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Abstract 

Hematopoietic stem cell (HSC) self-renewal, proliferation and differentiation are 

regulated by signaling through protein tyrosine kinases (PTK) such as c-kit, Flt-3 and 

Tie2. PTKs work in concert with receptor protein tyrosine phosphatases (PTPs) to 

maintain cellular equilibrium. The functions of PTPs in counterbalancing PTK signaling 

in HSCs however remain incompletely understood. Our laboratory has demonstrated 

that a heparin binding growth factor, Pleiotrophin (PTN), promotes the expansion of 

murine long-term (LT)-HSCs via binding to a PTP, protein tyrosine phosphatase 

receptor type Z (PTPRZ). The addition of PTN to murine PTPRZ-/-  c-Kit+Sca-1+Lineage- 

(KSL) cells caused no expansion of HSCs in culture, suggesting that PTPRZ mediates 

PTN effects on HSC growth. We subsequently screened for the expression of other 

receptor PTPs in murine HSCs. Among 21 different receptor PTPs, we found that 

protein tyrosine phosphatase receptor type S (PTPRS) was significantly overexpressed in 

mouse and human HSCs compared to more mature hematopoietic cells. Ptprs-/- mice 

displayed no difference in mature blood counts or phenotypic HSC frequency compared 

to Ptprs+/+ mice. However, competitive transplantation of bone marrow (BM) cells from 

Ptprs-/- mice resulted in more than 8-fold increased multilineage hematopoietic 

repopulation in primary and secondary recipient mice compared to mice transplanted 

with BM cells from Ptprs+/+ mice. While Ptprs-/- mice displayed no differences in cell cycle 
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status, HSC survival or homing capability compared to Ptprs+/+ mice, PTPRS-/- BM cells 

expressed significantly increased levels of activated Rac1, a RhoGTPase which regulates 

HSC engraftment capacity, compared to PTPRS+/+ BM cells. PTPRS-/- BM cells displayed 

significantly increased transendothelial migration capacity and cobblestone area 

forming cells (CAFC), consistent with increased Rac1 activation. Furthermore, inhibition 

of Rac1 abrogated the increased transendothelial migration capacity of PTPRS-/- BM cells, 

suggesting that the augmented engraftment capacity of PTPRS-/- BM cells was mediated 

via Rac1. Translationally, we demonstrated that negative selection of human cord blood 

Lin-CD34+CD38-CD45RA- cells for PTPRS expression yielded a 15-fold enrichment for 

human long term HSCs compared to Lin-CD34+CD38-CD45RA- cells or Lin-CD34+CD38-

CD45RA- PTPRS+ cells. These data suggest that PTPRS regulates HSC repopulating 

capacity via inhibition of Rac1 and selection of human PTPRS – negative HSCs is a 

translatable strategy to significantly enrich human cord blood HSCs for transplantation. 
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1. Introduction  

1.1 Hematopoietic Stem Cells 

Hematopoietic stem cells (HSCs) are multipotent cells characterized by their 

lifelong ability to generate all the cells of blood and the immune system [1, 2]. At steady 

state, the hematopoietic system is a very active organ, generating billions of mature red 

and white blood cells daily, replenish dying cells due to high turnover, all while 

maintaining reserves of cells with lifelong self-renewal potential. Under conditions of 

stress such as during infections or blood loss HSCs quickly adapt and asymmetrically 

multiply and differentiate to boost the immune system [3]. Adult mammalian 

hematopoiesis occurs in specialized niches within the bone marrow, also referred to as 

the HSC microenvironment [4, 5]. A majority of HSCs reside within the HSC 

microenvironment with few circulating in the peripheral blood (PB) of the organism. A 

complex network of signal transduction thus exists within organisms to tightly control 

hematopoiesis and HSC egress from the microenvironment starting at embryogenesis.  

1.1.1 Ontogeny of Hematopoiesis 

HSCs are the most well studied adult stem cells however, their origins are 

incompletely understood. In the mouse model, the onset of hematopoiesis in the extra-

embryonic yolk sac at embryonic day 7.5 (E7.5) is termed primitive hematopoiesis [2]. 

Primitive hematopoiesis is characterized by red blood cell production to aid 
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oxygenation. The concept of the hemangioblast, a common precursor for hematopoietic 

and endothelial cells (ECs) has been proposed during this initial stage of hematopoiesis 

[6]. Studies have however both confirmed and refuted the existence of the 

hemangioblast, thus the existence of the hemangioblast remains controversial [6, 7]. By 

E8.5, definite hematopoiesis occurs in the intraembryonic site near the aorta, known as 

the aorta-gonad-mesonephros (AGM) region. Another proposed site of hematopoiesis is 

in the allantois of the placenta where HSCs are present at E10 [8]. A functional 

circulatory system develops at E10 facilitating movement of HSCs out of the AGM and 

placental regions to colonize the fetal liver at E10.5 [9]. The fetal liver is the final site of 

embryonic hematopoiesis and expansion [10]. HSCs migrate to the BM, the site for adult 

hematopoiesis shortly before birth. The microenvironmental regulatory factors 

chemokine (C-X-C motif) ligand 12 (CXCL12) and stem cell factor (SCF) have been 

demonstrated to be critical for HSC homing during development in the fetal liver and in 

adult hematopoiesis [11, 12].  

1.1.2 HSC Hierarchy 

The hematopoietic system is comprised of a diversity of cells ranging from stem 

cells with unlimited self-renewal potential to fully differentiated cells of blood and the 

immune system. Blood and immune cell formation occurs as a result of hierarchical 

steps of asymmetric HSC self-renewal, proliferation and differentiation. Functional 
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HSCs are very rare and are present at a frequency of 0.0001 – 0.00001% in both human 

and murine bone marrow (BM) cells [13, 14]. At the top of the hierarchy are the long-

term HSCs (LT-HSCs) characterized by unlimited self-renewal and the capacity to 

reconstitute a lethally irradiated recipient during its lifespan. LT-HSCs differentiate into 

short-term HSCs (ST-HSCs) characterized by very limited self-renewal and repopulating 

capacities. Multipotent progenitors (MPPs)  differentiated from ST-HSCs possess no self-

renewal capacity [15]. Unlike LT-HSCs which are mostly quiescent and in the G0 phase 

of cell cycle at homeostasis, ST-HSCs and MPPs are more proliferative with only 39% in 

G0 phase [16].  

MPPs further differentiate into two branches of lineage-restricted progenitors; 

common myeloid progenitor (CMP) and common lymphoid progenitor (CLP) cells. 

CMPs are further classified into granulocyte-monocyte progenitors (GMPs) which 

produce macrophages and neutrophils for the immune system or megakaryocyte-

erythroid progenitors (MEPs) which constitute red blood cell and platelet components of 

blood [17]. CLPs give rise to the B and T lymphocytes and natural killer (NK) cells [18].  

Hematopoietic stem and progenitor cells (HSPCs) can be isolated using a 

combination of cell surface markers and/or vital dye staining. In murine HSCs, several 

different cell surface marker combinations have been identified by various researchers 

that specify for LT-HSCs. A significant number of these purification strategies 
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commence with the isolation for negative selection of mature hematopoietic lineage 

markers, B220, CD4 and CD8 for B and T lymphocytes respectively, Mac-1 and Gr-1 for 

myeloid cells and Ter-119 for erythroid cells. Negative selection is paired with positive 

selection for the cell surface markers c-Kit and Sca-1 to isolate c-Kit+Sca-1+Lineage- (KSL) 

cells. KSL cells however enrich for HSCs as well as progenitors with only 1 in every 10 

cells demonstrating long term repopulating capacity [19]. To further enrich for LT-HSCs 

additional cell surface markers to KSL such as negative selection for CD34 and Flt3, and 

Hoechst dye-effluxing side population cells have been identified [3, 20]. More recently, 

the signaling lymphocytic activation molecule (SLAM) family of HSC cell surface 

markers, CD150+CD41-CD48- in combination with KSL cells have been shown to 

significantly enrich for LT-HSCs, with 1 in every 2 – 3 cells having long-term 

repopulating capacity [21, 22].  

Human HSCs may be also identified using a different set of cell surface markers 

from that of murine cells. Human HSCs are however not as well characterized as murine 

HSCs. Within the human HSC population, LT-HSCs are characterized by the cell surface 

markers Lineage-CD34+CD38-CD45RA-CD90+CD49f+ cells. Only 1 in every 10.5 cells 

within this population demonstrates long term HSC repopulating capacity [23, 24].  
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1.2 Quantitative HSC Assays 

To effectively study HSC biology, functional assays have been developed firstly 

to identify the various stem and progenitor cells within the hematopoietic system, and to 

quantitatively evaluate their functions within an organism. To comprehensively study 

HSCs, a combination of in vitro and in vivo assays is utilized. A majority of the functional 

assays both in vitro and in vivo begin with the isolation of the hematopoietic cells of 

interest by fluorescence activated cell sorting (FACS) [25]. HSCs and progenitors may be 

isolated by FACS using the previously identified cell surface markers.  

1.2.1 in vitro HSC Assays  

The frequency of lineage-restricted myeloid progenitors within a given 

population can be measured using the colony-forming cell (CFC) assay. CFC colonies 

are measured at days 10 – 14 after plating of cells of interest in a semisolid typically 

methylcelluose. The typical CFCs measured include colony forming units – 

granulocyte/macrophages (CFU-GM), burst forming units – Erythroid (BFU-E) and 

colony forming units – granulocytes, erythrocytes, macrophages and megakaryocytes 

(CFU-GEMM), the most immature CFC [26].  

Although in vitro assays are not ideal for the measurement of LT-HSCs, in the 

absence of in vivo modeling, cobblestone area-forming cell (CAFC) and long-term 

culture-initiating cell (LTC-IC) assays have been employed to determine the frequency 
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of HSCs within a given population. In reality, these assays at best are a measure of ST-

HSCs or immature progenitor cells, not LT-HSCs. A unique feature of CAFCs and LTC-

ICs is the seeding of culture plates with a monolayer of feeder cells typically stromal or 

fibroblast cells to mimic the HSC microenvironment and produce cytokines and 

regulatory factors that would support the cells for the week duration of the assay [27]. 

1.2.2 in vivo HSC assays 

The genesis of in vivo HSC functional assays was from the seminal studies that 

demonstrated that transplantation of BM cells into lethally irradiated mice resulted in 

the formation of visible colonies in the spleen known as colony-forming unit – spleen 

(CFU-S), providing short term radioprotection and repopulation of the hematopoietic 

system [28]. However, because HSCs are functionally defined by their unlimited self-

renewal potential, the most stringent measure of HSCs is the long-term competitive 

repopulating unit (CRU). The CRU assay involves the serial transplantation of BM HSCs 

of interest along with a competing dose of cells into lethally irradiated mice to monitor 

engraftment and long term repopulation in the recipient mice [29]. Transplantation of 

limiting doses of HSCs in the CRU assay allows for the measurement of the frequency of 

HSCs within a given population using Poisson statistical analysis. The long term 

repopulating potential of human HSCs may also be evaluated in a xenotransplantation 

model using immunodeficient mice permissive of human HSCs [30, 31].  
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The ability of HSCs to home to the microenvironment is a critical feature of a 

functional hematopoietic system. In addition to the long term repopulating capacity 

assays, in vivo assays also allow for the direct evaluation of HSC homing using a similar 

model of CRU transplantation, however analyzing HSCs in the bone marrow at an 

earlier time point, 18 – 24 hours post transplantation [32].  

 

1.3 HSC Microenvironment 

For many years the HSC microenvironment within the BM was thought to be 

composed broadly of an endosteal niche comprised of osteoblasts, and a vascular niche 

made up of sinusoidal vessels. Recent studies have however provided better clarification 

of a more complex network of niche – supporting cells with HSCs and progenitors 

preferentially occupying distinct niches [33]. Earlier studies demonstrating a role for 

osteoblasts in the BM microenvironment demonstrated that increased osteoblasts 

expression as a result of parathyroid hormone stimulation produced more HSCs 

mediated by Notch signaling through the Notch ligand Jagged-1 [34]. In recent years, 

investigators have targeted the secreted factors produced by the HSC microenvironment 

supporting cells to identify the important regulators in the niche. One such factor is the 

chemoattractant CXCL12, which together with its receptor, chemokine (C-X-C motif) 

receptor 4 (CXCR4), expressed on HSCs, maintain HSCs in the microenvironment [32, 
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35]. Loss of CXCL12 causes augmented HSC mobilization. Deletion of CXCL12 in 

osteoblast-specific cells in the BM microenvironment had no effect on HSC retention and 

mobilization, but did significantly decrease the retention of early lymphoid progenitors 

[36]. This finding was very significant because although it contradicts earlier studies 

demonstrating that osteoblasts are critical for HSC maintenance in the 

microenvironment, it also explores the theory that the different populations of HSPCs 

occupy distinct niches. An additional complication to studying the role of osteoblasts in 

the BM microenvironment is the paucity of osteoblast-specific markers. Osterix, the 

widely accepted marker for osteoblasts is also expressed by the stromal cells CXCL12 

abundant reticular (CAR) cells in adult BM [37].  

Numerous studies have elaborated the role of endothelial cells (ECs) in the BM 

microenvironment. ECs have been shown to secrete growth factors such as CXCL12, 

epidermal growth factor (EGF), Pleiotrophin (PTN) SCF, all of which have been 

demonstrated to play critical roles in the retention of HSCs in the BM microenvironment 

either at homeostasis or following injury [36, 38, 39]. Live imaging studies of the BM 

microenvironment have also demonstrated that SLAM+ HSCs are often found in very 

close proximity to ECs and perivascular cells [21, 39]. Perivascular stromal CAR cells as 

their name implies also produce CXCL12 as well as SCF in the BM microenvironment. 

CAR-specific deletion of CXCL12 significantly reduced HSCs in the BM 
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microenvironment and increased HSC mobilization [36]. Nestin+ mesenchymal cells also 

promote HSC retention in the niche by secreting CXCL12.  The activity of nestin+ cells in 

the HSC microenvironment was shown to be regulated by CD169+ macrophages [40].  

  

1.4 Radiation and Chemotherapy Injury in Hematopoiesis 

Chemotherapeutic agents and ionizing radiation are the two most common 

interventions for hematologic malignancies and disorders. Unfortunately, these 

therapies also target normal, highly proliferative cells including hematopoietic and 

immune cells resulting in BM myelosuppression and delayed immune reconstitution. 

Patients are often treated with hematopoietic growth factors such as erythropoietin 

(EPO), granulocyte – colony stimulating factor (GCSF) and granulocyte – macrophage 

stimulating factor (GMCSF) to stimulate HSC proliferation and differentiation [41].  In 

studying HSC biology and regeneration, chemotherapy and ionizing radiation are thus 

often employed as means to injure the hematopoietic system in order to identify novel 

agents for hematologic reconstitution. 

1.4.1 Chemotherapy 

A variety of chemotherapeutic agents are currently employed in clinical practice 

that target various functions within the cell resulting in cell death. These include 

antimetabolites, DNA-damaging drugs and tyrosine kinase inhibitors [42, 43]. A major 
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side effect of chemotherapy is acute myelosuppression and BM toxicity impacting the 

morbidity and mortality associated with this therapy and often a limiting factor in 

therapeutic doses [44]. 5-fluorouracil (5FU) is often used in acute mouse model studies 

of hematopoietic injury and regeneration because it less toxic to the hematopoietic 

system, unlike other chemotherapeutic agents or radiation damage. Single use of 5FU 

causes BM myelosuppression, with no effect on HSC repopulating capacity. Continuous 

use of 5FU and other chemotherapeutic agents however, results in long term damage to 

HSCs including impaired HSC self-renewal and decreased repopulating capacity [45].  

1.4.2 Radiation 

In addition to radiation injury of the hematopoietic system in the context of 

therapy, recent focus on radiological or nuclear disasters as a result of accidents or 

terrorism acts has generated significant interest in the side effects of radiation exposure 

and methods to accelerate hematopoietic reconstitution following injury [46, 47]. The 

deterministic effects of exposure to ionizing radiation are dependent on both dose rate 

and the total accumulated dose. In humans, exposure to a radiation dose of 0.15 Gray 

(Gy) or lower is typically asymptomatic. Exposure to 1 – 10Gy is typically survivable 

with proper medical attention. Symptoms however, include pancytopenia, nausea, 

vomiting and BM failure, with increasing severity at high doses. The probability of 

mortality increases significantly with doses above 10Gy, even with proper medical 
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attention [46]. In addition to the acute symptoms of radiation exposure, long term 

defects have also been observed in the hematopoietic system, akin to defects associated 

with repeated exposure to chemotherapeutic agents, including defects in HSC self-

renewal, HSC senescence and decreased HSC repopulating capacity [48-51].  

Research into methods to expand HSCs following total body irradiation (TBI) 

have yielded promising results, although in many cases the long term effects still remain 

unknown. In recent years, our laboratory has identified three unique mechanisms for 

HSC expansion following radiation injury. Inhibition of an enzyme expressed by human 

HSCs, aldehyde dehydrogenase (ALDH), using the pharmacologic inhibitor 

diethylaminobenzaldehyde (DEAB) significantly maintained more human and murine 

HSCs after 7 days in culture compared to control cells. More importantly, ALDH 

inhibition with DEAB resulted in significantly higher ST-HSC repopulating capacity 

compared to control cells in both a murine model and a human xenotransplantation 

model [52, 53]. Treatment of lethally irradiated mice with PTN significantly increased 

HSC repopulating capacity compared to mice treated with Saline or GCSF alone [54]. 

Additionally, PTN alone or EGF alone administration significantly improved survival of 

mice following TBI compared to saline treated mice [38, 55].  

Signaling pathways that have been implicated in HSC regeneration following 

TBI include the Akt-mTOR and Notch signaling pathways. Upregulation of the 
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angiocrine factors fibroblast growth factor 2 (FGF2), insulin-like growth factor binding 

protein 2 (IGFBP2), Angiopoietin-1 (ANGPT1), bone morphogenetic protein 4 (BMP4) 

and desert hedgehog (DHH) in ECs promoted the expansion of HSCs and long term 

repopulating capacity of murine HSCs [56]. Endothelial-specific deletion of the Notch 

ligand, Jagged-1 resulted in decreased survival of mice following TBI demonstrating 

that Jagged-1 is essential for HSC regeneration [57].  

 

1.5 Protein Tyrosine Phosphatases (PTPs) 

1.5.1 Overview of PTPs 

HSC self-renewal, differentiation and malignant transformation is controlled by 

a multitude of signaling molecules, a key component of which is phosphorylation. The 

roles of protein tyrosine kinases (PTKs) in maintaining the phosphorylation levels of 

their targets have been well documented in hematopoiesis [38, 58-60]. PTK action is 

counterbalanced by the opposing effects of protein tyrosine phosphatases (PTPs), which 

dephosphorylate their targets [61, 62]. PTKs have been shown to control the magnitude 

of the signaling molecules they regulate whereas PTPs have been implicated in 

regulating the duration of these responses to maintain equilibrium within the cell [63, 

64]. Dysregulation of protein tyrosine phosphorylation has been implicated in many 

human diseases including cancers, autoimmune disorders and neurological diseases [65-
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69]. PTKs and more recently PTPs are thus often probed as potential therapeutic targets 

[70-72]. Although PTKs and PTPs work in concert within cells to maintain balance, PTKs 

have been more extensively studied and their functions in hematopoiesis are more 

clearly defined. The functions of PTPs in hematopoiesis are however incompletely 

understood. This is attributed to the fact that PTPs were characterized about a decade 

after the characterization of the first PTK [73-75]. Additionally, the PTP superfamily 

contains the largest number of phosphatase genes and displays great diversity in 

substrate specificity and regulation [61, 76-79]. The active site of PTPs is defined by a 

signature HC(X)5R motif, where the cysteine residue is critical for enzymatic activity 

[61]. Within the human genome, 107 PTPs have been identified of which 105 have 

corresponding mouse orthologs [76, 80]. PTPs are divided into two broad categories, the 

phosphotyrosine specific phosphatases, also known as the classical phosphatases and 

the dual specificity phosphatases which encompass a broad range of phosphatases and 

dephosphorylate on serine and threonine residues in addition to tyrosine residues [62, 

81]. The classical phosphatases demonstrate specificity only towards phospho-tyrosine 

residues and consist of 38 mouse and human orthologs [82]. The classical phosphatases 

are further classified into two categories, 21 transmembrane receptor PTPs and 17 non-

transmembrane, cytoplasmic PTPs [61, 82]. Finally, the receptor PTPs are grouped into 8 

sub-categories based on the homology of functional groups in their extracellular 
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domains [61, 62]. The extracellular domain of receptor PTPs are characterized by 

functional groups that promote cell-cell and cell-matrix interactions such as 

immunoglobulin-like and fibronectin type III-like domains [61, 62]. The transmembrane 

spanning region connects intracellularly to the active PTP domain. A pseudo-

phosphatase domain adjacent to the active PTP domain in most PTPs does not possess 

enzymatic phosphatase activity, but rather enhances the specificity and activity of the 

active PTP domain towards its substrates [83]. 

1.5.2 Regulation of PTPs 

The activity of receptor PTPs is not well understood and various mechanisms 

have been proposed to explain their regulation of downstream targets. Ligand binding 

to the extracellular domain has been demonstrated to both activate and inhibit 

downstream signaling events for a number of PTPs. PTN has been shown to bind and 

inactivate PTPRZ resulting in increased downstream tyrosine phosphorylation and 

activation of β-catenin and Ras [55, 84]. Ligand binding of heparin sulfate proteoglycans 

(HSPGs) and chondroitin sulfate proteoglycans (CSPGs) to PTPRS in neuronal cells 

resulted in axonal growth and inhibition respectively, indicating that PTPRS may either 

be activated or inhibited by ligand binding [85, 86]. Another proposed mechanism of 

PTP regulation is by dimerization. Homodimerization of PTPRA in HEK293 cells by an 

inhibitory wedge in the active phosphatase domain inhibited its activity [87]. EGF-
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induced heterodimerization of CD45, also known as PTPRC to EGFR inhibited the CD45 

phosphatase activity resulting in Lck phosphorylation, an inhibitor of T cell receptor 

signaling [78]. Oxidative stress has also been demonstrated to inhibit PTPRA activity 

through homodimerization [88].  

1.5.3 Non-receptor PTPs in Hematopoiesis 

The functions of receptor PTPs in hematopoiesis are not well characterized. 

However, the role of the cytoplasmic PTP SHP2, also known as PTPN11, in 

hematopoiesis has been extensively studied. SHP2 is required for the maintenance of 

HSPCs by promoting scf gene expression via the transcription factor Gata. Deletion of 

Shp2 resulted in decreased BM cellularity and defective HSC homing and engraftment 

[60, 89, 90]. SHP2 knock-in mice demonstrated enhanced HSC activity, eventually 

contributing to the development of a myeloproliferative disorder [91, 92]. SHP2 

mutations have also been shown to be essential for c-Kit oncogenic transformation, also 

leading to the development of myeloproliferative disease [93]. In pediatric patients, 

gain-of-function mutations in SHP2 have been associated with juvenile myelomonocytic 

leukemia [91]. Recently, the intracytoplasmic phosphatase of regenerating liver (PRL2), 

also known as PTP4A2, was found to be important in SCF-mediated HSC self-renewal 

and proliferation [94]. PRL2 has also been proposed as an oncogene as overexpression of 
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PRL2 results in downregulation of the tumor suppressor PTEN and activated Akt/PI3K 

signaling [95]. 

1.5.4 Receptor PTPs in Hematopoiesis 

The best characterized receptor PTP in hematopoiesis is PTPRC, more commonly 

referred to as CD45 [61]. CD45 is highly expressed on nucleated hematopoietic cells and 

has been demonstrated to be critical in B and T cell development and activation. CD45 

dephosphorylates tyrosine residues in the negative regulatory sites of the Src family 

kinases Lyn and Lck, in B and T cells respectively, resulting in the activation of the 

kinases [96, 97]. In human HSPCs and leukemic cells, a blocking antibody to CD45 

significantly impaired homing and engraftment, suggesting that CD45 regulates HSC 

homing and engraftment [98]. The homing effect of CD45 was modulated by CXCL12 

resulting in downstream Rac1 activation [99]. Other receptor PTPs that have been 

studied in hematopoiesis, although not extensively, include PTPRG and PTPRO. PTPRG 

is expressed in hematopoietic tissues, mainly spleen, thymus and bone marrow and has 

been demonstrated to regulate HSC differentiation and is a marker for dendritic cells 

and macrophages [100, 101]. In COS7 and 293 cell lines, PTPRO was found to regulate 

megakaryocytopoiesis through phosphorylation of PTPRO by the SCF/c-Kit signaling 

pathway [102]. Additionally, the truncated isoform of PTPRO, PTPROt which is 
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expressed solely in naïve B lymphocytes, has been suggested as a tumor suppressor in 

chronic lymphocytic leukemia [103, 104].  

1.5.5 PTPRS 

PTPRS belongs within the Type 2A sub-class of PTPs along with PTPRD and 

LAR. PTPRS consists of an extracellular domain characterized by the cell adhesion 

molecules immunoglobulin domains and fibronectin type III-like domains [61]. The 

most well characterized role for PTPRS in mammalian systems is in the nervous system 

where it is highly expressed in the brain [105]. Mice bearing a constitutive deletion of 

Ptprs display several neurological defects including early growth retardation, abnormal 

limb movement and motor dysfunction resulting in insufficient food intake eventually 

leading to increased mortality in the first two weeks following birth [106, 107]. Ptprs-/- 

mice however display enhanced central and peripheral nervous system regeneration 

following injury compared to Ptprs+/+ mice suggesting that PTPRS plays an inhibitory 

role in neuronal cell regeneration [108-110].  

 

1.6 Rho Guanosine Triphosphatase (GTPase) Signaling in 
Hematopoiesis 

Rho GTPases are small, critical signaling molecules that belong to the Ras 

superfamily of guanosine triphosphate (GTP) proteins [111, 112]. Currently there are at 

least 25  known small Rho GTPases, from 22 coding genes [113]. Rho GTPases have very 
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diverse roles within cells including actin cytoskeletal rearrangements, membrane 

trafficking, transcriptional regulation and cell growth [111, 112]. Rho GTPAses receive 

extracellular signals through a variety of transmembrane receptors such as c-Kit, a 

tyrosine kinase receptor [114, 115], α4β1 an integrin receptor [116-118] and CXCR4 [119, 

120]. Soluble factors such as SCF and CXCL12 transmit these signals from the cell 

surface receptors to guanine-nucleotide-exchange factors (GEFs), which in turn control 

the activation state of the Rho GTPases [112, 121].  GEFs convert the inactive guanosine 

diphosphate (GDP)-bound state to the active GTP-bound state [122]. Within the 

hematopoietic system, Vav and Tiam-1 are well known GEFs [121]. Vav is activated 

through phosphorylation on tyrosine residues by soluble factors expressed in the HSC 

microenvironment such as Kit ligand and GM-CSF [123]. Tyrosine phosphorylated vav 

subsequently mediates the GDP-GTP exchange on Rac1, resulting in Rac1 activation 

[124]. The chemoattraction of HSCs to the HSC microenvironment is in part mediated by 

CXCL12. Rac signaling, mediated by the GEF, Tiam has been shown to play an 

important role in the chemoattraction of HSCs to the microenvironment [121]. GTPase 

activating proteins (GAPs) perform the opposite function through the hydrolysis of the 

GTPases back to the inactive GDP-bound state. Additionally, guanine nucleotide 

dissociation inhibitors (GDIs) block the hydrolysis of bound GDP thereby sequestering 

the GTPases in an inactive state [122, 125]. Once activated, the GTPases have a multitude 
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of effectors to regulate downstream signaling events. In hematopoietic cells, the most 

well studied RhoGTPases are RhoA, RhoH, Cdc42 and the Rac GTPases (Rac1, Rac2 and 

Rac3) [112].  

1.6.1 RhoA 

Inhibition of RhoA via retroviral transfer of a dominant negative RhoA mutant 

(RhoAN19) resulted in significantly higher repopulating capacity in lethally irradiated 

recipients in competitive transplants. The higher engraftment levels were associated in 

vitro with increased proliferation and cell cycle progression. Interestingly, the RhoAN19 

mutants also displayed reduced migration towards a CXCL12 gradient and reduced 

adhesion to fibronection [126]. These results suggest that RhoA activity in HSCs results 

in the opposite effect from other small GTPases such as Rac1.  

1.6.2 RhoH 

RhoH and Rac2 are the only small GTPases whose expressions are restricted to 

hematopoietic cells. RhoH-/- mice however, do not show any abnormalities in 

hematopoiesis at steady state [127]. RhoH has been described as an atypical Rho GTPase 

because unlike other members of this family, it has no known intrinsic GTPase activity 

and is therefore constitutively active, regulated by posttranslational modifications [128, 

129].  RhoH is also unusual because although it not been demonstrated to play a direct 

role in hematopoiesis, it acts as an antagonist of Rac1 resulting in decreased migration of 
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cells towards a CXCL12 gradient [130, 131]. RhoH has also been shown to be important 

for T-cell development [127].  

1.6.3 Cdc42 

The role of Cdc42 in hematopoiesis has been studied using knockout mice 

deficient in Cdc42GAP. Cdc42GAP is a GAP protein that negatively regulates Cdc42 

activity [132]. Cdc42-/- mice are anemic and generate fewer BM erythroid colonies. BM 

cells from Cdc42-/- mice displayed reduced engraftment in competitive transplants. 

Additionally, in vitro studies with Cdc42-/- cells showed reduced migration capacity 

towards a CXCL12 gradient, reduced homing capacity and impaired adhesion to 

fibronectin. Aging studies in mice revealed higher levels of Cdc42 activity which was 

associated with decreased capacity of adhesion of HSCs to the HSC microenvironment 

and a corresponding increase in mobilized HSCs in response to GCSF [133]. Cdc42 has 

also been shown to regulate actin polymerization and cell cycle progression, specifically 

G1/S transition in fibroblasts [111].  

1.6.4 Rac GTPases 

There are 3 known members of the Rac GTPase family, Rac1, Rac2 and Rac3. All 

three Rac proteins have a high degree of homology, suggesting that they may have some 

overlapping functions. However, their varied degrees of expression suggest that each 

Rac protein may also play unique roles within the cell. Rac1 is ubiquitously expressed 
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within all cells [134]. Rac2 expression is confined to hematopoietic cells and Rac3 has 

been shown to be highly expressed in the central nervous system as well as by many cell 

lines [134-136]. Although both Rac1 and Rac2 are expressed in hematopoietic cells, they 

have been shown to have unique physiological roles. Murine studies of the role of Rac1 

in hematopoiesis have employed conditional knockouts (Rac1flox/flox) because Rac1-

deficient mice die at embryonic day 8 [112, 137]. Deletion of Rac1 did not impair 

hematopoietic reconstitution in lethally irradiated recipients long term. Deletion of Rac2 

the hematopoietic-specific GTPase, resulted in a modest defect in both short-term 

engraftment and long term reconstitution in lethally irradiated recipients [112, 138].  

Rac2-/- mice also showed slightly higher baseline levels of circulating HSPCs suggesting 

an reduction in their ability to be retained in the BM microenvironment [112, 139].   

Deletion of both Rac1 and Rac2 however resulted in a complete loss of donor cell 

reconstitution capacity into lethally irradiated recipients [138]. Hematopoietic cells from 

Rac1-/-;Rac2-/- mice also displayed significantly impaired homing and trans-endothelial 

migration capabilities [138]. Rac1-/- cells alone displayed a modest reduction in homing 

capacity and no difference in trans-endothelial migration. Rac2-/- cells displayed no 

defects in neither homing nor migration capacity. The ability of HSCs to thrive in their 

BM microenvironment is dependent on cell-cell and cell-matrix interactions. Rac1-/- cells 

displayed a significant impairment in forming these interactions [138]. Rac2-/- mice also 
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displayed decreased adhesion to fibronectin and migration abilities. These defects were 

even more pronounced in Rac1-/-;Rac2-/- mice . Rac2-/- mice also displayed increased 

apoptosis [112]. These studies demonstrate specific deficiencies associated with the loss 

of Rac1 or Rac2, suggesting that each Rac protein performs specific functions within 

HSCs. However, loss of both Rac1 and Rac2 results in a more severe phenotype, 

therefore indicating that these two proteins also have some overlapping functions 

within the hematopoietic cells.  

Rac3-/- mice have been reported to be viable with no observed abnormalities [140, 

141]. The role of Rac3 in hematopoiesis is however, yet to be reported. In cell lines, Rac3 

has been shown to support integrin-mediated adhesion [141]. Rac3 has also been 

implicated in tumor invasion [142]. 
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2. PTPRS regulates hematopoietic stem cell 
repopulating capacity 

2.1 Introduction 

HSC self-renewal and differentiation events are regulated by intrinsic 

mechanisms and extrinsic signals from the HSC microenvironment [1, 2, 38, 54, 143-145]. 

HSCs express a variety of cell surface receptors which act in concert with cytokines and 

growth factors secreted by various microenvironment-supporting cells to tightly 

regulate the balance between HSC quiescence, self-renewal and differentiation [4, 33, 

146, 147]. Under conditions of HSC stress or injury such as chemotherapy or radiation, 

HSCs must quickly self-renew, multiply and differentiate to replenish the depleted 

mature blood cells.  The development of methods to rapidly expand HSCs without 

exhausting the HSC pool therefore could have high clinical relevance. Elucidation of 

some of the molecular mechanisms governing HSC maintenance in the niche have 

provided new understanding of the role of microenvironment cells in regulating HSC 

homeostasis. A number of cytokines and growth factors secreted by the HSC 

microenvironment have been shown to expand HSCs while maintaining self-renewal 

potential [38, 39, 143].  However, the niche-mediated mechanisms which regulate HSC 

regeneration following myelosuppression or injury remain largely unknown. 

One of the most critical microenvironment-regulators of HSC maintenance is the 

cytokine, stem cell factor (SCF) [148-150]. SCF is secreted by endothelial cells and leptin 
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receptor-expressing perivascular stromal cells in the HSC microenvironment and signals 

through its receptor c-Kit, expressed on hematopoietic stem and progenitor cells to 

regulate HSC fate [36, 60]. SCF is also used frequently in ex vivo cultures in combination 

with additional cytokines such as FLK2/FLT3-ligand (FL), thrombopoietin and 

Interleukin-6 to expand both murine and human HSCs [151]. c-Kit is a receptor tyrosine 

kinase (RTKs).  In addition to SCF, other key HSC regulators such as angiopoietin 1 and 

FL, also signal via the RTKs Tie2 and Flt-3 respectively [59, 152].  

The functions of RTKs in hematopoiesis and hematologic malignancies have 

been well documented [58, 153, 154]. RTK function is counterbalanced, generally 

speaking, by the opposing effects of protein tyrosine phosphatases (PTPs) [61]. The roles 

of PTPs however, have not been well studied in hematopoiesis. Our laboratory recently 

discovered the function of a heparin binding growth factor, Pleiotrophin (PTN), which is 

secreted by BM ECs and promotes the in vitro expansion of murine and human HSCs 

[54]. PTN mediates HSC expansion via binding and inhibition of a receptor PTP, PTPRZ, 

on HSCs [39, 54]. Deletion of Ptn caused a 10-fold reduction in HSCs in vivo, whereas 

deletion of Ptprz caused a significant expansion of HSCs in vivo [39]. This discovery 

uncovered a class of potential HSC regulators that have not yet been fully investigated. 

With the exception of CD45, the function of receptor PTPs in hematopoiesis remains 
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largely unknown [98]. We therefore sought to interrogate whether receptor PTPs were 

expressed in HSCs and what functions they played, if any, in determining HSC fate. 

 

2.2 Materials and Methods  

2.2.1 Animals 

All animal procedures were performed in accordance with a Duke University or 

University of California – Los Angeles IACUC approved animal use protocol. Total 

body irradiation (TBI) was delivered by a Shepherd Mark I 68A Cesium-137 (Cs137) 

gamma-irradiator. Mice bearing a constitutive deletion of Ptprs in a Balb/c background 

were a kind gift from Dr. Michel Tremblay of McGill University, Montreal, Canada. 

Cby.SJL(B6)-Ptprca/J (CD45.1 Balb/c) and C57Bl/6J mice were obtained from Jackson 

Laboratory, Bar Harbor, ME and were bred and housed at the Duke University Cancer 

Center Isolation Facility and the University of California – Los Angeles Radiation 

Oncology Animal Care Facility. 

2.2.2 Isolation and FACS of HSCs 

Murine BM cells were collected and sorted by FACS as previously described [39].  

Briefly, mice femurs and tibiae were collected into Iscove’s Modified Dulbecco’s 

Medium (IMDM) with 10% FBS and 1% penicillin-streptomycin. Red blood cell lysis was 

performed using ACK Lysis buffer (Sigma Aldrich, St. Louis, MO). Viable BM cells were 
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quantified using trypan blue stain to exclude apoptotic and dead cells, followed by a 

depletion of the lineage committed cells using a lineage depletion column (Miltenyi 

Biotec, Auburn, CA). Cells were then incubated with antibodies to c-Kit, Sca-1 and a 

lineage antibody cocktail (KSL), followed by isolation of KSL cells by FACS. All 

antibodies used were either from BD Biosciences, San Jose, CA or Biolegend, San Diego, 

CA.  

2.2.3 Gene Expression Analysis of PTPs in Murine Hematopoietic Cell 
Subsets 

KSL cells were sorted by FACS as described above. A portion of BM cells and 

lineage-depleted cells were saved during the isolation process. cDNA was generated 

from RNA using RNeasy kit (Qiagen, Valencia, CA). Real-time PCR was performed 

using Taqman probes for glyceraldehyde-3-phosphate (GAPDH) and the various PTPs 

(Applied Biosystems, Foster City, CA) according to the manufacturer’s protocol.   

2.2.4 Hematopoietic Progenitor Cell Assays 

 KSL and SLAM+KSL content was measured in Ptprs+/+ and Ptprs-/- mice by flow 

cytometric analyses as previously described [21, 22, 39]. For Colony forming cell (CFC) 

assays, BM or Lineage-depleted cells were plated into methylcellulose, M3434 (StemCell 

Technologies, Vancouver, BC, Canada), and colonies were scored on day 14. Complete 

blood counts (CBCs) were performed on a HemaVet 950 (Drew Scientific, Dallas, TX). 

Short-term homing assays were performed with Sca-1+Lin- BM cells as previously 
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described [32]. Briefly, BM cells from Ptprs+/+ or Ptprs-/- mice (CD45.2) were sorted by 

FACS for Sca-1+Lin- cells (9x104 cells per recipient mouse) and transplanted via tail-vein 

injection into lethally irradiated recipients, 950cGy (CD45.1). Homing efficiency was 

assessed 18-20 hours post-transplant by flow cytometric analyses. 

2.2.5 in vitro cultures with PTPRS ligands 

CD34-KSL or KSL cells were cultured for seven days in IMDM with 10% FBS and 

1% penicillin-streptomycin supplemented with 20ng/mL thrombopoietin, 125ng/mL 

stem cell factor and 50ng/mL Flt-3 ligand (TSF) alone or TSF with PTPRS ligands  100 

ng/mL Glypican-2 (heparin sulfate proteoglycan) or 100ng/mL Neurocan (chondroitin 

sulfate proteoglycan). After seven days in culture, cells were analyzed for total counts, 

KSL expression and CFCs. 

2.2.6 CAFC and Trans-endothelial Migration Assay 

CAFCs were performed as previously described [155]. Briefly, M2-10B4 stromal 

cells were cultured to confluency in gelatin-coated 96-well flat bottom plates then 

irradiated at 4000cGy. ~24 hours post irradiation, wells were seeded with serially diluted 

BM cells from Ptprs+/+ or Ptprs-/- mice (81,000 – 111 cells per well in threefold serial 

dilutions). CAFCs were scored weekly for 5 weeks. Trans-endothelial migration assays 

were performed as previously described [138]. Briefly, VeraVec™ mouse spleen 

endothelial cells (Angiocrine Bioscience, New York, NY) were cultured to confluency in 



 

28 

 

8µM pore size polycarbonate membrane transwells (Corning Incorporated, Corning, 

NY). The upper chamber of the transwells were then seeded with 200,000 BM cells in 

IMDM with 10% FBS, 1% penicillin-streptomycin plus TSF, with or without the Rac 

inhibitor, EHT1864 (R & D Systems, Minneapolis, MN). The bottom chamber of the 

transwells contained IMDM with 10% FBS, 1% penicillin-streptomycin plus TSF, with or 

without CXCL12 (R & D Systems). 16 hours post-culture, cells in the bottom chamber 

were collected and scored. CFCs were set up with the migrated cells as previously 

described.  

2.2.7 Cell Cycle, Cell Death and CXCR4 Analysis 

Cell cycle analysis was performed by flow cytometry, modified from previous 

reports [38]. Briefly, BM cells were collected and labeled with antibodies for KSL as 

previously described. Cells were then fixed with 0.25% saponin (Calbiochem, La Jolla, 

CA), 2.5% paraformaldehyde (Affymetrix, Santa Clara, CA) and 2% FBS in 1× PBS and 

permeabilized with 0.25% saponin, 2% FBS in PBS and labeled with a 1% solution of 

Ki67-FITC (BD Biosciences) and 7-AAD (BD Biosciences). Cell death analysis was 

performed on KSL cells following the BD Annexin-V Apoptosis Detection Kit Protocol 

(BD Biosciences, catalog number 556547). For Cxcr4 analysis, BM cells were labeled with 

antibodies to KSL and Cxcr4 (BD Biosciences) and analyzed by flow cytometry.  
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2.2.8 Competitive Repopulation Assays 

3 x 104 BM cells/mouse from Ptprs+/+ or Ptprs-/- mice (CD45.2), along with 2 x 105 

BM competitor cells (CD45.1) were transplanted into lethally irradiated congenic 

CD.45.1 Balb/c recipients (700 – 800cGy) via tail-vein injection. Multi-lineage 

hematopoietic reconstitution in the PB was monitored over time at 4, 8, 12 and 16 weeks 

post-transplant by flow cytometric analysis as previously described [156]. Animals were 

considered to be engrafted if donor CD45.2 cells were present at ≥ 1%. BM cells of 

recipient mice were analyzed at 16+ weeks post-transplant by flow cytometic analysis. 

Secondary competitive transplants were performed at 16+ weeks post primary 

transplant. 75% BM cells from primary recipients were transplanted as described above 

into lethally irradiated CD45.1 recipients, along with a competing dose of 2 x 105 BM 

cells (CD45.1). PB and BM analysis was performed in the secondary recipients as 

described above.  

2.2.9 shRNA and Rac1-GTP Analysis 

KSL cells isolated by FACS were cultured overnight in X-VIVO 15 serum-free media 

(Lonza, Basel, Switzerland) with TSF, each at 100 ng/mL and 50 uM 2-mercaptoethanol 

(Sigma Aldrich). Following overnight prestimulation, cells were treated with 10 ug/mL 

polybrene (Sigma Aldrich) and transduced with a PTPRS or a scrambled lentiviral 

vector expressing green fluorescent protein (GFP) under the control of a murine stem 
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cell virus (MSCV) promoter for an additional 48 hours. GFP+ cells were isolated by FACS 

and re-stained for KSL. Cells were then fixed overnight in 4% paraformaldehyde. Cells 

were permeabilized with 0.25% saponin in PBS and stained with a 1% solution of anti-

active RAC1-GTP antibody (NewEast Biosciences, King of Prussia, PA), followed by 

flow cytometric analysis. 

2.2.10 PB Analysis and Mobilization with GCSF 

PB was collected by intracardiac puncture. For mobilization studies, human GCSF 

(Neupogen, Amgen, Thousand Oaks, CA) was administered intraperitoneally daily for 5 

days at a dose of 200µg/kg. PB was analyzed on day 6. CFCs and KSL analysis was 

performed as previously described.  

2.2.11 Statistical Analysis 

The nonparametric Mann-Whitney test and the unpaired Student's two-tailed t test were 

used to determine statistical significance in all the analyses. Data was considered 

significant with P values less than 0.05.   

 

2.3 Results 

2.3.1 Expression of PTPs in Hematopoietic Stem and Progenitor Cells 

Our laboratory has demonstrated that PTN promotes the expansion of murine long-term 

HSCs by binding and deactivation of PTPRZ [54].  The addition of PTN to murine Ptprz-/-
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 KSL cells caused no expansion of HSCs in culture, suggesting that PTPRZ mediates 

PTN effects on HSC growth [39]. PTN belongs to a family of phosphatases collectively 

known as protein tyrosine phosphatases (PTPs) [61, 62]. We subsequently screened for 

the relative expression of other receptor PTPs in murine HSCs. Of the 9 screened 

receptor PTPs, CD45, Ptpre and Ptprs were >100-fold over-expressed on murine BM KSL 

cells compared to the other receptor PTPs, including Ptprz (Figure 1). CD45 is highly 

expressed by various hematopoietic cell populations; hence its relatively high expression 

validated our qRT-PCR results. Neither PTPRE nor PTPRS have been studied in 

hematopoiesis. However, PTPRS has been demonstrated to regulate neuronal cells 

during development as well as regeneration following injury [109, 110, 157]. We 

surmised that the relatively high expression of PTPRS in hematopoietic cells was 

associated with an undiscovered role in hematopoiesis. We subsequently screened for 

the expression of Ptprs within the various hematopoietic cell populations and discovered 

that Ptprs was >5-fold over-expressed in the KSL hematopoietic stem and progenitor cell 

population compared to the lineage-depleted population and >100-fold over-expressed 

in KSL cells compared to the mature cell populations (Figure 1). PTPRS belongs to the 

type 2A sub-family of PTPs along with LAR and PTPRD. We also looked at the 

expression of the other 2 members of this sub-family in KSL cells and discovered that 

Ptprs was the most highly expressed type 2A PTP within KSL cells (Figure 1).  
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Figure 1: PTPRS is highly expressed in hematopoietic stem and progenitor cells 

Relative expression of PTPs in wild type BM KSL cells by qRT-PCR. All PTP expression 

is normalized to CD45 expression (Top). N = 3 – 9 replicates per group. Ptprs is more 

highly expressed in wild type BM KSL cells compared to more mature hematopoietic 

cells (Left). N = 9 replicates per group. Expression of type 2A PTPs in wild type BM KSL 

cells (Right). N = 3 – 6 replicates per group. * P < 0.0001, Unpaired Student’s two-tailed t-

test. 
 

 

 

In neuronal cells the downstream effects of PTPRS may be modulated through 

extracellular ligands that fall into two main categories, heparin sulfate proteoglycans 
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(HSPGs), which act as growth promoters, or chondroitin sulfate proteoglycans (CSPGs) 

which act as growth inhibitors [85, 86, 158]. The HSPGs agrin and collagen XVIII present 

in the basal lamina in developing chick retinal ganglion cell axons were shown to act as 

potent growth ligands acting via binding to PTPRS [159, 160]. However, in other studies 

the presence of CSPGs such as neurocan and aggrecan, have been shown to have an 

inhibitory effect on axonal regeneration [86]. Additionally, CSPGs are known to be 

upregulated following neural injury and inhibit axonal regeneration [161, 162]. It was 

demonstrated that neurocan binds the extracellular domain of PTPRS with high affinity. 

Deletion of Ptprs in neuronal cells abrogated the inhibitory effects of CSPGs in vitro, 

demonstrating that CSPGs modulate their effects in neuronal cells at least in part 

through PTPRS [85, 86]. These data suggested that ligand binding to PTPRS could 

promote opposing effects in neuronal cells, growth promotion or inhibition although 

both ligands share a common binding site [86, 158]. The dichotomy between the two 

classes of ligands was attributed to the differences in the degree of sulfation in their 

glycosaminoglycan (GAG) chains. The GAG chains in both HSPGs and CSPGs are 

highly sulfated. However, HSPGs are characterized by areas of high sulfation, 

interspersed with areas of low or no sulfation [163]. The high sulfation areas promote 

PTPRS oligomerization upon HSPG binding between the negatively charged sulfate 

residues and the positively charged lysine residues on PTPRS, leading to depleted 
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phosphatase activity due to uneven distribution of PTPRS [164]. Areas within the cell 

lacking PTPRS activity consequently display increased phosphorylation resulting in 

downstream effects such as cell proliferation [165, 166]. CSPGs on the other hand, have 

an even distribution of sulfate residues on their GAG chains hence do not form 

oligomers. The results in a more even distribution of PTPRS on the cell surface, and 

corresponding uniform phosphatase activity to counterbalance the ongoing 

phosphorylation by tyrosine kinases. The end result is therefore reduced 

phosphorylation and activation of downstream substrates [85].  

We proceeded to test whether PTPRS could be modulated in vitro in HSCs using the two 

classes of ligands, HSPGs and CSPGs to generate the opposing effects observed in 

neuronal cells. We cultured CD34-KSL cells or KSL cells for 7 days in TSF alone, TSF 

with 100ng/mL glypican-2 or TSF with 100ng/mL neurocan. We analyzed total counts, 

KSL expression and CFCs (Figure 2). We did not observe any differences in total count 

after culture. However, there were significant differences in % Lineage- and % KSL cells. 

Cells cultured with neurocan, the CSPG, maintained ~3-fold more KSL cells compared to 

TSF alone cultures, and >10-fold more KSL cells compared to glypican-2 cultures. Cells 

cultured with Glypican-2, the HSPG, maintained the lowest KSL content. Interestingly 

though, cells cultured with glypican-2 produced ~2-fold more CFCs compared to 

neurocan cultures but were not significantly different from TSF colonies.  The low KSL 
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% but higher CFCs may be interpreted as glypican-2 promoting growth and 

differentiation of HSCs, whereas neurocan with higher % KSL but lower CFCs has the 

opposite effect and maintains more stem cell phenotype. This interpretation would be 

consistent with the observations from neuronal cells and would suggest that HSCs may 

be modulated through PTPRS with proteoglycans. 
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Figure 2: PTPRS is modulated by HSPGs and CSPGs 

 in vitro culture of wild type BM KSL cells with TSF alone, TSF + 100ng/mL Glypican-2 or 

TSF + 100ng/mL Neurocan. N = 3 replicates per group. * P < 0.002, ** P < 0.03, ┴ P < 0.005, 

† P < 0.007, †† P < 0.002, § P < 0.008, Unpaired Student’s two-tailed t-test. CFU-GEMM: 

colony forming unit – granulocyte erythroid monocyte megakaryocyte; BFU-E: burst 

forming unit – erythroid; CFU-GM: colony forming unit – granulocyte macrophage. 
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2.3.2 Expression of PTPs in Ptprs-/- Mice 

In order to address the role of PTPRS in hematopoiesis, we utilized mice bearing 

a constitutive deletion of Ptprs (Ptprs-/-), along with wild type littermates (Ptprs+/+). We 

first confirmed by qRT-PCR that Ptprs was deleted in the knockout mice (Figure 3). 

Additionally, because PTPRS belongs in the same sub-class as two other PTPs, LAR and 

PTPRD, we also confirmed that neither or these other two PTPs were upregulated in 

order to compensate for the loss of Ptprs (Figure 3). 

 

 

Figure 3: Type 2A PTPs do not compensate for loss of PTPRS expression 

Relative expression of type 2A PTPs, Ptprs, LAR and Ptprd in BM Lin- cells of Ptprs+/+ and 

Ptprs-/- mice. PTP expression is normalized to Ptprs. No significant differences observed 

in LAR and Ptprd expression. 
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2.3.3 Phenotypic Analysis of Ptprs-/- Mice 

To determine whether PTPRS has a functional role in regulating HSC fate, we 

compared the hematologic phenotype of Ptprs+/+ and Ptprs-/- mice. We analyzed Ptprs+/+ 

and Ptprs-/- mice for PB complete blood counts (CBCs), total BM counts, KSL and SLAM 

KSL analysis, spleen size and CFCs (Figures 4 and 5). We observed some minor 

differences in hematocrit at 1 month and lymphocytes at 2 months (Figure 4). However, 

these differences did not persist in adult 12-week old mice. No further differences were 

observed in CBCs of Ptprs+/+ and Ptprs-/- mice. There were also no significant differences 

in total counts, spleen size, KSL or SLAM KSL analysis between Ptprs+/+ and Ptprs-/- mice 

(Figure 5). Ptprs-/- mice however, produced significantly more myeloid CFCs from Lin- 

cells, compared to Ptprs+/+ mice (Figure 5).  
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Figure 4: Adult Ptprs-/- Mice Have Normal Complete Blood Counts 

CBC analysis of Ptprs+/+ and Ptprs-/- mice over time from PB. Number of replicates: 1 

month: Ptprs+/+ N = 32, Ptprs-/- N = 19; 2 months: Ptprs+/+ N = 27, Ptprs-/- N = 21, 3 months: 

Ptprs+/+ N = 12, Ptprs-/- N = 8. * P < 0.02, ** P < 0.004, † P < 0.05, Unpaired Student’s two-

tailed t-test. 
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Figure 5: Ptprs-/- mice do not display an HSC defect in BM at steady state 

Phenotypic analysis of Ptprs+/+ and Ptprs-/- mice measuring spleen sizes (N = 4 per group), 

total BM cells, KSL and SLAM KSL (N = 17 per group). Ptprs-/- mice do not display a 

defect in BM HSC content. Ptprs-/- mice produce significantly more myeloid CFCs from 

Lin-cells.  N= 6/group. * P < 0.003, Nonparametric Mann-Whitney test. CFU-GEMM: 

colony forming unit – granulocyte erythroid monocyte megakaryocyte; BFU-E: burst 

forming unit – erythroid; CFU-GM: colony forming unit – granulocyte macrophage. 

 

 

We next performed limiting dilution competitive transplants of BM cells from 

Ptprs+/+ and Ptprs-/- mice into congenic CD45.1 recipient mice and monitored donor cell 

engraftment every 4 weeks for up to 16 weeks. At 16 weeks, BM cells from Ptprs-/- mice 
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had 8-fold higher donor CD45.2+ cell engraftment compared to donor cells from Ptprs+/+ 

mice (Figure 6). Reconstitution in recipient mice was multilineage comprising of 

myeloid, B and T cells and did not display skewing towards any particular cell lineage 

(Figures 6 and 7). At 16 weeks, BM cells from primary recipients were competitively 

transplanted into secondary CD45.1 recipient mice. Again, we observed significantly 

higher multilineage engraftment in recipient mice transplanted with BM cells from Ptprs-

/- mice compared with Ptprs+/+ mice, demonstrating that Ptprs-/- donor cells contained 

significantly increased long-term HSC function compared to donor cells from Ptprs+/+ 

mice (Figure 8). 

 

 

Figure 6: Ptprs-/- Mice Have Increased HSC Repopulating Capacity 
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Competitive transplants of CD45.2 BM cells from Ptprs+/+ and Ptprs-/- mice. 30,000 BM 

cells from Ptprs+/+ or Ptprs-/- mice + 200,000 competitor BM CD45.1 cells were transplanted 

into lethally irradiated CD45.1 recipients. N = 18 – 20 Ptprs+/+ and N = 15 – 17 Ptprs-/- mice. 

* P < 0.0001, ** P < 0.009, † P < 0.002, †† P < 0.05, § P < 0.04, Nonparametric Mann-

Whitney test. 

 

 

Figure 7: Representative Flow Plots of Primary Competitive Transplants 

Representative flow cytometry plots of PB analysis from Ptprs+/+ and Ptprs-/- mice at 16 

weeks post-transplant. Top panel: Total engraftment, myeloid, B and T cell engraftment 

in Ptprs+/+ mice. Bottom panel Total engraftment, myeloid, B and T cell engraftment in 

Ptprs-/- mice. 
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Figure 8: Ptprs-/- mice have more LT-HSCs 

Secondary competitive transplants of 75% of BM cells from primary recipients into 

lethally irradiated secondary recipients (700cGy). N = 7 Ptprs+/+ and N = 8 Ptprs-/- mice. * 

P < 0.003, ** P < 0.002, † P < 0.004, †† P < 0.005, § P < 0.02, §§ P < 0.006, Nonparametric 

Mann-Whitney test.  

 

 

2.3.4 Mechanisms of PTPRS Signaling 

Once we had demonstrated that Ptprs-/- mice displayed increased repopulating 

capacity in vivo, suggesting that PTPRS plays an important role in some aspect of HSC 

self-renewal or engraftment, we next sought to elucidate the mechanisms of PTPRS 

signaling in HSCs. We examined the cell death and cell cycle status of Ptprs+/+ and Ptprs-/- 
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mice at steady state (Figure 9). We did not observe any differences in cell death or cell 

cycle status between Ptprs+/+ and Ptprs-/- mice.  

 

 

Figure 9: Ptprs-/- Mice Display Normal Cycling and Apoptosis of HSCs 

Annexin-V/7-AAD cell death analysis of Ptprs+/+ and Ptprs-/- mice (Left). Annexin-V+/7-

AAD- cells represent apoptotic cells and Annexin-V+/7-AAD+ cells represent necrotic 

cells. Ki-67/7-AAD analysis of Ptprs+/+ and Ptprs-/- mice (Right). N = 5 replicates per 

group. No significant differences observed. 

 

 

The chemokine CXCL12, expressed by osteoblasts, CAR cells and nestin+ perivascular 

cells in the HSC microenvironment, acts as a critical chemoattractant for HSCs which 

express its receptor CXCR4 [4, 167]. Homing and retention of HSCs to the BM 

microenvironment is influenced by CXCR4 expression in HSCs. We analyzed CXCR4 

expression on BM cells from Ptprs+/+ and Ptprs-/- mice to interrogate whether the higher 

repopulating cell capacity observed in Ptprs-/- mice compared to Ptprs+/+ mice was the 
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result of a homing advantage. However, we did not observe any differences in CXCR4 

expression by flow cytometry (Figure 10). Addtionally, we performed an in vivo homing 

assay with Sca-1+c-Kit+ cells from Ptprs+/+ and Ptprs-/- mice and confirmed that there was 

no homing advantage in BM cells from Ptprs-/- mice (Figure 10). The higher repopulating 

capacity observed in Ptprs-/- mice compared to Ptprs+/+ mice was therefore not attributed 

to differences in homing, cell death or cell cycle status.  

 

 

Figure 10: Homing capacity of Ptprs-/- Mice is Unaltered 

CXCR4 expression in BM KSL cells of Ptprs+/+ and Ptprs-/- mice (Left). N = 7/group. 

Homing assay of Sca-1+Lin- BM cells from Ptprs+/+ and Ptprs-/- mice transplanted into 

lethally irradiated recipient (700cGy). Homing assayed at 18-20 hrs post transplantation. 

N = 4/group. 
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We next considered whether Rac proteins, which have been shown to be necessary for 

HSC engraftment, among other roles in hematopoiesis might be regulated by PTPRS 

[125, 138, 168]. It has been previously demonstrated in COS7 cell lines that the GTPase 

activating protein, p250GAP, is activated by PTPRS via dephosphorylation. Activated 

p250GAP subsequently attenuates Rac1-GTP activity by hydrolyzing GTP to the inactive 

GDP state [169]. It was also demonstrated that overexpression of GFP-tagged p250GAP 

alone or mCherry-tagged PTPRS alone in PC12 cells each resulted in shorter neurite 

development compared to control cells, thereby validating that PTPRS regulates 

p250GAP activation [169]. In HSCs, it has been demonstrated that deletion of Rac1 in 

murine HSCs resulted in impaired short-term engraftment and a reduced capacity to 

form colonies in the HSC microenvironment in vitro [112, 138]. Additionally, deletion of 

both Rac1 and Rac2 significantly impaired long-term repopulating capacity in HSCs 

[138].  

We analyzed Rac1-GTP expression by flow cytometry in BM KSL cells from Ptprs+/+ and 

Ptprs-/- mice and found that Rac1-GTP was significantly more highly expressed in Ptprs-/- 

mice compared to Ptprs+/+ mice (Figure 11). In order to confirm a molecular linkage 

between Rac1 activation and PTPRS, we infected wild type BM cells with a GFP-tagged 

PTPRS-shRNA or GFP-tagged scramble-shRNA, followed by Rac1-GTP analysis by flow 

cytometry (Figures 12 and 13). Wild type BM KSL cells treated with PTPRS-shRNA 
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displayed significantly higher Rac1-GTP expression compared to BM KSL cells treated 

with scramble-shRNA, thereby demonstrating that PTPRS is an upstream regulator of 

Rac activation. 

 

 

Figure 11: Rac1 activation is increased in Ptprs-/- Mice 

Representative flow cytometric analysis of Rac1-GTP protein levels in BM KSL cells 

from Ptprs+/+ and Ptprs-/- mice (Left). Mean percentages of Rac1-GTP expression in KSL 

cells in Ptprs+/+ and Ptprs-/- mice.  N = 3 per group. * P < 0.02 Unpaired two-tailed 

Student’s t-test. 
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Figure 12: PTPRS regulates Rac1 activation 

Flow cytometric analysis of Rac1-GTP levels in wild type BM KSL cells treated with 

scramble shRNA or PTPRS shRNA (Left). Scatter plot of Rac1-GTP percentages in BM 

KSL cells. Horizontal bars represent mean values. N = 6 per group. * P < 0.03 Unpaired 

two-tailed Student’s t-test. 

 

 

 

Figure 13: Ptprs expression is reduced in wild type BM KSL cells infected with PTPRS 

shRNA 

qRT-PCR expression of Ptprs in wild type BM KSL cells after knockdown with scramble 

shRNA or PTPRS shRNA. Ptprs expression is knocked down by ~50% after 48hr 

treatment with PTPRS shRNA.  
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BM cells from Rac1- and Rac2-deficient mice have been previously shown to have a 

reduced capacity for trans-endothelial migration, as well as a reduced ability to form 

colonies in a cobblestone area-forming cell (CAFC) assay [138]. The CAFC is an in vitro 

measure of the ability of BM HSCs to engraft and self-renew within the HSC 

microenvironement. In Ptprs-/- BM cells, the CAFC frequency observed was higher at all 

time points, particularly at the 5-week time point which was 4-fold higher than that of 

the Ptprs+/+ BM cells (Figure 14). Ptprs-/- BM cells also demonstrated ~2-fold increased 

capacity for trans-endothelial migration compared to Ptprs+/+ cells (Figure 15). This 

increased capacity by Ptprs-/- cells was completely abrogated by the Rac inhibitor 

EHT1864, whereas the transendothelial migration capacity of Ptprs+/+ cells was 

unaffected by EHT1864 (Figure 15). These results provide strong evidence that PTPRS is 

an upstream negative regulator of Rac signaling and strongly suggest that Rac activation 

plays some role in the increased repopulating cell capacity observed in the Ptprs-/- mice. 
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Figure 14: Ptprs-/- BM cells have increased cobblestone-area forming cells 

CAFC frequencies of Ptprs+/+ and Ptprs-/- mice at weekly time points (Left). Poisson 

statistical analysis of limiting dilution assay of 5-week CAFCs in Ptprs+/+ and Ptprs-/- BM 

cells. The 5-week CAFC frequency of Ptprs-/- BM cells is 1 in 839 versus 1 in 3801 cells for 

Ptprs+/+ BM cells  N = 10/ group * P < 0.04 and ** P < 0.001. 
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Figure 15: PTPRS mediates trans-endothelial migration of HSCs through RAC1 

D14 CFCs of BM cells from Ptprs+/+ and Ptprs-/- mice following a trans-endothelial 

migration assay. BM cells from Ptprs-/- mice have significantly higher capacity for trans-

endothelial migration, compard to BM cells from Ptprs+/+ mice. This increase is 

completely abrogated by the Rac inhibitor EHT1864. N=6 replicates per condition. * P < 

0.0001, ** P < 0.0001. CFU-GEMM: colony forming unit – granulocyte erythroid 

monocyte megakaryocyte; BFU-E: burst forming unit – erythroid; CFU-GM: colony 

forming unit – granulocyte macrophage. 

 

We have demonstrated that higher levels of Rac1-GTP in BM KSL cells of Ptprs-/- mice 

compared to Ptprs+/+ mice is characterized by increased trans-endothelial migration and 

CAFCs (Figures 14 and 15). These data suggest that BM cells from Ptprs-/- mice have an 

increased capacity to lodge within the HSC microenvironment compared to Ptprs+/+ mice. 
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We therefore tested whether this increase in HSC lodgment was associated with a 

corresponding decrease in circulating HSCs in the PB of Ptprs-/- mice compared to Ptprs+/+ 

mice. We analyzed CFCs and KSL expression both at steady state and after GCSF 

mobilization (Figures 16 and 17). Ptprs-/- mice expressed fewer KSL cells in the PB both at 

steady state and with GCSF mobilization although the differences were not significant.  

 

 

Figure 16:  Ptprs-/- mice have normal levels of PB HSCs at steady state  

PB analysis of 12-week old Ptprs+/+ and Ptprs-/- mice at steady state from intra-cardiac 

bleeds. N = 4 Ptprs+/+ mice and N = 6 Ptprs-/- mice. No significant differences were 

observed.   
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Figure 17: Ptprs-/- mice have normal levels of PB HSCs after GCSF Mobilization 

HSCs from 12-week old Ptprs+/+ and Ptprs-/- mice were mobilized with GCSF (Neupogen). 

N = 3 Ptprs+/+ mice and N = 4 Ptprs-/- mice. No significant differences were observed 

 

 

2.4 Discussion 

The roles of receptor tyrosine kinases (RTKs) in normal hematopoiesis as well as 

in hematologic malignancies have been well documented [58, 170, 171]. The functions of 

receptor PTPs in counterbalancing the effects of RTKs however, have not been as well 

documented. We sought to investigate the role of receptor PTPs after our discovery that 

PTN, a secreted growth factor that aids hematopoietic reconstitution in both murine and 

human HSCs, mediates its effects through a receptor PTP, PTPRZ [39, 54]. Through a 

qRT-PCR screen of murine BM KSL cells, we discovered that Ptprs was relatively highly 
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expressed compared to other receptor PTPs. Additionally, Ptprs was significantly more 

highly expressed in HSCs compared to the more mature hematopoietic cells. However, 

the role of Ptprs in hematopoiesis remains unknown.  

Preliminary in vitro culture experiments with the PTPRS ligands Neurocan and 

Glypican-2 generated results that suggesting that the downstream activity of PTPRS 

may be modulated by extracellular ligands, as is the case in neuronal cells [85, 86]. in 

vitro culture of BM KSL cells with TSF + Glypican-2 generated fewer Lin- and KSL cells 

after a week in culture compared to BM KSL cells cultured TSF alone. Cells cultured 

with TSF + Neurocan, a CSPG, on the hand, showed significantly higher levels of Lin- 

and KSL cells after culture compared to cells cultured in TSF alone or TSF + glypican-2. 

In the context of hematopoiesis, this supports the role of HSPGs, as growth and 

differentiation promoters and CSPGs as growth inhibitors. Neurocan maintained more 

KSL cells as stem and progenitor cells, whereas glypican-2 resulted in more 

differentiated cells. 

We also demonstrated that Ptprs-/- mice do not display any differences in 

complete blood counts, spleen weights, total cells, KSL and SLAM KSL cells at steady 

state compared to Ptprs+/+ mice. Ptprs-/- mice however, did generate more myeloid CFC 

colonies compared to Ptprs+/+ mice. Most interestingly, BM cells from Ptprs-/- mice 

displayed higher repopulating cell capacity in primary and secondary competitive 
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transplants. The higher engraftment observed in Ptprs-/- mice compared to Ptprs+/+ mice 

was not associated with differences in cell death or cell cycle status. Rac proteins have 

been shown to regulate various aspects of hematopoiesis, including HSC self-renewal 

and engraftment [125, 168, 172]. We therefore considered whether Rac proteins are 

regulated by PTPRS. We discovered that BM KSL cells from Ptprs-/- mice expressed 

significantly higher levels of Rac1-GTP, the activated form of Rac1, compared to Ptprs+/+ 

mice. We confirmed the molecular linkage between Rac1-GTP and PTPRS using PTPRS 

shRNA knockdown in wild type cells. In hematopoiesis, Rac1 alone or in combination 

with Rac2 has been shown to be involved to some extent in HSC homing, engraftment, 

migration, spatial localization, cell cycle and cell death [112, 138]. We hereby 

demonstrated that of these many Rac1 functions, PTPRS did not play any role in HSC 

homing, cell death or cell cycle status. The higher repopulating cell capacity observed in 

Ptprs-/- mice may however be attributed to enhanced trans-endothelial migration and 

lodgment within the HSC microenvironment as observed in the trans-endothelial 

migration assay and CAFC respectively. Studies with the Rac inhibitor EHT1864 further 

validated that Rac1 signaling is at least partially regulated by PTPRS.   

We demonstrated that Ptprs+/+ and Ptprs-/- mice express comparable levels of 

CXCR4 by flow cytometry and that homing capacity is unaltered in Ptprs-/- mice. 

However the conformation state of CXCR4 also influences its affinity for its ligand 



 

56 

 

CXCL12 thereby impacting HSC homing. Rac1 acts as a positive allosteric modular of 

CXCR4, increasing its affinity for CXCL12 [173, 174]. Additionally, pharmacologic 

inhibition of Rac1 was demonstrated to reduce CXCR4 and CXCL12 chemoattraction, 

resulting in higher levels of PB HSCs [138]. Although Ptprs-/- mice have comparable 

levels of CXCR4, increased affinity to CXCL12 due to higher Rac1-GTP expression may 

also contribute to the increased repopulating capacity observed in Ptprs-/- mice. 

Additional studies measuring PB HSCs following treatment with the Rac1 inhibitor will 

clarify the role of CXCR4 conformation in Ptprs+/+ and Ptprs-/- mice.  

Future studies involving intravital imaging of labeled transplanted BM cells from 

Ptprs+/+ and Ptprs-/- mice will provide direct evidence of the role of Ptprs in migration and 

lodgment of HSCs within the microenvironment. Additionally, imaging studies with the 

Rac inhibitor will further solidify the proposed linkage that PTPRS is upstream of Rac1 

and plays a role in Rac1 activation .  

Finally, additional members of the small RhoGTPase family, such as Cdc42 and 

Rac2 have also been shown to influence HSC homing, adhesion, engraftment and 

retention [138, 139]. The small RhoGTPases have a number of overlapping roles in HSC. 

Therefore analysis of these additional small RhoGTPases in Ptprs+/+ and Ptprs-/- mice will 

help clarify whether the higher repopulating cell capacity observed in Ptprs-/- mice is due 
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to the combined activation of a number of small RhoGTPases, or if Rac1 is the sole 

RhoGTPase involved.  
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3. PTPRS is a Selectable Marker for Human Umbilical 
Cord Blood Cells 

3.1 Introduction 

In clinical practice, hematopoietic stem cell transplantation (HSCT) is often 

employed as a last resort, life-saving option for patients with a variety of hematologic 

disorders and malignancies [175, 176]. In the 1960s, animal model studies indicated that 

hematologic recovery could be achieved following total body irradiation (TBI) with both 

autologous and allogeneic BM transplants [177, 178]. HSCT was first realized as a viable 

treatment option for human patients following the successful BM transplantation in 1968 

of a child with Wiskott-Aldrich syndrome, a congenital immunodeficiency syndrome 

[179, 180]. HSCTs have subsequently been employed for the treatment of a variety of 

hematologic disorders and malignancies and in many cases the only known curative 

therapy [175].  

The process of HSCT is a complex, multi-step process beginning with a 

conditioning phase where the patient receives high dose chemotherapy and/or radiation 

treatment. The goal of the conditioning phase is two-fold; to wipe out the patient’s 

immune system, in order to prevent graft rejection and in the case of malignant disease, 

to also completely destroy all malignant cells. The second goal of the conditioning phase 

is to create space in the HSC microenvironment for the newly transplanted cells [175]. 

Following HSCT, patients are closely monitored for infection, graft failure, as well as 
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graft versus host disease (GVHD). Successful HSCTs are dependent on the availability of 

HLA-matched HSCs from a donor, typically a sibling, or an HLA-matched unrelated 

donor from the donor registry [181]. Unfortunately, only approximately 30% of patients 

requiring HSCTs will find a suitable HLA-matched donor [182]. In the case of minority 

populations and patients with mixed heritage, the probability of finding an HLA-

matched donor is even lower [183]. Consequently partially HLA-mismatched donors 

and umbilical cord blood (CB) stem cells were identified as alternative sources of donor 

cells for HSCTs [181, 184].  

In the absence of an HLA-matched donor CB stem cells are becoming an 

increasingly attractive alternative over partially mismatched donors, particularly in 

pediatric patients, because of the reduced incidence and severity of GVHD [185]. The 

decreased incidence of GVHD observed in CB transplantation is explained by the 

observation that most T cells present in CB are naïve T cells, which makes CB 

transplantation a viable option in non-malignant transplants [186]. Although CB 

transplantation has been successfully utilized in pediatric patients since 1988, CB 

transplantation of adult patients has proven more challenging due to insufficient cell 

numbers in one CB unit to successfully reconstitute larger individuals. The morbidity 

observed in adult CB transplantation is often due to delayed immune reconstitution 

particularly in neutrophil and platelet recovery resulting in longer hospitalization and 
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decreased overall survival [187-189]. One method clinicians have employed to address 

the challenges of low cell volumes in adult transplantation is the utilization of two CB 

units [187, 188]. Advances have also been made into the ex vivo expansion of CB HSCs in 

liquid cultures supplemented with cytokines such as SCF, TPO and G-CSF, or  activation 

of the endogenous Notch signaling pathway to increase HSCs and make them more 

suitable for adult transplants [183, 190, 191]. Other studies have involved stromal cell co-

cultures with CB cells in order to mimic the HSC microenvironment ex vivo to reproduce 

extrinsic signaling with cytokines and growth factors generated by the HSC 

microenvironment that influence HSC fate [190, 192]. More recently, novel growth 

factors such as pleiotrophin, nicotamide and angiopoietin-like 5 have all been identified 

to expand human HSCs ex vivo and are currently being evaluated for clinical use [54, 

143, 193]. To more comprehensively study ex vivo HSC expansion for clinical use, 

hematopoietic stem cell assays such as CFCs, CAFCs, LTC-ICs and xenotransplantation 

assays are employed to assess hematopoietic stem and progenitor cell content post 

expansion. Identification of the hematopoietic stem and progenitor cells from 

differentiated cells is a key component of hematopoietic assays to evaluate HSC 

expansion. 

HSCs can be distinguished from progenitor and differentiated cells based on the 

expression of cell surface markers. Human HSCs are very rare in both CB and BM, 



 

61 

 

representing only ~0.0001% and 0.00003% respectively of total mononuclear cells, and 

thus requiring a combination of markers to truly identify long-term HSC with unlimited 

self-renewal potential [13]. Murine LT-HSCs have been well characterized through a 

series of cell surface markers. Within the SLAM+KSL population, characterized by 

CD150+CD41-CD48-cKit+Sca1+Lineage-, one in every 2-3 cells is capable of long-term 

reconstitution of the entire hematopoietic system [21, 22]. However, the human 

hematopoietic system is not as well characterized. In human cells, CD34+ expression was 

the first identified marker of hematopoietic stem and progenitor cells, and accounts for 

~5% of the hematopoietic cell population [194]. To date, human HSCs sorted on CD34+ 

expression only are frequently used clinical applications [195, 196]. CD34 however, also 

identifies progenitor cells [197]. Additional markers are required to distinguish the 

progenitor cells from the LT-HSCs with unlimited self-renewal capacity. In recent years, 

additional markers have been identified to further discriminate between LT-HSCs, ST-

HSCs and progenitor cells [23, 198, 199]. The most recent reports have demonstrated that 

human CB Lin-CD34+CD38-CD90+CD45RA-CD49f+ cells are enriched for LT-HSCs [24]. 

However, even within this population, only one in every 10.5 cells displayed long term 

reconstitution activity when transplanted into sub-lethally irradiated NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice [24]. Identification of additional markers for human 
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HSCs are needed to further purify human HSCs in order to better characterize and 

examine them for therapeutic purposes. 

 

3.2 Materials and Methods 

3.2.1 Animals 

All animal procedures were performed in accordance with a Duke University or 

University of California – Los Angeles IACUC approved animal use protocol. Total 

body irradiation (TBI) was delivered by a Shepherd Mark I 68A Cesium-137 (Cs137) 

gamma-irradiator. NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were obtained from 

Jackson Laboratory, Bar Harbor, ME and were bred and housed at the Duke University 

Cancer Center Isolation Facility or the University of California – Los Angeles Radiation 

Oncology Animal Care Facility. 

3.2.2 Human Umbilical Cord Blood 

Fresh human umbilical cord blood (CB) units were obtained from the Carolinas 

Cord Blood Bank at Duke University Medical Center or Ronald Reagan UCLA Medical 

Center according to an approved protocol by the Institutional Review Board of Duke 

University or the Institutional Biosafety Committee of University of California – Los 

Angeles. Frozen CB mononuclear cells (MNCs) were obtained from AllCells, LLC., 

Alameda, CA. 
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3.2.3 Isolation and FACS of HSCs 

CB units were purified and sorted by FACS as previously described [39]. Briefly, 

mononuclear cells (MNCs) were isolated using a density gradient separation in 

Lymphoprep (Stemcell Technologies Inc., Vancouver, BC, Canada), followed by red 

blood cell lysis in ACK lysis buffer. Viable MNCs cells were quantified using trypan 

blue stain to exclude apoptotic and dead cells, followed by a depletion of the lineage 

committed cells using a StemSep human hematopoietic progenitor cell enrichment kit 

(Stemcell Technologies). Cells were incubated with antibodies to CD34, CD38, CD45RA 

and PTPRS, followed by isolation of Lin-CD34+CD38-CD45RA-, Lin-CD34+CD38-CD45RA-

PTPRS+, and Lin-CD34+CD38-CD45RA-PTPRS- cells. Flow cytometric analysis was 

performed on the above CB populations for Cxcr4 expression. All antibodies used were 

either from BD Biosciences, San Jose, CA or Biolegend, San Diego, CA.  

3.2.4 Gene Expression Analysis of PTPRS in Human Hematopoietic 
Cell Subsets 

CB Lin-CD34+CD38- cells were sorted by FACS as described above. A portion of 

BM cells and lineage-depleted cells were saved during the isolation process. cDNA was 

generated from RNA using RNeasy kit (Qiagen, Valencia, CA). Quantitative Real-time 

PCR was performed using Taqman probes for glyceraldehyde-3-phosphate (GAPDH) 

and PTPRS (Applied Biosystems, Foster City, CA) according to the manufacturer’s 

protocol.   
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3.2.5 Hematopoietic Progenitor Cell Assays 

Colony forming cell (CFC) assays were performed with CB sorted cell 

populations plated into H4434 methylcellulose (Stemcell Technologies) and scored on 

day 14.  

3.2.6 Cell Cycle and Cell Death analysis 

Cell cycle analysis was performed by flow cytometry, modified from previous 

reports [38]. Briefly, CB MNCs cells were isolated and FACS sorted as described above. 

Cells were then fixed with 0.25% saponin (Calbiochem, La Jolla, CA), 2.5% 

paraformaldehyde (Affymetrix, Santa Clara, CA) and 2% FBS in 1× PBS and 

permeabilized with 0.25% saponin, 2% FBS in PBS and labeled with a 1% solution of 

Ki67-FITC (BD Biosciences) and 7-AAD (BD Biosciences). Cell death analysis was 

performed following the BD Annexin-V Apoptosis Detection Kit Protocol (BD 

Biosciences, catalog number 556547).  

3.2.7 CB Xenotransplantation Assays 

CB MNCs were sorted by FACS as described above. Sorted Lin-CD34+CD38-

CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+, and Lin-CD34+CD38-CD45RA-PTPRS- cells 

were transplanted at a 200 cell dose via intra-femoral injections into 8-12 week old 

female NSG recipients preconditioned with 275cGy radiation on a Cesium source, 18 – 

24 hours before transplantation, as previously described [200]. Prior to intra-femoral 
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injections, NSG mice were temporarily sedated by intraperitoneal injections of 20mg/mL 

Avertin (2, 2, 2-tribromoethanol in 2-methyl-2-butanol). Human engraftment was 

monitored in the PB by flow cytometric analysis. Mice were considered as engrafted if ≥ 

0.5% human CD45+ cells were detected in the bone marrow of NSG recipients. 

3.2.8 Statistical Analysis 

The nonparametric Mann-Whitney test or the unpaired Student's two-tailed t test 

were used to determine statistical significance in all the analyses. Data was considered 

significant with P values less than 0.05.   

 

3.3 Results 

3.3.1 Expression of PTPRS in Hematopoietic Stem and Progenitor 
Cell Subsets 

We have demonstrated that PTPRS is highly expressed in murine KSL cells compared to 

mature hematopoietic cells [201]. We screened human CB hematopoietic cell subsets by 

qRT-PCR and discovered that PTPRS was mostly highly expressed in HSCs compared to 

the more mature hematopoietic cells. PTPRS was >10-fold over-expressed in Lin-

CD34+CD38- HSCs compared to the mononuclear cell (MNC) population, and >3-fold 

over-expressed in the lineage- population (Figure 18). 
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Figure 18: PTPRS is expressed in CB cells 

Mean expression of PTPRS in subsets of CB cells by qRT-PCR. * P < 0.0001 Unpaired 2-

tailed Student’s t-test. N = 6 replicates/group. MNCs – mononuclear cells 

 

 

We also performed flow cytometric analysis for protein expression of PTPRS in 

CB cells and confirmed that PTPRS is highly expressed in CB hematopoietic stem and 

progenitor populations.  Further analysis of PTPRS expression using the most up-to-date 

markers for LT-HSCs in human HSCs revealed that ~40% of CB Lin-CD34+CD38-

CD45RA- cells do not express PTPRS and that PTPRS(-) cells represent only ~10% of the 

most enriched CB HSCs Lin-CD34+CD38-CD45RA-CD49f+ population (Figure 19).  
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Figure 19: Negative selection of PTPRS enriches for CB HSCs 

Representative flow cytometry analysis of CB Lin- cells for PTPRS expression. Numbers 

represent percentage of PTPRS levels (A). PTPRS expression in CB Lin-CD34+CD38-

CD45RA- (34+38-RA-) cells (B) and PTPRS expression in Lin-CD34+CD38-CD45RA-CD49f+ 

(34+38-RA-49f+) cells (C). N = 4 replicates/group. * P < 0.0001 Unpaired 2-tailed Student’s 

t-test. 
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3.3.2 Analysis of Myeloid Progenitor Cells in PTPRS-Sorted 
Populations 

The current cell surface markers we have for the isolation of purified human HSCs only 

yield 1 in every 10 cells displaying LT self-renewal capacity in the Lin-CD34+CD38-

CD45RA-CD49f+ population. We decided to test whether PTPRS in conjunction with 

other established human HSC markers could further purify and isolate hematopoietic 

stem and progenitor cells in human CB cells. We set up CFC assays with CB FACS 

sorted Lin-CD34+CD38-CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+ and Lin-CD34+CD38-

CD45RA-PTPRS- cells and scored colonies at day 14 (Figure 20). We observed significant 

differences in myeloid progenitor colonies between CD34+CD38-CD45RA-PTPRS+ cells 

versus Lin-CD34+CD38-CD45RA- and Lin-CD34+CD38-CD45RA-PTPRS- cells. Lin-

CD34+CD38-CD45RA- and Lin-CD34+CD38-CD45RA-PTPRS- cells produced >20-fold 

more CFCs compared to +CD38-CD45RA-PTPRS+ cells. Interestingly, we did not observe 

any differences between CFCs from Lin-CD34+CD38-CD45RA- and Lin-CD34+CD38-

CD45RA-PTPRS- cells, suggesting that PTPRS does not further enrich for myeloid 

progenitor cells from the parent population of Lin-CD34+CD38-CD45RA- cells. 
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Figure 20: PTPRS- cells do not enrich for colony forming cells 

Mean ± SEM numbers of D14-CFCs for CB-sorted Lin-CD34+CD38-CD45RA-, Lin-

CD34+CD38-CD45RA-PTPRS+ sand Lin-CD34+CD38-CD45RA-PTPRS- cells are shown. N = 

3 replicates/group. * P < 0.0001. Unpaired 2-tailed Student’s t-test. CFU-GEMM: colony 

forming unit – granulocyte erythroid monocyte megakaryocyte; BFU-E: burst forming 

unit – erythroid; CFU-GM: colony forming unit – granulocyte macrophage.  

 

 

3.3.3 Identification of LT-HSCs Based on Negative Selection of PTPRS 

 Although we did not observe significant differences in hematopoietic progenitor 

content between the parent Lin-CD34+CD38-CD45RA- and Lin-CD34+CD38-CD45RA-

PTPRS- sorted cells, we have demonstrated that deletion of Ptprs in murine cells 

increased HSC repopulating capacity. We thus sought to determine whether negative 
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selection of CB HSCs for PTPRS expression could enrich for HSCs with enhanced 

repopulating capacity in human cells as well. We transplanted CB HSCs sorted for Lin-

CD34+CD38-CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-

PTPRS- cells into NSG mice and monitored the engraftment of human HSCs every 4 

weeks for up to 16 weeks. At 16 weeks, PB analysis of NSG recipients transplanted with 

Lin-CD34+CD38-CD45RA-PTPRS- cells displayed 15-fold higher engraftment compared 

with mice transplanted with parent Lin-CD34+CD38-CD45RA- cells and more than 15-

fold higher engraftment compared with mice transplanted with Lin-CD34+CD38-

CD45RA-PTPRS+ cells (Figures 21 and 22). NSG recipients transplanted with Lin-

CD34+CD38-CD45RA-PTPRS- cells had significantly increased engraftment of donor 

myeloid, B and T cells compared with mice transplanted with Lin-CD34+CD38-CD45RA- 

cells or Lin-CD34+CD38-CD45RA-PTPRS+ cells (Figures 21 and 22). The most significant 

increase in human engraftment in NSG recipients transplanted with Lin-CD34+CD38-

CD45RA-PTPRS- cells occurred after 8+ weeks post transplantation (Figure 22). 
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Figure 21: PTPRS(-) cells display multilineage engraftment in xenotransplantation 

assays 

Representative flow cytometry analysis of engraftment in 8 – 12 week old NSG 

recipients transplanted with human CB Lin-CD34+CD38-CD45RA- or Lin-CD34+CD38-

CD45RA-PTPRS- cells. Human CD45+ and multi-lineage engraftment in PB of NSG 

recipients is shown at 16 weeks. Numbers represent the percentages of donor human CB 

cells. CD13 – myeloid cells; CD19 – B cells; CD3 – T cells.  
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Figure 22: Negative selection of PTPRS in human CB HSCs enhances repopulating 

capacity 

PB analysis of human CB HSC engraftment in NSG recipients. Mean levels of human 

CD45+ hematopoietic cells over time and multi-lineage engraftment at 16 weeks is 

shown following intrafemoral transplants of Lin-CD34+CD38-CD45RA-, Lin-CD34+CD38-

CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-PTPRS- cells. N = 11 – 18 

replicates/group. * P < 0.0001, ^ P < 0.002 and ┴ P < 0.0002. Nonparametric Mann-

Whitney test.  
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The significant differences observed in repopulating capacity after 8+ weeks post 

transplantation were not attributed to differences in cell cycle status between CB Lin-

CD34+CD38-CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-

PTPRS- cells (Figure 23). We also analyzed CXCR4 expression in the CB populations, as 

this chemokine regulates HSC homing and retention to the BM microenvironment. We 

observed that CXCR4 expression was significantly lower in Lin-CD34+CD38-CD45RA-

PTPRS+ cells compared to Lin-CD34+CD38-CD45RA- and Lin-CD34+CD38-CD45RA-

PTPRS- cells (Figure 24). CXCR4 expression was however not different between Lin-

CD34+CD38-CD45RA- and Lin-CD34+CD38-CD45RA-PTPRS- populations and therefore 

CXCR4 expression alone does not account for the differences in repopulating capacity. 
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Figure 23: Selection of human CB cells based on PTPRS expression does not affect cell 

cycle status 

Ki-67/7-AAD cell cycle analysis of human CB Lin-CD34+CD38-CD45RA-, Lin-CD34+CD38-

CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-PTPRS- cells. N = 5 replicates/group. No 

significant differences observed.   
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Figure 24: Human CB PTPRS- cells have comparable homing capacity to parent CB 

cells 

Representative flow cytometric analysis of CXCR4 expression in human CB Lin-

CD34+CD38-CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-

PTPRS- cells (Top). Scatter plots of CXCR4 expression in human CB Lin-CD34+CD38-

CD45RA-, Lin-CD34+CD38-CD45RA-PTPRS+ and Lin-CD34+CD38-CD45RA-PTPRS- cells 

by flow cytometric analysis (Bottom). N = 6 replicates/group. * P < 0.02. Unpaired 2-

tailed Student’s t-test 
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3.4 Discussion 

Human CB cells have become a well-established source of HSCs for 

transplantation in pediatric patients with a wide variety of hematologic disorders and 

malignancies, and are gradually becoming a viable alternative source of HSCs for adult 

patients [175, 176]. CBs are a rich source of HSCs and have been shown to possess 

relatively more primitive HSCs compared to BM HSCs [13, 202]. Additionally, with the 

onset of CB banking in 1991, there are presently large repositories worldwide, of HLA-

typed and tested CB, cryopreserved in CB banks that can be made readily available for 

clinical use [203]. Studies have also demonstrated that CB cells retain their efficacy even 

after >20 years of storage by cryopreservation [204]. The major limitation of CB 

transplantation, particularly in adults are low cell numbers and delayed reconstitution 

compared to HSCT with BM or mobilized PB cells [187, 188]. Methods for ex vivo CB 

expansion to increase HSC numbers prior to transplantation, or methods to accelerate 

hematopoietic reconstitution following transplantation will address an unmet clinical 

need and potentially expand the use of CB in adult patients.  

We have demonstrated that negative selection of human CB Lin-CD34+CD38–

CD45RA+ cells for PTPRS surface expression enriches for human long-term HSCs by 

approximately 15-fold. This observation has fundamental implications, since the 

molecular characterization of human HSCs may be improved by utilization of PTPRS to 
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isolate more purified HSCs. To date, the most effective purification strategy for human 

HSCs described has utilized the expression of CD49f (integrin α6) such that NSG mice 

transplanted with Lin-CD34+CD38–CD45RA–CD90+CD49f+ cells demonstrated  a 9.5% LT-

HSC repopulating capacity as measured by limiting dilution analysis [24]. Our data 

demonstrates that ~10% of Lin-CD34+CD38–CD45RA–CD90+CD49f+ CB cells are also 

PTPRS(-) by flow cytometry. Purification of CB cells based on both negative selection of 

PTPRS, and positive selection of CD49f could potentially yield highly purified LT-HSCs.  

It is noteworthy that CD49f and the extracellular domain of PTPRS are both 

characterized by cell adhesion molecules that promote cell-cell and cell-matrix 

interactions [24, 61]. Additionally, CD49f and PTPRS are also both receptors for the 

extracellular matrix glycoproteins laminin and chondroitin sulfate/heparin sulfate 

proteoglycans, respectively [85, 205]. This shared feature suggests that proteoglycan-

mediated signaling in the BM microenvironment regulates HSC repopulation in a 

context-specific manner under the control of integrin- and PTPRS-mediated signaling. 

Practically, we have provided a method to isolate human HSCs for therapeutic 

objectives such as gene therapy and allogeneic transplantation. Our results also provide 

the mechanistic basis for the systemic administration of PTPRS inhibitors as a means to 

accelerate hematopoietic reconstitution in settings such as adult CB transplantation, in 

which delayed hematopoietic engraftment remains a major clinical problem [72]. 
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4. Conclusions and Future Studies 

4.1 Conclusions 

In the preceding chapters, I have outlined some key concepts in HSC biology and 

highlighted the role of the HSC microenvironment in regulating HSC fate under 

homeostasis and during HSC rejuvenation following injury. I have also described the 

function of PTPRS, as a novel regulator of HSC repopulating capacity in murine HSCs 

and as a selectable marker for human HSCs. We have demonstrated that in a radiation 

injury model, Ptprs-/- mice show increased HSC repopulating capacity compared to 

Ptprs+/+ mice, although Ptprs-/- mice do not display a hematologic phenotype at steady 

state. We have also demonstrated that this enhanced HSC repopulating capacity may be 

attributed to increased Rac1-GTP signaling in Ptprs-/- mice compared to Ptprs+/+ mice. 

Finally, because Rac1 signaling is known to regulate various aspects of HSC fate, we 

have postulated that in Ptprs-/- mice, increased Rac1-GTP signaling confers a localization 

advantage to the HSC microenvironment compared to Ptprs+/+ HSCs. In human CB cells, 

we have demonstrated that PTPRS-negative cells may be selected and isolated by FACS. 

In a xenotransplantation model, PTPRS-negative cells significantly enriched for human 

LT-HSCs in NSG recipient mice. Translationally, this is highly significant because 

inclusion of PTPRS as a marker for human HSCs allows for the identification of more 

purified LT-HSCs for molecular characterization studies. 



 

79 

 

The research interests of our laboratory include the identification of novel 

growth factors secreted by the HSC microenvironment that support HSC regeneration 

following injury such as chemotherapy or radiation. In pursuit of this goal, we identified 

PTN, a heparin-binding growth factor secreted by ECs in the HSC microenvironment 

and demonstrated that PTN promotes HSC expansion both in vivo and in vitro [54]. Ptn 

signals through PTPRZ [39]. Both PTPRZ and PTPRS are members of the receptor PTPs 

whose role in hematopoiesis remain largely unknown. By identifying and investigating 

the roles of these two receptor PTPs in hematopoiesis, we have potentially revealed an 

entire class of unexplored regulators of HSC fate.  

Our preliminary data indicates that in addition to PTPRS and PTPRZ other PTPs 

such as PTPRE and PTPRK are expressed in murine HSCs (Figure 1). PTPs work in 

concert with PTKs to maintain balance within cells [61]. The roles of some PTKs such as 

c-Kit and Flt3 have been well studied in hematopoiesis [114, 152]. Dysregulated tyrosine 

phosphorylation has been demonstrated in a number of hematologic malignancies and 

tyrosine kinase inhibitors have been successfully employed as therapy [206]. A 

comprehensive study of PTPs in hematopoiesis to complement the current knowledge of 

PTKs may provide further insights into HSC biology and contribute additional therapies 

to be employed in HSC regeneration following injury. 
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4.2 Future Studies 

4.2.1 Mechanisms of PTPRS Signaling 

In order to better clarify the role of Rac1 signaling in PTPRS+/+ and PTPRS-/- HSCs, 

we plan to directly visualize in vivo the localization of hematopoietic stem and 

progenitor cells in the HSC microenvironment using intravital imaging techniques [39, 

207, 208]. We will label PTPRS+/+ and PTPRS-/- stem and progenitor cells with the 

fluorescent dye, Vybrant DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 

perchlorate), followed by transplantation into DS-Red mice to facilitate the direct 

visualization of PTPRS+/+ and PTPRS-/- HSCs in the microenvironment. Using this 

technique, we will also confirm that RAC1 signaling is downstream of PTPRS by pre-

treating PTPRS+/+ and PTPRS-/- HSCs with the Rac1 inhibitor EHT1864 prior to 

transplantation and live imaging.  

 

4.2.2 PTPRS as a Targetable Mechanism in HSCs 

We have recently obtained putative PTPRS small molecule inhibitors identified 

through a biochemical screen in collaboration with the Radiation Oncology department 

and Biochemistry Core at UCLA. We plan to screen the efficacy of these targets using in 

vitro cultures followed by CFC assays and analysis of RAC1-GTP activation by flow 

cytometry. Identification of a target PTPRS inhibitor from the in vitro screen will be 
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followed with in vivo studies of radiation mitigation using these PTPRS inhibitors. 

Translationally, identification of a candidate molecule from this screen could potentially 

accelerate hematopoietic recovery following injury from chemotherapy or radiation, as 

we have demonstrated that cells lacking PTPRS expression have increased HSC 

repopulating capacity.  

 

4.2.3 The role of PTPRS in Long-Term Hematopoiesis 

We have demonstrated that deletion of PTPRS results in increased HSC 

repopulating capacity following transplantation which persisted in secondary 

transplants (Figure 8). Other genes such as Dnmt3a, Itch and Tet2 have been 

demonstrated to increase HSC repopulating capacity following their deletion [209-211]. 

However, in some cases, this apparent repopulating benefit confers some long-term 

disadvantages such as alterations and skewing in the balance between HSC self-renewal 

and differentiation, and hematologic malignancies [209, 212]. Additionally HSC function 

declines with age, resulting in a bias towards myeloid cell production, a decreased 

adaptive immune response and consequently an increased incidence of 

myeloproliferative disorders, inflammatory and autoimmune responses [213-216]. We 

therefore plan to perform long-term aging studies on our Ptprs+/+ and Ptprs-/- mice to 

monitor whether the Ptprs-/- mice display an increased incidence in the development of 
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myeloproliferative disorders or other aging associated phenotype. Currently, we have 

CBC data for 12-month old Ptprs+/+ and Ptprs-/- mice monitored over time (Figure 25). We 

observed slight, but significant increases in white blood counts in Ptprs-/- mice compared 

to Ptprs+/+ mice at 2- and 9-month time points. Blood smear analysis at 9 months 

however, did not reveal any blasts or abnormal cell proportions in the Ptprs-/- mice. At 12 

months, Ptprs-/- mice maintain higher white blood counts compared to Ptprs+/+ mice, 

although no longer significantly different. We will continue to monitor the PB of these 

mice quarterly by CBC analysis for up to 24+ months at which point BM cells will be 

collected for further analysis. 

 

Figure 25: Aged PTPRS-/- have increased White Blood Cells 
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CBC analysis of PTPRS+/+ and PTPRS-/- mice over time from PB by maxillary bleeds. 

Number of replicates: 9 – 14 * P < 0.01, Unpaired Student’s two-tailed t-test. 

 

4.2.4 The role of PTPRE in Hematopoiesis 

 Our preliminary screen of murine KSL cells by qRT-PCR indicated that in 

addition to PTPRS and CD45, PTPRE was highly expressed in murine hematopoietic 

stem and progenitor cells (Figure 1). The role of PTPRE in hematopoiesis is largely 

unknown, just like PTPRS.  In MCF-7 breast cancer cell lines, PTPRE expression was 

upregulated resulting in downstream activation of EGFR and Erk1/2 pathways [217]. 

Additionally, the non-receptor isoform of PTPRE is known to regulate osteoclast activity 

[218]. Female Ptpre-/- mice display defects in bone resorption resulting in increased bone 

mass [219]. Osteoclasts together with osteoblasts, key components of the HSC 

microenvironment maintain bone density. The observed phenotype in female Ptpre-/-  

mice together with our preliminary qRT-PCR data would suggest that PTPRE may play 

a role in determining HSC fate. We have obtained Ptpre+/+ and Ptpre-/- mice, a kind gift 

from Dr Ari Elson at the Weizmann Institute of Science, Israel and plan to investigate the 

role of PTPRE in hematopoiesis. Our preliminary data indicates that adult 10 – 12 week 

old Ptpre-/- mice have normal CBCs counts as compared with Ptpre+/+ mice (Figure 26). 

We plan to monitor additional mice for CBCs in order to generate a larger experimental 

sample. Additionally, we have an ongoing study of a limiting dilution competitive 
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transplant of BM cells from Ptpre+/+ or Ptpre-/- mice into congenic CD45.1 recipient mice to 

monitor long-term HSC repopulating capacity in Ptpre+/+ and Ptpre-/- mice (Figure 27). At 

the 4 week time point we did not observe any differences in HSC engraftment between 

Ptpre+/+ and Ptpre-/- mice. We will continue to monitor the mice for up to 12 – 16 weeks at 

which point secondary, competitive transplants will be performed to truly evaluate 

long-term HSCs.  

 

 

Figure 26: Adult Ptpre-/- mice have normal complete blood counts 

CBC analysis of 10 – 12 week old adult Ptpre+/+ and Ptpre-/- mice from PB maxillary 

bleeds. N = 3 Ptpre+/+ mice and N = 9 Ptpre-/- mice.  
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Figure 27: Ptpre-/- mice display normal short-term HSC repopulating capacity 

Competitive transplants of CD45.2 BM cells from Ptpre+/+ and Ptpre-/- mice. 30,000 BM 

cells from Ptpre+/+ or Ptpre-/- mice + 200,000 competitor BM CD45.1 cells were transplanted 

into lethally irradiated CD45.1 recipients. N = 12 Ptpre+/+ and N = 12 Ptpre-/- mice.  

 

 

The above studies described will provide us with a more comprehensive 

understanding of PTPRS signaling in hematopoiesis and insights into the biochemical 

targeting of this receptor for therapeutic purposes. The proposed PTPRE studies will 

provide definite answers on whether PTPRE is a novel candidate in HSC regulation.  
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Appendix A: List of Abbreviations 

5-FU   5-Fluorouracil 

7-AAD   7-Aminoactinomycin D 

AGM   Aorta-gonad-mesonephros 

ALDH   Aldehyde Dehydrogenase 

ANGPT  Angiopoietin 

BFU-E   Burst Forming Unit – Erythroid 

BM   Bone Marrow 

BMP   Bone Morphogenetic protein 

CAFC   Cobblestone Area Forming Cell 

CAR   CXCL12-abundant reticular 

CB   Cord Blood 

CBC   Complete Blood Count 

CD   Cluster of Differentiation 

cDNA   complementary Deoxyribonucleic acid 

CFC   Colony Forming Cell 

CFU-S   Colony Forming Unit - Spleen 

cGy   centiGray 

CLP   Common Lymphoid Progenitor 

CMP   Common Myeloid Progenitor 

CRU   Competitive Repopulating Unit 

CSPG   Chondroitin Sulfate Proteoglycan 

CXCL12  Chemokine (C-X-C motif) Ligand 12 

CXCR4   Chemokine (C-X-C motif) Receptor 4 

DEAB   Diethylaminobenzaldehyde 

DHH   Desert Hedgehog 

DNA   Deoxyribonucleic acid 

EC   Endothelial Cell 

EGF   Epidermal Growth Factor 

EGFR   Epidermal Growth Factor Receptor 

EPO   Erythropoietin 

FACS   Fluorescence Activated Cell Sorting 

FBS   Fetal Bovine Serum 

FGF   Fibroblast Growth Factor 

FITC   Fluorescein Isothiocyanate 
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FL   Flk2/Flt3 Ligand 

GAG   Glycosaminoglycan 

GAP   GTPase Activating Protein 

GAPDH  Glyceraldehyde-3-Phosphate 

GCSF   Granulocyte-Colony Stimulating Factor 

GMCSF  Granulocyte-Macrophage Colony Stimulating Factor 

GDI   Guanine Nucleotide Dissociation Inhibitor 

GDP   Guanosine Diphosphate 

GEF   Guanine Nucleotide Exchange Factor 

GEMM   Granulocyte Erythroid Macrophage Megakaryocyte 

GFP   Green Fluorescent Protein 

GM   Granulocyte Macrophage 

GMP   Granulocyte Macrophage Progenitor 

GTP   Guanosine Triphosphate 

GTPase  Guanosine Triphosphatase 

GVHD   Graft Versus Host Disease 

HLA   Human Leukocyte Antigen 

HSC   Hematopoietic Stem Cell 

HSCT   Hematopoietic Stem Cell Transplantation 

HSPC   Hematopoietic Stem and Progenitor Cell 

HSPG   Heparin Sulfate Proteoglycan 

IACUC  Institutional Animal Care and Use Committee 

IGFBP2  Insulin-like Growth Factor Binding Protein 2 

IL   Interleukin 

IMDM   Iscove’s Modified Dulbecco’s Medium 

KSL   c-Kit+Sca1+Lineage- 

LTC-IC  Long Term Colony Initiating Cell 

LT-HSC  Long Term Hematopoietic Stem Cell 

MEP   Myeloid Erythroid Progenitor 

MNC   Mononuclear cell 

MPP   Multipotent Progenitor 

MSCV   Murine Stem Cell Virus 

NK   Natural Killer 

NSG   Nonobese diabetic.Cg-PrkdcscidIl2rgtm1Wjl/SzJ 

PB   Peripheral blood 

PBS   Phosphate Buffered Saline 
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PCR   Polymerase Chain Reaction 

PE   Phycoerythrin 

PI3K   Phospho Inositol-3-Kinase 

PRL2   Phosphatase of Regenerating Liver 2 

PTEN   Phosphatase and Tension homolog 

PTK   Protein Tyrosine Kinase 

PTN   Pleiotrophin 

PTP   Protein Tyrosine Phosphatase 

PTPRA   Protein Tyrosine Phosphatase Receptor Type A 

PTPRC   Protein Tyrosine Phosphatase Receptor Type C 

PTPRD   Protein Tyrosine Phosphatase Receptor Type D 

PTPRE   Protein Tyrosine Phosphatase Receptor Type E 

PTPRG   Protein Tyrosine Phosphatase Receptor Type G 

PTPRO  Protein Tyrosine Phosphatase Receptor Type O 

PTPRS   Protein Tyrosine Phosphatase Receptor Type S 

PTPRZ   Protein Tyrosine Phosphatase Receptor Type Z 

qRT-PCR  quantitative Reverse Transciption - PCR 

RBC   Red blood cell 

RNA   Ribonucleic Acid 

RTK   Receptor Tyrosine Kinase 

SCF   Stem Cell Factor 

SDF-1   Stromal Derived Factor 1 

shRNA  short hairpin Ribonucleic Acid 

SLAM   Signaling Lymphocyte Activation Molecule 

ST-HSC  Short Term Hematopoietic Stem Cell 

TBI   Total Body Irradiation 

TPO   Thrombopoietin 

TSF   Thrombopoietin, Stem Cell Factor, Flt3 Ligand 
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