of 

CD82KO HSPCs when transplanted into a competitive environment. Isolated Lin- 

HSPCs were harvested from WT (CD45.1) and CD82KO (CD45.2) donors and 

transplanted into lethally irradiated chimeric mice (CD45.1/CD45.2) at a ratio of 

1:1 (Figure 2D). The use of chimeric mice enables us to distinguish the WT 

(CD45.1) and the CD82KO (CD45.2) donor cells from the CD45.1/.2 recipient 

cells by flow cytometry. After transplant, blood cell chimerism was analyzed 

monthly using flow cytometry to measure repopulation. Under these competitive 

conditions, we identify a significant decrease in the repopulation capacity of 

CD82KO derived cells (CD45.2) when compared to WT cells (CD45.1) (Figure 

2E). These data suggest that while CD82KO HSPCs have the capacity to 

successfully engraft, when co-transplanted with WT HSPCs, CD82KO HSPCs 

display a decreased efficiency to reconstitute a recipient, indicating an overall 

reduction in HSPC fitness (Figure 2F). Additionally, we analyzed the immune cell 

differentiation potential of competitively engrafted HSPCs identifying a significant 

decrease of B and T cells derived from CD82KO HSPCs when compared to WT 

HSPCs (Figure 2G). Interestingly, we detect a significant increase in the amount 

of CD82KO-derived myeloid cells when compared to WT cells (Figure 2G), which 

suggests that CD82KO HSPCs present a myeloid skewing phenotype following 

competitive repopulation.  

2.3.3 CD82KO HSPCs displayed reduced bone marrow homing. 
Successful competitive repopulation requires the initial migration or 

homing of HSPCs to the bone marrow. Therefore, we next evaluated how 

CD82KO contributes to the early steps of HSPC repopulation by performing a 

competitive homing experiment (Figure 3A). Total bone marrow (Figure 3B) or 

Lin- cells (Figure 3C) were harvested from CD82KO (CD45.2) and WT (CD45.1) 

mice and transplanted into lethally irradiated chimeric mice (CD45.1/CD45.2) at a 

ratio of 1:1. The blood and bone marrow of recipient mice were harvested 16 

hours post injection to assess the chimerism status using flow cytometry.  
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Figure 2.3: CD82KO HSPCs demonstrate decreased bone marrow homing. 
(A) Experimental scheme for the competitive homing experiment. (B) The 
percentage of total bone marrow and (C) lineage negative donor cells homed 
within the blood and bone marrow 16hrs post injection. Donor cell chimerism 
(WT, CD45.1 and CD82KO, CD45.2) status measured via flow cytometry. Error 
bars, SEM; n= 8-12 mice per strain (*p<0.05, ***p<0.001 and ****p<0.0001). (D) 
Experimental scheme for the non-competitive homing experiment. (E) The 
percentage of total bone marrow homed within the blood and bone marrow 16 hr 
post injection. Donor cell chimerism (CD45.2) status measured via flow 
cytometry. Error bars, SEM; n= 5-7 mice per strain (*p<0.05 and ****p<0.0001). 
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Analysis of the bone marrow indicates a significant decrease in the number of 

CD82KO cells that migrate to the bone marrow when compared to WT cells.  

Consistent with the decrease in bone marrow homing, we measure a 

significant increase in the number of CD82KO cells detected within the blood 

when compared to WT cells. Additionally, we completed homing experiments 

with total bone marrow injected into a non-competitive environment (Figure 3D), 

identifying a similar homing defect with the CD82KO cells as that observed in the 

competitive environment (Figure 3E). Together, these data suggest that the 

reduced competitive repopulation capacity of the CD82KO HSPCs is likely due to 

the reduced bone marrow homing potential of these cells.  

2.3.4 CD82KO does not impact CXCR4 expression or activity. 
The CXCR4-CXCL12 signaling axis is a critical regulator of HSPC homing 

to and maintenance within the bone marrow. CXCR4 is highly expressed on 

HSPCs and serves as the chemokine receptor for CXCL12, which is produced by 

bone marrow stromal cells and controls HSPC homing, mobilization and 

localization (Nie et al., 2008; Prosper and Verfaillie, 2001; Sahin and Buitenhuis, 

2012). To determine if the reduced homing behavior observed with the CD82KO 

HSPCs is due to changes in the expression of CXCR4, we measured the surface 

expression of CXCR4 by flow cytometry. In Figure 4A we detect no difference in 

the CXCR4 mean fluorescence intensity between CD82KO and WT LSKs. 

Recognizing that CXCR4 is internalized following activation, we also fixed and 

permeabilized WT and CD82KO LSKs to measure total CXCR4 expression. 

Similar to the surface expression, we find no difference in mean fluorescence 

intensity between CD82KO and WT LSK HSPCs, indicating no changes in 

overall CXCR4 expression (Figure 4B).  

 In addition to modulating the surface expression of membrane proteins, 

tetraspanins also have the capacity to cluster membrane-associated proteins 

promoting their activation (Marjon et al., 2016; Termini et al., 2016). As such, we 

went on to evaluate CXCR4 signal transduction downstream of CXCL12 

activation with a focus on AKT and ERK signaling. Phosphoflow cytometry of 

phosphorylated AKT and ERK revealed no change in the basal or tonic signaling  
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Figure 2.4:  CD82KO does not impact CXCR4 expression or activity. 
Representative histograms of (A) Surface and (B) total (permeablized) CXCR4 
expression of bone marrow HSPCs from WT and CD82KO mice. Flow cytometry 
analysis measured the mean fluorescence intensity (MFI) of CXCR4 on the LSK 
population. Phosphoflow cytometry analysis of (C) basal and (D) tonic (1hr serum 
starvation) conditions to assess the mean fluorescence intensity (MFI) of pAKT, 
pERK and total ERK signaling of the LSK population. n= 3 mice per strain. (E) 
Phosphoflow cytometry analysis of SDF-1 treatment at various time points post 
1hr of serum starvation to assess pAKT, pERK and total ERK signaling of the 
LSK population. Quantification ratio calculated by dividing tonic signaling by 
SDF-1 treatment conditions. n= 3 mice per strain. 
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levels between WT or CD82KO LSKs (Figure 4C and Figure 4D). Moreover, 

following CXCL12 stimulation, we detected similar AKT and ERK 

phosphorylation, indicating no difference in CXCR4 activity between WT and 

CD82KO LSKs (Figure 4E). Taken together, the CD82KO homing defect does 

not result from altered CXCR4 expression or activation. 

2.3.5 CD82KO HSPCs display a disruption in migratory behavior. 
To further evaluate the mechanism by which CD82KO HSPCs have 

reduced capacity to home and engraft, HSPC migration was assessed in vitro.  

Lin- HSPCs were isolated from CD82KO and WT mice and imaged by live cell 

confocal microscopy. The time-lapse images were analyzed using the Imaris 

Tracking Software to obtain measurements of track speed, displacement and 

length for individual HSPCs. Figure 5A illustrates that isolated CD82KO HSPCs 

have a significant decrease in track speed, track displacement, and track length, 

when compared to WT HSPCs. Moreover, single-cell trajectory rose-plots 

indicate that CD82KO HSPC track movements are short and consolidated at the 

point of origin and lack directional movement, when compared to WT HSPC 

tracks (Figure 5B). These data demonstrate a 2D migratory defect for CD82KO 

HSPCs, which is consistent with the observed disruption in homing behavior, and 

further implicates an important role for CD82 in HSPC migration. 

 Adhesive strength and cell spreading play key roles in generating the 

required traction for cell migration. Therefore, we next measured the cell 

spreading capacity of WT and CD82KO cells plated on specific extracellular 

matrices. Isolated Lin- HSPCs were plated on either fibronectin or laminin for 4 

hours before being fixed and fluorescently labeled with the cytoskeletal marker 

phalloidin.  Confocal microscopy images were analyzed using ImageJ software to 

quantify the area of cell spreading. In Figures 5C and 5D, we measure a 

significant increase in the area of CD82KO Lin- HSPCs plated on fibronectin or 

laminin when compared to WT HSPCs. To further assess the role of CD82 

deficiency in HSPC adhesion, we quantified the surface expression of specific 

adhesion molecules, including integrins α4, α6, β1 and CD44. Flow cytometry 

analysis of the CD82KO LSK HSPCs measured a significant decrease in mean  
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Figure 2.5: CD82KO HSPCs display decreased migration and increased cell 
spreading. (A) Live cell confocal imaging analysis of HSPC migration from WT 
and CD82KO bone marrow. IMARIS imaging software was used to assess track 
speed, track displacement and track length. Error bars, SEM; n= 2 independent 
experiments (**p<0.01). (B) Rose plots were generated using the WT and 
CD82KO HSPC track length coordinates. Cell spreading potential of isolated WT 
and CD82KO HSPCs plated on (C) fibronectin and (D) laminin. Representative 
images show actin staining used to quantify HSPC area using ImageJ software. 
Error bars, SEM; n= 2 independent experiments (**p<0.01 and ***p<0.001). (E)  
Representative histograms of surface adhesion molecule expression of bone 
marrow HSPCs from WT and CD82KO mice. Flow cytometry analysis measuring 
the mean fluorescence intensity (MFI) of each adhesion molecule on the LSK 
population. Error bars, SEM; n= 3 mice per strain (*p<0.05 and ****p<0.0001). 
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fluorescent intensity of α6, and a modest decrease in β1, with no mean fluorescent 

intensity changes detected for α4 and CD44 when compared to WT HSPCs 

(Figure 5E). Collectively, the decreased surface expression of integrins α6 and β1 

and the enhanced cell spreading likely contribute to the decrease in homing and 

engraftment potential seen with the CD82KO HSPCs. 

2.3.6 CD82KO HSPCs have increased Rac1-GTPase activity.  
Rho GTPases play an essential role in cell spreading and cell migration. 

Moreover, previous studies have demonstrated that the specific RhoGTPase, 

Rac, can control hematopoietic stem cell activities such as marrow homing and 

retention (Cancelas et al., 2005; Dorrance et al., 2013; Gu et al., 2003; Liu et al., 

2011b; Shang et al., 2011; Williams et al., 2008; Yang et al., 2001). Based on the 

increased cell spreading observed in Figures 5C,D, by the CD82KO cells, we set 

out to measure Rac1 expression and activity. Western blot analysis of total bone 

marrow suggests no change in Rac1 expression when comparing WT and 

CD82KO cells (Figure 6A). Additional flow cytometry analysis of the LSK cells 

also indicates no difference in Rac1 expression when comparing WT and 

CD82KO cells (Figure 6B). Similarly, we were unable to detect any changes in 

Rac1 gene expression between WT and CD82KO mice when analyzing either 

the total bone marrow or the Lin- fraction of HSPCs (Figure 6C). Recognizing that 

Rac activity is a key contributor to cell spreading, we went on to measure 

changes in Rac1 activity by flow cytometry using an active Rac1-specific 

antibody. Figure 6D indicates that the CD82KO LSK HSPCs have increased 

Rac1 activity when compared to WT cells. A similar result was measured using 

an active Rac1 ELISA activation assay, where we identified a significant increase 

in the active form of Rac1 in the CD82KO Lin- bone marrow lysates when 

compared to WT (Figure 6E). Collectively, these data suggest that while CD82 

deficiency does not impact overall Rac1 expression, Rac1 hyperactivation is 

detected in the HSPCs upon CD82KO. Lastly, we wanted to determine whether 

the measured increase in Rac1 activity contributes to the disruption in cell 

migration and bone marrow homing observed with the CD82KO HSPCs. As 

such, we completed cell migration studies of the CD82KO Lin- HSPCs that were  
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Figure 2.6: Rac1 hyperactivity in the CD82KO HSPCs contributes to 
diminished HSPC homing. (A) Western blot analysis of WT and CD82KO total 
bone marrow measuring Rac1 expression. Densitometry was used to quantify 
Rac1 expressionmrelative to an actin control. n=3 independent experiments. (B) 
Representative histogram of surface Rac1 expression. Flow cytometry analysis 
measured the MFI of Rac1 on the LSK population. n=3 mice per strain. (C) Rac1 
mRNA expression of total bone marrow and FACS sorted lineage negative cells 
using Real Time qPCR. Rac1 expression was normalized to GAPDH to obtain 
relative quantification (RQ) values. n= 3 independent experiments. (D) 
Representative histogram of Rac GTP expression. Flow cytometry analysis 
measured Rac GTP on WT and CD82KO lineage negative bone marrow cells. 
(E) Rac1 activity of WT and CD82KO lineage negative cells measured using 
GLISA assay. Quantification represents fold change relative to WT. Error bars, 
SEM;n= 3 independent experiments (**p<0.01). (F) Live cell confocal imaging 
analysis of HSPC migration from WT and CD82KO bone marrow. CD82KO 
HSPCs were treated with EHOP-016 1hr prior to migration. 
IMARIS software was used to assess track speed. Error bars, SEM; n=2 
independent experiments, One-Way ANOVA (*p<0.05 and n.s.,non-significant). 
(G) The percentage of total bone marrow cells homed within bone marrow 16rs 
post injection. Total bone marrow were treated with EHOP-016 or NSC23766 1hr 
prior to injection. Donor cell chimerism (CD45.2) status was measured via flow 
cytometry. Error bars, SEM; n= 5-13 mice per strain, One-Way ANOVA (*p<0.05 
and n.s., non significant). 
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treated with and without the Rac1- specific inhibitor EHOP-016. Analysis of track 

speed indicates that inhibition of Rac1 hyperactivation restores the velocity of the 

CD82KO HSPCs to WT HSPC speeds (Figure 6F). Moreover, we completed the 

bone marrow homing experiments with WT and CD82KO total bone marrow, 

where we also pretreated cells with EHOP-016 or another Rac1 inhibitor, 

NSC23766 for 1 hr prior to injection. Bone marrow was isolated 16 hr after 

injection and analyzed as previously described. Again, we measure a decrease 

in bone marrow homing of CD82KO cells when compared to WT cells. Moreover, 

we find that WT cells pretreated with the Rac1 inhibitor NSC23766 display a 

significant reduction in bone marrow homing, consistent with previous reports 

establishing the importance of Rac1 in HSC migration (Cancelas et al., 2005; 

Dorrance et al., 2013; Gu et al., 2003; Liu et al., 2011b; Yang et al., 2001). In 

contrast, when Rac1 hyperactive CD82KO cells were pretreated with Rac1 

inhibitors, bone marrow homing capacity was restored to WT levels (Figure 6G). 

Taken together, CD82 deficiency inhibits HSPC migration to the bone marrow at 

least in part by promoting a shift in the balance of Rac1 activity to a 

hyperactivated state.  

 

2.4 Discussion 
Successful clinical outcomes from transplantation depend upon the 

efficient bone marrow homing and engraftment of HSPCs. The current study 

analyzing HSPCs from CD82KO mice provides strong evidence that the 

tetraspanin CD82 regulates the maintenance of LT-HSCs within the bone marrow 

as well as both processes of homing and engraftment. Moreover, if we inhibit the 

activation of the Rac1 GTPase in the CD82KO HSPCs, we recover the homing 

defect observed upon loss of CD82. These results have led us to propose a 

model whereby the CD82 scaffold functions to 1) promote bone marrow niche 

interactions that maintain cell cycle quiescence and 2) enhance the bone marrow 

homing required for HSPC engraftment through the modulation of Rac1 

activation. 
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Regulation of HSPC activation has been described for a number of 

tetraspanins. For example, tetraspanin CD81 was shown to be important for the 

re-entry of HSCs to quiescence through the inhibition of AKT signaling pathway 

(Lin et al., 2011). The polarized organization of CD81 on the surface of murine 

HSCs led to the deactivation of AKT and nuclear translocation of FoxO1a, which 

was important for the re-entry of HSCs into quiescence from a highly proliferative 

state. This study also demonstrated that CD81KO HSCs have a marked 

engraftment defect. Previous work by Rossi et al. also demonstrated a role for 

tetraspanin CD63 in the regulation of HSPC proliferation through its interaction 

with tissue inhibitor of metalloproteinase-1 (TIMP1) and the activation of the 

PI3K/AKT signaling pathway (Rossi et al., 2015). Furthermore, they found that 

upon TIMP1 treatment of HSPCs, cyclin D1 gene expression was increased 

downstream of AKT phosphorylation. Previous work from our group identified a 

correlation between CD82 membrane organization and cell cycle progression 

(Larochelle et al., 2012), where CD34+ HSPCs sorted based on the G0 cell cycle 

stage showed a polarized membrane distribution of CD82, suggesting that CD82 

organization may also impact HSPC quiescence. More recently, a CD82KO 

mouse model was used to identify CD82 as an important regulator of LT-HSC 

quiescence (Hur et al., 2016). In this study, a cell line system was predominantly 

used to describe a mechanism where CD82 binds to the Duffy antigen receptor 

complex on bone marrow macrophages downstream of TGFβ activation to 

modulate LT-HSC quiescence. In our own study, we use an alternative CD82KO 

mouse model that was previously described (Jones et al., 2016; Wei et al., 2014) 

and identify a similar LT-HSC defect with the loss of CD82. Our cell cycle 

activation studies demonstrating a loss of LT-HSC quiescence, nicely parallel the 

findings of the Hur et al. study. However, we then went on to characterize the 

fitness of the CD82KO HSPCs, further identifying homing and engraftment 

defects.  

 Once introduced into the blood stream, HSPCs have the capacity to 

migrate back to the bone marrow in a process that involves intercellular signaling 

and adhesive interactions (Caocci et al., 2017; Vermeulen et al., 1998). The 
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major chemokine signal responsible for this homing process is the 

CXCR4/CXCL12 signaling axis. As mentioned previously, CXCR4 on the surface 

of HSPCs migrates toward its ligand, CXCL12, produced within the bone marrow. 

Recognizing the critical importance of this receptor/ligand interaction in homing, 

we thoroughly investigated the potential influence of CD82KO on receptor 

expression and activation. However, we demonstrate that CD82 deficiency 

results in no significant impact on CXCR4 expression or activation. Therefore, 

the observed CD82-mediated homing defect appears to occur through an 

alternative mechanism, which led us to analyze in vitro adhesion and migration 

behaviors.  

Tetraspanin-tetraspanin and tetraspanin-integrin interactions are known to 

regulate adhesion and migration in a variety of different biological systems. 

Focusing in on HSPCs specifically, the tetraspanin CD63 in complex with TIMP1 

and the β1 integrin were shown to modulate adhesion and migration of human 

CD34+ HSPCs (Wilk et al., 2013). Moreover, the tetraspanin CD9 was shown to 

regulate HSPC migration and adhesion, although its role in homing remains a bit 

unclear. In the initial study described by Leung et al., CD9 expression on human 

cord blood CD34+ HSPCs was shown to be modulated by SDF-1 and CXCR4 

activity, resulting in increased HSPC migration and adhesion (Leung et al., 

2011). Additionally, this group went on to show that enhancing CD9 expression 

on the surface of CD34+ HSPCs with the treatment of a protein kinase C agonist 

ε, ingenol 3,20 dibenzoate (IDB), increases homing to the bone marrow. 

However, in a follow up study, Desmond et al. found that while IDB increases 

CD9 expression on CD34+ HSPCs, it does not increase HSPC homing 

compared to control treated CD34+ HSPCs intravenously injected into NSG mice 

(Desmond et al., 2011). Our own work with CD82 demonstrated that human 

CD34+ HSPC pretreatment with a CD82-specific neutralizing antibody 

significantly reduced bone marrow homing of these cells in an animal model 

(Larochelle et al., 2012). In the current study, we identify a significant defect in 

the bone marrow homing and engraftment capacity of CD82KO HSPCs, 

demonstrating a clear role for CD82 in these two processes. We also detect a 
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myeloid skewing phenotype, which is consistent with a HSPC aging phenotype 

(Liang et al., 2005; Rossi et al., 2005). Interestingly, aged HSPCs are also known 

to have reduced bone marrow homing and engraftment capabilities (Liang et al., 

2005; Morrison et al., 1996), which suggests that CD82 may impact HSPC aging. 

Once injected into the peripheral blood, homing is the initial process that 

enables the HSPCs to traffic to the bone marrow, where the cells will ultimately 

engraft and repopulate the blood and immune cell lineages. Despite the clear 

homing defect we observe with the CD82KO HSPCs, it is interesting to note that 

non-competitive engraftment assays illustrate no detectable impact of CD82 

expression. Only in a competitive environment do we identify a significant 

disruption in repopulation. These data suggest that perhaps CD82KO HSPCs 

have a reduced rate of migration and homing, however, when given unlimited 

time, as in the non-competitive engraftment, the CD82KO cells will eventually 

make their way to the bone marrow where they have the capacity to repopulate. 

Conversely, in a competitive environment, the WT HSPCs home more efficiently 

to the bone marrow, where they perhaps fill many of the available niche sites, 

reducing the engraftment capabilities of the CD82KO HSPCs with delayed bone 

marrow homing. These data are further supported by the in vitro migration data in 

Figure 5, where CD82KO cells display reduced 2D migration. Additionally, we 

find that CD82KO promotes increased cell spreading, which likely contributes to 

the reduction in cell migration. Previous work focusing on bone marrow-derived 

dendritic cells from the CD82KO mice identified a similar cell spreading defect 

when plated on fibronectin (Jones et al., 2016). Moreover, they went on to show 

altered GTPase activities in the CD82KO cells illustrating an important role for 

tetraspanins in the regulation of GTPase activity.  

Tetraspanins can interact with Rho GTPases at the plasma membrane 

and mediate downstream signaling (Termini and Gillette, 2017). In fact, evidence 

in the literature suggests that tetraspanins are important for the regulation of both 

Rac1 expression and activity. For example, the overexpression of CD82 was 

shown to inhibit Rac1 activity resulting in actin disorganization (Liu et al., 2012b), 

whereas the interaction of Rac1 with the c-terminal tail of CD81 led to an overall 
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decrease in Rac1 expression (Tejera et al., 2013). Similarly, tetraspanins CD9 

and CD151 are both implicated in the activation of Rac1 (Arnaud et al., 2015; 

Hong et al., 2012). The Rho family GTPases function as molecular switches that 

can coordinate cytoskeletal rearrangements, which ultimately impact a range of 

cellular behaviors including migration and adhesion. Among the Rho family 

GTPases, Rac is known to play a clear role in HSPCs migration and homing 

(Cancelas et al., 2005; Dorrance et al., 2013; Gu et al., 2003; Liu et al., 2011b; 

Ridley, 2001; Shang et al., 2011; Williams et al., 2008; Yang et al., 2001). 

Conditional knock out mouse studies for Rac1 demonstrated both impaired 

HSPC engraftment and reduced adhesion to fibronectin (Gu et al., 2003). 

Similarly, knock out of the HSPC specific Rac2 identified defects in actin 

cytoskeleton remodeling and α4β1-mediated adhesion (Yang et al., 2001). 

Interestingly, in the case of Rac2 deficiency, HSPCs showed increased migration 

toward a CXCL12 gradient, which the authors suggest may be the result of 

compensatory upregulation of Rac1 and Cdc42 activities (Yang et al., 2001). 

Collectively, these studies illustrate the significant impact of Rac knock out on 

HSPCs, but much less is known about how Rac hyperactivation alters 

phenotype. In a recent study, c-Kit+ HSPCs overexpressing a constitutively 

active form of Rac1 GTPase (Rac1 V12) displayed increased cell migration and 

adhesion (Chen et al., 2016). In contrast, a study by Shang et al, modulated 

endogenous Rac1 activation through manipulation of R-Ras expression and 

identified diminished bone marrow homing of HSPCs upon Rac1 hyperactivation 

(Shang et al., 2011). Our studies measuring changes in endogenous Rac1 

activation identified a similar defect in bone marrow homing of HSPCs when 

Rac1 is hyperactive. These data suggest that once Rac1 activity goes beyond a 

certain threshold, cell migration is diminished. Previously, when Rac inhibitors 

have been used, decreased cell migration and adhesion are observed (Chen et 

al., 2016; Montalvo-Ortiz et al., 2012). Even in our own studies, we find that WT 

HSPC homing is decreased upon treatment with the Rac1 inhibitor, NSC23766. 

In contrast, the use of two different Rac1 inhibitors restored the bone marrow 

homing deficit of the CD82KO HSPCs. We speculate that upon Rac1 
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hyperactivation, the inhibitor reduces the Rac1 activity threshold, resulting in 

baseline migration and adhesion. However, when inhibitors are used to disrupt 

basal Rac1 activity, an overall reduction in migration and adhesion is observed 

(Chen et al., 2016; Montalvo-Ortiz et al., 2012). Together, these data highlight 

the importance of the tight regulation of a Rac1 activity threshold to maintain 

HSPC fitness. At this time, how the CD82 scaffold functions to regulate Rac1 

activity remains unclear. While there is precedence from the literature that direct 

interactions can occur between tetraspanins and GTPases (Arnaud et al., 2015; 

Hong et al., 2012; Liu et al., 2012b; Tejera et al., 2013), we speculate that CD82 

is more likely to modulate a Rac1 regulator, and thus affect Rac1 activity 

indirectly. For example, our own work has established a role for CD82 in the 

regulation of adhesion molecules a4b1 and N-cadherin (Marjon et al., 2016; 

Termini et al., 2014), which can both modulate Rac activation (Arthur et al., 2002; 

Rose, 2006; Rose et al., 2007). Additionally, the tetraspanin CD151 was shown 

to facilitate interactions between the a3b1 and a6b1 and several small GTPases 

(Hong et al., 2012). Alternatively, the modulation of specific guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs) can also have 

a significant impact on small GTPase activity (Lawson and Burridge, 2014). 

Therefore, future studies will be directed at understanding how CD82 potentially 

modulates the expression and/or activity of key regulators of Rac1 activation.    

 The goal of the current study is to identify the mechanism by which CD82 

regulates HSPC fitness with a focus on bone marrow homing and engraftment. 

Our data suggest that CD82 can not only modulate the activation of LT-HSCs, 

but also the overall fitness of HSPCs. Activation of LT-HSCs is likely related to 

how tightly HSPCs interact with specific components of the bone marrow 

microenvironment, although at this point, it is unclear how CD82KO impacts 

cellular localization within the niche. HSPC fitness is characterized in part by the 

successful bone marrow homing and engraft, for which our data demonstrate a 

key role for CD82. As such, we propose a model whereby CD82 serves to 

modulate the activation of Rac1, which significantly impacts the migration, 

adhesion and bone marrow homing behaviors of HSPCs. Finally, our detailed 
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insight into how CD82 contributes to the homing and engraftment of HSPCs 

implicates CD82 as an attractive therapeutic target to enhance the efficacy of 

HSPC transplantation therapies.  

 

2.5 Materials and methods 
2.5.1 Mice 

C57BL/6 wild-type and B6.SJL-Ptprca Pepcb/BoyJ mice were obtained from 

Jackson Laboratory.  CD45.1/CD45.2 chimeric mice were generated by mating 

C57BL/6 and B6.SJL-Ptprca Pepcb/BoyJ mice.  CD82KO mice were generated 

from cre-loxP recombination (Wei et al., 2014). All experimental procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of New Mexico Health Science Center. Mice were housed under 

pathogen-free conditions in the UNM Animal Facility. The age and sex of mice 

were matched for each experiment. 

2.5.2 Isolation and analysis of bone marrow cells 
Bone marrow cells were isolated from the front and back limb bones using a 

mortar and pestle. Isolated bone marrow cells were passed through a 40µM 

strainer to remove bone fragments. Red blood cells were lysed using ACK lysis 

Buffer (150mM NH4Cl, 10mM KHCO3, 0.1mM EDTA).  To assess HSC 

populations, terminally differentiated cells were removed using a Lineage Cell 

Depletion Kit (Miltenyi Biotec). Isolated Lin- cells were treated with Fc block 

(2.4G2; BD Pharmingen) prior to surface marker staining. Isolated Lin- cells were 

stained with antibodies against surface markers using the following antibodies: 

mouse APC lineage cocktail (BD Pharmingen), BV605 CD117 (2B8; BD 

Pharmingen) Pe-Cy7 Sca-1 (D7; BD Bioscience), FITC CD34 (RAM34; BD 

Pharmingen), BV421 CD135 (A2F10.1; BD Pharmingen), BV510 CD48 (HM48-1; 

BD Pharmingen) and PE CD150 (Q38-480; BD Pharmingen). Labeled bone 

marrow samples were analyzed using the LSR Fortessa (BD Bioscience). For the 

sorting of the HSPC population, the mouse HSC isolation kit (BD Pharmingen) 

was used. Labeled cells were fluorescence activated cell sorted (FACS) using 

the iCyt Sony sy32000 Sorter to obtain the Lin-Sca-1+c-kit+ (LSK) population.  In 
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addition, bone marrow immune cells were assessed using the following 

antibodies: PerCP-Cy5.5 CD3 (145-2C11; BD Pharmingen), BV421 B220 (RA3-

6B2; Biolegend), Pe-Cy7 Ly6G (IA8; BD Pharmingen) and Pe-Cy7 CD11b 

(MI/70; BD Pharmingen).  Labeled bone marrow samples were analyzed using 

the LSR Fortessa (BD Bioscience). 

2.5.3 Non-competitive and competitive repopulation assay 
For non-competitive repopulation assay, 1X106 donor Lin- bone marrow cells 

from CD82KO or WT (CD45.2) were retro-orbitally into recipient BoyJ mice 

(CD45.1). For a competitive repopulation assay, 1X106 donor Lin- bone marrow 

cells from CD82KO (CD45.2) and BoyJ (CD45.1) were retro-orbitally injected into 

recipient chimeric mice (CD45.1/CD45.2). Recipient mice underwent a total body 

irradiation, which was administered as a single dose of 10 gy. Each month blood 

was taken from tail snips to assess chimerism and immune cell differentiation. 

Cells were treated with Fc block prior to staining with the following directly 

conjugated fluorescent antibodies: FITC CD45.1 (A20; BD Pharmingen) APC 

CD45.2 (104; BD Pharmingen) PerCP-Cy5.5 CD3 (145-2C11; BD Pharmingen), 

BV421 B220 (RA3-6B2; Biolegend), Pe-Cy7 Ly6G (IA8; BD Pharmingen) and 

Pe-Cy7 CD11b (MI/70; BD Pharmingen).  Labeled blood samples were analyzed 

using the LSR Fortessa (BD Bioscience).  

2.5.4 Cell cycle analysis 
Lineage depleted bone marrow cells were incubated with Hoechst 33342 (Sigma-

Aldrich) then labeled with PE Ki67 (16A8; BD Bioscience) in addition to LT-HSC 

surface markers: Lineage, Sca-1, CD117, CD135, CD34, CD48 and CD150. 

Cells were analyzed on the LSR Fortessa (BD Bioscience). For in vivo BrdU 

incorporation studies, one dose of 1 mg BrdU (5-bromo-2-deoxyuridine; Sigma-

Aldrich) was intraperitoneally injected into mice and bone marrow was collected 3 

days later.  Bone marrow samples were processed using the FITC BrdU Flow kit 

(BD Bioscience) per the manufacturer’s instructions. Processed bone marrow 

cells were labeled with surface markers: lineage, Sca-1, CD117, CD34, CD135 

and CD150 to assess BrdU incorporation in the LT-HSC population. Cells were 

analyzed on the LSR Fortessa (BD Bioscience). 
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 2.5.5 Non-competitive and competitive homing 

For a non-competitive homing experiment, 1x106 donor bone marrow cells from 

CD82KO or WT (CD45.2) were retro-orbitally injected into recipient chimeric mice 

(CD45.1/CD45.2). For a competitive homing experiment, donor bone marrow 

cells from CD82KO were mixed at a ratio of 1:1 with BoyJ competition bone 

marrow cells into chimeric recipient mice. Competitive homing experiments were 

also performed using isolated HSPCs from the bone marrow as described above. 

Recipient mice underwent a total body irradiation, which was administered as a 

single dose of 10gy. Mice were euthanized 16 hours post injection to assess 

chimerism of the bone marrow and peripheral blood. Blood and bone marrow 

samples were treated with Fc block prior to labeling with directly conjugated 

fluorescent antibodies, FITC CD45.1 (A20; BD Pharmingen) and APC CD45.2 

(104; BD Pharmingen) to assess chimerism. Samples were analyzed on the LSR 

Fortessa (BD Bioscience). 

2.5.6 Cell surface expression 
Bone marrow cells were analyzed for the surface expression of PE CXCR4 

(L276F12; Biolegend), PE β1 integrin (HM B1-1; BD Pharmingen), PE α4 integrin 

(9C10; BD Pharmingen), PE-α6 integrin (GoH3; BD Pharmingen) and PE-CD44 

(IM7; BD Pharmingen) on the LSK population. In addition, we also assessed 

Rac-1 (Cytoskeleton) surface expression. Isolated bone marrow cells were 

treated with Fc block prior to staining with the LSK markers. All samples were 

labeled in MACs Buffer (PBS, 0.5% BSA, 2mM EDTA, pH 7.2; Miltenyi Biotec) for 

30 min on ice. Samples were washed three times with MACs buffer after staining 

and analyzed using the LSR Foretessa (BD Bioscience). Histograms were 

created using FlowJo software. 

2.5.7 Phosphoflow cytometry 
Basal signaling activity was assessed by fixing isolated bone marrow cells with 

4% Paraformaldehyde and permeabilizing with 100% methanol. Tonic signaling 

activity was assessed by serum starving bone marrow cells in SFEM for 1hr at 

37°. Starved cells were then fixed and permeabilized. After 1hr of serum 

starvation, bone marrow cells were also treated with 100ng/mL SDF-1 for 2, 5, 10 
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and 15 minutes. After each time point, samples were fixed and permeabilized. 

Permeabilized samples were stained for LSK markers and the following signaling 

molecules: p-AKT Pacific Blue (BD Pharmingen), p-ERK FITC (Biolegend), and 

MEK2 PE (BD Pharmingen). Samples were analyzed on the LSR Fortessa (BD 

Bioscience). The ratio of SDF-1 treatment was calculated by dividing Tonic mean 

fluorescence intensity (MFI) by SDF-1 treatment MFI.  

2.5.8 HSPC migration 
The 4-chamber coverslips (Thermo Scientific) were coated with fibronectin 

(50µg/mL in PBS; Millipore). Isolated HSPCs were plated at 250,000 cells/well on 

fibronectin in StemSpanTM SFEM (StemCell Technologies) media supplemented 

with murine cytokines: IL-3, SCF and FLT-3 (20ng/mL; Peprotech) overnight at 

37°C. For EHOP-016 treatment, isolated HSPCs were treated with 5µM EHOP-

016 for 1hr at 37°C prior to plating. Each well was washed twice with PBS to 

remove non-adherent cells. CO2 independent media supplemented with 0.5% 

FBS was added to each well for 1hr and migration was measured using a Zeiss 

Axiovert confocal microscope. Images were taken every 10 seconds for 50 min 

and were analyzed using the ImarisTrack Software (Bitplane Oxford Instruments 

Co.) to measure track length, track displacement and speed. The single cell 

trajectory rose-plots were produced from track position parameter data generated 

from the Imaris Tracking Software. The beginning X, Y position and ending X, Y 

position of each HSPC was taken into account. Using the position data of each 

HSPC, each track was normalized to shift each HSPC to an origin of (0,0). A total 

of 15 positions between the beginning and end positions were randomly selected 

in order to produce a track. For each condition, a total of 10 HSPCs were 

assessed.  

2.5.9 Cell spreading 

The 8-chamber glass coverslips (Thermo Scientific) were coated with 50µg/mL of 

fibronectin.  Isolated HSPCs were placed in IMDM media supplemented with 

10% FBS and plated at 200,000 cells/well on fibronectin for 1hr at 37°. For SDF-

1 treatment, cells were treated at 200ng/mL SDF-1 for 10 min. Medium was 

removed from each well and washed three times. Adherent cells were fixed with 
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4% PFA for 15min at room temperature. Each well was washed three times and 

then blocked with 5% BSA in PBS for 30min at room temperature. Cells were 

stained with rhodamine phalloidin F-actin stain (Invitrogen) for 1hr at room 

temperature. Each well was washed out three times and replaced with PBS to 

image. Cells were imaged using the confocal microscope using the LSM 510 

software. Cell spreading was analyzed ImageJ software to measure the area of 

each cell.  

2.5.10 Western blot analysis 
Total bone marrow was isolated from WT and CD82KO mice.  Cells were lysed 

in RIPA buffer containing (150mM NaCl, 0.1% SDS, 0.5% DoC, 50mM Tris pH 

8.0 and 1% IGEPAL-NP40). Cell lysates were run on SDS-polyacrylamide gels 

and transferred to nitrocellulose membranes. The membranes were blotted with 

a mouse monoclonal antibody against mouse Rac1. Blots were developed using 

ECL (Thermo Scientific).  

2.5.11 Quantitative RT-PCR 
Total RNA was extracted from total bone marrow and FACS isolated LSKs using 

the RNeasy Micro Kit (Qiagen). RNA samples were quantified using a Nanodrop 

2000 (Thermo Scientific). cDNA was made using qScript cDNA synthesis kit 

(Quanta Bioscience) and amplified using a MyCycle Thermocycler (Bio Rad). 

Real time polymerase chain reaction was done using SYBR Green PCR Master 

Mix (Applied Biosystems). Primers for target genes were designed using Primer-

BLAST (NCBI). Primers sets for each gene: Rac1 (Forward: 5’-AGA GTA CAT 

CCC CAC CGT CT-3’ and Reverse: 5’- CAT GTG TCT CCA ACT GTC TGC-3’) 

and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (Forward: 5’-AAC 

TTT GGC ATT GTG GAA GG-3′ and Reverse: 5’- ACA CAT TGG GGG TAG 

GAA CA-3’) (Scoumanne et al., 2011). Target genes were amplified using the 

AB75000 Fast Real Time PCR System (Applied Biosystems). The endogenous 

control gene GAPDH was used to normalize each sample. The relative change in 

gene expression was calculated using 2-∆∆CT algorithm.  
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2.5.12 Rac1 activity 
WT and CD82KO lineage negative bone marrow HSPCs were lysed for the G 

protein linked immunosorbent assay. G-LISA Rac-1 Activation Assay Biochem 

Kit (catalog no BK128; Cytoskeleton Inc.) was performed per the manufacturer’s 

instructions. In addition, Rac1 GTP (New East Biosciences) was assessed via 

flow cytometry. Lineage depleted bone marrow cells were fixed, permeabilized 

and treated with Fc block prior to staining with Rac1 GTP antibody. All samples 

were labeled in MACs Buffer for 30 min on ice. Samples were washed three 

times with MACs buffer after staining and analyzed using the Accuri C6 (BD 

Bioscience). Histograms were created using FlowJo software. 

2.5.13 EHOP homing 
Prior to injection, 1x106 donor bone marrow cells from CD82KO (CD45.2) or WT 

(CD45.2) were treated with 5µM EHop-016 (Selleckchem) or 50µM NSC23766 

(Cayman Chemical) in SFEM for 1hr at 37°C. Treated cells were then retro-

orbitally injected into BoyJ recipient (CD45.1) mice. Recipient mice underwent a 

total body irradiation, which was administered as a single dose of 10gy. Mice 

were euthanized 16 hours post injection to assess chimerism of the BM and 

peripheral blood. Blood and bone marrow samples were treated with Fc block 

prior to labeling with directly conjugated fluorescent antibodies, FITC CD45.1 

(A20; BD Pharmingen) and APC CD45.2 (104; BD Pharmingen) to assess 

chimerism. Samples were analyzed on the LSR Fortessa (BD Bioscience). 

2.5.14 Statistical analysis 
Statistical significance was calculated using a Student’s t-test for which 

significance was labeled * p<0.05, **p<0.01,*** p<0.001, ****p<0.0001. One-Way 

ANOVA was used to calculate significance of EHOP migration and Rac-1 

inhibitor (EHOP and NSC23766) homing studies for which significance was 

labeled *p<0.05. The annotation n.s. is for non-significance. All statistical 

analyses were performed using GraphPad Prism 6 Software. 
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3.1 Abstract 
 Hematopoietic stem and progenitor cell (HSPC) egress into the blood 

occurs under normal physiological conditions and upon treatment with mobilizing 

agents. The trafficking of HSPCs from the bone marrow into the blood, or 

mobilization, is stimulated in the clinic to enable the isolation of HSPCs used for 

transplantation therapies. In this present study, we identified the tetraspanin 

CD82 as a novel regulator of HSPC mobilization. Using a global CD82 knock out 

(CD82KO) mouse model, we measured enhanced mobilization of HSPCs within 

CD82KO mice following AMD3100 treatment, which results from CD82KO in the 

HSPCs specifically. Moreover, we found that CD82KO HSPCs have increased 

surface expression of sphingosine 1-phosphate receptor (S1PR1) and altered 

downstream signal transduction, including ERK and AKT. Using ImageStream 

cytometry, we identified disrupted S1PR1 internalization in the CD82 deficient 

HSPCs, suggesting that CD82 plays a critical role in S1PR1 regulation. We went 

on to find that the combined use of AMD3100 and anti-CD82 treatments 

enhanced HSPC mobilization in animal models. Together, these data provide 

evidence that CD82 is an important regulator of HSPC mobilization and suggests 

exploiting the CD82 scaffold as a therapeutic target to enhance stem cell 

mobilization treatments. 

 
3.2 Introduction 
 Hematopoietic stem cell transplantation is a routinely performed treatment 

for malignant and non-malignant hematological diseases. Successful 

transplantation depends on a combination of factors, which include the number 

and fitness of transplanted hematopoietic stem and progenitor cells (HSPCs). 

Under static and stress conditions, HSPCs are released into the vasculature from 

the bone marrow, in a process termed mobilization. Transplantation therapies 

take advantage of this normal mobilization process by using specific treatments 

such as granulocyte-colony stimulating factor (G-CSF) to enhance the 

mobilization response, thereby increasing the number of HSPCs available in the 

blood for harvest. However, studies suggest that 5-25% of patients mobilize 
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poorly with G-CSF alone (Jantunen et al., 2012; Pusic et al., 2008). As such, 

identifying novel molecules and mechanisms that regulate HSPC mobilization is 

crucial for the improvement of transplantation therapies. 

 HSPC mobilization is mediated by a variety of key molecules such as 

chemokines, cytokines and proteolytic enzymes that promote egress into the 

peripheral blood. In particular, the chemokine receptor, CXCR4, which is highly 

expressed on the surface of HSPCs, facilitates bone marrow migration towards 

the chemoattractant, CXCL12. The clinical drug AMD3100 and G-CSF both 

target the CXCR4 receptor in order to induce mobilization (Broxmeyer et al., 

2005; Uy et al., 2008). In addition to the CXCR4/CXCL12 signaling axis, the 

lysophospholipid Sphingosine-1-phosphate (S1P) ligand produced by mature red 

blood cells and activated platelets is found in high concentration within the 

vasculature (Schwab et al., 2005). S1P binds to the Sphingosine-1-Phosphate 

Receptors (S1PR1-5), which are G-coupled protein receptors (GPCRs) that elicit 

downstream cellular activities such as migration, proliferation and cytoskeletal 

rearrangement (Bendall and Basnett, 2013; Blaho and Hla, 2014).  In particular, 

the S1PR1 was shown to mediate HSPC mobilization in combination with 

CXCL12 release from the bone marrow (Golan et al., 2012). Moreover, the 

mobilization of HSPCs was identified to be dependent on the induction of S1PR1 

towards a high S1P gradient within the blood and lymph. Together, these data 

suggest an important role for S1PR1 in HSPC mobilization.  

 Previous work from our lab identified the tetraspanin CD82 as an critical 

regulator of HSPC migration and adhesion within the bone marrow niche (Saito-

Reis et al., 2018). The tetraspanin family of scaffold proteins mediates a variety 

of cellular processes such as cell migration, adhesion and signaling via their 

regulation of surface molecules, including GPCRs, adhesion receptors and 

receptor tyrosine kinases (Termini and Gillette, 2017). However, the specific 

contribution of CD82 to HSPC mobilization had not been explored. Using a global 

CD82 knock out (CD82KO) mouse model, we find that CD82 regulates HSPC 

mobilization through the regulation of S1PR1 expression and activity. 

Furthermore, our data indicate that antibody targeting of CD82 promotes the 
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mobilization of HSPCs, suggesting that CD82 may be a novel target to enhance 

the release of HSPCs for improved transplantation therapies.  

 
3.3 Results 
 3.3.1 Enhanced mobilization potential of CD82KO HSPCs. 
 To determine how the CD82 scaffold impacts HSPC mobilization, we 

utilized the CD82KO mouse previously described (Jones et al., 2016; Wei et al., 

2014). Wild type (WT) and CD82KO mice were injected with AMD3100, a drug 

used clinically to mobilize HSPCs, or a vehicle control. One hour after injection, 

blood was harvested from the animals and the Lin-Sca1+Kit+ (LSK) HSPC 

population was identified by flow cytometry.  Under control treatment, a minimal 

number of HSPCs were detected in the blood, with no difference identified 

between WT and CD82KO animals (Figure 1A). As expected, AMD3100 

treatment significantly increased the amount of mobilized HSPCs measured in 

the blood, however an even greater increase in HSPC mobilization was detected 

in the CD82KO mice when compared to WT (Figure 1A). In addition, colony 

forming unit (CFU) assays were performed with the blood collected from WT and 

CD82KO mice treated with AMD3100. Similar to the flow cytometry analysis, 

AMD3100 treatment increased the number of CFUs measured in the CD82KO 

mice when compared to WT (Figure 1B), further confirming an increased 

mobilization potential of CD82KO HSPCs.  

 Since we are using a global CD82KO mouse model, we next wanted to 

confirm that the enhanced mobilization we observe is due to the loss of CD82 on 

the HSPCs rather than an effect of CD82KO within the bone marrow 

microenvironment. Thus, we completed bone marrow transplants of WT or 

CD82KO HSPCs into lethally irradiated B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) 

recipient mice. BoyJ mice maintain CD82 expression in all cells but carry the 

differential pan leukocyte marker CD45.1, and thus, can be distinguished from 

the WT and CD82KO donor cell populations that express the CD45.2 allele. The 

bone marrow transplants were allowed to establish for two months and then both  
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Figure 3.1: CD82KO HSPCs display enhanced mobilization.  
(A) Flow cytometry analysis of %LSK (HSPCs) in peripheral blood collected from 
WT and CD82KO micetreated with control PBS or AMD3100 (n=12-15 
mice/group). ***p<0.001, **p<0.01, *p<0.05, two-way ANOVA. (B) Peripheral 
blood CFU after AMD3100 induced HSPC mobilization (n=3 mice/group, in 
triplicate. *p<0.05, unpaired t-test. (C) Flow cytometry analysis of %LSK in 
peripheral blood collected after AMD3100 induced HSPC mobilization of WT and 
CD82KO transplanted mice. (n=16-19 mice/group). *p<0.05, unpaired t-test. 
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WT and CD82KO transplanted mice were treated with AMD3100 to induce 

mobilization. Again, we used flow cytometry to quantify the LSK cells released 

into the blood. Similar to our previous observation, we detect an increased 

mobilization of transplanted CD82KO HSPCs when compared to WT cells, 

indicating a cell-intrinsic defect of the CD82KO HSPCs (Figure 1C). Taken 

together, these data suggest the loss of CD82 enhances HSPC mobilization and 

implicates the CD82 scaffold as a regulator of HSPC egress.  

 3.3.2 CD82 regulates S1PR expression and signaling 

 HSPC mobilization is critically dependent upon S1PR signaling in 

response to the S1P ligand gradient (Liu et al., 2011a; Schwab et al., 2005). S1P 

is found at higher concentrations within the blood and thus can promote the 

egress of HSPCs from the bone marrow (Liu et al., 2011a). We quantified the 

S1P ligand within the plasma of WT and CD82KO mice under control and 

AMD3100 treatment conditions, identifying no significant difference in S1P ligand 

(Figure 2A). Next, we asked whether CD82 regulates HSPC egress by 

modulating S1PR expression. Using flow cytometry, we characterized the 

surface expression of the S1PR family, which consists of five receptors, S1PR1-5.   

While we detected no difference in the surface expression of S1PR2, S1PR3, or 

S1PR5 between WT and CD82KO HSPCs, we measured a significant increase in 

the surface expression of S1PR1 and a more modest increase of S1PR4 in the 

CD82KO HSPCs (Figure 2B). Since trafficking of HSPCS and their egress from 

extramedullary tissues was shown previously to depend on S1PR1 expression 

(Massberg et al., 2007; Ratajczak et al., 2010; Seitz et al., 2005), we set out to 

determine if the increased expression of S1PR1 mediates the increased 

mobilization of CD82KO HSPCs. The S1PR agonist, FTY720, can act upon 

S1PR1-5, but it has the highest affinity for S1PR1 and stimulates the down-

regulation of the receptor. Therefore, we repeated the AMD3100 mobilization 

experiments in the presence of FTY720, which results in the internalization of 

S1PR1. As indicated in Figure 1, AMD3100 treatment of animals increased the 

number of mobilized CD82KO HSPCs when compared to WT. However, upon 

FTY720 treatment, the number of mobilized WT and CD82KO HSPC is  
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Figure 3.2. CD82KO HSPCs have increased S1PR1 expression and 
signaling.  (A) S1P ligand plasma levels of WT and CD82KO plasma post PBS 
control or AMD3100 treatment (n=3-4 mice/group). (B) Flow cytometry analysis 
measured the mean fluorescence intensity (MFI) of WT and CD82KO HSPC 
S1PR1-5  surface expression (n=4 mice/group). **p<0.01 and *p<0.05, unpaired t-
test. (C) Flow cytometry analysis of %LSK in peripheral blood collected from WT 
and CD82KO mice treated with AMD3100 or AMD3100/FTY-720 (n=6-8 
mice/group). ***p<0.001, **p<0.01, n.s., non-significant, two-way ANOVA. 
Phosphoflow cytometry analysisof (D) basal and (E) tonic (1hr serum starvation) 
conditions to assess mean fluorescence intensity (MFI) of pAKT and pERK 
signaling of the LSK population. (n=3-4 mice/group) ***p<0.001, unpaired t-test. 
Phosphoflow cytometry analysis of 10µM S1P treatment at various time points 
post 1hr serum starvation to assess (F) pAKT and (G) pERK signaling of the LSK 
population. Quantification ratio calculated by dividing tonic signaling by S1P 
treatment conditions (n=3-4 mice/group) ***p<0.001, **p<0.01, *p<0.05, unpaired 
t-test 
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decreased compared to AMD3100 treatment with no difference in mobilization 

detected between WT and CD82KO mice (Figure 2C). Therefore the increased 

mobilization of CD82KO HSPC is inhibited by downregulation of the S1PR1, 

suggesting that the increased S1PR1 expression on CD82KO HSPCs mediates 

the enhanced blood mobilization.  

 In addition to measuring an increase in S1PR1 and S1PR4 expression, we 

also evaluated the downstream signal transduction from S1P ligand activation. 

S1PR1 activates multiple intracellular signaling cascades, including the 

extracellular signal-regulated kinase (ERK) and the phosphatidylinositol-3-linase 

(PI3K)-AKT Pathways (Rosen et al., 2009). Using flow cytometry to perform 

phosphoflow of pERK and pAKT, we detect a significant increase in basal levels 

of pERK in CD82KO HSPCs when compared to WT, with no change in pAKT 

(Figure 2D). We also serum starved the LSK population to measure the tonic 

levels of pERK and pAKT expression between WT and CD82KO HSPCs, 

identifying no difference (Figure 2E). However, following S1P stimulation, we 

detected a significant increase in pERK expression in CD82KO HSPCs at early 

time points (2, 10, and 20 min), which returned to WT levels at 30 min (Figure 

2F) and a similar increase in pAKT levels in CD82KO HSPCs at slightly later time 

points (10, 20 and 30 min) that returned to WT levels after 45 min (Figure 2G). 

Collectively, these data suggest that in addition to increased S1PR1 expression, 

CD82KO HSPCs also demonstrate enhanced signal transduction downstream of 

ligand engagement.  

 3.3.3 CD82 regulates S1PR1 internalization  
 We next wanted to define how CD82 regulates S1PR1 expression and 

signaling. Recognizing that tetraspanins including CD82 have been reported to 

modulate receptor internalization, we examined internalization using 

ImageStream cytometry. This technique combines flow cytometry with 

fluorescence microscopy, enabling image-based analysis of large numbers of 

cells per sample. Bone marrow was isolated from both WT and CD82KO animals 

and antibody labeled for the S1PR1 at 4ºC to minimize endocytosis. Cells were 

then moved to 37ºC and fixed at various time points to monitor S1PR1 trafficking.  
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Figure 3.3: CD82KO HSPCs have decreased S1PR1 internalization.  
Amnis Image flow cytometry analysis of % internalization of S1PR1 on WT and 
CD82KO HSPCs during A) basal and (D) 10µM S1P treatment at various time 
points. ****P<0.0001, Two-Way ANOVA. Representative images of S1PR1 
internalization of WT and CD82KO HSPCs under (B,C) basal and (E,F) 10µM 
S1P treatment at various time points. 
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Cells were also antibody labeled with Lin+ antibodies so that the Lin- HSPC 

population of cells could be identified by the ImageStream. Using the 

internalization feature, we distinguished Lin- cells with surface labeled S1PR1 

expression from those S1PR1 receptors that had been internalized over the 

course of the 30 minute experiment. Under basal conditions, we find that 

CD82KO HSPCs have decreased S1PR1 internalization compared to WT cells at 

times 10, 20 and 30 minutes (Figure 3A-C). These data suggest that the 

increased S1PR1 surface expression and enhanced signaling measured in 

CD82KO HSPCs (Figure 2) is due at least in part to decreased S1PR1 

internalization.  Additionally, we assessed S1PR1 internalization upon S1P ligand 

treatment using a relatively high concentration of S1P (10µM). Interestingly, upon 

ligand treatment, we detected increased S1PR1 internalization of CD82KO 

HSPCs compared to WT at time points 10, 20 and 30 minutes (Figure 3D-F). 

These findings suggest that distinct pathways may be in place to regulate the 

internalization of S1PR1 with CD82 promoting endocytosis under basal signaling 

and perhaps attenuating internalization upon high concentrations of ligand.  

 3.3.4 Anti-CD82 treatment enhances HSPC mobilization   

 The observation that HSPCs are more readily released into the peripheral 

circulation of CD82KO mice led us to ask whether CD82 could be a novel target 

to promote HSPC mobilization. Previous studies have used antibodies to 

illustrate a critical role for specific integrins in HSPCS mobilization (Bonig et al., 

2009; Craddock et al., 1997; Papayannopoulou et al., 1995; Papayannopoulou et 

al., 1998; Papayannopoulou et al., 2001b). As such, we set out to determine if 

pretreatment with anti-CD82 could induce HSPC mobilization in mice. WT mice 

were intravenously injected with either 2mg/kg of anti-CD82 (M35) (Custer et al., 

2006) or control IgG for two hours and then treated with AMD3100 for 1 hour. 

Blood was isolated and analyzed by flow cytometry to measure potential changes 

in the population of peripheral blood mobilized HSPCs. While anti-CD82 alone 

shows no effect on white blood cell (WBC) or HSPC mobilization, Figure 4 

illustrates that mice treated with anti-CD82 in combination with AMD3100 display 

increased WBC (Figure 4A) and LSK (Figure 4B) cell mobilization when  
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Figure 3.4. CD82 Ab treatment enhances HSPC mobilization. 
(A) Counts of white blood cells within the peripheral blood of WT mice treated 
with IgG control or CD82 Ab upon PBS or AMD3100 treatment (n=4-5 
mice/group). ***p<0.001 or *p<0.05, two-way ANOVA. (B) Flow cytometry 
analysis of %LSK in peripheral blood collected from WT mice treated with IgG 
control or CD82 Ab (n=4-5 mice/group). *p<0.05, two-way ANOVA. (C) Current 
model illustrates the stem cell niche, which consists of the bone marrow and the 
vasculature. This model depicts increased S1PR1 mediated CD82KO HSPCs 
mobilization upon AMD3100 treatment. In addition, AMD3100+ CD82 antibody 
treatment increased HSPC mobilization of WT HSPCs compared to IgG control 
treatment. 
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compared to controls. Therefore, anti-CD82 treatment stimulates an additive 

mobilization of HSPCs when used in combination with AMD3100 and further 

suggests that CD82 is a key contributor to the bone marrow retention of HSPCs. 

Collectively, from these data we suggest the current model (Figure 4C) where the 

CD82 scaffold regulates S1PR1 internalization, resulting in enhanced S1PR1 

surface expression, signaling and increased HSPC mobilization. 

 
3.4 Discussion 
 Decreased numbers of HSPCs harvested from the peripheral blood limits 

the success of bone marrow transplantations. In fact, standard methods for 

peripheral blood mobilization of hematopoietic stem cells fail to collect sufficient 

stem cells in 5-40% of patients (Giralt et al., 2014). Therefore, identifying unique 

targets to promote HSPC mobilization and increase HSPC numbers within the 

peripheral blood is crucial for treatment of both non-hematological and 

hematological malignancies. The tetraspanin family of scaffold proteins function 

as molecular facilitators interacting with adhesion and signaling molecules at the 

plasma membrane to create tetraspanin-enriched microdomains (TEMs) (Charrin 

et al., 2009; van Deventer et al., 2017). TEMs contribute to a number of cellular 

functions, including migration, adhesion and protein trafficking (Termini and 

Gillette, 2017; van Deventer et al., 2017). Specifically within HSPCs, tetraspanins 

are described to impact homing, engraftment, migration, and quiescence (Charrin 

et al., 2009; Hur et al., 2016; Larochelle et al., 2012; Marjon et al., 2016; Saito-

Reis et al., 2018), and in the current study, we identified a novel role for the 

tetraspanin CD82 as a critical regulator of HSPC mobilization. 

 Under normal physiological conditions, HSPCs are found in circulation at 

very low numbers (Massberg et al., 2007). However, increased numbers of 

HSPCs mobilize into the blood in response to injury, infection or stress (Heidt et 

al., 2014; Massberg et al., 2007). Additionally, treatments such as GCSF and 

Plerixafor (AMD3100), which target CXCR4, are used to induce peripheral blood 

mobilization of HSPCs for stem cell transplant. Using the well characterized 

CD82KO mice (Jones et al., 2016; Saito-Reis et al., 2018; Wei et al., 2014), we 
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identified an increase in the mobilization capacity of HSPCs from CD82KO mice 

following AMD3100 treatment. Through a combination of transplant experiments, 

we went on to show that CD82KO, specifically within the HSPC population, is 

primarily responsible for the enhanced mobilization phenotype. Previous work 

from our lab thoroughly evaluated the expression and signaling potential of the 

CXCR4 receptor in the context of the CD82KO HSPCs, finding no altered 

expression or signaling of CXCR4 (Saito-Reis et al., 2018). Therefore, despite its 

essential role in regulating bone marrow interactions, these data suggest that 

CXCR4 is unlikely to be a key contributor to the observed mobilization defect. 

Additionally, our previous work analyzed the integrin profile of CD82KO HSPCs, 

including the integrin α4β1 (Saito-Reis et al., 2018), which also impact the bone 

marrow retention of HSPCs. Our findings identified no difference in α4 integrin 

expression and a minor decrease in β1 integrin expression in CD82KO HSPCs 

(Saito-Reis et al., 2018), which suggests a modest potential for integrin 

involvement in CD82-mediated mobilization. These collective data led us to 

evaluate the role of the S1P receptor class of GPCRs.  

 S1P receptors are targets of the lipid signaling molecule S1P, which 

facilitates the egress of HSPCs from the bone marrow into the blood (Ratajczak 

et al., 2010; Rosen et al., 2009; Schwab et al., 2005; Seitz et al., 2005). S1P 

stimulates multiple cellular processes including proliferation, stress fiber 

formation and migration. Within the receptor family, the S1PR1 is the most well 

characterized as an important mediator of HSPC mobilization (Golan et al., 2012; 

Liu et al., 2011a; Ratajczak et al., 2010; Schwab et al., 2005). Previous work 

found that treatment of mice with the S1PR1 agonist, FTY-720, results in the 

rapid downregulation and degradation of the receptor and subsequently prevents 

HSPC mobilization (Mullershausen et al., 2009). Our data suggest that CD82KO 

HSPCs have an increased mobilization capacity, due at least in part to S1PR1, 

since treatment of CD82KO mice with FTY-720 ablated the enhanced 

mobilization observed in these animals. Further analysis of the CD82KO HSPCs 

identified increased surface expression of S1PR1 when compared to WT cells, 

suggesting that the enhanced mobilization is promoted by an increase in S1PR1 
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surface expression. One potential mechanism for the increase in S1PR1 surface 

expression is through disruptions in receptor internalization. For example, the 

tetraspanin CD63 was shown to mediate receptor internalization of the H,K-

ATPase β-subunit through direct interaction (Duffield et al., 2003).  Additionally, 

CD82 was identified to regulate epidermal growth factor receptor (EGFR) 

endocytosis through TI-VAMP expression (Danglot et al., 2010). Moreover, work 

from our own lab identified a role for CD82 in the regulation of internalization and 

recycling of the α4 integrin (Termini et al., 2014). Previous studies identified a 

role for dynamin-2 (Willinger et al., 2014) and the clathrin-mediated endocytic 

pathway (Reeves et al., 2016) in the uptake of S1PR1. Our current data also 

implicates CD82 to be involved in the regulation of S1PR1 internalization. 

Interestingly, we find that in contrast to the decreased S1PR1 internalization 

observed under based conditions in the CD82KO HSPCs, we find that S1PR1 

internalization is enhanced upon S1P treatment. These findings suggest that 

distinct pathways may be in place to regulate the internalization of S1PR1. The 

crystal structure of S1PR1 provides insight into the location of the ligand pocket 

that is restricted between helices VII and I within the transmembrane region 

(Hanson et al., 2012). This study also went on to show that the N-terminal tail of 

S1PR1 folds over the top of the receptor to block access to the ligand binding 

pocket, suggesting that ligand access to the binding pocket occurs from within 

the cell membrane and not the extracellular space. As such, CD82 and the TEMs 

that it assembles may have a unique ability to modulate ligand access to S1PR1, 

which could also contribute to the increased S1PR1 endocytosis observed in 

CD82KO HSPCs following S1P treatment. Whether CD82 interacts directly or 

indirectly with S1PR1 still remains unclear. 

 PI3K/AKT and ERK are known signaling pathways stimulated downstream 

of S1PR1 activation (Rosen et al., 2009). Using phosphoflow cytometry analysis, 

we demonstrated that upon S1P ligand binding, CD82KO HSPCs have increased 

pERK and pAKT signaling when compared to WT HSPCs. The increased S1PR1 

expression observed on the CD82KO HSPCs is likely a primary contributor to the 

increased activation of ERK and AKT detected. However, the tetraspanin scaffold 
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has also been described as a mechanism to modulate signaling directly at the 

plasma membrane (Termini and Gillette, 2017). In fact work from our own lab 

demonstrated that CD82 can stabilize PKCα at the plasma membrane, promoting 

the sustained downstream signaling of MAPK and ERK1/2 in acute myeloid 

leukemia cells (Termini et al., 2016). In addition to ERK and AKT signaling, PKCα 

and Rac1 GTPase activation have been described to signal downstream of 

S1PR1. Interestingly, both PKCα and Rac1 were previously described to be 

modulated by the CD82 scaffold (Saito-Reis et al., 2018; Termini et al., 2016). 

Therefore, future studies will be required to help identify the mechanisms by 

which CD82 influences S1PR1 signaling and the impact on specific downstream 

pathways.  

 Hematopoietic stem cell transplantations often fail due to insufficient 

numbers of harvested HSPCs (Copelan, 2006; Hatzimichael and Tuthill, 2010). 

Under normal physiological levels, HSPCs circulate at 0.04% within the blood 

(Massberg et al., 2007). Currently, within the clinic mobilizing agents are often 

used for harvesting HSPCs in lieu of the alternative invasive method such as 

bone marrow aspiration (Hatzimichael and Tuthill, 2010). Therefore, 

understanding the mechanisms and molecules that facilitate HSPC mobilization 

is critical to increase HSPCs within the blood for transplantation. Previous work 

has shown that HSPC mobilization can be induced through the use of antibodies. 

For example, intravenous treatment with antibodies targeting the integrin α4 

resulted in enhanced HSPC mobilization (Bonig et al., 2009; Qian et al., 2006). 

Additionally, another study used a CD82 monoclonal antibody to mobilize AML 

cells into the peripheral blood, which led to increased effects of chemotherapy 

treatment (Nishioka et al., 2015). In this study, we demonstrate that intravenous 

injection of a CD82 antibody into WT mice increased HSPC mobilization, further 

strengthening the critical role for CD82 in HSPC mobilization. At this time, how 

the antibody impacts TEMs and specifically S1PR1 signaling remains unclear. 
When taken together, our data provide evidence for CD82 to be used as a novel 

target in the clinic to mobilize HSPCs for transplantation therapies.  
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3.5 Materials and Methods 
 3.5.1 Mice 

C57BL/6 wild-type and B6.SJL-Ptprca Pepcb/BoyJ mice were obtained from 

Jackson Laboratory. CD82KO mice were generated from cre-loxP recombination 

(Wei et al., 2014). All experimental procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of New Mexico 

Health Science Center. Mice were housed under pathogen-free conditions in the 

UNM Animal Facility. The age and sex of mice were matched for each 

experiment. 

 3.5.2 HSPC Mobilization 

Mice were subcutaneously injected with one dose of 5mg/kg AMD3100 (Sigma 

Aldrich). Control treated mice were subcutaneously injected with PBS. Peripheral 

blood was collected by a cardiac puncture 1hr post AMD3100 injection.  The 

inhibitor for S1PR, FTY720 (Cayman Chemicals) was injected i.p. at 10mg/kg 14 

hours before AMD3100 treatment. The inhibitor for the S1P lyase, 4-

deoxypyridoxine (DOP) (Cayman Chemicals) was supplemented into the drinking 

water for 3 days at 30mg/L with 10g/L glucose. RBCs were lysed using ACK lysis 

buffer. The amount of mobilized HSPCs within the blood were quantified using 

the following directly conjugated fluorescent antibodies for mouse APC lineage 

cocktail (BD Pharmingen), Pe-Cy7 Sca-1 (D7; Biolegend) and PE CD117 (2B8, 

Biolegend). Labeled samples were then read on the LSR Fortessa (BD 

Bioscience) to determine the percentage of HSPCs mobilized based off of the 

total population. 

 3.5.3 Colony-forming assay 

Peripheral blood collected from a cardiac puncture was collected 1hr post 

treatment with either PBS or 5mg/kg AMD3100. RBCs were lysed using ACK 

lysis buffer. Blood cells were plated at 100,000 cells/dish suspended in Isocove’s 

Modified Dulbecco’s Medium (IMDM) media and placed in MethocultTMGF M3434 

(StemCell Technologies). The total amount of colonies was scored 12 days later 

using gridded scoring dishes (Stem Cell Technologies). Colonies were scored 

using a Zeiss Axioskop microscope.  



www.manaraa.com

 102 

 3.5.4 Isolation and analysis of bone marrow cells 

Bone marrow cells were isolated from the front and back limb bones using a 

mortar and pestle. Isolated bone marrow cells were passed through a 40µM 

strainer to remove bone fragments. Red blood cells were lysed using ACK lysis 

Buffer (150mM NH4Cl, 10mM KHCO3, 0.1mM EDTA). Isolated bone marrow cells 

were treated with Fc block (2.4G2; BD Pharmingen) prior to surface marker 

staining. Bone marrow cells were stained with antibodies against the following 

surface markers: mouse APC lineage cocktail (BD Pharmingen), Pe-Cy7 Sca-1 

(D7; Biolegend) and PE CD117 (2B8, Biolegend). Labeled bone marrow samples 

were analyzed using the LSR Fortessa (BD Bioscience) or Accuri C6 Flow 

Cytometer (BD Bioscience).  

 3.5.5 HSPC engraftment mobilization  

For engraftment assay, 1X106 donor Lin- bone marrow cells from CD82KO or WT 

(CD45.2) were retro-orbitally into recipient BoyJ mice (CD45.1). Recipient mice 

underwent a total body irradiation, which was administered as a single dose of 10 

gy. One month post transplant, HSPCs were mobilized with a single dose of 

5mg/kg AMD3100. Peripheral blood was collected by a cardiac puncture 1hr post 

AMD3100 injection. The amount of HSPC within the blood was quantified using 

the antibodies and procedure described in the “HSPC mobilization” section.  

 3.5.6 S1P Ligand ELISA 

S1P ligand protein concentration from WT and CD82KO plasma were 

determined by enzyme-linked immunosorbent assay (ELISA) (Echelon 

Biosciences Inc) per the manufacturer’s instructions. Blood was collected from a 

cardiac 1hr post control or ADM3100 treatment. Collected blood were allowed to 

sit for 2hrs. Blood samples were centrifuged at 2.0 rcf for 20min to isolate 

plasma. Plasma samples were then assessed using the S1P ELISA kit.  

 3.5.7 Cell surface expression 

Bone marrow cells were analyzed for the surface expression of S1PR1 (R&D 

Systems), S1PR2 (Proteintech), S1PR3 (Alomone Labs), S1PR4 (ThermoFisher 

Scientific) and S1PR5 (Proteintech) on the HSPC population. All samples were 

labeled in MACs Buffer (PBS, 0.5% BSA, 2mM EDTA, pH 7.2; Miltenyi Biotec) for 
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30 min on ice. Samples were washed three times with MACs buffer after staining 

and analyzed using the LSR Foretessa (BD Bioscience). Histograms were 

created using FlowJo software. 

 3.5.8 Phosphoflow cytometry 

Basal signaling activity was assessed by fixing isolated bone marrow cells with 

4% Paraformaldehyde and permeabilizing with 100% methanol prior to antibody 

staining. Tonic signaling activity was assessed by serum starving bone marrow 

cells in SFEM for 1hr at 37°. Starved cells were then fixed and permeabilized. 

After 1hr of serum starvation, bone marrow cells were also treated with 10uM 

S1P for 2, 10, 20, 30, 45 and 60 minutes. After each time point, samples were 

fixed and permeabilized. Permeabilized samples were stained for LSK markers 

and the following signaling molecules: p-AKT Pacific Blue (BD Pharmingen), and 

p-ERK Alexa 488 (Biolegend). Samples were analyzed on the LSR Fortessa (BD 

Bioscience). The ratio of S1P treatment was calculated by dividing Tonic mean 

fluorescence intensity (MFI) by S1P treatment MFI.  

 3.5.9 Internalization of S1PR1 

Total bone marrow harvested from WT and CD82KO mice were labeled on ice 

for 1 hour using S1PR1 (anti-EDG1 ab11424; Abcam). Cells were then labeled 

using an Alexa 488 anti-rabbit secondary for 45 min.  In addition, cells were 

labeled with mouse APC anti-lineage cocktail (BD Bioscience). An aliquot of cells 

were fixed with 4% PFA at time point 0, which is considered 100% surface 

staining. Remaining cells were placed at 37° in the presence or absence of 10µM 

S1P ligand (Caymen Chemicals) for 10, 20 and 30 minutes. At each time point 

approximately 1x106 cells were removed and fixed.  Samples were assessed on 

the ImageStream multispectral imaging flow cytometer (Amnis) and data 

collected were analyzed using the IDEAS image-analysis software (Amnis). For 

each sample, 10,000 events were collected.  Internalization was assessed on the 

lineage negative population. The internalization feature was used to determine 

the ratio of intensity inside the cell/intensity of the entire cell. The feature used to 

define internalization is an adaptive erosion mask that fits within the membrane 
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of the cell. Internalization is graphed by subtracting the internalization percentage 

from each time point to time 0.  

 3.5.10 Statistical analysis 

Statistical significance was calculated using a Student’s t-test for which 

significance was labeled * p<0.05 and **p<0.01. Two-Way ANOVA was used to 

calculate significance of Mobilization studies (Control and AMD3100) and 

(AMD3100, AMD3100/FTY720, AMD3100/CD82Ab) for which significance was 

labeled * p<0.05, **p<0.01, and *** p<0.001. The annotation n.s. is for non-

significance. All statistical analyses were performed using GraphPad Prism 6 

Software. 
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Chapter 4: Conclusions, significance and future directions 
4.1 Conclusions 
  The studies described in my dissertation provide novel information 

regarding how tetraspanins regulate HSPC fitness and bone marrow retention. 

Utilizing the global CD82KO mouse, we identified the tetraspanin CD82 as an 

important regulator of HSPC quiescence, homing, engraftment and mobilization, 

Figure 5.1. 

 In chapter 2, our data demonstrate that the loss of CD82 results in 

decreased LT-HSCs within the bone marrow of mice, due to increased HSPC 

cycling. In addition, we measured decreased competitive bone marrow 

engraftment of CD82KO HSPCs, which we determined was in part due to 

decreased HSPC homing. Ultimately, we found that the CD82KO HSPC bone 

marrow homing defect was due to Rac1 hyperactivation, which we rescued with 

Rac1 inhibitor treatment. Collectively, these data demonstrate an important role 

for CD82 in HSPC quiescence, homing and engraftment.  

 In chapter 3, our data demonstrate that HSPCs from CD82KO mice have 

enhanced mobilization from the bone marrow into the blood upon AMD3100 

treatment. We determined that increased CD82KO HSPC mobilization is in part 

due to increased S1PR1 surface expression. In addition, using image-based flow 

cytometry, we found that CD82KO HSPCs have increased S1PR1 surface 

expression due to decreased receptor internalization. Additionally, phosphoflow 

studies with S1P ligand treatment demonstrated that CD82KO HSPCs have 

increased pERK and pAKT signaling when compared to WT HSPCs. Moreover, 

we found that anti-CD82 treatments further enhance HSPC mobilization into the 

blood of mice. Therefore, these data demonstrate that CD82 regulates S1PR1-

mediated HSPC mobilization and suggests CD82 may serve as a therapeutic 

target to promote HSPC egress.  

 
4.2 Significance  
 Maintenance of LT-HSCs is critical to preserve the hematopoietic 

population. The LT-HSC population is primarily kept in a quiescent state within  
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Figure 5.1: Conclusion Model. The stem cell niche consists of the bone marrow 
(also termed the endosteal niche) and vasculature. In Chapter 2 (shown in green) 
we determined that CD82 is an important regulator of HSPC quiescence, homing 
and engraftment. In this model, HSPCs are primarily found in the bone marrow 
microenvironment in a quiescent state. Additionally, HSPCs home to the bone 
marrow by extravasating through endothelial cells in order to enter the bone 
marrow niche for engraftment. Our data suggest that the loss of CD82 leads to 
decreased HSPC quiescence and a defect in HSPC homing and engraftment. In 
chapter 3 (shown in blue) we determined that CD82 is an important regulator of 
HSPC mobilization. In this model, HSPC mobilization occurs under normal 
physiological conditions and upon treatment with chemotherapy or mobilizing 
agents. Our data suggest that CD82KO HSPCs undergo enhanced mobilization 
due to increased S1PR1 surface expression. Together these data provide 
evidence that CD82 is a critical regulator of HSPC maintenance and function.   
 
 
 

 

Hemtopoietic Stem/
Progenitor Cell

Macrophages

Osteoblasts

Osteoclasts

Stromal Cells

Endothelial Cells

Extracellular
 Matrix

Chapter 2: Homing

Chapter 2: Engraftment

Chapter 2: Quiescence

S1P Receptor 1

CXCR4

Chapter 3: Mobilization

S1P Ligand

BO
N

E 
M

AR
RO

W
VA

SC
U

LA
TU

RE

CD82



www.manaraa.com

 107 

the bone marrow microenvironment to prevent HSC exhaustion and ultimately 

bone marrow failure (Kiel et al., 2007a; Pietras et al., 2011). Therefore, 

understanding the key molecules involved in regulating HSC quiescence is 

important especially for in vitro and ex vivo studies where the HSC pool is 

expanded for stem cell transplants. However, the maintenance of HSCs in vitro 

and ex vivo is problematic due to the loss of stem like and long-term 

reconstitution properties, which in part is due to differentiation (Ko et al., 2017; 

Ogawa et al., 1997; Schuster et al., 2012; Xie and Zhang, 2015). Regulation of 

HSC quiescence occurs through a number of signaling pathways, which include 

Notch, Wnt and TGFβ (Angers and Moon, 2009; Bigas and Espinosa, 2012; 

Bigas et al., 2013; Hur et al., 2016; Kopan and Ilagan, 2009; Larochelle et al., 

2012). We and others have shown that CD82 is also an important modulator of 

HSPC quiescence (Hur et al., 2016; Larochelle et al., 2012; Saito-Reis et al., 

2018). For example, CD82 expression on HSPCs has been shown to promote 

interactions with adjacent cells within the bone marrow niche, which could 

contribute to HSPC quiescence. More specifically, the contact site between 

human CD34+ HSPCs and osteoblasts was shown to have increased CD82 

expression and plasma membrane enrichment of CD82 occurred in the G0 phase 

of the cell cycle (Larochelle et al., 2012). Using a global CD82KO mouse model, 

my studies show that the CD82KO LT-HSC population is reduced in the bone 

marrow compared to WT mice (Saito-Reis et al., 2018). Aligned with our findings, 

Hur et al. also detected a significant decrease of LT-HSCs within the bone 

marrow using a different CD82KO mouse, which further supports the conclusion 

that CD82 is an important regulator of LT-HSC quiescence. However, Hur et al. 

suggests that LT-HSC quiescence is maintained through an interaction with 

DARC expressed on macrophages, which is controversial in the tetraspanin field 

due to the lack of evidence that confirms this interaction. The interaction between 

CD82 and DARC was first discovered using a yeast two-hybrid screen 

(Zoughlami et al., 2012), however, in combination with non-specific mouse CD82 

antibodies used in the Hur et al study, this interaction still needs to be validated. 

Our studies went on to find that the loss of CD82KO LT-HSCs within the bone 
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marrow is due to increased stem cell activation and cycling. Chronic HSC 

activation often results in bone marrow failure (Baumgartner et al., 2018; 

Harrison and Astle, 1982; Harrison et al., 1990; Mauch et al., 1988; Pawliuk et 

al., 1996), which often leads to the need for bone marrow transplantation. 

Therefore, my studies suggest that CD82 expression may be a potential marker 

for bone marrow failure. 

The fitness of HSPCs is critical for the successful reconstitution of the 

hematopoietic system. We define HSPC fitness as the ability of HSPCs to 

effectively home and engraft within the bone marrow of a lethally irradiated 

organism. HSPC engraftment is essential to repopulate the hematopoietic cells of 

an individual that has undergone chemotherapy or radiation treatment. My study 

is significant because we identified a role for CD82 in HSPC engraftment. We 

found that CD82KO HSPCs are able to effectively engraft into lethally irradiated 

mice when transplanted on their own. In fact, monthly blood and immune cell 

phenotype analysis of WT and CD82KO engrafted mice suggest CD82KO 

HSPCs are functional with production of B, T and myeloid cells. However, we did 

detect a significant defect when CD82KO HSPCs were transplanted in a 

competitive repopulation assay with WT HSPCs. Here, we detected a decreased 

amount of circulating CD82KO cells within recipient mice compared to WT cells, 

which demonstrates a defect in CD82KO HSPC engraftment.  Moreover WT 

derived T and B cells were measured in the blood, however, we detected 

increased numbers of CD82KO-derived myeloid cells within the blood of 

competitively engrafted recipient mice. The myeloid skewing we observed could 

be due to an ageing phenotype of the CD82KO mice. Additionally, many studies 

have shown that the loss of CD82 alters lymphoid cell activation and responses, 

which could explain the decreased production of lymphoid cells detected within 

the competitive repopulation assay. Many studies have described an important 

role for CD82 as an important co-stimulatory receptor for T cell activation 

(Delaguillaumie et al., 2004; Delaguillaumie et al., 2002; Iwata et al., 2002; 

Lagaudriere-Gesbert et al., 1998; Lebel-Binay et al., 1995). Using the same 

CD82KO mouse model, another group showed a dysregulation of T cell IFN-γ 
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response (Jones et al., 2016). Moreover CD82 was shown to interact with the B 

cell marker CD19 in a coimmunoprecipitation assay using B cell lines, but no 

function has been described (Horvath et al., 1998). More studies will need to be 

done to determine if the homing and engraftment defects we observed are due to 

enhanced ageing of the CD82KO hematopoietic compartment, which is 

consistent with the myeloid skewing we detect. Collectively these data suggest 

that CD82 is important for the engraftment of HSPCs. 

 Efficient HSPC homing is the first step for successful HSPC bone marrow 

engraftment. Understanding the molecules involved in HSPC homing is critical to 

improving this process for successful engraftment of HSPCs into the bone 

marrow microenvironment. We and others have determined a role for CD82 in 

HSPC homing (Larochelle et al., 2012; Marjon et al., 2016; Saito-Reis et al., 

2018). One study demonstrated that human CD34+ HSPCs that were pre-treated 

with a CD82 blocking antibody and then intravenously injected into NSG mice 

showed decreased bone marrow homing (Larochelle et al., 2012). Also, previous 

data from our lab showed that CD82 regulates bone marrow homing of AML cells 

through the modulation of N-Cadherin (Marjon et al., 2016) and α4 integrin 

(Termini et al., 2014) organization and expression. My study specifically 

assessed a role for CD82 in HSPC homing. We demonstrate that CD82KO 

HSPCs and total bone marrow have decreased bone marrow homing. In 

addition, in vitro studies measured increased cell spreading and decreased 

migration of CD82KO HSPCs. Protein analysis using GLISA and active Rac1-

specific antibodies measured an increase in active Rac1 in CD82KO HSPCs. 

The increase in Rac1 activity could explain the increase in cell spreading 

measured of CD82KO HSPCs plated on fibronectin and laminin. A specific study 

showed increased cell spreading of CD82KO dendritic cells (Jones et al., 2016). 

The increase in cell spreading we detect could also contribute to the decrease in 

cell migration measured by in vitro migration studies. We were able to recover 

CD82KO HSPC bone marrow homing and in vitro migration with the use of Rac1 

inhibitors, EHOP and NSC23766. Therefore, our study suggests that regulation 
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of Rac1 activity downstream of CD82 is critical for promoting successful HSPC 

homing. 

 Under normal physiological conditions, HSPCs are found in circulation at 

very low numbers (Massberg et al., 2007). However, increased numbers of 

HSPCs mobilize into the blood in response to injury, infection or stress (Heidt et 

al., 2014; Massberg et al., 2007). Our study is the first to describe a role for 

CD82 in HSPC mobilization. In chapter 3, we determined that CD82 modulates 

HSPC mobilization through the regulation of the S1PR1. The CXCR4 and S1PR1 

receptors are heavily studied as important mediators of HSPC mobilization 

(Golan et al., 2012; Juarez et al., 2012; Nie et al., 2008; Tzeng et al., 2011). 

However, we found no difference in CXCR4 expression or activity as mentioned 

in chapter 2, so we focused our attention on S1PR1.The loss of CD82 results in 

enhanced HSPC mobilization through the increased surface expression of 

S1PR1. We determined that increased S1PR1 surface expression on CD82KO 

HSPCs is due to decreased internalization of this receptor. At this time, more 

studies need to be conducted to determine if there is a direct or indirect 

interaction between CD82 and S1PR1. Collectively, these studies present an 

important role for CD82 in HSPC mobilization, which could be exploited to 

improve the mechanisms for harvesting stem cells for bone marrow 

transplantations.  

 4.2.1 Clinical Significance 

  Currently, HSPCs are the gold standard treatment in the clinic for non-

hematologic and hematologic diseases (Copelan, 2006). Allogenic bone marrow 

transplantation is the most common treatment method, which uses stem cells 

from a donor (Copelan, 2006; Hatzimichael and Tuthill, 2010). The different 

sources of hematopoietic stem cell collection are from bone marrow, peripheral 

blood or cord blood. However, there are two major limitations of bone marrow 

transplantations which include: 1) limited numbers of transplanted stem cells 

effectively engraft into the bone marrow and 2) limited numbers of stem cells are 

acquired at time of collection. Therefore, determining the molecules and 
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mechanisms involved in HSPC homing, engraftment and mobilization will 

improve the efficacy of bone marrow transplants.  

  In chapter 2, we determined that CD82 is an important regulator of HSPC 

bone marrow homing and engraftment. We found that in the absence of CD82, 

HSPC bone marrow homing and engraftment is decreased. Therefore, in the 

clinic CD82 could be used an additional marker to predict stem cell transplant 

success. We hypothesize that increased CD82 expression would promote HSPC 

bone marrow homing, therefore, resulting in successful transplantation. 

According to the National Marrow Donor Program, from 1998 to 2011, the 

amount of transplants performed using peripheral blood stem cell transplants 

increased over time. Currently, collection of mobilized HSPCs within the 

peripheral blood is preferred compared to the alternative bone marrow puncture. 

Although current collection methods of mobilized HSPCs from the peripheral 

blood yields less stem cells compared to other collection methods, this method 

also allows for quicker donor recovery. Therefore, determining ways to improve 

HSPC mobilization into the peripheral blood will increase the amount of HSPCs 

for collection. In chapter 3, we determine that CD82 may be a novel target to 

increase HSPC mobilization into the peripheral blood for the use of bone marrow 

transplants. Many studies have shown that the use of antibodies to block surface 

receptor/molecule expression can promote HSPC mobilization (Bonig et al., 

2009; Craddock et al., 1997; Nishioka et al., 2015; Papayannopoulou et al., 

1995; Papayannopoulou et al., 1998; Papayannopoulou et al., 2001b; Qian et al., 

2006). Additionally, our data in chapter 3 suggests that treatment of WT mice 

with a CD82 antibody, in combination with AMD3100, promotes HSPC 

mobilization compared to WT HSPCs. Therefore, these findings are promising 

evidence that antibodies against CD82 can enhance HSPC mobilization.  

 
4.3 Future directions 
 A few unanswered questions remain about the mechanism by which CD82 

mediates HSPC quiescence. We found that CD82 is an important regulator of 

HSPC quiescence, however, future studies are needed to determine what 
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signaling pathways are altered to induce CD82KO HSPC activation. Potential 

regulators of HSPC quiescence are the Notch and or Wnt signaling pathways, 

which could be altered in CD82KO HSPCs to induce cycling (Angers and Moon, 

2009; Bigas and Espinosa, 2012; Bigas et al., 2013; Kopan and Ilagan, 2009). 

Hur et al. suggested that CD82KO HSPC activation is mediated by the TGFβ 

signaling pathway. However, the induction of this pathway through the interaction 

between CD82 and DARC is still controversial. Future experiments could 

investigate if the Notch, Wnt or TGFβ signaling pathways are responsible for the 

increased CD82KO HSPC activation that we observe. Therefore, identifying a 

mechanism for CD82KO HSPC quiescence would be essential to maintain the 

primitive HSC pool.  

 The interactions between HSPCs and the bone marrow microenvironment 

are critical for the tight regulation of the hematopoietic compartment. 

Tetraspanins are known to interact with other tetraspanins, adhesion and 

signaling molecules to form tetraspanin-enriched micro-domains (TEMs). Our lab 

showed that CD82 expression and organization on the surface of AML cells 

modulates α4 integrin and N-Cadherin expression to promote HSPC and bone 

marrow interactions (Marjon et al., 2016; Termini et al., 2014). In chapter 2, we 

also identified a significant decrease in the α6 integrin surface expression on 

CD82KO HSPCs, which could result in weaker interactions and allow for easier 

activation of HSPCs within the bone marrow microenvironment. To investigate if 

decreased expression of the α6 integrin of CD82KO HSPCs results in weak bone 

marrow interactions, future experiments could include transduction of the α6 to 

try and rescue integrin to rescue this phenotype. Collectively, these experiments 

would identify a role for α6 in promoting CD82-mediated HSPC interactions with 

the bone marrow.  

 Chronic stress has been shown to promote HSPC activation, which results 

in pathological diseases such as bone marrow failure and more recently 

cardiovascular diseases (Heidt et al., 2014). Our data suggest that CD82KO 

HSPCs have increased activation under basal conditions, but downstream 

pathologies have not yet been detected. We hypothesize that increased HSPC 
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activation in CD82KO animals results in enhanced differentiation of inflammatory 

immune cells, which could contribute to atherosclerotic plaque formation. My 

preliminary studies show that CD82KO mice have increased aortic lipid content 

compared to WT mice (Supplemental Figure 3). However, future studies are 

needed to assess the mechanism for increased lipid content within the aortas of 

CD82KO mice under basal conditions. Future studies could also assess the 

pathogenic burden of the cardiovascular system within WT and CD82KO mice 

placed on a high fat diet. Furthermore, measurements of circulating inflammatory 

immune cells within the vasculature of WT and CD82KO mice on a normal chow 

or high fat diet could offer insight into a mechanism for increased aortic lipid 

content.  

 HSPCs undergo a series of self-renewal and differentiation processes that 

are critical for the maintenance of the hematopoietic compartment. Classic signs 

of HSPC aging include increased stem cell activation, decreased homing and 

engraftment and myeloid skewing. Based on our studies, we have detected these 

classic aging signs within CD82KO HSPCs. Determining the mechanism for 

myeloid skewing of CD82KO HSPCs is of interest because we detect this 

phenotype only under stress conditions (Fluorouracil (5-FU) treatment, serial 

transplantation and competitive engraftment). We have conducted a serial 

transplantation experiment in which we detected a significant decrease of the WT 

pool at the tertiary engraftment, which is when we expected exhaustion of the 

HSC pool (Supplemental Figure 1). However, at the tertiary and quartenary 

engraftment we detected a significant increase in the CD82KO pool, which was 

unexpected due to the increase in HSPC activation we measured in the CD82KO 

mouse (Supplemental Figure 1). Furthermore, we went on to characterize the 

immune cell populations from each donor pool and found that majority of the 

CD82KO tertiary and quaternary population were from the myeloid lineage 

(Supplemental Figure 2). This phenotype is consistent with myeloid skewing that 

we have detected with the competitive repopulation experiments described in 

chapter 2. Future experiments will be done to determine what could be 

contributing to the myeloid skewing phenotype we detect and to see if we have a 
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leukemic phenotype due to the hyperproliferation of myeloid cells. We have not 

detected any oncogenic phenotype within the CD82KO mouse model under 

normal physiological conditions However, we speculate that the deletion of exon 

5 and 6 of CD82 within our mouse model could contribute to this oncogenic 

phenotype. One study showed that a splice variant of CD82 due to the deletion of 

exon 7 increased tumorgenicity and invasion of gastric cancer (Lee et al., 2003). 

Therefore, future studies are needed to determine if the deletion of CD82 in our 

KO mice can contribute to oncogenesis. Additional studies would need to be 

conducted to determine if ageing the CD82KO mice would also contribute to 

disease burden. It has been shown that CD82 expression is enriched in HSPCs 

and expression gradually decreases towards more differentiated hematopoietic 

populations (Burchert et al., 1999; Hur et al., 2016). Therefore, determining if 

CD82 expression decreases overtime in the HSPC population in aging mice 

could be important to better understand the mechanism of HSPC aging.  

 HSPC homing is a multi-step process that is mediated by a combination of 

molecules such as signaling and adhesion molecules. The defect we detected in 

CD82KO HSPCs was due in part to hyper-activation of Rac1, where homing was 

recovered with the use of Rac1 inhibitors. Future studies could determine if other 

Rho GTPases such as Cdc42 or RhoA levels are also differentially expressed in 

CD82KO HSPCs. Other studies have shown that RhoA expression contributes to 

weak interactions of cells (Lawson and Burridge, 2014), which could potentially 

contribute to the decrease in CD82KO HSPCs we detect in the bone marrow. 

Additionally, Cdc42 has also been shown to be an important mediator of HSPC 

quiescence, homing and retention (Liu et al., 2011b; Williams et al., 2008; Yang 

et al., 2001; Yang and Zheng, 2007). Many studies have shown that the loss of 

Cdc42 contributes to increased stem cell activation, decreased LT-HSCs within 

the bone marrow, decreased homing, increased mobilization and myeloid 

skewing (Yang and Zheng, 2007). These defects are also consistent with what 

we observed with CD82KO HSPCs.  

 Under basal conditions, HSPCs are found within the peripheral blood at 

very low amounts but can be increased with mobilizing drugs. In addition to 
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CXCR4, the S1PR is important for HSPC mobilization. We determined that CD82 

regulates HSPC mobilization through the modulation of surface S1PR1 

expression. CD82KO HSPCs have increased S1PR1 expression, which we 

determined was due to decreased receptor internalization. However, it is still 

unclear if CD82 directly or indirectly contributes to S1PR1 internalization. Our 

data indicate that under basal levels CD82KO HSPCs have decreased S1PR1 

internalization, however, upon treatment with S1P ligand, S1PR1 internalization is 

enhanced when compared to WT HSPCs. One explanation for increased S1PR1 

internalization upon S1P treatment could be due to increased expression of 

surface S1PR1. Increased S1PR1 internalization in CD82KO HSPC is consistent 

with increased pERK and pAKT signaling upon S1P treatment. It is known that 

S1PR1 signaling still occurs on early endosomes upon ligand binding and then is 

recycled back to the plasma membrane (Mullershausen et al., 2009; Reeves et 

al., 2016; Thangada et al., 2010). Therefore, the increase in CD82KO HSPC 

S1PR1 signaling could be due to increased receptor recycling. In addition, the 

results we found are with S1P treatment, which is not specific to S1PR1, 

therefore treatment with SEW2871, another S1PR1 agonist would be critical to 

tease out the mechanism for downstream mediated signaling of this receptor. 

 In conclusion, studies described in this dissertation have provided 

evidence that tetraspanins are important regulators of HSPC function. More 

importantly we have identified additional roles for CD82 in the regulation of 

HSPC quiescence, homing, engraftment and mobilization. The current limitations 

of bone marrow transplants are 1) limited numbers of transplanted stem cells 

engraft into the bone marrow and 2) limited numbers of stem cells acquired at the 

time of collection. Our studies have provided evidence that the modulation of 

CD82 could be used in the clinic to address these two main limitations. For 

example, we provided evidence that CD82 can be exploited to promote HSPC 

homing and improve bone marrow transplant. Additionally, CD82 may be a 

therapeutic target to enhance HSC mobilization into the blood to increase HSC 

numbers acquired for bone marrow transplants. My collective dissertation 
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presents evidence of the critical role for CD82 in the regulation of HSPC fitness 

and bone marrow retention.  
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Appendices  
 

Appendix A: Abbreviations used 
 

5-FU- fluorouracil 

ANG-1– angiopoietin 1 

AML – acute myeloid leukemia 

AKT– protein kinase B 

BOYJ– B6.SJL-Ptprca Pepcb/BoyJ mice 

BMP – bone morphogenic protein  

BrdU– bromodeoxyuridine 

CCG – Cys-Cys-Gly amino acid motif within large tetraspanin loop 

CD82KO—Knock out of CD82 

CFU – colony forming unit  

CLL – chronic lymphocytic leukemia 

CLP– common lymphoid progenitor 

CML– chronic myeloid leukemia 

CMP – common myeloid progenitor 

CXCL12 – C-X-C motif ligand 12, also known as SDF-1 

CXCR4– C-X-C chemokine receptor 4   

DARC – Duffy antigen/chemokine receptor 

EC1 – small extracellular loop of tetraspanins 

EC2 – large extracellular loop of tetraspanins 

ECM – extracellular matrix 

EGFR – epidermal growth factor receptor 

ELISA- enzyme-linked immunosorbent assay 

ERK – extracellular signal-regulated kinases 

E-selectin – Endothelial selectin 

FACS– fluorescence-activated cell sorting 

FN– fibronectin 
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FLT-3 – FMS-like tyrosine kinase 3 

FOXO1A– forkhead box protein O1a 

GAP–GTPases-activating protein 

G-CSF – granulocyte-colony stimulating factor 

GM-CSF – granulocyte-macrophage colony-stimulating factor 

GDP–guanine diphosphate 

GEF–Guanine nucleotide exchage factor 

GLISA–small GTPase activation assay 

GMP–granulocyte-macrophage progenitor 

GPCR – G-protein-coupled receptor 

GTP – guanosine triphosphate 

GVHD – graft-versus-host disease 

GVL–graft-versus-leukemia 

GVT–graft-versus-tumor 

HIV–human immunodeficiency virus 

HLA – human leukocyte antigen  

HSPC – hematopoietic stem/progenitor cell 

HSC – hematopoietic stem cell 

HSCT– hematopoietic stem cell transplantation 

IACUC– institutional animal care and use committee 

ICAM-1 – intracellular adhesion molecule-1 

IDB– ingenol 3,20 dibenzoate 

JAK–janus kinase 

Ki-67–nuclear antigen for proliferation 

KO–knock out 

Lin (-) – lineage negative 

LM–laminin 

LT-HSC – long-term hematopoietic stem cell 

LTMR–long-term multi-lineage repopulating 

L-selectin–leukocyte selectin 

LSK–Lin-Sca+ckit+, HSPC population 
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MAPK – mitogen-activated protein kinase  

MEP–megakaryocyte erythrocyte progenitor 

MFI–mean fluorescence intensity 

MLL – mixed-lineage leukemia 

MMP-9–matrix metalloproteinase-9 

MPL – myeloproliferative leukemia  

MPP – multipotent progenitor cell 

MSC – mesenchymal stem cell 

N-CAD- N-cadherin 

N-ICD – Notch intracellular receptor domain  

NSG – NOD scid gamma  

PAK–p21 activating kinase 

PBSCs–peripheral blood stem cells 

PBX1–pre B cell actute lymphoblastic leukemia 

PI3K – phosphoinositide-3-kinase 

PKC – protein kinase C 

PMA – phorbol 12-myristate 13-acetate 

P-selectin–platelet selectin 

RAC1–ras-related C3 botulinum toxin substrate 1 

RAC2– ras-related C3 botulinum toxin substrate 2 

SCF – stem cell factor 

SDF-1 – stromal cell-derived factor-1, also known as CXCL12 

SFEM–serum free expansion medium 

S1P–sphingosine 1-phosphate 

S1PR–sphingosine 1-phosphate receptor 

SNO – N-cadherin+CD45- 

SPHK-1– shingosine phosphate 1 kinase 1 

STAT5 – signal transducer and activator of transcription 5  

ST-HSC –short term hematopoietic stem cells 

Tcf/Lef – T-cell factor/lymphoid enhancer factor  

TEM – tetraspanin enriched microdomain 
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TIE2–angiopoietin receptor 

TIMP1–tissue inhibitor of metalloproteinase 

TGF – transforming growth factor  

TNF–tumor necrosis factor 

TPO – thrombopoietin 

VCAM-1 – vascular cell adhesion molecule 1  

WT–wild type 
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Appendix B: Supplemental Data 
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Figure S1: Serial Transplantation of WT and CD82KO HSPCs. (A) 
Experimental scheme for a primary engraftment experiment. (B) Experimental 
scheme for a serial transplantation experiment. (C-F) The percentage of donor 
cell repopulation of peripheral blood collected monthly from tail bleeds for primary 
to quaternary engraftment studies. Error bars, SEM; n= 5-15 mice per strain, 
Student’s t-test (**p<0.01 and ****p<0.0001). 
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Figure S2: WT and CD82KO Serial Transplantation immune cells (A-D) Flow 
cytometry analysis of the percentage of donor immune cells (B cells (B220), T 
cells (CD3) and myeloid cells (Gr1/Mac1)) from donor population in S1. Error 
bars, SEM; n= 5-15 mice per strain (*p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001). 
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Figure S3: CD82KO mice have increased aortic lipid content. WT and 
CD82KO aortas stained with Oil Red O to assess lipid content. Unpaired t-test, 
(*p<0.05).  

 
 
 
 
 
 
 
 
 
 
 
 

0.0

0.1

0.2

0.3

0.4

0.5
A

bs
or

ba
nc

e 
O

il 
R

ed
 O

  (
O

D
 5

40
nm

)
*

WT CD82KO

Oil Red O Resolubilization of Aortas



www.manaraa.com

 129 

 
REFERENCES 

 
Abe, T., M. Masuya, and M. Ogawa. 2010. An efficient method for single 

hematopoietic stem cell engraftment in mice based on cell-cycle dormancy 
of hematopoietic stem cells. Exp Hematol. 38:603-608. 

Abe, T., Y. Matsuoka, Y. Nagao, Y. Sonoda, and Y. Hanazono. 2017. CD34-
negative hematopoietic stem cells show distinct expression profiles of 
homing molecules that limit engraftment in mice and sheep. Int J Hematol. 
106:631-637. 

Adell, T., V. Gamulin, S. Perovic-Ottstadt, M. Wiens, M. Korzhev, I.M. Muller, and 
W.E. Muller. 2004. Evolution of metazoan cell junction proteins: the 
scaffold protein MAGI and the transmembrane receptor tetraspanin in the 
demosponge Suberites domuncula. J Mol Evol. 59:41-50. 

Ahn, J.Y., G. Park, J.S. Shim, J.W. Lee, and I.H. Oh. 2010. Intramarrow injection 
of beta-catenin-activated, but not naive mesenchymal stromal cells 
stimulates self-renewal of hematopoietic stem cells in bone marrow. Exp 
Mol Med. 42:122-131. 

Anasetti, C., E.W. Petersdorf, P.J. Martin, A. Woolfrey, and J.A. Hansen. 2001. 
Trends in transplantation of hematopoietic stem cells from unrelated 
donors. Curr Opin Hematol. 8:337-341. 

Andrews, R.G., E.M. Bryant, S.H. Bartelmez, D.Y. Muirhead, G.H. Knitter, W. 
Bensinger, D.M. Strong, and I.D. Bernstein. 1992. CD34+ marrow cells, 
devoid of T and B lymphocytes, reconstitute stable lymphopoiesis and 
myelopoiesis in lethally irradiated allogeneic baboons. Blood. 80:1693-
1701. 

Angers, S., and R.T. Moon. 2009. Proximal events in Wnt signal transduction. 
Nat Rev Mol Cell Biol. 10:468-477. 

Anthony, B.A., and D.C. Link. 2014. Regulation of hematopoietic stem cells by 
bone marrow stromal cells. Trends Immunol. 35:32-37. 

Anzai, N., Y. Lee, B.S. Youn, S. Fukuda, Y.J. Kim, C. Mantel, M. Akashi, and 
H.E. Broxmeyer. 2002. C-kit associated with the transmembrane 4 
superfamily proteins constitutes a functionally distinct subunit in human 
hematopoietic progenitors. Blood. 99:4413-4421. 

Aoyama, K., K. Oritani, T. Yokota, J. Ishikawa, T. Nishiura, K. Miyake, Y. 
Kanakura, Y. Tomiyama, P.W. Kincade, and Y. Matsuzawa. 1999. Stromal 
cell CD9 regulates differentiation of hematopoietic stem/progenitor cells. 
Blood. 93:2586-2594. 



www.manaraa.com

 130 

Arnaud, M.P., A. Vallee, G. Robert, J. Bonneau, C. Leroy, N. Varin-Blank, A.G. 
Rio, M.B. Troadec, M.D. Galibert, and V. Gandemer. 2015. CD9, a key 
actor in the dissemination of lymphoblastic leukemia, modulating CXCR4-
mediated migration via RAC1 signaling. Blood. 126:1802-1812. 

Arthur, W.T., N.K. Noren, and K. Burridge. 2002. Regulation of Rho family 
GTPases by cell-cell and cell-matrix adhesion. Biol Res. 35:239-246. 

Avecilla, S.T., K. Hattori, B. Heissig, R. Tejada, F. Liao, K. Shido, D.K. Jin, S. 
Dias, F. Zhang, T.E. Hartman, N.R. Hackett, R.G. Crystal, L. Witte, D.J. 
Hicklin, P. Bohlen, D. Eaton, D. Lyden, F. de Sauvage, and S. Rafii. 2004. 
Chemokine-mediated interaction of hematopoietic progenitors with the 
bone marrow vascular niche is required for thrombopoiesis. Nat Med. 
10:64-71. 

Bahceci, E., E.J. Read, S. Leitman, R. Childs, C. Dunbar, N.S. Young, and A.J. 
Barrett. 2000. CD34+ cell dose predicts relapse and survival after T-cell-
depleted HLA-identical haematopoietic stem cell transplantation (HSCT) 
for haematological malignancies. Br J Haematol. 108:408-414. 

Baldridge, M.T., K.Y. King, N.C. Boles, D.C. Weksberg, and M.A. Goodell. 2010. 
Quiescent haematopoietic stem cells are activated by IFN-gamma in 
response to chronic infection. Nature. 465:793-797. 

Balduino, A., S.P. Hurtado, P. Frazao, C.M. Takiya, L.M. Alves, L.E. Nasciutti, 
M.C. El-Cheikh, and R. Borojevic. 2005. Bone marrow subendosteal 
microenvironment harbours functionally distinct haemosupportive stromal 
cell populations. Cell Tissue Res. 319:255-266. 

Balduino, A., V. Mello-Coelho, Z. Wang, R.S. Taichman, P.H. Krebsbach, A.T. 
Weeraratna, K.G. Becker, W. de Mello, D.D. Taub, and R. Borojevic. 
2012. Molecular signature and in vivo behavior of bone marrow endosteal 
and subendosteal stromal cell populations and their relevance to 
hematopoiesis. Exp Cell Res. 318:2427-2437. 

Ballen, K. 2017. Umbilical Cord Blood Transplantation: Challenges and Future 
Directions. Stem Cells Transl Med. 6:1312-1315. 

Barnes, D.W., and J.F. Loutit. 1953. Protective effects of implants of splenic 
tissue. Proc R Soc Med. 46:251-252. 

Baumgartner, C., S. Toifl, M. Farlik, F. Halbritter, R. Scheicher, I. Fischer, V. 
Sexl, C. Bock, and M. Baccarini. 2018. An ERK-Dependent Feedback 
Mechanism Prevents Hematopoietic Stem Cell Exhaustion. Cell Stem 
Cell. 22:879-892 e876. 



www.manaraa.com

 131 

Becker, A.J., C.E. Mc, and J.E. Till. 1963. Cytological demonstration of the clonal 
nature of spleen colonies derived from transplanted mouse marrow cells. 
Nature. 197:452-454. 

Beckmann, J., S. Scheitza, P. Wernet, J.C. Fischer, and B. Giebel. 2007. 
Asymmetric cell division within the human hematopoietic stem and 
progenitor cell compartment: identification of asymmetrically segregating 
proteins. Blood. 109:5494-5501. 

Bendall, L.J., and J. Basnett. 2013. Role of sphingosine 1-phosphate in 
trafficking and mobilization of hematopoietic stem cells. Curr Opin 
Hematol. 20:281-288. 

Bendall, L.J., and K.F. Bradstock. 2014. G-CSF: From granulopoietic stimulant to 
bone marrow stem cell mobilizing agent. Cytokine Growth Factor Rev. 
25:355-367. 

Bensinger, W.I., C.H. Weaver, F.R. Appelbaum, S. Rowley, T. Demirer, J. 
Sanders, R. Storb, and C.D. Buckner. 1995. Transplantation of allogeneic 
peripheral blood stem cells mobilized by recombinant human granulocyte 
colony-stimulating factor. Blood. 85:1655-1658. 

Berditchevski, F., E. Odintsova, S. Sawada, and E. Gilbert. 2002. Expression of 
the palmitoylation-deficient CD151 weakens the association of alpha 3 
beta 1 integrin with the tetraspanin-enriched microdomains and affects 
integrin-dependent signaling. J Biol Chem. 277:36991-37000. 

Bhardwaj, G., B. Murdoch, D. Wu, D.P. Baker, K.P. Williams, K. Chadwick, L.E. 
Ling, F.N. Karanu, and M. Bhatia. 2001. Sonic hedgehog induces the 
proliferation of primitive human hematopoietic cells via BMP regulation. 
Nat Immunol. 2:172-180. 

Bhatia, M., J.C. Wang, U. Kapp, D. Bonnet, and J.E. Dick. 1997. Purification of 
primitive human hematopoietic cells capable of repopulating immune-
deficient mice. Proc Natl Acad Sci U S A. 94:5320-5325. 

Bienstock, R.J., and J.C. Barrett. 2001. KAI1, a prostate metastasis suppressor: 
prediction of solvated structure and interactions with binding partners; 
integrins, cadherins, and cell-surface receptor proteins. Mol Carcinog. 
32:139-153. 

Bigas, A., and L. Espinosa. 2012. Hematopoietic stem cells: to be or Notch to be. 
Blood. 119:3226-3235. 

Bigas, A., J. Guiu, and L. Gama-Norton. 2013. Notch and Wnt signaling in the 
emergence of hematopoietic stem cells. Blood Cells Mol Dis. 51:264-270. 



www.manaraa.com

 132 

Blaho, V.A., and T. Hla. 2014. An update on the biology of sphingosine 1-
phosphate receptors. J Lipid Res. 55:1596-1608. 

Bonifacino, J.S., and E.C. Dell'Angelica. 1999. Molecular bases for the 
recognition of tyrosine-based sorting signals. J Cell Biol. 145:923-926. 

Bonig, H., K.L. Watts, K.H. Chang, H.P. Kiem, and T. Papayannopoulou. 2009. 
Concurrent blockade of alpha4-integrin and CXCR4 in hematopoietic 
stem/progenitor cell mobilization. Stem Cells. 27:836-837. 

Bosco, E.E., J.C. Mulloy, and Y. Zheng. 2009. Rac1 GTPase: a "Rac" of all 
trades. Cell Mol Life Sci. 66:370-374. 

Boucheix, C., and E. Rubinstein. 2001. Tetraspanins. Cell Mol Life Sci. 58:1189-
1205. 

Bromberg, O., B.J. Frisch, J.M. Weber, R.L. Porter, R. Civitelli, and L.M. Calvi. 
2012. Osteoblastic N-cadherin is not required for microenvironmental 
support and regulation of hematopoietic stem and progenitor cells. Blood. 
120:303-313. 

Broxmeyer, H.E., C.M. Orschell, D.W. Clapp, G. Hangoc, S. Cooper, P.A. Plett, 
W.C. Liles, X. Li, B. Graham-Evans, T.B. Campbell, G. Calandra, G. 
Bridger, D.C. Dale, and E.F. Srour. 2005. Rapid mobilization of murine 
and human hematopoietic stem and progenitor cells with AMD3100, a 
CXCR4 antagonist. J Exp Med. 201:1307-1318. 

Bruno, L., R. Hoffmann, F. McBlane, J. Brown, R. Gupta, C. Joshi, S. Pearson, T. 
Seidl, C. Heyworth, and T. Enver. 2004. Molecular signatures of self-
renewal, differentiation, and lineage choice in multipotential hemopoietic 
progenitor cells in vitro. Mol Cell Biol. 24:741-756. 

Burchert, A., M. Notter, H. Dietrich Menssen, S. Schwartz, W. Knauf, A. 
Neubauer, and E. Thiel. 1999. CD82 (KAI1), a member of the tetraspan 
family, is expressed on early haemopoietic progenitor cells and up-
regulated in distinct human leukaemias. Br J Haematol. 107:494-504. 

Butler, J.M., D.J. Nolan, E.L. Vertes, B. Varnum-Finney, H. Kobayashi, A.T. 
Hooper, M. Seandel, K. Shido, I.A. White, M. Kobayashi, L. Witte, C. May, 
C. Shawber, Y. Kimura, J. Kitajewski, Z. Rosenwaks, I.D. Bernstein, and 
S. Rafii. 2010. Endothelial cells are essential for the self-renewal and 
repopulation of Notch-dependent hematopoietic stem cells. Cell Stem Cell. 
6:251-264. 

Calvi, L.M., G.B. Adams, K.W. Weibrecht, J.M. Weber, D.P. Olson, M.C. Knight, 
R.P. Martin, E. Schipani, P. Divieti, F.R. Bringhurst, L.A. Milner, H.M. 
Kronenberg, and D.T. Scadden. 2003. Osteoblastic cells regulate the 
haematopoietic stem cell niche. Nature. 425:841-846. 



www.manaraa.com

 133 

Cancelas, J.A., A.W. Lee, R. Prabhakar, K.F. Stringer, Y. Zheng, and D.A. 
Williams. 2005. Rac GTPases differentially integrate signals regulating 
hematopoietic stem cell localization. Nat Med. 11:886-891. 

Caocci, G., M. Greco, and G. La Nasa. 2017. Bone Marrow Homing and 
Engraftment Defects of Human Hematopoietic Stem and Progenitor Cells. 
Mediterr J Hematol Infect Dis. 9:e2017032. 

Cardier, J.E., and E. Barbera-Guillem. 1997. Extramedullary hematopoiesis in 
the adult mouse liver is associated with specific hepatic sinusoidal 
endothelial cells. Hepatology. 26:165-175. 

Carlesso, N., J.C. Aster, J. Sklar, and D.T. Scadden. 1999. Notch1-induced delay 
of human hematopoietic progenitor cell differentiation is associated with 
altered cell cycle kinetics. Blood. 93:838-848. 

Carstanjen, D., A. Gross, N. Kosova, I. Fichtner, and A. Salama. 2005. The 
alpha4beta1 and alpha5beta1 integrins mediate engraftment of 
granulocyte-colony-stimulating factor-mobilized human hematopoietic 
progenitor cells. Transfusion. 45:1192-1200. 

Caux, C., C. Massacrier, B. Vanbervliet, B. Dubois, I. Durand, M. Cella, A. 
Lanzavecchia, and J. Banchereau. 1997. CD34+ hematopoietic 
progenitors from human cord blood differentiate along two independent 
dendritic cell pathways in response to granulocyte-macrophage colony-
stimulating factor plus tumor necrosis factor alpha: II. Functional analysis. 
Blood. 90:1458-1470. 

Caux, C., B. Vanbervliet, C. Massacrier, C. Dezutter-Dambuyant, B. de Saint-Vis, 
C. Jacquet, K. Yoneda, S. Imamura, D. Schmitt, and J. Banchereau. 1996. 
CD34+ hematopoietic progenitors from human cord blood differentiate 
along two independent dendritic cell pathways in response to GM-
CSF+TNF alpha. J Exp Med. 184:695-706. 

Charrin, S., F. le Naour, O. Silvie, P.E. Milhiet, C. Boucheix, and E. Rubinstein. 
2009. Lateral organization of membrane proteins: tetraspanins spin their 
web. Biochem J. 420:133-154. 

Charrin, S., S. Manie, M. Oualid, M. Billard, C. Boucheix, and E. Rubinstein. 
2002. Differential stability of tetraspanin/tetraspanin interactions: role of 
palmitoylation. FEBS Lett. 516:139-144. 

Charrin, S., S. Manie, C. Thiele, M. Billard, D. Gerlier, C. Boucheix, and E. 
Rubinstein. 2003. A physical and functional link between cholesterol and 
tetraspanins. Eur J Immunol. 33:2479-2489. 

Chen, S., H. Li, S. Li, J. Yu, M. Wang, H. Xing, K. Tang, Z. Tian, Q. Rao, and J. 
Wang. 2016. Rac1 GTPase Promotes Interaction of Hematopoietic 



www.manaraa.com

 134 

Stem/Progenitor Cell with Niche and Participates in Leukemia Initiation 
and Maintenance in Mouse. Stem Cells. 34:1730-1741. 

Cheng, T., N. Rodrigues, D. Dombkowski, S. Stier, and D.T. Scadden. 2000a. 
Stem cell repopulation efficiency but not pool size is governed by 
p27(kip1). Nat Med. 6:1235-1240. 

Cheng, T., N. Rodrigues, H. Shen, Y. Yang, D. Dombkowski, M. Sykes, and D.T. 
Scadden. 2000b. Hematopoietic stem cell quiescence maintained by 
p21cip1/waf1. Science. 287:1804-1808. 

Cheng, T., H. Shen, N. Rodrigues, S. Stier, and D.T. Scadden. 2001. 
Transforming growth factor beta 1 mediates cell-cycle arrest of primitive 
hematopoietic cells independent of p21(Cip1/Waf1) or p27(Kip1). Blood. 
98:3643-3649. 

Civin, C.I., L.C. Strauss, C. Brovall, M.J. Fackler, J.F. Schwartz, and J.H. Shaper. 
1984. Antigenic analysis of hematopoiesis. III. A hematopoietic progenitor 
cell surface antigen defined by a monoclonal antibody raised against KG-
1a cells. J Immunol. 133:157-165. 

Copelan, E.A. 2006. Hematopoietic stem-cell transplantation. N Engl J Med. 
354:1813-1826. 

Craddock, C.F., B. Nakamoto, R.G. Andrews, G.V. Priestley, and T. 
Papayannopoulou. 1997. Antibodies to VLA4 integrin mobilize long-term 
repopulating cells and augment cytokine-induced mobilization in primates 
and mice. Blood. 90:4779-4788. 

Custer, M.C., J.I. Risinger, S. Hoover, R.M. Simpson, T. Patterson, and J.C. 
Barrett. 2006. Characterization of an antibody that can detect the 
Kai1/CD82 murine metastasis suppressor. Prostate. 66:567-577. 

Czechowicz, A., D. Kraft, I.L. Weissman, and D. Bhattacharya. 2007. Efficient 
transplantation via antibody-based clearance of hematopoietic stem cell 
niches. Science. 318:1296-1299. 

Danglot, L., M. Chaineau, M. Dahan, M.C. Gendron, N. Boggetto, F. Perez, and 
T. Galli. 2010. Role of TI-VAMP and CD82 in EGFR cell-surface dynamics 
and signaling. J Cell Sci. 123:723-735. 

Dao, M.A., N. Taylor, and J.A. Nolta. 1998. Reduction in levels of the cyclin-
dependent kinase inhibitor p27(kip-1) coupled with transforming growth 
factor beta neutralization induces cell-cycle entry and increases retroviral 
transduction of primitive human hematopoietic cells. Proc Natl Acad Sci U 
S A. 95:13006-13011. 



www.manaraa.com

 135 

De Clercq, E., N. Yamamoto, R. Pauwels, M. Baba, D. Schols, H. Nakashima, J. 
Balzarini, Z. Debyser, B.A. Murrer, D. Schwartz, and et al. 1992. Potent 
and selective inhibition of human immunodeficiency virus (HIV)-1 and HIV-
2 replication by a class of bicyclams interacting with a viral uncoating 
event. Proc Natl Acad Sci U S A. 89:5286-5290. 

Delaguillaumie, A., J. Harriague, S. Kohanna, G. Bismuth, E. Rubinstein, M. 
Seigneuret, and H. Conjeaud. 2004. Tetraspanin CD82 controls the 
association of cholesterol-dependent microdomains with the actin 
cytoskeleton in T lymphocytes: relevance to co-stimulation. J Cell Sci. 
117:5269-5282. 

Delaguillaumie, A., C. Lagaudriere-Gesbert, M.R. Popoff, and H. Conjeaud. 
2002. Rho GTPases link cytoskeletal rearrangements and activation 
processes induced via the tetraspanin CD82 in T lymphocytes. J Cell Sci. 
115:433-443. 

Desmond, R., A. Dunfee, F. Racke, C.E. Dunbar, and A. Larochelle. 2011. CD9 
up-regulation on CD34+ cells with ingenol 3,20-dibenzoate does not 
improve homing in NSG mice. Blood. 117:5774-5776. 

Discher, D.E., D.J. Mooney, and P.W. Zandstra. 2009. Growth factors, matrices, 
and forces combine and control stem cells. Science. 324:1673-1677. 

Dorrance, A.M., S. De Vita, M. Radu, P.N. Reddy, M.K. McGuinness, C.E. Harris, 
R. Mathieu, S.W. Lane, R. Kosoff, M.D. Milsom, J. Chernoff, and D.A. 
Williams. 2013. The Rac GTPase effector p21-activated kinase is 
essential for hematopoietic stem/progenitor cell migration and 
engraftment. Blood. 121:2474-2482. 

Duffield, A., E.J. Kamsteeg, A.N. Brown, P. Pagel, and M.J. Caplan. 2003. The 
tetraspanin CD63 enhances the internalization of the H,K-ATPase beta-
subunit. Proc Natl Acad Sci U S A. 100:15560-15565. 

Dumble, M., L. Moore, S.M. Chambers, H. Geiger, G. Van Zant, M.A. Goodell, 
and L.A. Donehower. 2007. The impact of altered p53 dosage on 
hematopoietic stem cell dynamics during aging. Blood. 109:1736-1742. 

Duncan, A.W., F.M. Rattis, L.N. DiMascio, K.L. Congdon, G. Pazianos, C. Zhao, 
K. Yoon, J.M. Cook, K. Willert, N. Gaiano, and T. Reya. 2005. Integration 
of Notch and Wnt signaling in hematopoietic stem cell maintenance. Nat 
Immunol. 6:314-322. 

Elias, H.K., D. Bryder, and C.Y. Park. 2017. Molecular mechanisms underlying 
lineage bias in aging hematopoiesis. Semin Hematol. 54:4-11. 



www.manaraa.com

 136 

Essers, M.A., S. Offner, W.E. Blanco-Bose, Z. Waibler, U. Kalinke, M.A. 
Duchosal, and A. Trumpp. 2009. IFNalpha activates dormant 
haematopoietic stem cells in vivo. Nature. 458:904-908. 

Fefer, A., M.A. Cheever, and P.D. Greenberg. 1986. Identical-twin (syngeneic) 
marrow transplantation for hematologic cancers. J Natl Cancer Inst. 
76:1269-1273. 

Ferrara, J.L., R. Levy, and N.J. Chao. 1999. Pathophysiologic mechanisms of 
acute graft-vs.-host disease. Biol Blood Marrow Transplant. 5:347-356. 

Ferraro, F., S. Lymperi, S. Mendez-Ferrer, B. Saez, J.A. Spencer, B.Y. Yeap, E. 
Masselli, G. Graiani, L. Prezioso, E.L. Rizzini, M. Mangoni, V. Rizzoli, S.M. 
Sykes, C.P. Lin, P.S. Frenette, F. Quaini, and D.T. Scadden. 2011. 
Diabetes impairs hematopoietic stem cell mobilization by altering niche 
function. Sci Transl Med. 3:104ra101. 

Ficara, F., M.J. Murphy, M. Lin, and M.L. Cleary. 2008. Pbx1 regulates self-
renewal of long-term hematopoietic stem cells by maintaining their 
quiescence. Cell Stem Cell. 2:484-496. 

Finkielsztein, A., A.C. Schlinker, L. Zhang, W.M. Miller, and S.K. Datta. 2015. 
Human megakaryocyte progenitors derived from hematopoietic stem cells 
of normal individuals are MHC class II-expressing professional APC that 
enhance Th17 and Th1/Th17 responses. Immunol Lett. 163:84-95. 

Fitter, S., P.M. Sincock, C.N. Jolliffe, and L.K. Ashman. 1999. Transmembrane 4 
superfamily protein CD151 (PETA-3) associates with beta 1 and alpha IIb 
beta 3 integrins in haemopoietic cell lines and modulates cell-cell 
adhesion. Biochem J. 338 ( Pt 1):61-70. 

Ford, C.E., J.L. Hamerton, D.W. Barnes, and J.F. Loutit. 1956. Cytological 
identification of radiation-chimaeras. Nature. 177:452-454. 

Foudi, A., K. Hochedlinger, D. Van Buren, J.W. Schindler, R. Jaenisch, V. Carey, 
and H. Hock. 2009. Analysis of histone 2B-GFP retention reveals slowly 
cycling hematopoietic stem cells. Nat Biotechnol. 27:84-90. 

Frenette, P.S., S. Subbarao, I.B. Mazo, U.H. von Andrian, and D.D. Wagner. 
1998. Endothelial selectins and vascular cell adhesion molecule-1 
promote hematopoietic progenitor homing to bone marrow. Proc Natl Acad 
Sci U S A. 95:14423-14428. 

Fukunaga, R., E. Ishizaka-Ikeda, and S. Nagata. 1990. Purification and 
characterization of the receptor for murine granulocyte colony-stimulating 
factor. J Biol Chem. 265:14008-14015. 



www.manaraa.com

 137 

Galy, A., M. Travis, D. Cen, and B. Chen. 1995. Human T, B, natural killer, and 
dendritic cells arise from a common bone marrow progenitor cell subset. 
Immunity. 3:459-473. 

Gao, Z., M.J. Fackler, W. Leung, R. Lumkul, M. Ramirez, N. Theobald, H.L. 
Malech, and C.I. Civin. 2001. Human CD34+ cell preparations contain 
over 100-fold greater NOD/SCID mouse engrafting capacity than do 
CD34- cell preparations. Exp Hematol. 29:910-921. 

Garcia-Espana, A., P.J. Chung, I.N. Sarkar, E. Stiner, T.T. Sun, and R. Desalle. 
2008. Appearance of new tetraspanin genes during vertebrate evolution. 
Genomics. 91:326-334. 

Giebel, B., and J. Beckmann. 2007. Asymmetric cell divisions of human 
hematopoietic stem and progenitor cells meet endosomes. Cell Cycle. 
6:2201-2204. 

Giralt, S., L. Costa, J. Schriber, J. Dipersio, R. Maziarz, J. McCarty, P. 
Shaughnessy, E. Snyder, W. Bensinger, E. Copelan, C. Hosing, R. 
Negrin, F.B. Petersen, D. Rondelli, R. Soiffer, H. Leather, A. Pazzalia, and 
S. Devine. 2014. Optimizing autologous stem cell mobilization strategies 
to improve patient outcomes: consensus guidelines and 
recommendations. Biol Blood Marrow Transplant. 20:295-308. 

Golan, K., Y. Vagima, A. Ludin, T. Itkin, S. Cohen-Gur, A. Kalinkovich, O. Kollet, 
C. Kim, A. Schajnovitz, Y. Ovadya, K. Lapid, S. Shivtiel, A.J. Morris, M.Z. 
Ratajczak, and T. Lapidot. 2012. S1P promotes murine progenitor cell 
egress and mobilization via S1P1-mediated ROS signaling and SDF-1 
release. Blood. 119:2478-2488. 

Greenbaum, A.M., L.D. Revollo, J.R. Woloszynek, R. Civitelli, and D.C. Link. 
2012. N-cadherin in osteolineage cells is not required for maintenance of 
hematopoietic stem cells. Blood. 120:295-302. 

Gribben, J.G., D. Zahrieh, K. Stephans, L. Bartlett-Pandite, E.P. Alyea, D.C. 
Fisher, A.S. Freedman, P. Mauch, R. Schlossman, L.V. Sequist, R.J. 
Soiffer, B. Marshall, D. Neuberg, J. Ritz, and L.M. Nadler. 2005. 
Autologous and allogeneic stem cell transplantations for poor-risk chronic 
lymphocytic leukemia. Blood. 106:4389-4396. 

Gu, Y., M.D. Filippi, J.A. Cancelas, J.E. Siefring, E.P. Williams, A.C. Jasti, C.E. 
Harris, A.W. Lee, R. Prabhakar, S.J. Atkinson, D.J. Kwiatkowski, and D.A. 
Williams. 2003. Hematopoietic cell regulation by Rac1 and Rac2 
guanosine triphosphatases. Science. 302:445-449. 

Guo, G., S. Luc, E. Marco, T.W. Lin, C. Peng, M.A. Kerenyi, S. Beyaz, W. Kim, J. 
Xu, P.P. Das, T. Neff, K. Zou, G.C. Yuan, and S.H. Orkin. 2013. Mapping 



www.manaraa.com

 138 

cellular hierarchy by single-cell analysis of the cell surface repertoire. Cell 
Stem Cell. 13:492-505. 

Gyurkocza, B., A. Rezvani, and R.F. Storb. 2010. Allogeneic hematopoietic cell 
transplantation: the state of the art. Expert Rev Hematol. 3:285-299. 

Hanson, M.A., C.B. Roth, E. Jo, M.T. Griffith, F.L. Scott, G. Reinhart, H. Desale, 
B. Clemons, S.M. Cahalan, S.C. Schuerer, M.G. Sanna, G.W. Han, P. 
Kuhn, H. Rosen, and R.C. Stevens. 2012. Crystal structure of a lipid G 
protein-coupled receptor. Science. 335:851-855. 

Harrison, D.E., and C.M. Astle. 1982. Loss of stem cell repopulating ability upon 
transplantation. Effects of donor age, cell number, and transplantation 
procedure. J Exp Med. 156:1767-1779. 

Harrison, D.E., M. Stone, and C.M. Astle. 1990. Effects of transplantation on the 
primitive immunohematopoietic stem cell. J Exp Med. 172:431-437. 

Hatzimichael, E., and M. Tuthill. 2010. Hematopoietic stem cell transplantation. 
Stem Cells Cloning. 3:105-117. 

Haug, J.S., X.C. He, J.C. Grindley, J.P. Wunderlich, K. Gaudenz, J.T. Ross, A. 
Paulson, K.P. Wagner, Y. Xie, R. Zhu, T. Yin, J.M. Perry, M.J. Hembree, 
E.P. Redenbaugh, G.L. Radice, C. Seidel, and L. Li. 2008. N-cadherin 
expression level distinguishes reserved versus primed states of 
hematopoietic stem cells. Cell Stem Cell. 2:367-379. 

Heazlewood, S.Y., A. Oteiza, H. Cao, and S.K. Nilsson. 2014. Analyzing 
hematopoietic stem cell homing, lodgment, and engraftment to better 
understand the bone marrow niche. Ann N Y Acad Sci. 1310:119-128. 

Heidt, T., H.B. Sager, G. Courties, P. Dutta, Y. Iwamoto, A. Zaltsman, C. von Zur 
Muhlen, C. Bode, G.L. Fricchione, J. Denninger, C.P. Lin, C. Vinegoni, P. 
Libby, F.K. Swirski, R. Weissleder, and M. Nahrendorf. 2014. Chronic 
variable stress activates hematopoietic stem cells. Nat Med. 20:754-758. 

Heinz, M., C.A. Huang, D.W. Emery, M.A. Giovino, A. LeGuern, B. Kurilla-
Mahon, P. Theodore, J.S. Arn, M. Sykes, R. Mulligan, J.D. Down, D.H. 
Sachs, and M.A. Goodell. 2002. Use of CD9 expression to enrich for 
porcine hematopoietic progenitors. Exp Hematol. 30:809-815. 

Hemler, M.E. 2003. Tetraspanin proteins mediate cellular penetration, invasion, 
and fusion events and define a novel type of membrane microdomain. 
Annu Rev Cell Dev Biol. 19:397-422. 

Hemler, M.E. 2005. Tetraspanin functions and associated microdomains. Nat 
Rev Mol Cell Biol. 6:801-811. 



www.manaraa.com

 139 

Hirsch, E., A. Iglesias, A.J. Potocnik, U. Hartmann, and R. Fassler. 1996. 
Impaired migration but not differentiation of haematopoietic stem cells in 
the absence of beta1 integrins. Nature. 380:171-175. 

Ho, A.D. 2005. Kinetics and symmetry of divisions of hematopoietic stem cells. 
Exp Hematol. 33:1-8. 

Hock, H., M.J. Hamblen, H.M. Rooke, J.W. Schindler, S. Saleque, Y. Fujiwara, 
and S.H. Orkin. 2004. Gfi-1 restricts proliferation and preserves functional 
integrity of haematopoietic stem cells. Nature. 431:1002-1007. 

Hong, I.K., D.I. Jeoung, K.S. Ha, Y.M. Kim, and H. Lee. 2012. Tetraspanin 
CD151 stimulates adhesion-dependent activation of Ras, Rac, and Cdc42 
by facilitating molecular association between beta1 integrins and small 
GTPases. J Biol Chem. 287:32027-32039. 

Horvath, G., V. Serru, D. Clay, M. Billard, C. Boucheix, and E. Rubinstein. 1998. 
CD19 is linked to the integrin-associated tetraspans CD9, CD81, and 
CD82. J Biol Chem. 273:30537-30543. 

Hosokawa, K., F. Arai, H. Yoshihara, H. Iwasaki, M. Hembree, T. Yin, Y. 
Nakamura, Y. Gomei, K. Takubo, H. Shiama, S. Matsuoka, L. Li, and T. 
Suda. 2010a. Cadherin-based adhesion is a potential target for niche 
manipulation to protect hematopoietic stem cells in adult bone marrow. 
Cell Stem Cell. 6:194-198. 

Hosokawa, K., F. Arai, H. Yoshihara, H. Iwasaki, Y. Nakamura, Y. Gomei, and T. 
Suda. 2010b. Knockdown of N-cadherin suppresses the long-term 
engraftment of hematopoietic stem cells. Blood. 116:554-563. 

Hotta, H., A.H. Ross, K. Huebner, M. Isobe, S. Wendeborn, M.V. Chao, R.P. 
Ricciardi, Y. Tsujimoto, C.M. Croce, and H. Koprowski. 1988. Molecular 
cloning and characterization of an antigen associated with early stages of 
melanoma tumor progression. Cancer Res. 48:2955-2962. 

Huang, S., P. Law, K. Francis, B.O. Palsson, and A.D. Ho. 1999. Symmetry of 
initial cell divisions among primitive hematopoietic progenitors is 
independent of ontogenic age and regulatory molecules. Blood. 94:2595-
2604. 

Hur, J., J.I. Choi, H. Lee, P. Nham, T.W. Kim, C.W. Chae, J.Y. Yun, J.A. Kang, J. 
Kang, S.E. Lee, C.H. Yoon, K. Boo, S. Ham, T.Y. Roh, J.K. Jun, H. Lee, 
S.H. Baek, and H.S. Kim. 2016. CD82/KAI1 Maintains the Dormancy of 
Long-Term Hematopoietic Stem Cells through Interaction with DARC-
Expressing Macrophages. Cell Stem Cell. 18:508-521. 



www.manaraa.com

 140 

Ito, K., Y. Anada, M. Tani, M. Ikeda, T. Sano, A. Kihara, and Y. Igarashi. 2007. 
Lack of sphingosine 1-phosphate-degrading enzymes in erythrocytes. 
Biochem Biophys Res Commun. 357:212-217. 

Iwata, S., H. Kobayashi, R. Miyake-Nishijima, T. Sasaki, A. Souta-Kuribara, M. 
Nori, O. Hosono, H. Kawasaki, H. Tanaka, and C. Morimoto. 2002. 
Distinctive signaling pathways through CD82 and beta1 integrins in human 
T cells. Eur J Immunol. 32:1328-1337. 

Jacobson, L.O., E.K. Marks, and et al. 1949. The role of the spleen in radiation 
injury. Proc Soc Exp Biol Med. 70:740-742. 

Jacobson, L.O., E.L. Simmons, E.K. Marks, M.J. Robson, W.F. Bethard, and 
E.O. Gaston. 1950. The role of the spleen in radiation injury and recovery. 
J Lab Clin Med. 35:746-770. 

Jantunen, E., V. Varmavuo, A. Juutilainen, T. Kuittinen, E. Mahlamaki, P. 
Mantymaa, and T. Nousiainen. 2012. Kinetics of blood CD34(+) cells after 
chemotherapy plus G-CSF in poor mobilizers: implications for pre-emptive 
plerixafor use. Ann Hematol. 91:1073-1079. 

Jones, E.L., J.L. Wee, M.C. Demaria, J. Blakeley, P.K. Ho, J. Vega-Ramos, J.A. 
Villadangos, A.B. van Spriel, M.J. Hickey, G.J. Hammerling, and M.D. 
Wright. 2016. Dendritic Cell Migration and Antigen Presentation Are 
Coordinated by the Opposing Functions of the Tetraspanins CD82 and 
CD37. J Immunol. 196:978-987. 

Juarez, J.G., N. Harun, M. Thien, R. Welschinger, R. Baraz, A.D. Pena, S.M. 
Pitson, M. Rettig, J.F. DiPersio, K.F. Bradstock, and L.J. Bendall. 2012. 
Sphingosine-1-phosphate facilitates trafficking of hematopoietic stem cells 
and their mobilization by CXCR4 antagonists in mice. Blood. 119:707-716. 

Jung, K.K., X.W. Liu, R. Chirco, R. Fridman, and H.R. Kim. 2006. Identification of 
CD63 as a tissue inhibitor of metalloproteinase-1 interacting cell surface 
protein. EMBO J. 25:3934-3942. 

Karanu, F.N., B. Murdoch, L. Gallacher, D.M. Wu, M. Koremoto, S. Sakano, and 
M. Bhatia. 2000. The notch ligand jagged-1 represents a novel growth 
factor of human hematopoietic stem cells. J Exp Med. 192:1365-1372. 

Karlsson, G., U. Blank, J.L. Moody, M. Ehinger, S. Singbrant, C.X. Deng, and S. 
Karlsson. 2007. Smad4 is critical for self-renewal of hematopoietic stem 
cells. J Exp Med. 204:467-474. 

Karlsson, G., E. Rorby, C. Pina, S. Soneji, K. Reckzeh, K. Miharada, C. Karlsson, 
Y. Guo, C. Fugazza, R. Gupta, J.H. Martens, H.G. Stunnenberg, S. 
Karlsson, and T. Enver. 2013. The tetraspanin CD9 affords high-purity 
capture of all murine hematopoietic stem cells. Cell Rep. 4:642-648. 



www.manaraa.com

 141 

Keller, G. 1992. Clonal analysis of hematopoietic stem cell development in vivo. 
Curr Top Microbiol Immunol. 177:41-57. 

Kiel, M.J., S. He, R. Ashkenazi, S.N. Gentry, M. Teta, J.A. Kushner, T.L. 
Jackson, and S.J. Morrison. 2007a. Haematopoietic stem cells do not 
asymmetrically segregate chromosomes or retain BrdU. Nature. 449:238-
242. 

Kiel, M.J., G.L. Radice, and S.J. Morrison. 2007b. Lack of evidence that 
hematopoietic stem cells depend on N-cadherin-mediated adhesion to 
osteoblasts for their maintenance. Cell Stem Cell. 1:204-217. 

Kiel, M.J., O.H. Yilmaz, T. Iwashita, O.H. Yilmaz, C. Terhorst, and S.J. Morrison. 
2005. SLAM family receptors distinguish hematopoietic stem and 
progenitor cells and reveal endothelial niches for stem cells. Cell. 
121:1109-1121. 

Klein, G., S. Beck, and C.A. Muller. 1993. Tenascin is a cytoadhesive 
extracellular matrix component of the human hematopoietic 
microenvironment. J Cell Biol. 123:1027-1035. 

Klein, G., C.A. Muller, E. Tillet, M.L. Chu, and R. Timpl. 1995. Collagen type VI in 
the human bone marrow microenvironment: a strong cytoadhesive 
component. Blood. 86:1740-1748. 

Ko, K.H., R. Nordon, T.A. O'Brien, G. Symonds, and A. Dolnikov. 2017. Ex Vivo 
Expansion of Hematopoietic Stem Cells to Improve Engraftment in Stem 
Cell Transplantation. Methods Mol Biol. 1524:301-311. 

Kolb, H.J. 2008. Graft-versus-leukemia effects of transplantation and donor 
lymphocytes. Blood. 112:4371-4383. 

Komiya, Y., and R. Habas. 2008. Wnt signal transduction pathways. 
Organogenesis. 4:68-75. 

Kopan, R., and M.X. Ilagan. 2009. The canonical Notch signaling pathway: 
unfolding the activation mechanism. Cell. 137:216-233. 

Korbling, M., D. Przepiorka, Y.O. Huh, H. Engel, K. van Besien, S. Giralt, B. 
Andersson, H.D. Kleine, D. Seong, A.B. Deisseroth, and et al. 1995. 
Allogeneic blood stem cell transplantation for refractory leukemia and 
lymphoma: potential advantage of blood over marrow allografts. Blood. 
85:1659-1665. 

Krause, D.S. 2002. Regulation of hematopoietic stem cell fate. Oncogene. 
21:3262-3269. 



www.manaraa.com

 142 

Kwon, H.Y., J. Bajaj, T. Ito, A. Blevins, T. Konuma, J. Weeks, N.K. Lytle, C.S. 
Koechlein, D. Rizzieri, C. Chuah, V.G. Oehler, R. Sasik, G. Hardiman, and 
T. Reya. 2015. Tetraspanin 3 Is Required for the Development and 
Propagation of Acute Myelogenous Leukemia. Cell Stem Cell. 17:152-164. 

Lacorazza, H.D., Y. Miyazaki, A. Di Cristofano, A. Deblasio, C. Hedvat, J. Zhang, 
C. Cordon-Cardo, S. Mao, P.P. Pandolfi, and S.D. Nimer. 2002. The ETS 
protein MEF plays a critical role in perforin gene expression and the 
development of natural killer and NK-T cells. Immunity. 17:437-449. 

Lagaudriere-Gesbert, C., S. Lebel-Binay, C. Hubeau, D. Fradelizi, and H. 
Conjeaud. 1998. Signaling through the tetraspanin CD82 triggers its 
association with the cytoskeleton leading to sustained morphological 
changes and T cell activation. Eur J Immunol. 28:4332-4344. 

Lampreia, F.P., J.G. Carmelo, and F. Anjos-Afonso. 2017. Notch Signaling in the 
Regulation of Hematopoietic Stem Cell. Curr Stem Cell Rep. 3:202-209. 

Lapidot, T., A. Dar, and O. Kollet. 2005. How do stem cells find their way home? 
Blood. 106:1901-1910. 

Larochelle, A., J.M. Gillette, R. Desmond, B. Ichwan, A. Cantilena, A. Cerf, A.J. 
Barrett, A.S. Wayne, J. Lippincott-Schwartz, and C.E. Dunbar. 2012. Bone 
marrow homing and engraftment of human hematopoietic stem and 
progenitor cells is mediated by a polarized membrane domain. Blood. 
119:1848-1855. 

Lawson, C.D., and K. Burridge. 2014. The on-off relationship of Rho and Rac 
during integrin-mediated adhesion and cell migration. Small GTPases. 
5:e27958. 

Leary, A.G., M. Ogawa, L.C. Strauss, and C.I. Civin. 1984. Single cell origin of 
multilineage colonies in culture. Evidence that differentiation of multipotent 
progenitors and restriction of proliferative potential of monopotent 
progenitors are stochastic processes. J Clin Invest. 74:2193-2197. 

Leary, A.G., L.C. Strauss, C.I. Civin, and M. Ogawa. 1985. Disparate 
differentiation in hemopoietic colonies derived from human paired 
progenitors. Blood. 66:327-332. 

Lebel-Binay, S., C. Lagaudriere, D. Fradelizi, and H. Conjeaud. 1995. CD82, 
member of the tetra-span-transmembrane protein family, is a 
costimulatory protein for T cell activation. J Immunol. 155:101-110. 

Lee, J.H., Y.W. Seo, S.R. Park, Y.J. Kim, and K.K. Kim. 2003. Expression of a 
splice variant of KAI1, a tumor metastasis suppressor gene, influences 
tumor invasion and progression. Cancer Res. 63:7247-7255. 



www.manaraa.com

 143 

Legate, K.R., S.A. Wickstrom, and R. Fassler. 2009. Genetic and cell biological 
analysis of integrin outside-in signaling. Genes Dev. 23:397-418. 

Lento, W., K. Congdon, C. Voermans, M. Kritzik, and T. Reya. 2013. Wnt 
signaling in normal and malignant hematopoiesis. Cold Spring Harb 
Perspect Biol. 5. 

Leung, K.T., K.Y. Chan, P.C. Ng, T.K. Lau, W.M. Chiu, K.S. Tsang, C.K. Li, C.K. 
Kong, and K. Li. 2011. The tetraspanin CD9 regulates migration, 
adhesion, and homing of human cord blood CD34+ hematopoietic stem 
and progenitor cells. Blood. 117:1840-1850. 

Levesque, J.P., J. Hendy, Y. Takamatsu, P.J. Simmons, and L.J. Bendall. 2003. 
Disruption of the CXCR4/CXCL12 chemotactic interaction during 
hematopoietic stem cell mobilization induced by GCSF or 
cyclophosphamide. J Clin Invest. 111:187-196. 

Levy, S., and T. Shoham. 2005. The tetraspanin web modulates immune-
signalling complexes. Nat Rev Immunol. 5:136-148. 

Li, J. 2011. Quiescence regulators for hematopoietic stem cell. Exp Hematol. 
39:511-520. 

Li, P., and L.I. Zon. 2010. Resolving the controversy about N-cadherin and 
hematopoietic stem cells. Cell Stem Cell. 6:199-202. 

Liang, Y., G. Van Zant, and S.J. Szilvassy. 2005. Effects of aging on the homing 
and engraftment of murine hematopoietic stem and progenitor cells. 
Blood. 106:1479-1487. 

Lin, K.K., L. Rossi, N.C. Boles, B.E. Hall, T.C. George, and M.A. Goodell. 2011. 
CD81 is essential for the re-entry of hematopoietic stem cells to 
quiescence following stress-induced proliferation via deactivation of the 
Akt pathway. PLoS Biol. 9:e1001148. 

Lin, S., R. Zhao, Y. Xiao, and P. Li. 2015. Mechanisms determining the fate of 
hematopoietic stem cells. Stem Cell Investig. 2:10. 

Liu, J., A. Hsu, J.F. Lee, D.E. Cramer, and M.J. Lee. 2011a. To stay or to leave: 
Stem cells and progenitor cells navigating the S1P gradient. World J Biol 
Chem. 2:1-13. 

Liu, L., B. He, W.M. Liu, D. Zhou, J.V. Cox, and X.A. Zhang. 2007. Tetraspanin 
CD151 promotes cell migration by regulating integrin trafficking. J Biol 
Chem. 282:31631-31642. 

Liu, L., E.F. Papa, M.S. Dooner, J.T. Machan, K.W. Johnson, L.R. Goldberg, P.J. 
Quesenberry, and G.A. Colvin. 2012a. Homing and long-term engraftment 



www.manaraa.com

 144 

of long- and short-term renewal hematopoietic stem cells. PLoS One. 
7:e31300. 

Liu, W., Y. Feng, X. Shang, and Y. Zheng. 2011b. Rho GTPases in 
hematopoietic stem/progenitor cell migration. Methods Mol Biol. 750:307-
319. 

Liu, W.M., F. Zhang, S. Moshiach, B. Zhou, C. Huang, K. Srinivasan, S. Khurana, 
Y. Zheng, J.M. Lahti, and X.A. Zhang. 2012b. Tetraspanin CD82 inhibits 
protrusion and retraction in cell movement by attenuating the plasma 
membrane-dependent actin organization. PLoS One. 7:e51797. 

Lorenz, E., D. Uphoff, T.R. Reid, and E. Shelton. 1951. Modification of irradiation 
injury in mice and guinea pigs by bone marrow injections. J Natl Cancer 
Inst. 12:197-201. 

Ma, F., M. Wada, H. Yoshino, Y. Ebihara, T. Ishii, A. Manabe, R. Tanaka, T. 
Maekawa, M. Ito, H. Mugishima, S. Asano, T. Nakahata, and K. Tsuji. 
2001. Development of human lymphohematopoietic stem and progenitor 
cells defined by expression of CD34 and CD81. Blood. 97:3755-3762. 

Maecker, H.T., S.C. Todd, and S. Levy. 1997. The tetraspanin superfamily: 
molecular facilitators. FASEB J. 11:428-442. 

Main, J.M., and R.T. Prehn. 1955. Successful skin homografts after the 
administration of high dosage X radiation and homologous bone marrow. J 
Natl Cancer Inst. 15:1023-1029. 

Majeti, R., C.Y. Park, and I.L. Weissman. 2007. Identification of a hierarchy of 
multipotent hematopoietic progenitors in human cord blood. Cell Stem 
Cell. 1:635-645. 

Mancini, S.J., N. Mantei, A. Dumortier, U. Suter, H.R. MacDonald, and F. Radtke. 
2005. Jagged1-dependent Notch signaling is dispensable for 
hematopoietic stem cell self-renewal and differentiation. Blood. 105:2340-
2342. 

Manfredini, R., R. Zini, S. Salati, M. Siena, E. Tenedini, E. Tagliafico, M. 
Montanari, T. Zanocco-Marani, C. Gemelli, T. Vignudelli, A. Grande, M. 
Fogli, L. Rossi, M.E. Fagioli, L. Catani, R.M. Lemoli, and S. Ferrari. 2005. 
The kinetic status of hematopoietic stem cell subpopulations underlies a 
differential expression of genes involved in self-renewal, commitment, and 
engraftment. Stem Cells. 23:496-506. 

Mansson, R., A. Lagergren, F. Hansson, E. Smith, and M. Sigvardsson. 2007. 
The CD53 and CEACAM-1 genes are genetic targets for early B cell 
factor. Eur J Immunol. 37:1365-1376. 



www.manaraa.com

 145 

Manz, M.G., T. Miyamoto, K. Akashi, and I.L. Weissman. 2002. Prospective 
isolation of human clonogenic common myeloid progenitors. Proc Natl 
Acad Sci U S A. 99:11872-11877. 

Marchese, A., and J.L. Benovic. 2001. Agonist-promoted ubiquitination of the G 
protein-coupled receptor CXCR4 mediates lysosomal sorting. J Biol 
Chem. 276:45509-45512. 

Marjon, K.D., C.M. Termini, K.L. Karlen, C. Saito-Reis, C.E. Soria, K.A. Lidke, 
and J.M. Gillette. 2016. Tetraspanin CD82 regulates bone marrow homing 
of acute myeloid leukemia by modulating the molecular organization of N-
cadherin. Oncogene. 35:4132-4140. 

Massberg, S., P. Schaerli, I. Knezevic-Maramica, M. Kollnberger, N. Tubo, E.A. 
Moseman, I.V. Huff, T. Junt, A.J. Wagers, I.B. Mazo, and U.H. von 
Andrian. 2007. Immunosurveillance by hematopoietic progenitor cells 
trafficking through blood, lymph, and peripheral tissues. Cell. 131:994-
1008. 

Masuda, S., N. Ageyama, H. Shibata, Y. Obara, T. Ikeda, K. Takeuchi, Y. Ueda, 
K. Ozawa, and Y. Hanazono. 2009. Cotransplantation with MSCs 
improves engraftment of HSCs after autologous intra-bone marrow 
transplantation in nonhuman primates. Exp Hematol. 37:1250-1257 
e1251. 

Mauch, P., M. Rosenblatt, and S. Hellman. 1988. Permanent loss in stem cell 
self renewal capacity following stress to the marrow. Blood. 72:1193-1196. 

Mayani, H., W. Dragowska, and P.M. Lansdorp. 1993. Lineage commitment in 
human hemopoiesis involves asymmetric cell division of multipotent 
progenitors and does not appear to be influenced by cytokines. J Cell 
Physiol. 157:579-586. 

Mazo, I.B., J.C. Gutierrez-Ramos, P.S. Frenette, R.O. Hynes, D.D. Wagner, and 
U.H. von Andrian. 1998. Hematopoietic progenitor cell rolling in bone 
marrow microvessels: parallel contributions by endothelial selectins and 
vascular cell adhesion molecule 1. J Exp Med. 188:465-474. 

Mazo, I.B., and U.H. von Andrian. 1999. Adhesion and homing of blood-borne 
cells in bone marrow microvessels. J Leukoc Biol. 66:25-32. 

Mendelson, A., and P.S. Frenette. 2014. Hematopoietic stem cell niche 
maintenance during homeostasis and regeneration. Nat Med. 20:833-846. 

Mendez-Ferrer, S., A. Chow, M. Merad, and P.S. Frenette. 2009. Circadian 
rhythms influence hematopoietic stem cells. Curr Opin Hematol. 16:235-
242. 



www.manaraa.com

 146 

Mendez-Ferrer, S., T.V. Michurina, F. Ferraro, A.R. Mazloom, B.D. Macarthur, 
S.A. Lira, D.T. Scadden, A. Ma'ayan, G.N. Enikolopov, and P.S. Frenette. 
2010. Mesenchymal and haematopoietic stem cells form a unique bone 
marrow niche. Nature. 466:829-834. 

Milner, L.A., R. Kopan, D.I. Martin, and I.D. Bernstein. 1994. A human 
homologue of the Drosophila developmental gene, Notch, is expressed in 
CD34+ hematopoietic precursors. Blood. 83:2057-2062. 

Mohty, M., and A.D. Ho. 2011. In and out of the niche: perspectives in 
mobilization of hematopoietic stem cells. Exp Hematol. 39:723-729. 

Montalvo-Ortiz, B.L., L. Castillo-Pichardo, E. Hernandez, T. Humphries-Bickley, 
A. De la Mota-Peynado, L.A. Cubano, C.P. Vlaar, and S. 
Dharmawardhane. 2012. Characterization of EHop-016, novel small 
molecule inhibitor of Rac GTPase. J Biol Chem. 287:13228-13238. 

Morrison, S.J., and D.T. Scadden. 2014. The bone marrow niche for 
haematopoietic stem cells. Nature. 505:327-334. 

Morrison, S.J., and A.C. Spradling. 2008. Stem cells and niches: mechanisms 
that promote stem cell maintenance throughout life. Cell. 132:598-611. 

Morrison, S.J., A.M. Wandycz, K. Akashi, A. Globerson, and I.L. Weissman. 
1996. The aging of hematopoietic stem cells. Nat Med. 2:1011-1016. 

Morrison, S.J., D.E. Wright, and I.L. Weissman. 1997. 
Cyclophosphamide/granulocyte colony-stimulating factor induces 
hematopoietic stem cells to proliferate prior to mobilization. Proc Natl Acad 
Sci U S A. 94:1908-1913. 

Mullershausen, F., F. Zecri, C. Cetin, A. Billich, D. Guerini, and K. Seuwen. 2009. 
Persistent signaling induced by FTY720-phosphate is mediated by 
internalized S1P1 receptors. Nat Chem Biol. 5:428-434. 

Nabors, L.K., L.D. Wang, A.J. Wagers, and G.S. Kansas. 2013. Overlapping 
roles for endothelial selectins in murine hematopoietic stem/progenitor cell 
homing to bone marrow. Exp Hematol. 41:588-596. 

Naveiras, O., V. Nardi, P.L. Wenzel, P.V. Hauschka, F. Fahey, and G.Q. Daley. 
2009. Bone-marrow adipocytes as negative regulators of the 
haematopoietic microenvironment. Nature. 460:259-263. 

Nicholson, R.H., S. Pantano, J.F. Eliason, A. Galy, S. Weiler, J. Kaplan, M.R. 
Hughes, and M.S. Ko. 2000. Phemx, a novel mouse gene expressed in 
hematopoietic cells maps to the imprinted cluster on distal chromosome 7. 
Genomics. 68:13-21. 



www.manaraa.com

 147 

Nie, Y., Y.C. Han, and Y.R. Zou. 2008. CXCR4 is required for the quiescence of 
primitive hematopoietic cells. J Exp Med. 205:777-783. 

Nilsson, S.K., M.E. Debatis, M.S. Dooner, J.A. Madri, P.J. Quesenberry, and P.S. 
Becker. 1998. Immunofluorescence characterization of key extracellular 
matrix proteins in murine bone marrow in situ. J Histochem Cytochem. 
46:371-377. 

Nilsson, S.K., H.M. Johnston, G.A. Whitty, B. Williams, R.J. Webb, D.T. 
Denhardt, I. Bertoncello, L.J. Bendall, P.J. Simmons, and D.N. Haylock. 
2005. Osteopontin, a key component of the hematopoietic stem cell niche 
and regulator of primitive hematopoietic progenitor cells. Blood. 106:1232-
1239. 

Nishioka, C., T. Ikezoe, and A. Yokoyama. 2015. Blockade of CD82 by a 
monoclonal antibody potentiates anti-leukemia effects of AraC in vivo. 
Cancer Med. 4:1426-1431. 

Nowell, P.C., L.J. Cole, J.G. Habermeyer, and P.L. Roan. 1956. Growth and 
continued function of rat marrow cells in x-radiated mice. Cancer Res. 
16:258-261. 

Ogawa, M., Y. Yonemura, and H. Ku. 1997. In vitro expansion of hematopoietic 
stem cells. Stem Cells. 15 Suppl 1:7-11; discussion 12. 

Ohneda, O., C. Fennie, Z. Zheng, C. Donahue, H. La, R. Villacorta, B. Cairns, 
and L.A. Lasky. 1998. Hematopoietic stem cell maintenance and 
differentiation are supported by embryonic aorta-gonad-mesonephros 
region-derived endothelium. Blood. 92:908-919. 

Ono, M., K. Handa, D.A. Withers, and S. Hakomori. 2000. Glycosylation effect on 
membrane domain (GEM) involved in cell adhesion and motility: a 
preliminary note on functional alpha3, alpha5-CD82 glycosylation complex 
in ldlD 14 cells. Biochem Biophys Res Commun. 279:744-750. 

Oritani, K., K. Aoyama, Y. Tomiyama, P.W. Kincade, and Y. Matsuzawa. 2000. 
Stromal cell CD9 and the differentiation of hematopoietic stem/progenitor 
cells. Leuk Lymphoma. 38:147-152. 

Papayannopoulou, T., C. Craddock, B. Nakamoto, G.V. Priestley, and N.S. Wolf. 
1995. The VLA4/VCAM-1 adhesion pathway defines contrasting 
mechanisms of lodgement of transplanted murine hemopoietic progenitors 
between bone marrow and spleen. Proc Natl Acad Sci U S A. 92:9647-
9651. 

Papayannopoulou, T., G.V. Priestley, H. Bonig, and B. Nakamoto. 2003. The role 
of G-protein signaling in hematopoietic stem/progenitor cell mobilization. 
Blood. 101:4739-4747. 



www.manaraa.com

 148 

Papayannopoulou, T., G.V. Priestley, and B. Nakamoto. 1998. Anti-VLA4/VCAM-
1-induced mobilization requires cooperative signaling through the kit/mkit 
ligand pathway. Blood. 91:2231-2239. 

Papayannopoulou, T., G.V. Priestley, B. Nakamoto, V. Zafiropoulos, and L.M. 
Scott. 2001a. Molecular pathways in bone marrow homing: dominant role 
of alpha(4)beta(1) over beta(2)-integrins and selectins. Blood. 98:2403-
2411. 

Papayannopoulou, T., G.V. Priestley, B. Nakamoto, V. Zafiropoulos, L.M. Scott, 
and J.M. Harlan. 2001b. Synergistic mobilization of hemopoietic progenitor 
cells using concurrent beta1 and beta2 integrin blockade or beta2-
deficient mice. Blood. 97:1282-1288. 

Pawliuk, R., C. Eaves, and R.K. Humphries. 1996. Evidence of both ontogeny 
and transplant dose-regulated expansion of hematopoietic stem cells in 
vivo. Blood. 88:2852-2858. 

Pebay, A., C.S. Bonder, and S.M. Pitson. 2007. Stem cell regulation by 
lysophospholipids. Prostaglandins Other Lipid Mediat. 84:83-97. 

Peled, A., O. Kollet, T. Ponomaryov, I. Petit, S. Franitza, V. Grabovsky, M.M. 
Slav, A. Nagler, O. Lider, R. Alon, D. Zipori, and T. Lapidot. 2000. The 
chemokine SDF-1 activates the integrins LFA-1, VLA-4, and VLA-5 on 
immature human CD34(+) cells: role in transendothelial/stromal migration 
and engraftment of NOD/SCID mice. Blood. 95:3289-3296. 

Petit, I., M. Szyper-Kravitz, A. Nagler, M. Lahav, A. Peled, L. Habler, T. 
Ponomaryov, R.S. Taichman, F. Arenzana-Seisdedos, N. Fujii, J. 
Sandbank, D. Zipori, and T. Lapidot. 2002. G-CSF induces stem cell 
mobilization by decreasing bone marrow SDF-1 and up-regulating 
CXCR4. Nat Immunol. 3:687-694. 

Pietras, E.M., M.R. Warr, and E. Passegue. 2011. Cell cycle regulation in 
hematopoietic stem cells. J Cell Biol. 195:709-720. 

Pinho, S., T. Marchand, E. Yang, Q. Wei, C. Nerlov, and P.S. Frenette. 2018. 
Lineage-Biased Hematopoietic Stem Cells Are Regulated by Distinct 
Niches. Dev Cell. 44:634-641 e634. 

Porter, D.L. 2011. Allogeneic immunotherapy to optimize the graft-versus-tumor 
effect: concepts and controversies. Hematology Am Soc Hematol Educ 
Program. 2011:292-298. 

Potocnik, A.J., C. Brakebusch, and R. Fassler. 2000. Fetal and adult 
hematopoietic stem cells require beta1 integrin function for colonizing fetal 
liver, spleen, and bone marrow. Immunity. 12:653-663. 



www.manaraa.com

 149 

Prosper, F., and C.M. Verfaillie. 2001. Regulation of hematopoiesis through 
adhesion receptors. J Leukoc Biol. 69:307-316. 

Pusic, I., S.Y. Jiang, S. Landua, G.L. Uy, M.P. Rettig, A.F. Cashen, P. 
Westervelt, R. Vij, C.N. Abboud, K.E. Stockerl-Goldstein, D.S. Sempek, 
A.L. Smith, and J.F. DiPersio. 2008. Impact of mobilization and 
remobilization strategies on achieving sufficient stem cell yields for 
autologous transplantation. Biol Blood Marrow Transplant. 14:1045-1056. 

Qian, H., K. Tryggvason, S.E. Jacobsen, and M. Ekblom. 2006. Contribution of 
alpha6 integrins to hematopoietic stem and progenitor cell homing to bone 
marrow and collaboration with alpha4 integrins. Blood. 107:3503-3510. 

Ratajczak, M.Z., H. Lee, M. Wysoczynski, W. Wan, W. Marlicz, M.J. Laughlin, M. 
Kucia, A. Janowska-Wieczorek, and J. Ratajczak. 2010. Novel insight into 
stem cell mobilization-plasma sphingosine-1-phosphate is a major 
chemoattractant that directs the egress of hematopoietic stem progenitor 
cells from the bone marrow and its level in peripheral blood increases 
during mobilization due to activation of complement cascade/membrane 
attack complex. Leukemia. 24:976-985. 

Ratajczak, M.Z., and M. Suszynska. 2016. Emerging Strategies to Enhance 
Homing and Engraftment of Hematopoietic Stem Cells. Stem Cell Rev. 
12:121-128. 

Rathinam, C., L.E. Matesic, and R.A. Flavell. 2011. The E3 ligase Itch is a 
negative regulator of the homeostasis and function of hematopoietic stem 
cells. Nat Immunol. 12:399-407. 

Reeves, P.M., Y.L. Kang, and T. Kirchhausen. 2016. Endocytosis of Ligand-
Activated Sphingosine 1-Phosphate Receptor 1 Mediated by the Clathrin-
Pathway. Traffic. 17:40-52. 

Reya, T., A.W. Duncan, L. Ailles, J. Domen, D.C. Scherer, K. Willert, L. Hintz, R. 
Nusse, and I.L. Weissman. 2003. A role for Wnt signalling in self-renewal 
of haematopoietic stem cells. Nature. 423:409-414. 

Ridley, A.J. 2001. Rho GTPases and cell migration. J Cell Sci. 114:2713-2722. 

Robb, L., J. Tarrant, J. Groom, M. Ibrahim, R. Li, B. Borobakas, and M.D. Wright. 
2001. Molecular characterisation of mouse and human TSSC6: evidence 
that TSSC6 is a genuine member of the tetraspanin superfamily and is 
expressed specifically in haematopoietic organs. Biochim Biophys Acta. 
1522:31-41. 

Rocha, V., E. Gluckman, r. Eurocord-Netcord, B. European, and g. Marrow 
Transplant. 2009. Improving outcomes of cord blood transplantation: HLA 



www.manaraa.com

 150 

matching, cell dose and other graft- and transplantation-related factors. Br 
J Haematol. 147:262-274. 

Roland, J., B.J. Murphy, B. Ahr, V. Robert-Hebmann, V. Delauzun, K.E. Nye, C. 
Devaux, and M. Biard-Piechaczyk. 2003. Role of the intracellular domains 
of CXCR4 in SDF-1-mediated signaling. Blood. 101:399-406. 

Rose, D.M. 2006. The role of the alpha4 integrin-paxillin interaction in regulating 
leukocyte trafficking. Exp Mol Med. 38:191-195. 

Rose, D.M., R. Alon, and M.H. Ginsberg. 2007. Integrin modulation and signaling 
in leukocyte adhesion and migration. Immunol Rev. 218:126-134. 

Rosen, H., P.J. Gonzalez-Cabrera, M.G. Sanna, and S. Brown. 2009. 
Sphingosine 1-phosphate receptor signaling. Annu Rev Biochem. 78:743-
768. 

Rossi, D.J., D. Bryder, J.M. Zahn, H. Ahlenius, R. Sonu, A.J. Wagers, and I.L. 
Weissman. 2005. Cell intrinsic alterations underlie hematopoietic stem cell 
aging. Proc Natl Acad Sci U S A. 102:9194-9199. 

Rossi, D.J., C.H. Jamieson, and I.L. Weissman. 2008. Stems cells and the 
pathways to aging and cancer. Cell. 132:681-696. 

Rossi, L., A.V. Ergen, and M.A. Goodell. 2011. TIMP-1 deficiency subverts cell-
cycle dynamics in murine long-term HSCs. Blood. 117:6479-6488. 

Rossi, L., D. Forte, G. Migliardi, V. Salvestrini, M. Buzzi, M.R. Ricciardi, R. 
Licchetta, A. Tafuri, S. Bicciato, M. Cavo, L. Catani, R.M. Lemoli, and A. 
Curti. 2015. The tissue inhibitor of metalloproteinases 1 increases the 
clonogenic efficiency of human hematopoietic progenitor cells through 
CD63/PI3K/Akt signaling. Exp Hematol. 43:974-985 e971. 

Rous, B.A., B.J. Reaves, G. Ihrke, J.A. Briggs, S.R. Gray, D.J. Stephens, G. 
Banting, and J.P. Luzio. 2002. Role of adaptor complex AP-3 in targeting 
wild-type and mutated CD63 to lysosomes. Mol Biol Cell. 13:1071-1082. 

Ruiz-Herguido, C., J. Guiu, T. D'Altri, J. Ingles-Esteve, E. Dzierzak, L. Espinosa, 
and A. Bigas. 2012. Hematopoietic stem cell development requires 
transient Wnt/beta-catenin activity. J Exp Med. 209:1457-1468. 

Saeland, S., V. Duvert, C. Caux, D. Pandrau, C. Favre, A. Valle, I. Durand, P. 
Charbord, J. de Vries, and J. Banchereau. 1992. Distribution of surface-
membrane molecules on bone marrow and cord blood CD34+ 
hematopoietic cells. Exp Hematol. 20:24-33. 



www.manaraa.com

 151 

Sahin, A.O., and M. Buitenhuis. 2012. Molecular mechanisms underlying 
adhesion and migration of hematopoietic stem cells. Cell Adh Migr. 6:39-
48. 

Saito-Reis, C.A., K.D. Marjon, E.M. Pascetti, M. Floren, and J.M. Gillette. 2018. 
The Tetraspanin CD82 regulates Bone Marrow Homing and Engraftment 
of Hematopoietic Stem and Progenitor Cells. Mol Biol 
Cell:mbcE18050305. 

Scandura, J.M., P. Boccuni, J. Massague, and S.D. Nimer. 2004. Transforming 
growth factor beta-induced cell cycle arrest of human hematopoietic cells 
requires p57KIP2 up-regulation. Proc Natl Acad Sci U S A. 101:15231-
15236. 

Schepers, K., E.C. Hsiao, T. Garg, M.J. Scott, and E. Passegue. 2012. Activated 
Gs signaling in osteoblastic cells alters the hematopoietic stem cell niche 
in mice. Blood. 120:3425-3435. 

Schmitz, N., P. Dreger, M. Suttorp, E.B. Rohwedder, T. Haferlach, H. Loffler, A. 
Hunter, and N.H. Russell. 1995. Primary transplantation of allogeneic 
peripheral blood progenitor cells mobilized by filgrastim (granulocyte 
colony-stimulating factor). Blood. 85:1666-1672. 

Schofield, R. 1978. The relationship between the spleen colony-forming cell and 
the haemopoietic stem cell. Blood Cells. 4:7-25. 

Schuster, J.A., M.R. Stupnikov, G. Ma, W. Liao, R. Lai, Y. Ma, and J.R. Aguila. 
2012. Expansion of hematopoietic stem cells for transplantation: current 
perspectives. Exp Hematol Oncol. 1:12. 

Schwab, S.R., J.P. Pereira, M. Matloubian, Y. Xu, Y. Huang, and J.G. Cyster. 
2005. Lymphocyte sequestration through S1P lyase inhibition and 
disruption of S1P gradients. Science. 309:1735-1739. 

Schwartz-Albiez, R., B. Dorken, W. Hofmann, and G. Moldenhauer. 1988. The B 
cell-associated CD37 antigen (gp40-52). Structure and subcellular 
expression of an extensively glycosylated glycoprotein. J Immunol. 
140:905-914. 

Scott, L.M., G.V. Priestley, and T. Papayannopoulou. 2003. Deletion of alpha4 
integrins from adult hematopoietic cells reveals roles in homeostasis, 
regeneration, and homing. Mol Cell Biol. 23:9349-9360. 

Scoumanne, A., S.J. Cho, J. Zhang, and X. Chen. 2011. The cyclin-dependent 
kinase inhibitor p21 is regulated by RNA-binding protein PCBP4 via 
mRNA stability. Nucleic Acids Res. 39:213-224. 



www.manaraa.com

 152 

Seitz, G., A.M. Boehmler, L. Kanz, and R. Mohle. 2005. The role of sphingosine 
1-phosphate receptors in the trafficking of hematopoietic progenitor cells. 
Ann N Y Acad Sci. 1044:84-89. 

Semerad, C.L., M.J. Christopher, F. Liu, B. Short, P.J. Simmons, I. Winkler, J.P. 
Levesque, J. Chappel, F.P. Ross, and D.C. Link. 2005. G-CSF potently 
inhibits osteoblast activity and CXCL12 mRNA expression in the bone 
marrow. Blood. 106:3020-3027. 

Serru, V., F. Le Naour, M. Billard, D.O. Azorsa, F. Lanza, C. Boucheix, and E. 
Rubinstein. 1999. Selective tetraspan-integrin complexes 
(CD81/alpha4beta1, CD151/alpha3beta1, CD151/alpha6beta1) under 
conditions disrupting tetraspan interactions. Biochem J. 340 ( Pt 1):103-
111. 

Shang, X., J.A. Cancelas, L. Li, F. Guo, W. Liu, J.F. Johnson, A. Ficker, D. Daria, 
H. Geiger, N. Ratner, and Y. Zheng. 2011. R-Ras and Rac GTPase cross-
talk regulates hematopoietic progenitor cell migration, homing, and 
mobilization. J Biol Chem. 286:24068-24078. 

Sitnicka, E., F.W. Ruscetti, G.V. Priestley, N.S. Wolf, and S.H. Bartelmez. 1996. 
Transforming growth factor beta 1 directly and reversibly inhibits the initial 
cell divisions of long-term repopulating hematopoietic stem cells. Blood. 
88:82-88. 

Smith, J.N., and L.M. Calvi. 2013. Concise review: Current concepts in bone 
marrow microenvironmental regulation of hematopoietic stem and 
progenitor cells. Stem Cells. 31:1044-1050. 

Stipp, C.S., T.V. Kolesnikova, and M.E. Hemler. 2003. Functional domains in 
tetraspanin proteins. Trends Biochem Sci. 28:106-112. 

Strauss, L.C., S.D. Rowley, V.F. La Russa, S.J. Sharkis, R.K. Stuart, and C.I. 
Civin. 1986. Antigenic analysis of hematopoiesis. V. Characterization of 
My-10 antigen expression by normal lymphohematopoietic progenitor 
cells. Exp Hematol. 14:878-886. 

Szollosi, J., V. Horejsi, L. Bene, P. Angelisova, and S. Damjanovich. 1996. 
Supramolecular complexes of MHC class I, MHC class II, CD20, and 
tetraspan molecules (CD53, CD81, and CD82) at the surface of a B cell 
line JY. J Immunol. 157:2939-2946. 

Taichman, R.S., Z. Wang, Y. Shiozawa, Y. Jung, J. Song, A. Balduino, J. Wang, 
L.R. Patel, A.M. Havens, M. Kucia, M.Z. Ratajczak, and P.H. Krebsbach. 
2010. Prospective identification and skeletal localization of cells capable of 
multilineage differentiation in vivo. Stem Cells Dev. 19:1557-1570. 



www.manaraa.com

 153 

Tamura, M., M.M. Sato, and M. Nashimoto. 2011. Regulation of CXCL12 
expression by canonical Wnt signaling in bone marrow stromal cells. Int J 
Biochem Cell Biol. 43:760-767. 

Tarrant, J.M., J. Groom, D. Metcalf, R. Li, B. Borobokas, M.D. Wright, D. 
Tarlinton, and L. Robb. 2002. The absence of Tssc6, a member of the 
tetraspanin superfamily, does not affect lymphoid development but 
enhances in vitro T-cell proliferative responses. Mol Cell Biol. 22:5006-
5018. 

Tejera, E., V. Rocha-Perugini, S. Lopez-Martin, D. Perez-Hernandez, A.I. Bachir, 
A.R. Horwitz, J. Vazquez, F. Sanchez-Madrid, and M. Yanez-Mo. 2013. 
CD81 regulates cell migration through its association with Rac GTPase. 
Mol Biol Cell. 24:261-273. 

Termini, C.M., M.L. Cotter, K.D. Marjon, T. Buranda, K.A. Lidke, and J.M. 
Gillette. 2014. The membrane scaffold CD82 regulates cell adhesion by 
altering alpha4 integrin stability and molecular density. Mol Biol Cell. 
25:1560-1573. 

Termini, C.M., and J.M. Gillette. 2017. Tetraspanins Function as Regulators of 
Cellular Signaling. Front Cell Dev Biol. 5:34. 

Termini, C.M., K.A. Lidke, and J.M. Gillette. 2016. Tetraspanin CD82 Regulates 
the Spatiotemporal Dynamics of PKCalpha in Acute Myeloid Leukemia. 
Sci Rep. 6:29859. 

Thangada, S., K.M. Khanna, V.A. Blaho, M.L. Oo, D.S. Im, C. Guo, L. Lefrancois, 
and T. Hla. 2010. Cell-surface residence of sphingosine 1-phosphate 
receptor 1 on lymphocytes determines lymphocyte egress kinetics. J Exp 
Med. 207:1475-1483. 

Thoren, L.A., K. Liuba, D. Bryder, J.M. Nygren, C.T. Jensen, H. Qian, J. 
Antonchuk, and S.E. Jacobsen. 2008. Kit regulates maintenance of 
quiescent hematopoietic stem cells. J Immunol. 180:2045-2053. 

Till, J.E., and C.E. Mc. 1961. A direct measurement of the radiation sensitivity of 
normal mouse bone marrow cells. Radiat Res. 14:213-222. 

Todres, E., J.B. Nardi, and H.M. Robertson. 2000. The tetraspanin superfamily in 
insects. Insect Mol Biol. 9:581-590. 

Trowbridge, J.J., A. Xenocostas, R.T. Moon, and M. Bhatia. 2006. Glycogen 
synthase kinase-3 is an in vivo regulator of hematopoietic stem cell 
repopulation. Nat Med. 12:89-98. 

Tzeng, Y.S., H. Li, Y.L. Kang, W.C. Chen, W.C. Cheng, and D.M. Lai. 2011. Loss 
of Cxcl12/Sdf-1 in adult mice decreases the quiescent state of 



www.manaraa.com

 154 

hematopoietic stem/progenitor cells and alters the pattern of 
hematopoietic regeneration after myelosuppression. Blood. 117:429-439. 

Uy, G.L., M.P. Rettig, and A.F. Cashen. 2008. Plerixafor, a CXCR4 antagonist for 
the mobilization of hematopoietic stem cells. Expert Opin Biol Ther. 
8:1797-1804. 

van Buul, J.D., C. Voermans, V. van den Berg, E.C. Anthony, F.P. Mul, S. van 
Wetering, C.E. van der Schoot, and P.L. Hordijk. 2002. Migration of 
human hematopoietic progenitor cells across bone marrow endothelium is 
regulated by vascular endothelial cadherin. J Immunol. 168:588-596. 

Van Den Berg, D.J., A.K. Sharma, E. Bruno, and R. Hoffman. 1998. Role of 
members of the Wnt gene family in human hematopoiesis. Blood. 
92:3189-3202. 

van Deventer, S.J., V.E. Dunlock, and A.B. van Spriel. 2017. Molecular 
interactions shaping the tetraspanin web. Biochem Soc Trans. 45:741-
750. 

Varnum-Finney, B., C. Brashem-Stein, and I.D. Bernstein. 2003. Combined 
effects of Notch signaling and cytokines induce a multiple log increase in 
precursors with lymphoid and myeloid reconstituting ability. Blood. 
101:1784-1789. 

Varnum-Finney, B., L.M. Halasz, M. Sun, T. Gridley, F. Radtke, and I.D. 
Bernstein. 2011. Notch2 governs the rate of generation of mouse long- 
and short-term repopulating stem cells. J Clin Invest. 121:1207-1216. 

Vermeulen, M., F. Le Pesteur, M.C. Gagnerault, J.Y. Mary, F. Sainteny, and F. 
Lepault. 1998. Role of adhesion molecules in the homing and mobilization 
of murine hematopoietic stem and progenitor cells. Blood. 92:894-900. 

Visnjic, D., Z. Kalajzic, D.W. Rowe, V. Katavic, J. Lorenzo, and H.L. Aguila. 2004. 
Hematopoiesis is severely altered in mice with an induced osteoblast 
deficiency. Blood. 103:3258-3264. 

Warren, L.A., and D.J. Rossi. 2009. Stem cells and aging in the hematopoietic 
system. Mech Ageing Dev. 130:46-53. 

Wei, Q., F. Zhang, M.M. Richardson, N.H. Roy, W. Rodgers, Y. Liu, W. Zhao, C. 
Fu, Y. Ding, C. Huang, Y. Chen, Y. Sun, L. Ding, Y. Hu, J.X. Ma, M.E. 
Boulton, S. Pasula, J.D. Wren, S. Tanaka, X. Huang, M. Thali, G.J. 
Hammerling, and X.A. Zhang. 2014. CD82 restrains pathological 
angiogenesis by altering lipid raft clustering and CD44 trafficking in 
endothelial cells. Circulation. 130:1493-1504. 



www.manaraa.com

 155 

Weissman, I.L., and J.A. Shizuru. 2008. The origins of the identification and 
isolation of hematopoietic stem cells, and their capability to induce donor-
specific transplantation tolerance and treat autoimmune diseases. Blood. 
112:3543-3553. 

Whitlock, C.A., G.F. Tidmarsh, C. Muller-Sieburg, and I.L. Weissman. 1987. 
Bone marrow stromal cell lines with lymphopoietic activity express high 
levels of a pre-B neoplasia-associated molecule. Cell. 48:1009-1021. 

Wilk, C.M., F.A. Schildberg, M.A. Lauterbach, R.P. Cadeddu, J. Frobel, V. 
Westphal, R.H. Tolba, S.W. Hell, A. Czibere, I. Bruns, and R. Haas. 2013. 
The tissue inhibitor of metalloproteinases-1 improves migration and 
adhesion of hematopoietic stem and progenitor cells. Exp Hematol. 
41:823-831 e822. 

Williams, D.A., Y. Zheng, and J.A. Cancelas. 2008. Rho GTPases and regulation 
of hematopoietic stem cell localization. Methods Enzymol. 439:365-393. 

Willinger, T., S.M. Ferguson, J.P. Pereira, P. De Camilli, and R.A. Flavell. 2014. 
Dynamin 2-dependent endocytosis is required for sustained S1PR1 
signaling. J Exp Med. 211:685-700. 

Wilson, A., E. Laurenti, G. Oser, R.C. van der Wath, W. Blanco-Bose, M. 
Jaworski, S. Offner, C.F. Dunant, L. Eshkind, E. Bockamp, P. Lio, H.R. 
Macdonald, and A. Trumpp. 2008. Hematopoietic stem cells reversibly 
switch from dormancy to self-renewal during homeostasis and repair. Cell. 
135:1118-1129. 

Wilson, A., and A. Trumpp. 2006. Bone-marrow haematopoietic-stem-cell niches. 
Nat Rev Immunol. 6:93-106. 

Wisniewski, D., M. Affer, J. Willshire, and B. Clarkson. 2011. Further phenotypic 
characterization of the primitive lineage- CD34+CD38-CD90+CD45RA- 
hematopoietic stem cell/progenitor cell sub-population isolated from cord 
blood, mobilized peripheral blood and patients with chronic myelogenous 
leukemia. Blood Cancer J. 1:e36. 

Wright, M.D., K.J. Henkle, and G.F. Mitchell. 1990. An immunogenic Mr 23,000 
integral membrane protein of Schistosoma mansoni worms that closely 
resembles a human tumor-associated antigen. J Immunol. 144:3195-
3200. 

Wright, M.D., G.W. Moseley, and A.B. van Spriel. 2004. Tetraspanin 
microdomains in immune cell signalling and malignant disease. Tissue 
Antigens. 64:533-542. 

Xia, L., J.M. McDaniel, T. Yago, A. Doeden, and R.P. McEver. 2004. Surface 
fucosylation of human cord blood cells augments binding to P-selectin and 



www.manaraa.com

 156 

E-selectin and enhances engraftment in bone marrow. Blood. 104:3091-
3096. 

Xie, J., and C. Zhang. 2015. Ex vivo expansion of hematopoietic stem cells. Sci 
China Life Sci. 58:839-853. 

Yang, F.C., S.J. Atkinson, Y. Gu, J.B. Borneo, A.W. Roberts, Y. Zheng, J. 
Pennington, and D.A. Williams. 2001. Rac and Cdc42 GTPases control 
hematopoietic stem cell shape, adhesion, migration, and mobilization. 
Proc Natl Acad Sci U S A. 98:5614-5618. 

Yang, L., and Y. Zheng. 2007. Cdc42: a signal coordinator in hematopoietic stem 
cell maintenance. Cell Cycle. 6:1445-1450. 

Yang, X., C. Claas, S.K. Kraeft, L.B. Chen, Z. Wang, J.A. Kreidberg, and M.E. 
Hemler. 2002. Palmitoylation of tetraspanin proteins: modulation of CD151 
lateral interactions, subcellular distribution, and integrin-dependent cell 
morphology. Mol Biol Cell. 13:767-781. 

Yilmaz, O.H., M.J. Kiel, and S.J. Morrison. 2006. SLAM family markers are 
conserved among hematopoietic stem cells from old and reconstituted 
mice and markedly increase their purity. Blood. 107:924-930. 

Yoshida, T., H. Ebina, and Y. Koyanagi. 2009. N-linked glycan-dependent 
interaction of CD63 with CXCR4 at the Golgi apparatus induces 
downregulation of CXCR4. Microbiol Immunol. 53:629-635. 

Yoshihara, H., F. Arai, K. Hosokawa, T. Hagiwara, K. Takubo, Y. Nakamura, Y. 
Gomei, H. Iwasaki, S. Matsuoka, K. Miyamoto, H. Miyazaki, T. Takahashi, 
and T. Suda. 2007. Thrombopoietin/MPL signaling regulates 
hematopoietic stem cell quiescence and interaction with the osteoblastic 
niche. Cell Stem Cell. 1:685-697. 

Yunta, M., and P.A. Lazo. 2003. Tetraspanin proteins as organisers of 
membrane microdomains and signalling complexes. Cell Signal. 15:559-
564. 

Zeng, H., R. Yucel, C. Kosan, L. Klein-Hitpass, and T. Moroy. 2004. Transcription 
factor Gfi1 regulates self-renewal and engraftment of hematopoietic stem 
cells. EMBO J. 23:4116-4125. 

Zhang, J., C. Niu, L. Ye, H. Huang, X. He, W.G. Tong, J. Ross, J. Haug, T. 
Johnson, J.Q. Feng, S. Harris, L.M. Wiedemann, Y. Mishina, and L. Li. 
2003. Identification of the haematopoietic stem cell niche and control of 
the niche size. Nature. 425:836-841. 

Zhang, P., N.J. Liegeois, C. Wong, M. Finegold, H. Hou, J.C. Thompson, A. 
Silverman, J.W. Harper, R.A. DePinho, and S.J. Elledge. 1997. Altered 



www.manaraa.com

 157 

cell differentiation and proliferation in mice lacking p57KIP2 indicates a 
role in Beckwith-Wiedemann syndrome. Nature. 387:151-158. 

Zhang, X.A., A.L. Bontrager, and M.E. Hemler. 2001. Transmembrane-4 
superfamily proteins associate with activated protein kinase C (PKC) and 
link PKC to specific beta(1) integrins. J Biol Chem. 276:25005-25013. 

Zhao, Y., H. Wang, and T. Mazzone. 2006. Identification of stem cells from 
human umbilical cord blood with embryonic and hematopoietic 
characteristics. Exp Cell Res. 312:2454-2464. 

Zimmerman, B., B. Kelly, B.J. McMillan, T.C.M. Seegar, R.O. Dror, A.C. Kruse, 
and S.C. Blacklow. 2016. Crystal Structure of a Full-Length Human 
Tetraspanin Reveals a Cholesterol-Binding Pocket. Cell. 167:1041-1051 
e1011. 

Zon, L.I. 2008. Intrinsic and extrinsic control of haematopoietic stem-cell self-
renewal. Nature. 453:306-313. 

Zou, P., H. Yoshihara, K. Hosokawa, I. Tai, K. Shinmyozu, F. Tsukahara, Y. 
Maru, K. Nakayama, K.I. Nakayama, and T. Suda. 2011. p57(Kip2) and 
p27(Kip1) cooperate to maintain hematopoietic stem cell quiescence 
through interactions with Hsc70. Cell Stem Cell. 9:247-261. 

Zoughlami, Y., C. Voermans, K. Brussen, K.A. van Dort, N.A. Kootstra, D. 
Maussang, M.J. Smit, P.L. Hordijk, and P.B. van Hennik. 2012. Regulation 
of CXCR4 conformation by the small GTPase Rac1: implications for HIV 
infection. Blood. 119:2024-2032. 

 


	University of New Mexico
	UNM Digital Repository
	Fall 10-18-2018

	THE TETRASPANIN CD82 REGULATES HEMATOPOIETIC STEM CELL FITNESS AND BONE MARROW RETENTION
	Chelsea Saito-Reis
	Recommended Citation


	Microsoft Word - Saito-Reis_Chelsea_Dissertation.docx

