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Abstract 

Hematopoietic stem cells (HSCs) are a rare population of bone marrow cells that 

have self-renewal and differentiating capabilities enabling them to produce all blood 

lineages during normal hematopoiesis. Many molecular pathways are involved in the 

regulation of HSCs, and the survival, maintenance and proliferation of these cells must 

be tightly controlled to avoid aberrant activities that can cause blood diseases, such as 

hematopoietic malignancies. Therefore, additional factors involved in the functional 

regulation of HSCs must be discovered to provide new therapeutic treatments for 

hematopoietic diseases. 

In chapter I, I briefly introduce the hematopoietic system and hierarchy through 

which HSCs can produce all mature blood cells in the lifespan. I also describe various 

methods to identify different hematopoietic cells, with a focus on using cell surface 

antigen markers. I additionally discuss an important method to study HSCs in mice by 

using bone marrow transplantation in which the donor cells are manipulated to examine 

the role of a gene of interest. I also briefly describe several signaling pathways 

important in HSCs, such as the Bmp, Wnt, Hedgehog and Notch signaling pathways. I 

provide known relevant information to my thesis work on c-Kit and Sca-1 receptors, as 

well as on LSK and LSK- cells.  

In chapter II, I describe my findings regarding a novel mechanism in which Ikzf3 

plays a suppressive role in regulating HSC survival and maintenance. Ikzf3 suppresses 

the population of LSK (lineage-Sca-1+c-Kit+) cells that contains HSCs, and increases the 

LSK- (lineage-Sca-1+c-Kit-) population, which is highly apoptotic and derived from the 

LSK population. The DNA binding domain of Ikzf3 is required for its inhibition of HSCs, 
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and Ikzf3 downregulates the expression of Bcl-2, Bcl-xL and c-Myc. Ikzf3 expression in 

HSCs is maintained at low levels by the c-Kit pathway.  

In chapter III, on the basis of data from microarray analysis previously performed 

to compare gene expression profiles between Hif1a knockout HSCs and wild type 

HSCs, the effects of both Hif1a and Notch1 deletion on HSC regulation are examined. 

Loss of both Hif1a and Notch1 induces the development of 

myelodysplastic/myeloproliferative diseases, which are clonal hematopoietic stem cell 

neoplasms characterized by abnormal regulation of the myeloid pathways for cellular 

proliferation, maturation and survival. Loss of both Hif1a and Notch1 also leads to a loss 

of HSC function. These findings indicate a mechanism through which the hypoxia 

pathway acts in coordination with the Notch pathway in HSCs.  

In chapter IV, I summarize the findings from chapter II and III and discuss the 

importance of these results in the field. I also provide the future directions that can 

answer more questions to expand our knowledge on these pathways.  

Together, the findings reveal two novel pathways involved in functional regulation 

of HSCs: (i) the Ikzf3 pathway, which involves c-Kit, Icsbp, Bcl-2, Bcl-xL and c-Myc, and 

suppresses normal HSCs to maintain homeostasis and (ii) the synergy of Hif1a and 

Notch1 in regulating HSCs. The loss of both genes can cause 

myelodysplastic/myeloproliferative-like diseases. 
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CHAPTER I 

INTRODUCTION 

1. Hematopoietic stem cells 

Hematopoietic stem cells (HSCs) are a small population of bone marrow cells with 

self-renewal capability that can produce all cells in the blood system during 

hematopoiesis (Abramson et al., 1977; Becker et al., 1963). Hematopoiesis starts in the 

embryo, with the first HSCs in the aorto-gonadomesonephros region, then moves to the 

fetal liver (de Bruijn et al., 2002); finally, HSCs reside in the bone marrow 

microenvironment called the bone marrow niche (Xie and Spradling, 1998). HSCs can 

remain quiescent in the bone marrow niche because it provides ideal physiological 

conditions for homeostasis, protecting HCSs from overstimulation (Frobel et al., 2021). 

Acute or chronic conditions, or even aging processes, affect the bone marrow niche’s 

cellular composition and molecular pathways, thereby altering the regulation of HSCs. 

Most hematopoietic cells arise from several self-renewing HSCs known as long term 

HSCs (LT-HSCs), which become short term HSCs (ST-HSCs) and multipotent 

progenitor cells (MPPs) (Adolfsson et al., 2001; Okada et al., 1992). Studies have 

shown that ST-HSCs have limited self-renewal ability and can maintain normal 

hematopoiesis for approximately 6–8 weeks, whereas LT-HSCs can sustain normal 

hematopoiesis for the entire lifespan (Christensen and Weissman, 2001). MPPs can 

become common myeloid progenitors (CMPs) and common lymphoid progenitors 

(CLPs). Further differentiation of these cells eventually gives rise to all mature blood cell 

lineages (Figure 1). CMPs give rise to erythrocytes, also called red blood cells, which 

are filled with hemoglobin, a carrier of oxygen around the body. CMPs are also 
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responsible for making granulocytes, platelets and macrophages, which play important 

roles in blood clotting and innate immunity. CLPs differentiate into B cells, T cells and 

natural killer cells, all of which are essential in the adaptive immune system (Seita and 

Weissman, 2010).  

Figure 1.1: Hematopoietic system 

LT-HSCs reside in the bone marrow niche, have self-renewal ability and can 
differentiate into all types of blood cells. LT-HSCs become ST-HSCs and then MPPs. 
There are two major cell lineages: lymphoid and myeloid cells. Lymphocytes, including 
B cells, T cells and natural killer cells, are important in the adaptive immune system. 
Cells from the myeloid lineage, such as megakaryocytes, erythrocytes and 
macrophages, have diverse essential roles in innate immunity and blood clotting.  

 

 

 

 

Multipotent progenitor

Natural killer cell

T lymphocyte

Plasma cell

Platelet Basophil Neutrophil

Macrophage

Mast cell

Long-term stem cell

Common myeloid progenitor Common lymphoid progenitor

Small lymphocyte

B lymphocyte

Myeloblast
Megakaryocyte

Erythrocyte

MonocyteEosinophil

Short-term stem cell

Bone marrow



3 
 

2. Identification of different cell types in the hematopoietic system 

Blood cells are classified into three functional classes: red blood cells 

(erythrocytes), white blood cells (leukocytes) and platelets (thrombocytes). All originate 

from HSCs but show differences in morphology, function and molecular markers. These 

cells can be identified by staining and morphology. The most commonly used 

histological staining method to visualize cell components under a microscope is Wright-

Giemsa staining, in which a mixture of acidic and basic dyes, such as eosin Y, azure B 

and methylene blue, reveal different coloration of granules, cytoplasm and nuclei in 

different blood types (Lancrin et al., 2010). For example, the cytoplasm of red blood 

cells is orange-pink, that of leukocytes is light blue, and the nucleus is dark blue to 

violet. Morphologically, white blood cells are classified into two categories: granulocytes 

and mononuclear cells. Granulocytes, including neutrophils, eosinophils and basophils, 

typically have multi-lobed nuclei and granular cytoplasm. Mononuclear cells, including 

monocytes and lymphocytes, have round or kidney-shaped nuclei and little cytoplasm 

(Merino et al., 2018). 

Another powerful and reliable method to distinguish blood cell types involves 

detection of cell surface antigen markers through fluorescence-activated cell sorting. 

HSCs and their differentiated lineages can be identified and isolated according to the 

expression of cell surface markers on the cell membrane. These cells are classified 

according to their cluster of differentiation (CD) and cytokine receptors, which are 

recognized by specific antibodies (Table 1) (Muller-Sieburg et al., 1986; Okada et al., 

1992). The expression of markers can differ among species and even strains of the 

same species. For example, the most important marker used to identify human HSCs is 
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CD34 (Osawa et al., 1996a). Human HSCs do not express the Lineage marker (Lin) but 

highly express CD34; therefore Lin-CD34+ bone marrow cells are important for clinical 

transplantation. Mouse HSCs also do not express the Lin marker; however, in contrast 

with human cells, mouse HSCs have every low expression of CD34. Sca-1 is another 

crucial stem cell marker in some mouse strains (e.g., B57BL/6), but it has very low 

expression in other strains (e.g., BALB/c) (Spangrude and Brooks, 1993). Therefore, 

other markers that work with most cells have been identified for developing better 

strategies to sort HSCs, such as CD150, CD48 or CD135 (Kiel et al., 2005). 
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Table 1: Hematopoietic stem cell lineage-specific markers. Each cell type 
expresses a specific set of markers on its surface that can be recognized by antibodies 
for identification and isolation. 

 

 

 

 

 

 

 

 

 

Cell types Markers (Human, Human/Mouse, Mouse)

Hematopoietic stem cells CD34+ CD38- Flt-3/Flk-2+

CD38+/- Flt-3/Flk-2- Sca-1+ c-Kit+
SLAM/CD150+ SLAMF2/CD48- SLAMF4/CD244-

Common lymphoid progenitors CD127+ CD10+ Flt-3/Rk-2+ CD34+

B cells CD5+ CD19+ CD22+ CD20+

T cells CD2+ CD3+ CD4+

Natural killer cells CD56+ CD16+ NRC1+

Common myeloid progenitors CD127+ CD34+ c-Kit+ Flt3/Rk-2+

Granulocyte-Macrophage progenitors CD34+ CD127+ CD45RA+ CD38+

Monocytes CX3CR1+ CD11b+ CD14+ CD33+

Macrophages CD14+ CD36+ CD68+ CD163+

Neutrophils MPO+ CD66+ CD622+

Eosinophils CD44+ CD69+ EMR1+

Basophils LAMP/CD107a+ CD164+

Megakaryocyte-erythroid progenitors CD34+ CD38+ CD45RA-

Erythrocytes CD235a+ CD59+

Megakaryocytes CD41+ CD42+ TpoR+

Platelets CD41+ CD61+ PEAR1+
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3. Hematopoietic stem cell studies through bone marrow transplantation in mice 

Bone marrow transplantation is the treatment of choice for many patients with 

leukemias and other diseases. It involves collecting cells containing stem cells from the 

bone marrow and delivering them to a recipient. In laboratory settings, mouse bone 

marrow transplantation has long been used to study the development, maintenance, 

proliferation and survival of HSCs (Jordan and Lemischka, 1990). In bone marrow 

transplantation, mouse bone marrow cells are harvested by flushing the bones, typically 

the femur and tibia in the legs. Donor mice are often treated with 5´fluorouracil (5´FU) to 

kill proliferating cells and induce stem cell cycling, thus enriching the stem cell 

population. Donor cells can be manipulated to overexpress or knock down/knock out a 

gene of interest via viral transduction before injection into recipient mice. Most 

progenitor cells that repopulate the lymphoid and myeloid lineages are short-lived after 

bone marrow transplantation; however, true LT-HSCs are maintained throughout the 

lifespan in recipient mice and can produce all mature hematopoietic cells (Morrison and 

Weissman, 1994). After approximately 7 days, donor-derived cells such monocytes, 

neutrophils, T cells and B cells can be found in recipient mice. The platelets and red 

blood cells reconstitute the peripheral circulation after 14 days. Although the timeline for 

reconstitution is similar in all mice, the recovery time greatly depends on age, strain, 

injection accuracy, cell dose and myeloablation severity (Duran-Struuck and Dysko, 

2009). Cell surface markers or fluorescent proteins (cloned together with a gene of 

interest and introduced into cells via viral transduction) can be used to track the donor 

cells in recipient mice, thus enabling study of how donor-derived cells develop in the 

new environment. For example, C57BL/6 Ly5.1 (CD45.1 marker) mice are often used 
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for transplantation into C57BL/6 Ly5.2 (CD45.2 marker) mice or vice versa. Serial bone 

marrow transplantation and competitive repopulation are often performed to examine 

long lasting HSC self-renewal capability in the presence of constant elevated 

hematopoietic cell demand. Therefore, when the effect of a gene of interest is not 

apparent until secondary bone marrow transplantation, and everything is similar from 

the first transplantation, the gene can be considered to affect the self-renewal and 

repopulation of HSCs under prolonged stress.  

 

4. The bone marrow niche and its hypoxic environment  

Hematopoietic stem cells (HSCs) reside in the bone marrow niche, a complex 

microenvironment containing both hematopoietic and non-hematopoietic cell types, 

extracellular matrix, and chemical and physical factors. The cellular composition and 

molecular signals regulate HSC fate, thus influencing the balance between HSC 

quiescence and activation, through the modulation of self-renewal, differentiation and 

proliferation (Fuchs et al., 2004). Consequently, degregulation of the bone marrow niche 

affects HSC function and can lead to malignant transformation. Furthermore, malignant 

cells can create a microenvironment that interferes with normal hematopoiesis 

(Waclawiczek et al., 2020). Therefore, the cellular composition and released factors in 

the bone marrow niche determine the fate of HSC quiescence, self-renewal and 

differentiation. Better understanding of the factors that regulate the bone marrow niche 

under steady state conditions may reveal possible targets enabling the compromised 

niche to be restored from a leukemic state to the normal steady state.  
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In chapter III of this thesis, I discuss an important factor in bone marrow niche 

regulation, hypoxia induced factor 1-alpha (Hif1α). Hif1α, a subunit of the heterodimeric 

transcription factor Hif1, is a master transcriptional regulator in the hypoxia response 

(Wang et al., 1995). Under the normal oxygen level, Hif1α is subject to prolyl 

hydroxylation by PHDs, which allows for substrate recognition and ubiquitylation by 

pVHL and its associated ubiquitin-ligase complex, then Hif1α is degraded by 26S 

proteosome. Under the low oxygen tension, Hif1α associates with nuclear Hif1β, the 

heterodimer bind to promoters of Hif target genes, then coactivators p300/CBP and 

PKM2 binds to Hif1 complex and initiates transcription (Figure 1.2) (Greer et al., 2012). 

Hif1α regulates many genes involved in angiogenesis, cell proliferation, survival, 

glucose metabolism and physiological responses in low oxygen environments 

(Semenza, 2014). Hypoxia often occurs in the cores of tumors because of their 

abnormal vascular networks and high proliferation rate of cancer cells; thus, hypoxia 

and Hif1α expression are correlated with cancer metastasis and poor prognosis in 

various tumor types (Rankin and Giaccia, 2016). In solid tumors, Hif1α acts as a tumor 

suppressor gene (Acker et al., 2005; Maranchie et al., 2002; Mazumdar et al., 2010). In 

leukemia, studies of Hif1α in various models have revealed multiple roles of Hif1α in 

leukemia development and leukemia stem cells. Hif1α is required for the survival of 

leukemia stem cells in chronic myeloid leukemia (CML). Mice with Hif1α deletion do not 

develop BCR-ABL induced CML, owing to an impairment in cell cycle progression and 

the induction of leukemia stem cell apoptosis (Zhang et al., 2012). Similarly, the Hif1α 

inhibitor echinomycin decreases self-renewal and colony forming unit activity in mouse 

lymphoma and human acute myeloblastic leukemia (AML) leukemia stem cells (Wang 
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et al., 2011). However, Hif1a can act as a potential tumor suppressor gene in murine 

AML. Three AML models with expression of different oncogenes that can either cause 

Hif1α activation (MLL-AF9 and HOXA9-MEIS1) or have no effect on Hif1α signaling 

(AE9a) have shown that leukemia initiation and leukemia stem cell self-renewal are not 

dependent on Hif1α; in addition, Hif1α deletion accelerates AML development and 

enhances leukemic phenotypes in some models (Velasco-Hernandez et al., 2014). The 

role of Hif1α varies in settings involving different sets of Hif1α targeting genes. Many 

Hif1α inhibitors have been developed to interfere with Hif1α transcriptional activity, 

protein translation and protein degradation, but most do not specifically target Hif1 

pathways. The problem with most Hif1α inhibitors is that they may show the anti-tumor 

effect by Hif1α inhibitory mechanism which includes Hif1α but not limited to just Hif1α 

action; some Hif1α inhibitors also show the effect but by unselectively blocking several 

points in Hif1α pathway (Soni and Padwad, 2017; Wigerup et al., 2016). Thus, better 

understanding of the crucial roles of Hif1α in normal development and carcinogenesis 

may lead to the development of more specific Hif1α targeting therapeutic drugs. 
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Figure 1.2: The model of canonical Hif1α regulation 
Under normal oxygen tension, HIF1α is subject to hydroxylation by PHDs, which allows 
for substrate recognition and ubiquitylation by pVHL and its associated ubiquitin–ligase 
complex. Polyubiquitylated Hif1α is degraded by the 26S proteasome. The prolyl-
hydroxylase activity of PHDs is regulated by intracellular factors, including ROS, which 
are in turn negatively modulated by SIRT3. Binding of the HIF1α coactivator p300/CBP 
is inhibited by FIH. HIFa is upregulated at the mRNA level by mTOR and STAT3.  
Under low oxygen tension. PHDs no longer bind to HIF1α, so HIF1α can associates 
with nuclear HIF1β. The heterodimer binds to the promoters of HIF target genes, and 
upon binding to the coactivators p300/CBP and PKM2, initiates transcription. The 
interaction between HIF1α and p300 may be regulated by a variety of factors that 
impede binding to influence the transcriptional activity of HIF1α. (Greer et al., 2012) 

 

 

5. Signaling pathways regulating HSCs  

HSC number is extremely important and it is tightly controlled by many intrinsic and 

extrinsic pathways. HSCs reside in the bone marrow niche, which provides a 

microenvironment allowing HSCs to remain quiescent. Under disruption, stress or 

damage, the hematopoietic system reacts through activating or inhibiting several 
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pathways that are crucial for HSC function, thereby controlling self-renewal and 

differentiation ability. Here are some well-known signaling pathways of HSCs regulation: 

Bmp signaling:  
 

Bmps have been identified as part of the TGFβ superfamily, which regulates many 

aspects of cellular growth and development, including cell fate determination, 

particularly during embryonic development (Reddi and Reddi, 2009). Bmps are a group 

of cytokines that bind receptors on the cell surface; the activated complex then 

phosphorylates Smad proteins. In the Smad-dependent canonical pathway, when BMPs 

bind to type I or type II serine/threonine kinase receptors to form a heterotretrameric 

complex. The constitutively phosphorylated type II then phosphorylates type I receptor, 

and type I receptor phosphorylates the immediate downstream substrate proteins 

known as the receptor-regulated Smads (R-Smads or Smad1/5/8). Phosphorylated 

Smad1/5/8 then associates with Smad4 and the whole complex translocates to the 

nucleus where it further associate with more co-activator or co-repressor to regulate the 

downstream target genes (Wang et al., 2014) (Figure 1.3). 

Bmp4 is expressed in the mesenchyme during dorsal aorta development, and 

knockdown of Bmp4 has been found to lead to loss of HSCs in zebrafish, thus 

suggesting a role of Bmp4 in HSC survival (Goldman et al., 2009). Furthermore, in 

murine cells, Bmp4 regulates the bone marrow niche, thus controlling HSC number. 

Smad4 is a mediator of the Bmp pathway; however, conditional deletion of Smad4 in 

mice does not significantly alter any aspect of hematopoiesis, thus indicating that 

Smad5 may be more important in early hematopoiesis (He et al., 2006). Smad1 and 

Smad5 are expressed in tissue surrounding the site of HSC emergence, and deletion of 
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Smad1 and Smad 5 in endothelium-specific cells has been found to result in embryonic 

lethality in mice (Zhang et al., 2014). Bmp signaling appears to be required at two 

different times during hematopoiesis: during mesoderm commitment and before HSC 

specification in the bone marrow niche (Singbrant et al., 2010). 

  

Figure 1.3: BMPs canonical signaling pathway 
BMPs initiate the signal transduction cascade by binding to type I or type II 
serine/threonine kinase receptors and forming a heterotetrameric complex. The 
constitutively active type II receptor then transphosphorylates the type I receptor, and 
the type I receptor phosphorylates the R-Smads (Smad1/5/8). Phosphorylated 
Smad1/5/8 associates with the co-Smad (Smad4), and the complex translocates to the 
nucleus where it further associates with coactivators or corepressors to regulate target 
gene expression. Figure adapted from (Wang et al., 2014). 

 

Wnt signaling:  

Wnt signaling pathway is evolutionarily highly conserved and it is critical for regulating 

cell fate and polarity (Loh et al., 2016). Wnt signaling is characterized into canonical and 
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non-canonical pathways. In general, Wnt ligands bind the Frizzled (Fzd) family receptor 

and transduce the signal to Dishevelled (Dvl/Dhs) protein inside the cell, thus activating 

downstream targets. For the Wnt canonical pathway, in the absence of a Wnt ligand, a 

destruction complex that includes Axin, GSK3B and the APC phosphorylates β-catenin 

targets it for ubiquitination and subsequent degradation in the cytoplasm (Aberle et al., 

1997). The transcription factor T-cell factor (TCF) binding to target genes is bound by a 

repressor Groucho to inhibit transcription. In the presence of a Wnt ligand, it binds to the 

Fzd receptor and LRP co-receptor, which causes the destruction complex with Axin, 

GSK3B and APC associate away from β-catenin, thereby preventing degradation of β-

catenin. β-catenin then translocates into the nucleus, where it binds to transcription 

factor TCF to initiate the transcription of target genes such as Axin2, Dkk and Sp5 (Gao 

et al., 2002) (Figure 1.4). The Wnt pathway has been shown to influence HSCs at 

various stages in many systems and species, and Wnt signaling has diverse roles in 

HSC function (Ruiz-Herguido et al., 2012). Wnt is required in endothelial cells during 

HSCs emergence from aorta, but it is dispensable when cells begin to express mature 

hematopoietic markers (Ruiz-Herguido et al., 2012; Zhao et al., 2007). Wnt has been 

shown to be important for embryonic stem cell differentiation and expansion (Angers 

and Moon, 2009). Wnt5a level is significantly elevated in aged long-term HSC, while 

expression of canonical Wnt ligands remains unaltered during aging (Florian et al., 

2013). Wnt3-/- embryos severe reduction in number of HSCs in fetal liver, and other 

HSCs exhibit defects in self-renewal and long term reconstitution capacity (Luis et al., 

2009). Different Wnt ligands affect hematopoietic development in different ways, and 
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this is likely due to the differences and specificity in combinations of receptor-ligand 

(Grainger et al., 2016) 

 

 

Figure 1.4: The Wnt signaling pathway 
In the absence of a Wnt ligand, a destruction complex phosphorylates β–catenin and 

targets it for ubiquitination and degradation. The transcription factor TCF is bound to 
Wnt target genes and acts as a co-repressor with Groucho. When a Wnt ligand is 
present, it binds a Frizzled receptor and LRP co-receptor which causes the destruction 
complex to associate away from β–catenin, which builds up in the cytoplasm and 
translocates to the nucleus to act as a transcriptional co-activator with TCF to initiate 
transcription of Wnt target genes such as Axin2, Dkk, and Sp5. Figure adapted from 
(Richter et al., 2017) 

 

Hedgehog (Hh) signaling:  
 

Hedgehog (Hh) signaling is highly conservative among species, and it has been 

shown to be important regulator of embryonic development, cell fate, proliferation and 

differentiation (Ingham and McMahon, 2001; Varjosalo and Taipale, 2008). 
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In the absence of HH, the Patched 1 (PTCH1) receptor acts as a negative regulator 

to preclude Smoothened (SMO) localization to the primary cilium causing GLI proteins 

to be sequestered in cytoplasm by SUFU. GLI proteins are then marked by PKA or 

CK1-dependent phosphorylation to process into repressors (GLI3R). In the presence of 

HH ligand, HH binds the PTCH1 receptor and allows SMO to localize to the primary 

cilium. A complex including KIF7, SUFU and GLIs is trafficked to the activated SMO, so 

SMO can promote the release of GLI proteins from the complex. GLI transcription 

factors are then translocate to the nucleus and initiate transcription of downstream 

targets.  (Doheny et al., 2020; Ingham et al., 1991). The roles of Hh signaling remain 

controversial. Some studies have suggested that Hh signaling is required for HSC 

maintenance and lineage differentiation. In mammals, loss of Sonic Hedgehog (Shh) 

results in embryonic lethality (Peeters et al., 2009). Loss of function of Hh signaling due 

to cyclopanine treatment results in a loss of HSC specification in the dorsal aorta in 

zebrafish (Gering and Patient, 2005). In contrast, after deletion of Ptch1, Hh signaling 

causes defects in common lymphoid progenitors, thereby affecting differentiation at the 

level of lymphoid lineage commitment. Hh signaling has also been shown to be 

important in the differentiation and proliferation of progenitor cells in the thymus. 

Overall, Hh signaling appears to be important in the early development of HSCs but 

dispensable for self-renewal, proliferation and differentiation of adult HSCs (Gao et al., 

2009; Hofmann et al., 2009). 
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Figure 1.5: The Hedgehog signaling pathway.  
In the absence of HH ligand, PTCH1 precludes SMO localization to the primary cilium, 
leading to GLI1 sequestration in the cytoplasm by SUFU. GLI proteins are then marked 
for processing, e.g., through PKA- or CK1-dependent phosphorylation, and processed 
into transcriptional repressors (GLI3R). Upon binding of HH ligand to PTCH1, SMO is 
derepressed and localizes to the primary cilium. A protein complex containing KIF7 and 
SUFU bound to GLI transcription factors is dynamically trafficked to the activated SMO. 
Active SMO promotes release of GLI proteins from SUFU, resulting in nuclear 
accumulation of GLI1/2 and activation of target genes. Figure adapted from (Doheny et 
al., 2020) 

 

Notch signaling:  

Notch signaling is another evolutionary conserved pathway and is essential for early 

embryonic HSCs and associated with the emergence, development and maintenance of 

adult HSCs (Pajcini et al., 2011). There are four transmembrane Notch receptor 

(Notch1-4) and five transmembrane ligands (DLL1, DLL3, DLL4, Jagged1, and 

Jagged2) in mammals (Espinoza et al., 2013).Notch receptors span the cell membrane, 
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with part inside and part outside. The binding of its ligands, Jagged/Delta, to the 

extracellular domain, leads to a cascade of proteolytic events: one extracellular (ADAM-

metalloproteases) and one intracellular (γ-secretase) resulting in Notch-IC translocation 

to the nucleus, exchange of a repressor complex by an activator complex and it turns on 

dependent target gene expression such as hes and hes-related genes (Bigas et al., 

2010; Kopan and Ilagan, 2009) (Figure 1.6). Loss of Mindbomb and RBPj in the Notch 

pathway leads to a loss of HSCs in embryos (Yoon et al., 2008). The Notch1 receptor is 

required for HSC specification, and Notch1 mutant mice display vascular and aortic 

defects. Mutation of the Notch ligand Jagged1 does not cause defects in the dorsal 

aorta but results in a failure in HSC specification (Robert-Moreno et al., 2008). 

Downstream targets of Notch1, such as Hes1 and c-Myc have been shown to play roles 

in differentiation of HSCs into T cells (Haque et al., 2017). Constitutive activation of 

Notch1 due to Notch1 mutations signaling is the most important oncogenic pathway in 

T-cell transformation and it accounts for more than 65% cases of T-ALL (Wendorff and 

Ferrando, 2020). Although it shows that Notch signaling plays a oncogene role in T-

ALL, it is not always true for some other cancers. Notch signaling pathway plays 

suppressor role in lung squamous cell carcinoma, and chronic myelomonocytic 

leukemia (Klinakis et al., 2011), showing the complexity of this pathway.  
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Figure 1.6: The canonical Notch signaling pathway 
Interaction between ligand and Notch receptor leads to a cascade of proteolytic events: 
one extracellular (ADAM-metalloproteases) and one intracellular (γ-secretase) resulting 
in Notch-IC translocation to the nucleus, exchange of a repressor complex by an 
activator complex and it turns on dependent target gene expression such as hes and 
hes-related genes. Figure adapted from (Bigas et al., 2010) 
 

6. The roles of Sca-1 and c-Kit in hematopoiesis 

HSCs self-renew and differentiate into all blood cell types after exposure to 

external and internal stimuli. Under physiological conditions, HSCs are maintained in 

constant numbers to support homeostasis; therefore, studying the molecular 

mechanisms of the regulation of HSC self-renewal and differentiation is important to 

improve the clinical treatment of blood diseases. HSCs are identified according to their 

expression of the cell surface markers c-Kit and Sca1 in the Lineage negative 

population (Lin-Sca-1+c-Kit+, or LSK). LSK cells can be further divided into long-term 

stem cells, which have unlimited potential for reconstitution and self-renewal; short-term 

stem cells, which have limited self-renewal potential; and multipotent progenitor cells, 

which are identified by other markers, such as CD34, CD135, CD41, CD48 and CD150. 
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Stem cell antigen 1 (Sca1/Ly6A) is a glycosyl phosphatidylinositol-anchored cell 

surface protein (GPI-AP) in the Ly6 gene family, which is commonly found on 

hematopoietic, mammary gland, cardiac and mesenchymal stem cells in mice (Baddoo 

et al., 2003; Oh et al., 2003; Welm et al., 2002). The cysteine-rich GPI-APs are localized 

to lipid rafts on the plasma membrane, where they regulate cell signaling via receptor-

ligand binding or protein-protein interaction (Simons and Toomre, 2000). Analysis of 

Sca-1 knockout (Sca-1-/-) mice has demonstrated that Sca-1 plays an important role in 

hematopoiesis. Sca-1-/- mice show defects in short-term competitive and serial 

transplantation (Ito et al., 2003). Sca-1-/- cells also form less CFU-S and CFU-GEMM in 

colony assays, thus indicating a deficiency in self-renewal and differentiation (Ito et al., 

2003). Lineage skewing has been observed in Sca-1-/- mice and is particularly 

enhanced with bone marrow transplantation. At 18 weeks after bone marrow 

transplantation, HSCs from Sca-1-/- mice, compared with wild-type mice, have been 

found to produce significantly fewer B-cells, and more natural killer cells and 

granulocytes/monocytes (Bradfute et al., 2005). Antibody cross-linking studies and 

antisense experiments have shown that Sca-1 is a lymphocyte coactivation molecule. T 

lymphocytes from Sca-1-/- mice, compared with wild-type mice, proliferate at higher 

rates in response to antigens and mitogens, thus suggesting a suppressive role of Sca-

1 in lymphocyte development (Stanford et al., 1997). Under homoeostasis, HSCs 

remain largely quiescent; however, they can rapidly enter the cell cycle, proliferate and 

differentiate in response to injury, blood loss or cytokine activation. In mice, treatment 

with interferon-α (IFNα), an antiviral cytokine, stimulates HSC entry into the cell cycle by 

increasing phosphorylation of STAT1 and PKB/Akt, downstream target genes of IFN-1, 
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as well as Sca-1 expression (Essers et al., 2009). In a recent study, combined single-

cell and gene expression analysis has revealed the heterogeneity within the stem cell 

population (Wilson et al., 2015). HSCs sorted through four different strategies, (1) Lin-c-

Kit+Sca-1+CD34-Flt3-CD48-CD150+, (2) CD45+EPCR+CD48-CD150+, (3) Lin-c-Kit+Sca-

1+CD34-Flt3- and (4) Lin-c-Kit+Sca-1+SP CD150+, have overlapping molecular 

signatures in general, although individual patterns can still be observed. Moreover, an 

analysis based on these markers combined with SLAM markers has indicated that 

HSCs are enriched in the population with higher expression of Sca-1 rather than the 

SLAM Sca-1low population (Wilson et al., 2015); thus, different levels of Sca-1 

expression in HSCs have different effects on function. This plasticity of Sca-1 

expression has also been confirmed in another study (Morcos et al., 2017) showing that 

most quiescent HSCs reside within the Sca-1high LSK CD48-CD150+ population. Fewer 

HSCs are present in the Sca-1low population, but they remain capable of giving rise to 

progenitor cells. 

Beyond Sca-1, c-Kit is another common cell surface marker for stem cells. The c-

Kit proto-oncogene is encoded by the W locus, in which approximately 30 mutations 

have been found (Geissler et al., 1988; Lev et al., 1994). c-Kit is a tyrosine kinase 

receptor found on the surfaces of many different cell types; its expression is deregulated 

in diseases such as leukemia, gastrointestinal stromal tumors and melanoma (Hirota et 

al., 1998; Ikeda et al., 1991; Natali et al., 1992b). Stem cell factor (SCF also called Steel 

factor) is a c-Kit ligand. It is a growth factor that is expressed in many different cells and 

promotes cell survival, proliferation, migration and differentiation (Broudy, 1997). SCF 

can exist in both transmembrane and soluble protein forms arising from alternative 
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splicing (Flanagan et al., 1991). Both isoforms encode SCF containing an extracellular 

domain, a transmembrane domain and an intracellular domain; however, the longer 

slice isoform containing exon 6 is rapidly cleaved, thus generating a 165 amino acid 

soluble SCF (Anderson et al., 1991). SCF is produced by fibroblasts and endothelial 

cells, and it plays an important role in hematopoiesis (Langley et al., 1993). In vivo 

administration of SCF increases the number of HSCs in the peripheral blood and spleen 

(Bodine et al., 1993). Transmembrane SCF induces more persistent kinase activity and 

a longer life span of c-Kit than the soluble form (Miyazawa et al., 1995). 

Transmembrane SCF also plays an important role in the initial lodgment and detainment 

of HSCs within bone marrow niches (Driessen et al., 2003). After SCF binding, two c-Kit 

monomers dimerize, thus allowing interaction between the transmembrane domains 

and placing the intracellular tyrosine kinase domains in proximity for subsequent 

phosphorylation and activation (Yuzawa et al., 2007). Multiple phosphorylation sites in 

the intracellular domain serve as docking sites for protein binding and subsequent 

activation of downstream signaling pathways. For example, sites Y568 and Y570 bind 

Src family kinases, SHP1, SHP2, APS, Lnk and Cbl; sites Y703, Y721 and Y730 bind 

Grb2, p85, PLC-γ, p110 and CrkL; site Y900 binds p85, Crk and Cbl; and site Y900 

binds Grb2, Grb7 and APS (Lennartsson and Ronnstrand, 2012). These proteins are 

involved in various pathways, such as the phosphatidylinositol 3-kinase, Src kinase and 

MAP kinase pathways, thus indicating the existence of a wide network of c-Kit signaling 

influencing not only hematopoiesis (Okada et al., 1991), but also the nervous system 

(Sun et al., 2004), reproduction (Loveland and Schlatt, 1997), the gastrointestinal tract 

(Maeda et al., 1992), the cardiovascular system (Li et al., 2008) and the lungs (Lindsey 
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et al., 2011). In hematopoiesis, c-Kit is expressed in HSCs and progenitor cells, and this 

expression is lost when cells become more differentiated (Ogawa et al., 1991; Okada et 

al., 1991). c-Kit and its signaling pathways play crucial roles in the regulation of HSC 

function. Mice with loss of function mutations in c-Kit have diminished HSCs and CFU-S 

(Miller et al., 1996). Treatment with ACK2, an antibody that blocks the interaction 

between c-Kit and SCF, causes a transient removal of 98% of endogenous HSCs from 

their bone marrow niche in mice (Czechowicz et al., 2007). Although c-Kit is highly 

expressed in HSCs, a wide range of c-Kit expression is present within HSCs. Lower c-

Kit expression is indicative of the deeply quiescent HSCs that exhibit enhanced self-

renewal and long term reconstitution potential (Matsuoka et al., 2011). c-Kithigh HSCs 

are derived from c-Kitlow HSCs, whereas c-Kithigh HSCs exhibit a megakaryocytic lineage 

bias, and the transition from low to high c-Kit is negatively regulated by c-Cbl (Shin et 

al., 2014). c-Kit has been implicated in many human cancers, and more than 500 c-Kit 

mutations have been found in tumors. c-Kit is expressed in 80% of cases of AML, which 

is one of the most difficult malignancies to cure, because of its heterogeneity; moreover, 

c-Kit expression is correlated with poor AML prognosis (Ikeda et al., 1991). Dasatinib 

and radotinib are two TKIs with the potential to serve as therapeutic treatments for AML 

through promoting AML cell death by targeting c-Kit (Heo et al., 2017). 

Sca-1 and c-Kit both have critical roles in HSC function; however, the association 

or interaction between Sca-1 and c-Kit remains poorly understood. Sca-1-/-; c-Kit mutant 

mice show impaired HSC competition and CFU-S activity, thus leading to mild anemia, 

mild thrombocytopenia and mass cell deficiency; consequently Sca-1 and c-Kit may 

interact (Ito et al., 2003). After 5-FU treatment to kill proliferating cells, a significant 
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decrease in c-Kit cells has been observed in the Lin- population of Sca-1-/- mice 

compared with wild-type mice (Bradfute et al., 2005). According to additional evidence 

that may suggest an interaction between c-Kit and Sca-1, after ligand binding, c-Kit 

translocates to clustered lipid rafts, where Sca-1 normally resides (Jahn et al., 2002). 

 

7. LSK and LSK- populations 

LSK cells in the bone marrow contain stem cells and progenitor cells. LSK cells 

can self-renew and differentiate because of the HSCs within this population. In one 

study, 100 LSK cells were injected into lethally irradiated recipient mice and found to 

reconstitute both myeloid and lymphoid cells in the peripheral blood (Osawa et al., 

1996b), thus demonstrating that the LSK population contains HSCs that can produce all 

blood cell types. LSK cells also differentiated into Lineage-Sca-1+c-Kit- (LSK-) cells. After 

100 LSK cells and 1000 LSK- cells were injected into two groups of mice, all types of 

cells, including stem cells and mature cells, were detected in the bone marrow and 

peripheral blood of the recipient mice that received LSK cells. However, no donor-

derived cells were detected in the recipient mice that received LSK- cell injection, thus 

showing that LSK- cells lack long-term reconstitution capability (Peng et al., 2012). Flow 

cytometry analysis of LSK and LSK- cells has indicated that LSK- cells have side and 

forward scatter profiles consistent with those of resting cells, whereas LSK cells are 

larger and more granular (Randall and Weissman, 1998). LSK- cells show high 

expression of CD38, a long-term stem cell marker (Randall et al., 1996), and very low 

incorporation of Rh123, thus indicating that LSK- cells are predominantly quiescent 

(Randall and Weissman, 1998). LSK- is a mysterious population that is morphologically 
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similar to resting lymphocytes but also expresses several markers of long term 

reconstitution ability. Several studies have examined the lymphoid potential of the LSK- 

population, which contains a novel subset of early lymphoid precursors with T, B and 

NK cell potential, on the basis of CD25, Flt3 and IL-7Rα. However, the LSK- population 

has not been found to be changed in Rag-/- mice, which are deficient in T and B cell 

production, thus suggesting that LSK- cells are distinct from common lymphoid 

progenitors (Kumar et al., 2008). The LSK- population is detected not only in normal 

hematopoietic cells but also in leukemia cells. Mice with BCR-ABL to induce CML have 

an LSK population containing leukemia stem cells as well as BCR-ABL expressing LSK 

cells (Chen et al., 2009a; Hu et al., 2006). Interestingly, when CML mice are treated 

with imatinib, more LSK- cells are observed for approximately 1 month. However, 

prolonged treatment with imatinib stops being effective in killing leukemia stem cells; 

therefore, after 2 months, the percentage of the LSK- population is similar to that in 

controls (Peng et al., 2012). Moreover, the LSK- population derived from LSK and LSK- 

populations has been found to contain significantly higher numbers of apoptotic and 

resting cells. Radiation or treatment with the cytotoxic chemical 5-FU results in an 

expansion of LSK- cells, whereas CML decreases this LSK- population (Peng et al., 

2012) 

The LSK- population’s function and regulatory pathways remain largely unknown, 

thus prompting several interesting questions: Where do LSK- cells originate? What is 

the connection between LSK and LSK- cells? Do they regulate each other? What roles 

do LSK- cells play in maintaining homeostasis in the blood system? Although LSK- cells 

lack long-term reconstitution capability, they still can play critical roles in regulating the 
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survival of HSCs. Because of the higher apoptotic rate in the LSK- population and the 

increase in the LSK- population in the presence of factors that decrease the LSK 

population, LSK- cells, coming from the LSK population, may comprise stem cells that 

are no longer functional, are aged or have DNA damage. The pathway regulating LSK 

cell transition to LSK- cells may allow both LSK cells and HSCs to eliminate damaged 

and aging stem cells, or to control the number of HSCs to maintain homeostasis. 

Studying the mechanisms through which HSC survival and maintenance are regulated 

is important, because without proper regulation, HSCs will trail from normal blood 

development and cause malignancy.  

 

8. Leukemia stem cells 

Leukemias are blood cancers that arise from the neoplastic transformation of 

hematopoietic stem and progenitor cells. A normal stem cell that acquires mutations 

may show subsequent epigenetic changes that interfere with self-renewal, proliferation, 

differentiation and apoptosis. At the molecular level, leukemias are characterized by the 

presence of chromosomal translocation, thus resulting in the generation of oncogenic 

fusion proteins, such as BCR-ABL, AML1-ETO and MLL-AF9 (Alcalay et al., 2003; 

Martens and Stunnenberg, 2010; Rowley, 1973). These fusion proteins trigger leukemia 

development by causing transcriptional deregulation of regulatory factors through 

epigenetic modifications and changes in micro-RNA expression (Testa, 2011).  

CML is a myeloproliferative disease that originates from abnormal HSCs 

harboring the Philadelphia chromosome, which produces the oncogenic fusion protein 

BCR-ABL. Approximately 70% of patients with CML develop AML, and 20–30% develop 
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acute lymphoblastic leukemia (ALL) (Wong and Witte, 2004). The development of 

tyrosine kinase inhibitors (TKIs) targeting BCR-ABL has greatly contributed to leukemia 

treatment. In many cases, treatment with imatinib can achieve a complete hematologic 

and cytogenetic response in patients with CML (Druker et al., 2006). However, TKI 

resistance or intolerance are also frequently observed, particularly in patients with 

advanced-stage disease (Gorre et al., 2001). TKIs cannot eradicate leukemia stem 

cells; therefore, although TKIs successfully kill circulating, proliferating cancer cells, the 

leukemia stem cells are believed to be maintained in their microenvironment and to 

continue to produce more leukemic cells (Graham et al., 2002).  

One of the biggest questions in finding effective treatments for cancer patients is 

how to eradicate LSCs but still sparing the HSCs. It is a challenging problem, but the 

best strategy is to target the genes that required for LSCs survival but not for normal 

HSCs, so LSCs could be inhibited specifically. After acquiring genetic or epigenetic 

alterations, HSCs go under cellular transformation to become LSCs. There are some 

cellular feathers of LSCs remain similar to HSCs, such as quiescence, self-renewal, and 

differentiation, although skewing differentiation toward one lineage is often observed. 

However, LSCs display changes in genetic signaling pathways to increase their self-

renewal, genomic instability and resistance to apoptosis (Zhang and Li, 2019).  

Therefore, understanding the similarities and difference between HSCs and LSCs at 

molecular level is important because it will lead to identification unique biological 

features of LSCs for developing effective therapeutic to eradicate LSCs while sparing 

healthy HSCs. 
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 In the second chapter of this thesis, I describe the discovery of a mechanism of 

HSC regulation by Ikzf3. Whether Ikzf3 performs a similar function in leukemia had not 

been studied previously. However, investigating all pathways contributing to HSC 

regulation is crucial because strict control of HSCs is necessary, and improper HSC 

regulation leads to excessive numbers of HSCs, some of which can carry mutations that 

result in their transformation to leukemia stem cells.  

 

 

Figure 1.7: Cellular states of HSCs and LSCs 
HSCs have three major biological features or stem cell properties: self-renewal, 
multipotency, and quiescence. After acquiring genetic/epigenetic alterations, HSCs 
undergo cellular transformation to become LSCs that retain the major stem cell 
properties of HSCs with enhanced signaling activities and also acquire some other 
unique biological features. Figure adapted from (Zhang and Li, 2019) 
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CHAPTER II 

IKZF3 PLAYS A SUPPRESIVE ROLE IN THE FUNCTIONAL REGULATION OF 

HEMATOPOIETIC STEM CELLS 

 

CONTRIBUTIONS 

The work of this chapter was conducted under the direction of Dr. Shaoguang Li. 

I performed majority of the experiments, analyzed and interpreted data. Yi Shan, Qiang 

Qiu, and Haojian Zhang assisted with bone marrow transplantation, collecting bone 

marrow cells, monitoring mice, and preparing samples for FACS. Xiaoxue Tian and 

Wenjun Zhang made the Ikzf3 knock out mice and analyzed the bone marrow.  

 

SUMMARY 

Hematopoietic stem cells (HSCs) are a small population of bone marrow cells 

responsible for producing all mature cell types in the blood. One of the most reliable 

methods to identify HSCs involves the use of various cell surface markers. HSCs are 

among the cells expressing the surface markers c-Kit and Sca-1, but the lack of the 

lineage (Lin) marker, known as LSK markers, and the presence of other markers, such 

as CD34, CD135, CD48 and CD150, enable further identification of long term and short 

term HSCs (LT-HSCs and ST-HSCs, respectively), and multipotent progenitor cells 

(MPPs). LSK cells can differentiate into committed progenitor cells, which are Lin-Sca-1-

c-Kit+ (LSK). However, whether these cells directly differentiate into a c-Kit negative 

LSK- (Lin-Sca-1+c-Kit-) population remains unclear. The regulation of hematopoietic 
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development must be controlled tightly by many mechanisms to maintain the balance of 

stem cell number in the bone marrow. Many pathways that regulate cancers also 

regulate normal stem cell homeostasis. Therefore, studying normal HSC regulation is 

important, because this regulation may be aberrant in many stem cell related diseases, 

such as the blood cancer leukemia. We have shown that HSC survival is regulated 

through a cellular transition from an LSK population to an LSK- population with a higher 

rate of apoptosis. The mechanism underlying this transitional pathway remains poorly 

understood. To identify factors regulating the maintenance of the LSK population, we 

compared gene expression profiles between the LSK- population and the LSK 

population. Ikaros family zinc finger 3 (Ikzf3) appeared to be an interesting candidate 

because it is highly expressed in the LSK- population. Ikaros zinc finger (Ikzf) family 

genes (Ikzf1–5) regulate hematopoietic cell development but have not been shown to 

be involved in the functional regulation of HSCs. Ikzf3 functions as a suppressor gene in 

HSCs. Overexpression of Ikzf3 decreases the LSK (Lin-Sca-1+c-Kit+) population, which 

contains HSCs, and increases the LSK- population, which is highly apoptotic and 

derived from the LSK population; in contrast, depletion of Ikzf3 has opposite effects. 

Ikzf3 diminishes HSC function in vivo and is responsible for the stress-induced cytotoxic 

effects on HSCs. Mechanistically, the DNA binding domain of Ikzf3 is required for its 

inhibition of HSCs, and Ikzf3 downregulates expression of Bcl-2, Bcl-xL and c-Myc. 

Ikzf3 expression in HSCs is maintained at low levels by the c-Kit pathway. Our study 

has identified Ikzf3 as a novel suppressor gene that is essential for regulating HSC 

survival and maintenance. 
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INTRODUCTION 

HSCs are a rare population that can self-renew to maintain the stem cell pool 

and differentiate to give rise to multiple cell lineages during normal hematopoiesis. HSC 

function is tightly regulated by complex mechanisms throughout life. Aberrant activities 

of HSCs are closely associated with blood diseases including hematopoietic 

malignancies. How the stem cell pool in bone marrow is appropriately maintained, by 

balancing the processes required for survival, self-renewal, differentiation and apoptosis 

of HSCs, remains unclear. HSCs in the bone marrow niche are responsible for 

generating blood and immune cells, and can divide into LT-HSCs, ST-HSCs and MPPs, 

which give rise to lymphoid and myeloid progenitors (Morrison and Weissman, 1994; 

Spangrude et al., 1988). Identifying HSCs is complicated, because these cells are rare. 

Moreover, HSCs comprise both LT-HSCs and ST-HSCs, and are morphologically 

similar to many other blood and bone marrow cells. The most reliable method to identify 

HSCs involves using cell surface markers and fluorescence-activated cell sorting 

(FACS) to isolate them. In vitro and in vivo studies have shown that mouse HSCs 

express high levels of the cell surface markers c-Kit and Sca-1, and low levels of CD34 

and Thy1.1, but lack expression of Lin (Baum et al., 1992; Morrison et al., 1997; Osawa 

et al., 1996a). On the basis of the expression of these cell surface markers, bone 

marrow cells are grouped into four cell populations: LSK (Lin-Sca-1+c-Kit+), LSK- (Lin-

Sca-1+c-Kit-), LS-K (Lin-Sca-1-c-Kit+) and LS-K- (Lin-Sca-1-c-Kit-). Of the four 

populations, only the LSK population can be engrafted in recipient mice after bone 

marrow transplantation (Peng et al., 2012), thus indicating that HSCs are included in the 

LSK population. With the SLAM markers (Forsberg et al., 2006; Morrison and 
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Weissman, 1994; Osawa et al., 1996a), LSK cells can be further divided into LT-HSCs 

with long-term self-renewing capability; ST-HSCs with temporary self-renewing 

capability; and MPPs, which give rise to myeloid and lymphoid progenitors for producing 

mature blood cells. All three cell types in the LSK population contribute to HSC function. 

Beyond the LS-K population (Lin-Sca-1-c-Kit+), which contains committed progenitor 

cells (Visser et al., 1984), the LSK- population (Lin-Sca-1+c-Kit-) is also derived from 

HSC-containing LSK cells (Peng et al., 2012; Randall and Weissman, 1998). However, 

whether the LSK-to-LSK- transition is a direct process not involving other types of cells 

remains unclear. This is an important question to answer, given that we have shown 

that LSK- cells have a much higher rate of apoptosis than LSK cells (Peng et al., 2012), 

thus providing a possible cellular pathway for altering the stem cell pool through self-

elimination via the transitioning of HSC-containing LSK cells to LSK- cells. This 

transitioning may be a potential mechanism regulating HSC function. Furthermore, we 

and others have shown that LSK- cells are in a resting state and do not have stem cell 

function or produce any other types of cells (Peng et al., 2012; Randall and Weissman, 

1998). Although the LSK- population has limited or no myeloid and erythroid potential, it 

contains a subset of cells with T cell, B cell and NK cell potential (Kumar et al., 2008). 

Regardless, little is known regarding the molecular pathways that regulate the LSK-to-

LSK- transition and whether this cellular transition is involved in regulating HSC function. 

To identify the factors responsible for the higher apoptotic rate in the LSK- than the LSK 

population, we conducted a DNA microarray analysis to compare gene expression 

profiles between these populations. IKZF3 in humans (or Ikzf3 in mice), also known as 

Aiolos, appeared to be an interesting candidate identified through this DNA microarray 
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analysis, because of its elevated expression in the LSK- population. The IKZF 

transcription factors include five family members: IKZF1 (Ikaros) (Georgopoulos et al., 

1992), IKZF2 (Helios) (Hahm et al., 1998), IKZF3 (Aiolos) (Hahm et al., 1998), IKZF4 

(Eos) (Honma et al., 1999) and IKZF5 (Pegasus) (Perdomo et al., 2000). Each member 

of the family has as many as four N-terminal DNA-binding zinc fingers and two C-

terminal zinc fingers, which are required for homodimerization or heterodimerization 

with other family members (Molnar and Georgopoulos, 1994). IKZF1 and IKZF3 are the 

most abundant members, share high sequence similarity. They can interact in vivo and 

in vitro with mSin3 family of co-repressors which bind to the histone deacetylase 

repressor complex and nucleosome-remodeling complex SWI-SNF and subsequently 

transcriptionally repress regions of the genome (Kim et al., 1999; Koipally et al., 1999). 

IKZF3 has multiple isoforms arising from extensive mRNA splicing. Sixteen isoforms of 

human IKZF3 have been identified (Caballero et al., 2007). These isoforms are divided 

into two groups: those with at least three zinc fingers at the N-terminus, which bind 

DNA, and those with fewer than three zinc fingers at the N-terminus, which are 

insufficient to bind target DNA. The isoforms that cannot bind DNA are dominant 

negatives, because they retain dimerization ability but are not functional. Alternative 

splicing not only affects the defined function of the domain but also is likely to affect the 

protein’s behavior. The stoichiometry between isoforms is important, because dominant 

negatives can form dimers with active isoforms, thus preventing DNA binding and 

blocking regulatory functions (Hosokawa et al., 1999; Kelley et al., 1998; Payne et al., 

2001). 
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IKZF1 is a tumor suppressor in acute lymphoblastic leukemia (Mullighan et al., 

2008). Upon T cell activation, IKZF3 recruits the Mi-2/HDAC to the region of 

heterochromatin, showing that IKZF1 is capable of targeting chromatin remodeling and 

deacetylation complexes (Kim et al., 1999). IKZF2 is dispensable for HSC function but 

is required for stem cell function in MLL-AF9-induced acute myeloid leukemia (Park et 

al., 2019). Ikzf3 is a hematopoietic transcription factor known to regulate the 

development, proliferation and maturation of B lymphocytes (Liippo et al., 1999; Morgan 

et al., 1997). Loss of Ikzf3 leads to the accumulation of pre-B and immature B cells and 

a decrease in circulating B cells (Wang et al., 1998). Ikzf3 is also required for generating 

high affinity bone marrow plasma cells responsible for long-term immunity (Cortes and 

Georgopoulos, 2004). Interleukin-2 (IL-2) has been found to control the cellular 

distribution of Ikzf3 and to induce Ikzf3 tyrosine phosphorylation, which is required for 

Ras dissociation. In IL-2 deprived cells, Ikzf3 is sequestered in the cytoplasm by Ras, 

and thus cannot enter the nucleus and bind the Bcl-2 promoter; subsequently, Bcl-2 

transcription is downregulated, and apoptosis is induced (Romero et al., 1999). In 

addition, IL-4 induces Ikzf3 tyrosine phosphorylation. Under IL-4 deprivation, Ikzf3 is de-

phosphorylated, thus increasing the association of Ikzf3 with Bcl-xL, an anti-apoptosis 

factor in the same family with Bcl-2, and causing apoptosis (Rebollo et al., 2001). In B 

cell development, c-Myc must be down-regulated for exit from cell cycle and transition 

from cycling pre-B to resting pre-B cells. Ikzf3 directly binds the c-Myc promoter and 

suppresses c-Myc expression, thereby inducing p27 and down-regulating cyclin D3 (Ma 

et al., 2010). Ikzf3 null mice display B-cell hyperproliferation and develop lymphomas 

(Wang et al., 1998). In humans, the IKZF3 transcription factor is highly upregulated and 
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is inversely correlated with clinical progression in patients with chronic lymphocytic 

leukemia (Nuckel et al., 2009). Moreover, high expression of IKZF3 in the T cells of 

patients with stage III multiple myeloma correlates with longer overall survival after 

treatment with immunomodulatory drugs (Awwad et al., 2018); therefore, this gene may 

play a role in tumor suppression. However, whether IKZF3 plays a role in regulating 

HSC function remains unknown. In this study, we investigated the roles of IKZF3 in 

regulating the LSK-to-LSK- transition and HSC function. 

We investigated the molecular basis of the regulation between the LSK and LSK- 

populations, and how this process contributes to the homeostasis of normal HSCs. We 

identified Ikzf3 as a suppressor of HSC development and maintenance. We also 

examined whether Ikzf3 regulates HSC survival and how different Ikzf3 isoforms affect 

this regulatory function. Ikzf3 suppresses HSC survival through the induction of 

apoptosis, through Bcl-2 and Bcl-xL dependent pathways. Ikzf3 also regulates HSCs 

through suppressing Myc, thereby decreasing cell proliferation and survival. In addition, 

we identified a novel pathway in which Ikzf3 is a downstream target of c-Kit. Binding of 

c-Kit and its ligand stem cell factor (SCF) results in the dimerization of receptors and 

activation of its intrinsic tyrosine kinase downstream pathway (Williams et al., 1990; 

Yarden et al., 1987). c-Kit plays an important role in the regulation of many cell types 

including HSCs. Mutations in c-Kit have been found in multiple human diseases, such 

as small cell lung carcinomas (Krystal et al., 1996), colorectal carcinoma (Bellone et al., 

1997), breast cancer (Hines et al., 1999; Natali et al., 1992a), thyroid cancer (Natali et 

al., 1995), mast cell leukemia (Longley et al., 1996; Nagata et al., 1995) and acute 

myeloid leukemia (Ning et al., 2001). c-Kit has been described to be important in many 
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pathways controlling adhesion, migration, protein trafficking, proliferation and survival, 

including PI3 kinase (Blume-Jensen et al., 1998; Serve et al., 1995), Ras/Erk 

(Thommes et al., 1999), Src tyrosine kinase (Bondzi et al., 2000; Timokhina et al., 1998) 

and JAK/STAT (Weiler et al., 1996) pathways, among many others. The molecular 

mechanism of the c-Kit signaling pathway is intensively studied, with the hope of 

developing more potential targets to inhibit specific c-Kit signaling pathways. We have 

shown that Interferon consensus sequence binding protein (Icsbp) expression is 

significantly lower in the LSK- cells of Icsbp-/- mice than control mice (Peng et al., 2012). 

Icsbp is also down-regulated in human myeloid leukemia (Tamura and Ozato, 2002), 

thus indicating the suppressor role of Icsbp in hematopoietic cells. In this study, we 

showed that Icsbp and Ikzf3 are part of the same pathway regulating the transition 

between LSK and LSK- cells. Stem cells are a critical component that must be tightly 

regulated and controlled. Thus, identifying and studying the molecular mechanisms 

underlying the Ikzf3-mediated regulation of hematopoiesis and HSCs are crucial. Of 

particular importance is investigating how Ikzf3 acts as a transcription factor 

downstream of c-Kit, whereas Ikzf3 also regulates Myc, Bcl-2 and Bcl-xL, and they 

together contribute to HSC maintenance and survival. 

 

RESULTS 

Ikzf3 is expressed at a low level in LSK cells but at a high level in LSK- cells, and 

promotes the LSK-to-LSK- transition 

We and others have shown that LSK cells unidirectionally give rise to LSK- cells 

in mice (Peng et al., 2012; Randall and Weissman, 1998); we have also shown that 
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LSK- cells have a much higher apoptotic rate than LSK cells (Peng et al., 2012). Thus, 

we hypothesized that through transitioning to LSK- cells, LSK cells might permanently 

remove themselves from the stem cell pool, thus providing a unique way to regulate 

HSC function. To better understand the molecular mechanism underlying the LSK-to-

LSK- transition, we conducted a DNA microarray analysis to compare the gene 

expression profiles between LSK- and LSK populations, with the aim of identifying 

genes expressed in LSK- cells at high or low levels. We analyzed the microarray data by 

using our SDL global optimization method developed to identify a short list of candidate 

genes with potential functional relevance (Li, 2008). It is a deep learning, computational 

method by using artificial intelligence to compute the genes with higher chance of 

affecting HSCs from DNA microarray results and known data (Li et al., 2020; Li and Li, 

2022). Ikzf3 and Icsbp had much higher expression, and c-Kit and c-Myc had much 

lower expression, in the LSK- population than in the LSK population (Figure 2.1A). We 

decided to primarily study Ikzf3 because little is known regarding its role in the 

functional regulation of HSCs. The higher expression of Ikzf3 in LSK- cells was 

confirmed by real time RT-PCR (Figure 2.1B). We next examined whether Ikzf3 might 

affect HSC function in mice. To do so, we transduced bone marrow cells with Ikzf3 

retrovirus (Ikzf3-IRES-GFP-pMSCV), and used empty retrovirus (IRES-GFP-pMSCV) as 

a control, then transplanted the transduced cells into lethally irradiated recipient mice. 

Four months after the primary bone marrow transplantation, Ikzf3 overexpression 

significantly decreased the total bone marrow cells (Figure 2.1C), thus indicating a 

suppressive function of Ikzf3. Using FACS analysis, we also analyzed LSK and LSK- 

cells in the bone marrow of the mice and observed that the percentage and number of 
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LSK cells dramatically decreased, whereas those of LSK- cells dramatically increased, 

after overexpression of Ikzf3 (GFP+) (Figure 2.1D). In contrast, the percentages and 

numbers of GFP- LSK and LSK- cells were similar (Figure 2.1D). These results indicated 

that Ikzf3 promoted the transition of LSK cells to LSK- cells. This conclusion was further 

strengthened by secondary transplantation analysis, in which we transplanted equal 

numbers of GFP+ LSK cells into lethally irradiated recipient mice. We analyzed the mice 

after 4 months and found that Ikzf3 overexpression caused a decrease in total bone 

marrow cells (Figure 2.1E) and LSK cells (Figure 2.1F), but an increase in LSK- cells 

(Figure 2.1F). Because LSK- cells are derived from only LSK cells (Peng et al., 2012; 

Randall and Weissman, 1998), the increase in the percentages and total numbers of 

LSK- cells after Ikzf3 overexpression suggested that Ikzf3 promotes the cellular 

transition of LSK to LSK- cells. Because we previously showed that LSK- cells have a 

much higher apoptotic rate than HSC-containing LSK cells (Peng et al., 2012), we 

reasoned that the LSK-to-LSK-transition promoted by Ikzf3 might provide a cellular 

pathway to decrease the size of the HSC population when needed. In contrast, Ikzf3 

might also have a direct suppressive role in HSCs, because Ikzf3 overexpression 

decreased the HSC-containing LSK population (Figures 2.1D, F). Technically, the 

efficiency in retroviral transduction of bone marrow cells and bone marrow homing could 

result in higher or lower engraftment of the transduced cells. To rule out these 

possibilities, we transduced bone marrow cells with empty virus and Ikzf3, then 

performed transplantation into recipient mice and analyzed bone marrow cells 3 hours 

later with FACS for GFP+ cells. No difference was observed in the percentage of GFP+ 

bone marrow cells between groups (Figure 2.1G). 
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 We then asked whether this LSK-to-LSK- transition might occur directly without 

requiring cell division. This question is important because if a direct LSK-to-LSK- 

transition were to occur, this one-step process would enable regulation of the size of the 

LSK population or the number of HSCs when needed, because HSCs are contained 

within the LSK population. Because obtaining sufficient sorted HSCs for testing this idea 

would be technically difficult, we used LSK cells. To monitor cell division, we used 

carboxyfluorescein succinimidyl ester (CFSE) to stain the LSK cells sorted from the 

bone marrow of C57BL/6 mice, then cultured the stained cells under stem cell 

conditions (de Haan et al., 2003; Zhang and Lodish, 2005) for 6 days, during which a 

portion of the cultured cells was removed daily for FACS analysis. The CFSE signal was 

expected to decrease with each division of LSK cells. We observed that some LSK cells 

divided, whereas others did not, and that LSK- cells were increasingly identified each 

day, showing a much higher percentage on the last day (Figure 2.1H), possibly because 

more LSK cells became LSK- cells. We also quantified the total numbers of CFSE+ LSK 

and LSK- cells daily during 4-day culture and found that the number of LSK cells 

decreased gradually, but the number of LSK- cells increased with time (Figure 2.1I), 

thus further demonstrating the transition of LSK cells to LSK- cells. On the basis of the 

daily FACS analysis indicating the highest CFSE peak reflecting undivided cells, the 

results clearly indicated that LSK- cells were continually present during the 4-day culture 

(Figure 2.1J), and thus LSK cells transitioned to LSK- cells directly without requiring cell 

division because these LSK- cells still retain strong CFSE expression. These results 

also revealed that LSK cells continually self-renewed during culture, as shown by a 

continuous decrease in CFSE staining and >10% of cells transitioning directly to LSK- 
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cells (Figure 2.1J). To more closely examine the LSK-to-LSK- transition, we focused on 

the cells that had the strongest CFSE staining, at 93.38% of cells at day 0 (Figure 2.1K), 

thus indicating that they had never divided during the 4-day culture. We quantified this 

this cell population daily during the 4-day culture and found that the number of 

undivided LSK cells substantially decreased, by approximately 90% within the first day, 

whereas the number of LSK- cells increased (Figure 2.1K). This observation again 

indicated that a substantial number of LSK cells directly transitioned to LSK- cells 

without requiring cell division. We believe that the daily decrease in CFSE signal was 

caused by continual cell division of LSK cells but not LSK- cells, because LSK- cells did 

not divide during the culture (Figure 2.1L).To rule out the possibility that LSK- cells might 

also be derived from other Lin- populations and/or those populations could revert to LSK 

cells under the in vitro stem cell conditions, we sorted LS-K-, LS-K and LSK- cells and 

stained them with CFSE for FACS analysis. No CFSE-stained LSK and LSK- cells were 

detected in cultured LS-K- or LS-K cells (Figure 2.1M), thus indicating that neither LS-K- 

cells nor LS-K cells can give rise to LSK- cells. Thus, only LSK cells can give rise to 

LSK- cells (Peng et al., 2012; Randall and Weissman, 1998). We also found that none of 

the LS-K-, LS-K or LSK- cells gave rise to LSK cells (Figure 1M). Together, these results 

revealed that LSK- cells are directly derived from LSK cells but not from other Lin- cell 

populations. 
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Figure 2.1: Ikzf3 is expressed at a low level in LSK cells but at a high level in LSK- 

cells, and promotes the LSK-to-LSK- transition 
(A) List of genes that may play important role in the cellular LSK-to-LSK- transition 

using the SDL global optimization method. The expression data was obtained 
from DNA microarray to compare expression profiles between LSK and LSK- 
cells (Left panel). Fold change of gene expression in LSK- over LSK to show the 
difference in expression of each gene in LSK- cells compared to LSK cells from 
(left panel) in bar graph (right panel).  
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(B) Real-time RT-PCR analysis indicated significantly higher Ikzf3 expression in the 
LSK population than the LSK- population in mouse bone marrow cells (n=5–8 per 
group, ***P<0.005). 

(C) Total number of bone marrow cells 4 months after bone marrow transplantation, 
in which donor cells were transduced with either IRES-GFP-pMSCV (Empty) or 
Ikzf3-IRES-GFP-pMSCV (Ikzf3) retrovirus and injected into lethally irradiated 
recipient mice (n=10–15 per group, **P<0.01). 

(D) FACS analysis of bone marrow cells 4 months after BMT, showing the 
percentages and cell numbers of LSK and LSK- populations in bone marrow in 
both GFP+ cells (those transduced with virus for the expression of either empty 
vector or Ikzf3) and GFP- cells (n=10–15 mice per group; *P<0.05, **P<0.01). 

(E) Total number of bone marrow cells 4 months after secondary bone marrow 
transplantation in which the same amounts of GFP+ LSK (either Empty or Ikzf3) 
cells from primary transplantation were injected into recipient mice (n=10–15 per 
group, **P<0.01). 

(F) FACS analysis of the percentages and cell numbers of the LSK and LSK- 
populations 4 months after secondary bone marrow transplantation, on the basis 
of both GFP+ and GFP- cells (n=10–15 mice per group, *P<0.05). 

(G) Percentage of GFP+ cells in the bone marrow after 3 hours of bone marrow 
transplantation to study the engraftment efficiency. Mice were injected with cells 
that transduced with Empty or Ikzf3-IRES-GFP-pMSCV retrovirus and bone 
marrow cells were harvested 3 hours after for FACS analysis. There was no 
difference in GFP+ percentage meaning cells were transduced with the 2 viruses 
have no difference in engraftment; therefore, the difference in further results 
should not be caused by engraftment issue (n=5 per group). 

(H) Sorted LSK were stained with CFSE and cultured for 4 days under in vitro stem 
cell conditions, and FACS was performed each day on a portion of the cells; the 
peak with higher expression of CFSE was considered undivided. Overlaid FACS 
images for 5 days, showing a new peak that formed each day and moved slightly 
to the left, thus indicating cells dividing and the CFSE signal becoming weaker. 
Daily FACS analysis indicated CFSE, c-Kit and Sca-1 expression. 

(I) Numbers of CFSE+ LSK cells, CFSE+ LSK- cells and all CFSE+ cells on each day. 
(J) FACS analysis of only undivided cells on each day (from the area indicated by 

arrow), showing the percentages of LSK and LSK- cells. A high number of cells 
initially contained high CFSE and were considered undivided cells, then 
dramatically decreased because of cell division.  

(K) Numbers of undivided CFSE+ LSK cells, undivided CFSE+ LSK- cells and total 
undivided CFSE+ cells from each day of culture. 

(L) Overlay of 4-day-FACS sorted LSK- cells (then stained with CFSE), showing that 
the main peak did not move, thus indicating that the LSK- cells do not divide. 

(M)Sorted LSK-, LS-K-, LS-K cells were cultured under in vitro stem cell conditions 
and stained with CFSE, FACS was performed at day 0, day 1 and day 2 to study 
whether any LSK cells were derived from these populations. 
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Ikzf3 is a suppressor gene regulating HSC function 

Ikzf3 expression was low in LSK cells but high in LSK- cells (Figure 2.1A). This 

observation suggested that Ikzf3 functions as a suppressor whose expression must be 

diminished in HSCs. To examine whether Ikzf3 functions as a suppressor in HSCs, we 

analyzed bone marrow cells of Ikzf3 gene knockout mice that we developed (Figure 

2.2A), which were compared with wild type mice. Ikzf3 deletion caused a significant 

increase in LSK cells (Figure 2.2B), thus providing a strong rationale for studying a 

suppressive role of Ikzf3 in HSCs. Because the Ikzf3 knockout mice were just recently 

made by our collaborator 129/sv background, and they are currently being crossed onto 

the C57BL/6 genetic background for a few more generations, mice with a mixed 

background would not have been suitable for extensive study of the role of Ikzf3 in 

regulating HSC function. Therefore, we attempted to deplete Ikzf3 in bone marrow cells 

by using shRNA knockdown and the CRISPR/Cas9 method. We examined the effect of 

Ikzf3 on LSK cells in vitro by knocking down Ikzf3 expression in bone marrow cells from 

C57BL/6 mice with a GFP-GIPZ lentivirus for expression of shRNA against Ikzf3 

(shIkzf3-GFP-GIPZ) or shScramble as a control. The bone marrow cells transduced 

with shIkzf3-expression lentivirus or shScramble were cultured under stem cell 

conditions for 6 days, then subjected to FACS analysis of LSK and LSK- cells. After 

Ikzf3 knockdown, compared with scramble control knockdown (Figure 2.2C), the 

number of bone marrow cells in the culture was significantly higher (Figure 2.2D). 

Furthermore, Ikzf3 knockdown increased LSK cells and decreased LSK- cells (Figure 

2.2E). These results implied that Ikzf3 suppresses HSC function. 
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 Next, we isolated bone marrow cells from CRISPR/Cas9 knock-in mice 

constitutively co-expressing Cas9 and GFP, and transduced the cells with lentivirus for 

co-expression of mCherry and guide RNA for Ikzf3 [pLenti-sgRNA(Ikzf3)-mCherry]. We 

then transplanted the transduced cells into lethally irradiated recipient mice. The 

lentivirus for expression of scramble sgRNA was used as control. White blood cells 

(WBCs) positive for both mCherry and GFP (mCherry+GFP+) in the peripheral blood of 

the mice were monitored for 5 months after bone marrow transplantation. The removal 

of Ikzf3 increased the WBCs over time (Figure 2.2F), thus demonstrating that Ikzf3 

plays a suppressive role, probably through affecting HSC function. To more clearly 

demonstrate the effect of Ikzf3 on HSCs, we performed secondary and tertiary bone 

marrow transplantation using donor cells from primary and secondary mice respectively 

5 months after bone marrow transplantation, and found that sgIkzf3-expressing WBCs, 

as compared with sgScramble-expressing WBCs, increased with time (Figure 2.2F). To 

confirm the effectiveness of sgIkzf3 in knocking out Ikzf3, we conducted real-time PCR 

analysis to compare Ikzf3 expression between sgIkzf3- and sgScramble-expressing 

bone marrow cells 5 months after bone marrow transplantation. The expression of Ikzf3 

in mCherry+GFP+ bone marrow cells was significantly lower in mice receiving sgIkzf3-

transduced bone marrow cells than in those receiving sgScramble-transduced bone 

marrow cells (Figure 2.2G); therefore, sgIkzf3 efficiently targeted the Ikzf3 gene in vivo. 

The efficient targeting of Ikzf3 by the sgIkzf3 was further demonstrated by our 

observation that the numbers of bone marrow mCherry+GFP+ B and T cells were 

significantly higher in mice receiving sgIkzf3-transduced bone marrow cells than in mice 

receiving sgScramble-transduced bone marrow cells (Figures 2.2H and 2.2I), in 
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agreement with the known suppressive roles of Ikzf3 in regulating the development, 

proliferation and maturation of B lymphocytes (Georgopoulos et al., 1992). Furthermore, 

sgIkzf3 caused a significant increase in the numbers of LSK cells in all transplanted 

mice (Figure 2.2J). Although the effect on LT-HSCs (GFP+mCherry+CD34-LSK) by 

sgIkzf3 was not observed in mice that underwent the primary bone marrow 

transplantation, in mice receiving secondary and tertiary bone marrow transplantation, 

the numbers of LT-HSCs significantly increased (Figure 2.2J).  

 To more stringently examine the inhibitory effect of Ikzf3 on HSC function, we 

conducted in vivo competition assays allowing for side-by-side comparison of the stem 

cell function of two different HSCs in the same bone marrow environment. We 

transduced bone marrow cells from CD45.1 mice with empty vector (pMSCV-IRES-

GFP) and bone marrow cells from CD45.2 mice with pMSCV-Ikzf3-IRES-GFP to 

overexpress Ikzf3. The Empty-transduced bone marrow cells were mixed with the Ikzf3-

transduced bone marrow cells in a 1:1 or 1:2 ratio, and the mixed cells were 

transplanted into each lethally irradiated recipient mouse. Peripheral blood was drawn 

every month to compare the percentage of GFP+CD45.1+ WBCs with that of 

GFP+CD45.2+ WBCs with FACS. At a 1:1 ratio, the percentage of GFP+CD45.1+ WBCs 

was much higher than that of GFP+CD45.2+ WBCs at each time point (Figure 2.2K), 

thus suggesting that that Ikzf3 diminished HSC function in producing mature blood cells. 

This conclusion was further supported by the finding that after the Ikzf3-transduced 

bone marrow cells were doubled when mixed with MIG-transduced bone marrow cells 

(2:1), the engraftment of Ikzf3-transduced bone marrow cells remained significantly 

lower than that of MIG-transduced bone marrow cells (Figure 2.2K). These results 
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suggested that the observation of fewer WBCs reflected the functional inhibition of 

HSCs by Ikzf3. To further support this finding, we analyzed bone marrow cells of these 

mice at 9 months after the injection of mixed MIG-transduced and Ikzf3-transduced 

bone marrow cells at a 1:1 or 1:2 ratio, and found that the percentage of Ikzf3-

transduced LSK cells was significantly lower than that of MIG-transduced LSK cells 

(Figure 2.2L). In contrast, Ikzf3 overexpression caused an increase in the LSK- 

population in the same mice (Figure 2.2L), thus suggesting that Ikzf3 specifically 

inhibited the HSC-containing LSK population but not the LSK- population. To rule out 

any unexpected issues in using the CD45.1 and CD45.2 mice in our retroviral 

transduction and bone marrow transplantation experiments, we further confirmed the 

effect of Ikzf3 on HSC function by transducing CD45.2 bone marrow cells with MIG and 

CD45.1 bone marrow cells with Ikzf3, and then mixing them in a 1:1 ratio for 

transplantation into each recipient mouse. FACS analysis of WBCs of the mice during a 
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month period indicated that Ikzf3 overexpression decreased WBCs (Figure 2.2M), in 

agreement with the results shown in Figure 2L. 

 

Generation of Ikzf3 KO mouse
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Figure 2.2: Ikzf3 is a suppressor gene regulating HSC function 
(A) Schematic method of generating Ikzf3 knockout mice using LoxP/Cre system to 

disrupt one Ikzf3 locus: targeting vector containing Cre-LoxP was inserted into 
mouse Ikzf3 locus using two sgRNA. Targeted allele expressed mCherry and 
had Neo resistant, then selection cassette was excised via Flp-FRT 
recombination to produce null allele. 

(B) FACS data showing the percentage of the LSK population in wild type and Ikzf3-/- 
mice generated with the LoxP/Cre system to insert a neomycin resistance 
cassette into locus 8 of Ikzf3 (n=3, **P<0.01). 

(C) Real time RT-PCR showing the expression of Ikzf3 in ENU cells after lentiviral 
transduction of shRNA-GIPZ, containing either shScramble or three different 
shIkzf3 constructs targeting different locations of Ikzf3. Cells were selected with 
puromycin for 48 hours (n=3–6, ***P<0.005).  

(D) Total number of cells from in vitro stem cell culture. Bone marrow cells were 
transduced with shScramble-GIPZ and three different constructs of shIkzf3-GIPZ, 
then cultured for 6 days with stem cell conditions (n=3; *P<0.05, **P<0.001). 

(E) FACS analysis of bone marrow growing under in vitro stem cell conditions for 6 
days. Bone marrow cells were harvested from C57J/B6 mice and transduced 
with retrovirus containing either shScramble-GIPZ or shIkzf3-GIPZ. The 
percentages and cell numbers of the GFP+ LSK and LSK- populations were 
obtained from FACS, which indicated that knockdown of Ikzf3 altered the balance 
between LSK and LSK- cells (n=3 to 5; *P<0.05; **P<0.01, ***P<0.005). 

(F) sgScramble and sgIkzf3 were transduced into CRISPR/Cas9 cells to edit the 
Ikzf3 gene, thus resulting in knockdown of Ikzf3 expression. After bone marrow 
transplantation, peripheral blood was monitored every month for 5 months, and 
then a second transplantation was performed with the same amount of 
mCherry+GFP+ LT-HSCs injected into the recipient mice. These mice were also 
monitored for 5 months before a third transplantation was performed in the same 
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manner as the second transplantation. FACS data of percentages and cell 
numbers of WBCs in the peripheral blood of three bone marrow transplantations 
indicated that, after Ikzf3 knockdown, the WBCs proliferated faster than control 
cells (n=15 to 20 per group; *, P<0.05; **, P<0.01, ***, P<0.005).  

(G) Expression of Ikzf3 in mCherry+GFP+ bone marrow cells 5 months after 
transplantation, assessed with real-time RT-PCR to examine the effect of Ikzf3 
knockdown with the sgRNA-CRISPR system (n=5; ***, P<0.001). 

(H) Number of mCherry+GFP+B220+ (for B cells) in bone marrow 5 months post 
transplantation of sgScramble and sgIkzf3-CRISPR/Cas9 mice (n=15, *P<0.05). 

(I) Number of mCherry+GFP+Cd3e+ (for T cells) in bone marrow 5 months post 
transplantation of sgScramble and sgIkzf3-CRISPR/Cas9 mice (n=15, *P<0.05). 

(J) FACS analysis of bone marrow cells 5 months after each transplantation, 
showing percentages and cell numbers of LSK, LSK- and CD34-LSK populations 
(LT-HSCs) (n=15 to 20 per group; *, P<0.05; **, P<0.01, ***, P<0.005). 

(K) Competition assay schematic. CD45.1 bone marrow cells were transduced with 
retrovirus containing MIG, whereas CD45.2 cells were transduced with Ikzf3. 
CD45.1 and CD45.2 cells were mixed in 1:1 or 1:2 ratios and then injected into 
lethally irradiated recipient mice. Peripheral blood was collected for FACS 
analysis of the CD45.1 and CD45.2 population within the GFP+ cells after 9 
months (n=10 mice per group; *P<0.05, **P<0.01, ***P<0.005).  

(L) Percentages of GFP+LSK and GFP+LSK- from CD45.1 and CD45.2 bone marrow cells in 
1:1 and 1:2 ratio competition assays 9 months after bone marrow transplantation (n=10 
mice per group; *P<0.05). 

(M)Competition assay with donor CD45.2 cells transduced with Empty IRES-GFP-
pMSCV retrovirus while CD54.1 cells transduced with Ikzf3-IRES-GFP-pMSCV 
retrovirus. Two donor cells were mix with 1:1 ratio and injected into lethally-
irradiated recipient mice. Peripheral blood was monitored for 9 months using 
FACS to measure the percentage of GFP+ cell in blood (n=5, ***P<0.005). 
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The DNA binding domain is required for Ikzf3’s inhibition of HSC function  

The Ikzf3 gene contains seven exons, and multiple isoforms of Ikzf3 are 

produced via extensive alternative splicing (Caballero et al., 2007; Liippo et al., 1999). 

Exons 3, 4 and 5 encode the DNA binding domain, and exon 7 encodes the DNA 

dimerization domain (Figure 2.3A). In the absence of the DNA binding domain, Ikzf3 can 

still dimerize or bind other Ikaros family members, but can no longer bind DNA and 

facilitate transcription (Molnar and Georgopoulos, 1994). We aimed to examine whether 

DNA binding of Ikzf3 might be required for its inhibition of HSC function. We engineered 

an Ikzf3 construct with deletion of exons 3, 4 and 5 (Ikzf3-1267) (Figure 2.3A), which 

caused Ikzf3 to lose its DNA binding ability while retaining its protein dimerization 

capability (Molnar and Georgopoulos, 1994). Thus, Ikzf3-1276 was expected to lose 

Ikzf3 function in suppressing HSCs. To test this possibility, we transduced bone marrow 

cells with empty vector (MIG), Ikzf3 (pMSCV-Ikzf3-IRES-GFP) or Ikzf3-1267 (pMSCV-

Ikzf3-1267-IRES-GFP), then transplanted the transduced cells into lethally irradiated 

recipient mice. At 4 months after bone marrow transplantation, FACS analysis indicated 

that, in contrast to Ikzf3 overexpression, which decreased the percentage and number 

of GFP+ LSK cells, Ikzf3-1267 did not suppress LSK cells (Figure 2.3B, left panel); 

therefore, the DNA binding domain is required for the inhibition of LSK cells by Ikzf3. 

Because Ikzf3 increased LSK- cells (Figures 2.3B, right panel), we examined whether 

Ikzf3-1267 lost this ability. By analyzing bone marrow cells in mice receiving donor bone 

marrow cells transduced with MIG, Ikzf3 or Ikzf3-1267, we observed that Ikzf3-1267, 

unlike Ikzf3, did not stimulate formation of the LSK- population (Figure 2.3B, right panel). 

To further determine the loss of the inhibitory effect of Ikzf3-1267 on LSK cells, we 
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conducted secondary bone marrow transplantation by transplanting bone marrow cells 

from primary recipient mice receiving the bone marrow cells transduced with MIG, Ikzf3 

or Ikzf3-1267. We confirmed that Ikzf3-1267 did not inhibit LSK cells or stimulate the 

formation of LSK- cells after the secondary bone marrow transplantation (Figure 2.3C), 

and these effects were also associated with the loss of its inhibitory effect on quiescent 

(G0) LSK cells (Ki67-) (Figure 2.3D). The inhibitory effect of Ikzf3 on the G0 total bone 

marrow cells and LSK cells was further demonstrated through CRISPR knockout of 

Ikzf3 (Figure 2.3E). Next, we examined whether the failure of Ikzf3-1267 to inhibit LSK 

cells might have been due to a lack of its inhibitory effect on LT-HSCs, by comparing 

the percentages and numbers of LT-HSCs (GFP+CD150+CD48-LSK) in the bone 

marrow in mice receiving the donor bone marrow cells transduced with MIG, Ikzf3 or 

Ikzf3-1267. The lack of the DNA binding domain stops the ability of Ikzf3 to suppress 

LT-HSCs in mice with both primary and secondary bone marrow transplantation (Figure 

2.3F).  
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Figure 2.3: The DNA binding domain is required for Ikzf3’s inhibition of HSC 
function  

(A) Schematic drawing of the Ikzf3 gene with seven exons. Exons 3, 4 and 5 contain 
the DNA binding domain; exon 7 contains the dimerization domain. Ikzf3-1267 is 
a truncated isoform of Ikzf3 formed by deletion of exons 3, 4 and 5.  

(B) Percentages of LSK and LSK- cells from mouse bone marrow with empty, Ikzf3 
or Ikzf3-1267 transduction in both GFP+ and GFP- cells from primary bone 
marrow transplantation (n=10–15 per group; *, P<0.05; **, P<0.01).  

(C) Percentages of LSK and LSK- cells from mouse bone marrow with empty, Ikzf3 
or Ikzf3-1267 transduction in both GFP+ and GFP- cells from secondary bone 
marrow transplantation (n=10–15 per group; *, P<0.05; **, P<0.01). 
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(D) Percentages of GFP+ cells and GFP+ LSK cells in G0, on the basis of detection of 
Ki67 with FACS in bone marrow cells 2 months after transplantation with Empty, 
Ikzf3 or Ikzf3-1267-IRES-GFP-pMSCV. Ki67 is a cellular proliferation marker that 
is present in all active cell phases but absent in quiescence. Cells with negative 
expression of Ki67 were considered to be in G0 phase (n=8–10, **P<0.01, 
***P<0.005). 

(E) Percentages of mCherry+GFP+ cells and mCherry+GFP+ LSK cells in G0, 
determined by detection of Ki67 with FACS in bone marrow cells 2 months after 
transplantation with sgScramble and sgIkzf3-CRISPR/Cas9 (n=8–10, *P<0.05). 

(F) Percentages of CD150+CD48- LSK cells (LT-HSCs) from bone marrow with 
empty, Ikzf3 or Ikzf3-1267 transduction in both GFP+ and GFP- cells from primary 
and secondary bone marrow transplantation (n=10–15 per group; *, P<0.05; **, 
P<0.01). 

 

 

Ikzf3 mediates stress-induced cytotoxic effects in HSCs 

Environmental stress, including chemical drugs or irradiation, is well known to 

harm HSCs (Rossi et al., 2008; Schoedel et al., 2016). Therefore, we wondered 

whether Ikzf3 might play a role in the stress-induced cytotoxic effects on HSCs. We 

treated mice with either 5-FU or irradiation and used untreated mice as a control. We 

then analyzed the mice after 4 days. First, we examined the level of Ikzf3 expression in 

bone marrow cells with real-time RT-PCR and found that treatment with 5-FU or 

irradiation enhanced Ikzf3 expression in Lin- cells (Figure 2.4A), LSK cells (Figure 2.4B) 

and LSK- cells (Figure 2.4C). Of note, because of the technical difficulty in obtaining 

sufficient RNA for RT-PCR analysis from the limited number of sorted LT-HSCs after 

5´FU and irradiation treatment, we were unable to compare Ikzf3 expression in this cell 

population. Next, we further examined the functional relationship between Ikzf3 and the 

stress-induced cytotoxic effect on HSCs by treating mice receiving MIG- or Ikzf3-

trandcued bone marrow cells with 5-FU, then performing FACS analysis of the numbers 

of LSK cells and LT-HSCs (Lin-Sca-1+c-Kit+CD34-) in the bone marrow of the recipient 
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mice 1 month after bone marrow transplantation. Ikzf3 overexpression significantly 

enhanced the 5-FU-induced decrease in bone marrow LSK cells and LT-HSCs (Figure 

2.4D), in a manner dependent on the DNA binding activity of Ikzf3. In contrast, CRISPR 

knockout of Ikzf3 alleviated the inhibitory effect of 5-FU on bone marrow LSK cells and 

LT-HSCs (Figure 2.4E). Of note, we used the CD34 marker for identifying LT-HSCs 

because of color limitation in the FACS analysis. These results prompted us to 

determine whether Ikzf3 induces cellular apoptosis. To do so, we compared apoptosis 

of LSK cells from mice receiving bone marrow cells transduced with MIG, Ikzf3 or Ikzf3-

1267, by staining the cells for Annexin V. Ikzf3 increased apoptosis of LSK cells (Figure 

2.4F), but this effect was abolished after removal of the DNA binding domain of Ikzf3 

(Figure 2.4F). Ikzf3 also increased apoptosis of LSK- cells (Figure 2.4F), in agreement 

with the higher apoptotic rate of this cell population (Peng et al., 2012). In contrast, we 

observed decreased apoptosis of LSK and LSK- cells after CRISPR knockout of Ikzf3 

(Figure 2.4G). These results suggested that Ikzf3 inhibits HSCs mainly through inducing 

cellular apoptosis.  
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Figure 2.4: Ikzf3 mediates stress-induced cytotoxic effects in HSCs 

(A) Expression of Ikzf3 in real time RT-PCR from sorted Lin- bone marrow cells from 
non-treated, 5´FU treated and irradiation treated wild type mice (4 days after 
treatment). Lin- cells were sorted with a Lineage depletion kit containing 
antibodies to markers such as CD5, CD45R (B220), CD11b, Gr-1 and Ter-119 to 
exclude all mature blood cells (n=5–8; *, P<0.05; **, P<0.01). 

(B) Expression of Ikzf3 in sorted LSK cells from non-treated, 5´FU treated and 
irradiation treated wild type mice (4 days after treatment) (n=5–8; **, P<0.01; ***, 
P<0.005). 

(C) Expression of Ikzf3 in sorted LSK- cells from non-treated, 5´FU treated and 
irradiation treated wild type mice (4 days after treatment) (n=5–8; **, P<0.01). 
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(D) Numbers of GFP+ LSK cells and GFP+CD150+CD48- LSK cells (LT-HSCs) in 
bone marrow with Empty, Ikzf3 or Ikzf3-1267-IRES-GFP-pMSCV expression. At 
1 month after bone marrow transplantation, the mice were divided into 2 groups: 
control (no treatment) and 5´FU treated at 200 µg/kg. Bone marrow cells from 
both groups were harvested together 4 days after 5´FU injection, and FACS 
analysis was performed (n=10 per group; *, P<0.05). 

(E) Numbers of mCherry+GFP+ LSK cells and mCherry+GFP+CD34- LSK cells (LT-
HSCs) in the bone marrow with sgScramble and sgIkzf3-CRISPR/Cas9. At 1 
month after bone marrow transplantation, mice were divided into two groups: 
control (no treatment) and 5´FU (200 µg/kg); bone marrow cells were harvested 4 
days after treatment, and FACS analysis was performed (n=10–15 per group; *, 
P<0.05). 

(F) Percentages of apoptosis in GFP+ and GFP- LSK and LSK- cells, determined 
according to the percentage of Annexin V (which binds phosphatidylserine, a 
marker of apoptosis on the plasma membrane) in FACS analysis. At 4 months 
after bone marrow transplantation with Empty, Ikzf3 or Ikzf3-1267-IRES-GFP-
pMSCV expression, bone marrow cells were collected, and FACS was performed 
to analyze LSK and Annexin V (n=10–15 per group; **P<0.01, ***, P<0.005). 

(G) Percentages of apoptosis in mCherry+GFP+ LSK and LSK- cells, on the basis of 
FACS analysis of Annexin V. sgScramble and sgIkzf3-CRISPR/Cas9 were used 
in transplantation, and the bone marrow cells were harvested 5 months later 
(n=10–15 per group; *, P<0.05; **, P<0.01). 

 
 
 
 
Ikzf3 suppresses expression of Bcl-2, Bcl-xL and c-Myc                                                             

To explain how Ikzf3 induces cellular apoptosis, we focused on several common 

pathways associated with apoptosis in cells (Peng et al., 2012; Rebollo et al., 2001; 

Romero et al., 1999). First, we tested whether Bcl-2 and Bcl-xL might be targets of 

Ikzf3. We transduced bone marrow cells with MIG or Ikzf3-GFP, then transplanted the 

transduced cells into lethally irradiated recipient mice. Four months later, bone marrow 

cells were isolated for detection of the expression of Bcl-2 and Bcl-xL by real-time RT-

PCR. Ikzf3 downregulated Bcl-2 and Bcl-xL expression in total GFP+ bone marrow cells 

(Figure 2.5A) and GFP+LSK cells (Figure 2.5B). In contrast, CRISPR knockout of Ikzf3 

increased expression of Bcl-2 and Bcl-xL in bone marrow cells (Figure 2.5C). Using 
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luciferase reporter assays, we demonstrated that Ikzf3 suppressed the promoter activity 

of Bcl-2 (Figure 2.5D) and Bcl-xL (Figure 2.5E), thus indicating that Ikzf3 inhibits the 

expression of Bcl-2 and Bcl-xL at the transcriptional level. We also showed that the Ikzf3 

DNA domain is required for its inhibition of expression of Bcl-2 and Bcl-xL (Figures 

2.5D, E). 

 Both Ikzf3 and c-Myc are involved in B-cell development (Ma et al., 2010). c-Myc 

has also been shown to play an essential role in stimulating the proliferation of HSCs 

(Baena et al., 2007), in contrast to the inhibitory effect of Ikzf3 on HSCs (Figures 2.3B, 

C). Therefore, we speculated that Ikzf3 might inhibit c-Myc expression. To test this 

possibility, we knocked down Ikzf3 in bone marrow cells by transducing the cells with 

shRNA-Ikzf3-GIPZ, and used empty vector as a control. We then cultured the 

transduced cells under stem cell conditions for 6 days. We sorted GFP+ cells for 

detection of c-Myc expression by real-time RT-PCR, and found that Ikzf3 knockdown 

increased c-Myc expression (Figure 2.5F). We confirmed this result through CRISPR 

knockout of Ikzf3 in vivo (Figure 2.5G). To further determine the inhibitory effect of Ikzf3 

on c-Myc expression, we overexpressed Ikzf3 by transducing bone marrow cells with 

Ikzf3-GFP, and used the empty vector as a control. We then transplanted the 

transduced cells into lethally irradiated recipient mice. Four months after the 

transplantation, GFP+ bone marrow cells were sorted from the recipient mice with FACS 

for detection of c-Myc expression. Ikzf3 overexpression significantly decreased c-Myc 

expression (Figure 2.5H). Ikzf3 overexpression also decreased c-Myc expression in 

LSK and LSK- cells, but this effect was lost when the DNA binding domain of Ikzf3 was 

deleted (Figure 2.5I). Furthermore, we determined whether Ikzf3 suppressed c-Myc 
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expression at the transcriptional level by performing luciferase reporter assays. Ikzf3 

suppressed the promoter activity of c-Myc (Figure 2.5J) by directly binding the c-Myc 

promoter, as demonstrated by chromatin immunoprecipitation (ChIP) assays (Figure 

5K), thus decreasing the expression of c-Myc protein (Figure 2.5L). These results 

indicated that c-Myc acts downstream of, and suppressed by, Ikzf3. 
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Figure 2.5: Ikzf3 suppresses expression of Bcl-2, Bcl-xL and c-Myc  

(A) Real-time RT-PCR comparison of mRNA expression levels of Bcl-2 and Bcl-xL 
between sorted GFP+ bone marrow cells with empty vector or Ikzf3 
overexpression (n=5, ***P<0.005).  

(B) Real-time RT-PCR analysis of Bcl-2 and Bcl-xL expression from sorted GFP+ 
LSK cells with Empty or Ikzf3 overexpression (n=5, ***P<0.005).  

 

 



72 
 

(C) Real-time RT-PCR analysis of the expression of Bcl-2 and Bcl-xL in sorted 
mCherry+GFP+ LSK cells with sgScramble or sgIkzf3-CRIPRS/Cas9 (n=5, 
*P<0.05).  

(D) Luciferase reporter assays on 293T cells with different amounts of Ikzf3 added 
into 1000 bp of the Bcl-2 promoter that was previously cloned into pGL14.4 
luciferase vector to measure promoter activity (n=3, *P<0.05, **P<0.01, 
***P<0.005) 

(E) Luciferase reporter assays on 293T cells with different amounts of Ikzf3 added 
into 1000 bp of the Bcl-xL promoter, to measure promoter activity (n=3, *P<0.05, 
**P<0.01, ***P<0.005). 

(F) Real time RT-PCR comparison of mRNA expression levels of c-Myc in ENU cells 
transduced with viruses for expression of shScramble and shIkzf3, then selected 
with puromycin for 48 hours (n=3, **P<0.01). 

(G) Real time RT-PCR comparison of mRNA expression levels of c-Myc of sorted 
mCherry+GFP+ cells from mice with sgScramble or sgIkzf3-CRIPRS/Cas9 (n=3, 
**P<0.01)  

(H) Real-time RT-PCR comparison of mRNA expression levels of c-Myc between 
GFP+ sorted bone marrow cells with empty vector or Ikzf3 overexpression (n=4, 
**P<0.01).  

(I) Real-time RT-PCR analysis of mRNA expression levels ofc-Myc in sorted LSK 
and LSK- bone marrow cells from mice with Empty, Ikzf3 or Ikzf3-1267-IRES-
GFP-pMSCV transduced cells (n=6, ***P<0.005).  

(J) Luciferase reporter assays on 293T cells with different amounts of MIG, Ikzf3 or 
Ikzf3-1267 added to 1000 bp of the c-Myc promoter to measure c-Myc promoter 
activity (n=3, **P<0.01, ***P<0.005). 

(K) ChIP assays with Ba/F3 cells transfected with Empty, Ikzf3 or Ikzf3-1267-IRES-
GFP-pMSCV. Cell chromatin was sheared by sonication and immuno-
precipitated with antibody to Ikzf3 to measure c-Myc promoter enrichment. 
Antibody to Pol II was used as a positive control, and IgG was used as a 
negative control (n=3, * P<0.05). 

(L) Western blotting of 293T cell lysates transfected with Empty, Ikzf3 or Ikzf3-1267-
IRES-GFP-pMSCV. Membranes were probed with antibodies to Ikzf3, Actin and 
c-Myc to measure the protein levels.  
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Ikzf3 is suppressed by the c-Kit pathway in HSCs  

The above results demonstrated that Ikzf3 plays an essential role in regulating 

HSC function. Therefore, identifying the regulatory pathway that controls Ikzf3 

expression was critical. Because Ikzf3 expression is much lower in LSK cells than LSK- 

cells (Figure 1A), we hypothesized that c-Kit, which is highly expressed in LSK cells 

(Spangrude et al., 1988) , inhibits Ikzf3 expression, thus maintaining the survival of 

HSCs. c-Kit is a tyrosine kinase receptor expressed on the surfaces of HSCs, and stem 

cell factor (SCF) is a c-Kit ligand (Ronnstrand, 2004; Yarden et al., 1987). Therefore, we 

used SCF to activate the c-Kit pathway to determine whether Ikzf3 might be suppressed 

by the c-Kit pathway. We cultured bone marrow cells under stem cell conditions for 6 

days, then stimulated the cells with SCF before sorting LSK cells from the culture for 

detection of Ikzf3 expression by real-time RT-PCR. SCF suppressed Ikzf3 expression in 

a dose-dependent manner (Figure 2.6A). In addition, we compared Ikzf3 expression by 

real-time RT-PCR among untreated and SCF-treated LT-HSCs, ST-HSCs and MPPs, 

and found that SCF inhibited Ikzf3 expression in all three cell populations (Figure 2.6B). 

Furthermore, we examined whether SCF might inhibit Ikzf3 expression at the 

transcriptional level, by conducting luciferase reporter assays in which we co-

transfected 293T cells with the same amount of Ikzf3 promoter-containing luciferase 

vector (pGL4.14) and different amounts of c-Kit cDNA, then cultured the cells in the 

presence or absence of SCF for 48 hours. The activity of the Ikzf3 promoter was 

inhibited by c-Kit, and this inhibition was further increased in the presence of SCF 

(Figure 2.6C); therefore, Ikzf3 is transcriptionally regulated by the c-Kit pathway. These 
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results also indicated that Ikzf3 is downstream but not upstream of c-Kit, as supported 

by ChIP assays showing that Ikzf3 did not bind the c-Kit promoter (Figure 2.6D).  

 To explain how the c-Kit pathway regulates Ikzf3 expression, we studied Icsbp 

because of its role in regulating the LSK-to-LSK- transition (Peng et al., 2012). Icsbp 

belongs to the IRF gene family and is a key transcription factor in hematopoietic cells 

(Tamura and Ozato, 2002). In addition, Icsbp inhibits the growth of Bcr/Abl transformed 

myeloid progenitor cells by repressing the c-Myc pathway through Blimp-1 and 

MEST/PE1 (Tamura et al., 2003). Icsbp-/- mice exhibit lower numbers of LSK- cells 

(Peng et al., 2012) and higher numbers of LSK cells (Figure 2.6E) than wild type mice, 

effects similar to those of Ikzf3 knockdown (Figure 2.2E). We asked whether Ikzf3 and 

Icsbp might communicate in HSCs. We first compared the expression of Ikzf3 in bone 

marrow cells between wild type and Icsbp-/- mice by real-time RT-PCR and found that 

Icsbp deletion significantly decreased Ikzf3 expression (Figure 2.6F, left panel). 

Moreover, Ikzf3 expression was much lower in Icsbp-/- LSK and LSK- cells than in wild 

type controls (Figure 2.6F, right panel). These results suggested that Ikzf3 acts 

downstream of Icsbp. In support of this idea, we did not observe a change in Icsbp 

expression in LSK cells after Ikzf3 overexpression by retroviral transduction (Figure 

2.6G) or Ikzf3 knockout by CRISPR (Figure 2.6H), thus indicating that Icsbp is upstream 

of Ikzf3. We also treated the cells with SCF to determine its effect on Icsbp expression, 

and we found that Icsbp was suppressed by SCF in a dose-dependent manner (Figure 

2.6I). SCF also inhibited Icsbp expression in LT-HSCs, ST-HSCs and MPPs (Figure 

2.6J); therefore, c-Kit functions upstream of Icsbp and negatively regulates Icsbp 
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expression. Thus, c-Kit activation decreases Icsbp expression and consequently leads 

to downregulation of Ikzf3 expression (Figure 6K).  
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Figure 2.6: Ikzf3 is suppressed by the c-Kit pathway in HSCs  

(A) Bone marrow cells (from mice treated with 5´FU) were collected and cultured 
under in vitro stem cell conditions. The medium was changed on day 3. On day 
6, the medium was changed to nutrient free conditions to starve the cells for 8 
hours, and medium with different amounts of SCF (0, 25, 50 and 100 µg/μL) was 
then added and incubated overnight. Finally, cells were sorted the next morning 
for real time qRT-PCR to verify the expression of Ikzf3 in LSK cells (n=3, 
***P<0.005). 

(B) Real time RT-PCR measurement of the expression of Ikzf3 in sorted LT-HSCs, 
ST-HSCs and MPPs after 6 days of in vitro stem cell culture, with either 0 or 50 
ng/μL SCF added on the last day before cell sorting (n=3; ***P<0.005). 

(C) Luciferase reporter assays measuring the activity of 1000 bp of the Ikzf3 
promoter in 293T with different amounts of c-Kit; SCF at 0 or 25 or 50 ng/mL was 
also added into the culture medium (n=4, *P<0.05, **P<0.01, ***P<0.005). 

(D) ChIP measurement of the enrichment in Ikzf3 binding when Ba/F3 cells were 
transfected with Empty or c-Kit-IRES-GFP-pMSCV. Chromatin was immmuno-
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precipitated with antibody to Ikzf3. Antibody to Pol II was used as a positive 
control, and IgG was used as a negative control (n=3, * P<0.05).  

(E) Percentages of LSK and LSK- cells in bone marrow from FACS analysis of wild 
type and Icsbp-/- mice (n=3; **P<0.01). 

(F) Real time RT-PCR measurement of mRNA expression levels of Ikzf3 in total 
bone marrow cells (left panel), and in LSK and LSK- cells (right panel) of wild 
type and Icsbp-/- mice (n=5, ***P<0.001). 

(G) Real time RT-PCR measurement of mRNA expression levels of Icsbp from 
sorted GFP+LSK and GFP+LSK- cells harvested from mice with Empty, Ikzf3 or 
Ikzf3-1267 expression (n=5). 

(H) Real time RT-PCR measurement of the mRNA expression levels of Ikzf3 and 
Icsbp from sorted mCherry+GFP+ cells harvested from mice with sgScramble or 
sgIkzf3-CRISPR/Cas9 (n=5, ***P<0.005). 

(I) Mouse bone marrow cells were harvested and cultured under in vitro stem cell 
conditions for 6 days, then serum starved for 6 hours; different amounts of SCF 
were added into the medium. Cells were sorted the next day to collect LSK cells 
for real time RT-PCR to measure the mRNA expression level of Icsbp (n=5, 
***P<0.005). 

(J) Real time RT-PCR measurement of the expression of Icsbp in sorted LT-HSCs, 
ST-HSCs and MPPs after 6 days under in vitro stem cell culture with SCF at 
either 0 or 50 ng/μL added on the last day before cell sorting (n=3; ***P<0.005). 

(K) Schematic diagram of the Ikzf3 pathway in HSCs. When SCF binds and 
activates c-Kit, Icsbp is inhibited, which in turn inhibits Ikzf3 and activates c-Myc 
and Bcl-2/Bcl-xL thus increasing cell proliferation and maturation and decreasing 
cell apoptosis. However, in the absence of activity of c-Kit, Icsbp is activated, 
thus leading to activation of Ikzf3, which in turn inhibits c-Myc, decreases cell 
proliferation, inhibits Bcl-2/Bcl-xL and increases cell apoptosis, thereby inducing 
the transition of LSK to LSK- cells. 

 

 

DISCUSSION 

HSCs self-renew and give rise to various blood cell lineages during normal 

hematopoiesis. Precise control of the HSC population in cell quantity, survival and 

function is critical. We previously showed that the LSK- population—which is derived 

from the LSK population including HSCs but lacking HSC function—contains more 

apoptotic and resting cells than the LSK population (Peng et al., 2012), and that an 

increase in this cell population is associated with drug-induced inhibitory effects on 

chronic myeloid leukemia stem cells that are derived from HSCs after acquisition of the 
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BCR-ABL oncogene (Schemionek et al., 2010). We believe that the LSK-to-LSK- 

transition provides a cellular pathway for HSC-containing LSK cells to eliminate 

themselves by becoming LSK- cells when needed or under harmful conditions. In this 

study, we identified Ikzf3 as a key gene that inhibits HSC function and induces the 

transition of HSC-containing LSK cells to highly apoptotic LSK- cells. Ikzf3 also inhibits 

survival and induces apoptosis of LSK cells. Thus, our results indicated that Ikzf3 is a 

suppressor gene essential for maintaining normal homeostasis and function of HSCs. In 

addition, this study provides the first evidence of the role of Ikzf3 in HSCs, although 

Ikzf3 has been shown to be involved in lymphoid development and proliferation 

(Georgopoulos et al., 1992).  

c-Kit is highly expressed in the HSC-containing LSK population and plays a 

critical role in maintaining HSC function (Matsuoka et al., 2011). In this study, we 

showed that Ikzf3 is expressed at low levels in LSK cells, and stimulation of c-Kit activity 

by SCF suppresses Ikzf3 expression. In addition, we showed that Ikzf3 suppresses 

HSC function. These results led us to believe that an important function of the c-Kit 

pathway is suppression of Ikzf3 expression in HSCs, thereby maintaining their survival 

and function. Moreover, when Ikzf3 expression is upregulated under cytotoxic stress 

(such as 5-FU or irradiation), apoptosis of LSK cells is induced, thus causing a 

decrease in HSCs. On the basis of these observations, we propose that the expression 

level of Ikzf3 must remain low under the control of the c-Kit pathway to maintain normal 

homeostasis and function of HSC. Our study identified Ikzf3 as a novel downstream 

gene negatively regulated by the c-Kit pathway in HSCs. We also identified Icsbp as a 

c-Kit-downstream and Ikzf3-upstream gene expressed at high levels in the apoptotic 
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LSK- population but at low levels in the LSK population. We previously found that 

deletion of Icsbp impedes cellular transition of LSK to LSK- cells (Peng et al., 2012), 

thus indicating that Icsbp is required for this cellular transition, as is Ikzf3. The c-

Kit/Icsbp/Ikzf3 axis is also likely to involve other genes to be identified in the future. 

Furthermore, Ikzf3 increases apoptosis by downregulating Bcl-2 and Bcl-xL (Rebollo et 

al., 2001; Romero et al., 1999). In B cell development, c-Myc is down-regulated, thus 

facilitating the exit of pre-B cells from the cell cycle and the transition from cycling pre-B 

to resting pre-B cells (Ma et al., 2010). We identified Bcl-2, Bcl-xL and c-Myc as target 

genes of Ikzf3. These findings explain why Ikzf3 must be suppressed to maintain the 

survival-stimulating activity of these Ikzf3-downstream genes in HSCs. On the basis of 

these results, we propose a novel genetic pathway that regulates survival and function 

of HSCs, in which the c-Kit pathway suppresses Icsbp expression, thereby leading to 

inhibition of Ikzf3 expression, and the activation of Bcl-2, Bcl-xL and c-Myc expression 

(Figure 2.6K).  

 Although Ikzf3 expression is very low in HSCs, as shown in this study, its 

expression gradually increases during cell differentiation (Morgan et al., 1997); Ikzf3 is 

highly expressed in lymphoid cells (Churchman and Mullighan, 2017; Ma et al., 2010; 

Morgan et al., 1997). On the one hand, Ikzf3 must be suppressed to maintain normal 

HSC function; on the other hand, Ikzf3 is required for cell lineage development. The 

IKZF3 transcription factor is highly upregulated and inversely correlated with clinical 

progression in human chronic lymphocytic leukemia (Nuckel et al., 2009). Thus, our 

results suggest a cell context-dependent role of Ikzf3 in hematopoietic lineages. This 

idea is supported by the roles of Ikzf3 in regulating apoptosis of T cells and HSCs. Ikzf3 
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is involved in the regulation of T-cell development through Bcl-2 and Bcl-xL after 

stimulation by various growth factors (Rebollo et al., 2001; Romero et al., 1999). When 

it is phosphorylated by IL-2, Ikzf3 dissociates from Ras and then enters the nucleus, 

where it activates Bcl-2 expression by binding the Bcl-2 promoter, thus leading to cell 

proliferation (Romero et al., 1999). IL-4 stimulation also leads to phosphorylation of 

Ikzf3 but causes the dissociation of Ikzf3 from Bcl-xL, thereby increasing the entry of 

Bcl-xL into the nucleus and stimulation of cell survival (Rebollo et al., 2001). In this 

study, we showed that Ikzf3 decreases the expression of Bcl-2 and Bcl-xL, thereby 

increasing apoptosis of HSC-containing LSK cells. Our results therefore indicate 

opposite roles of Ikzf3 in T cells (stimulatory) and HSCs (inhibitory).  

 Ikzf3 appears to have several functional similarities with another Ikzf transcription 

factor family member, Ikzf1. Beyond the high sequence similarity between Ikzf1 and 

Ikzf3, both of which contribute to lymphoid lineage development and homeostasis, Ikzf1 

plays a suppressive role in BCR-ABL1-induced lymphoblastic leukemia (Mullighan et 

al., 2008), and Ikzf3 is a suppressor gene involved in the functional regulation of HSCs 

(demonstrated in this study). However, we showed that Ikzf3 is highly expressed in the 

LSK- population but Ikzf1 is not, thus indicating the mechanistic uniqueness of Ikzf3 in 

regulating normal hematopoiesis. 

In this chapter, I present a novel pathway to regulate HSCs through Ikzf3 that is 

different than the known signaling pathways discovered before. HSCs are contained 

within the LSK population. In this study, because of the difficulty to collect enough LT-

HSCs, I did not perform all experiments with LT-HSCs, instead I used LSK cells. 

However, there is still a good amount of data to show Ikzf3 expression affects the 
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percentage and number of LT-HSCs (LSK CD48- CD150+, or LSK CD34-). Although 

LSK- cells do not have long-term reconstitution capability, they can regulate the survival 

of the LSK population by providing a cellular pathway for an irreversible transition from 

the LSK population to the highly apoptotic LSK- population. If this pathway were 

blocked, the number of LSK cells and HSCs would increase, thus altering the dynamics 

in the bone marrow niche. Consequently, HSCs cells may be forced to differentiate to 

maintain a constant number of HSCs. The additional differentiation of HSCs cells may 

potentially lead to the development of myeloproliferative disease. LSK cells can similarly 

give rise to LSK- cells in both normal and leukemia stem cells, whereas this transition is 

disrupted in BCR-ABL induced CML (Peng et al., 2012). Because Ikzf3 plays a 

suppressive role in HSCs, it may also have a similar role in leukemia stem cells. 

Therefore, Ikzf3 may be a potential target for cancer therapy. Over the past several 

decades, tremendous efforts have been dedicated to identifying genes that cause 

cancer, which are classified into two categories: oncogenes and tumor suppressor 

genes. To target a tumor suppressor gene, the normal expression of the missing or 

mutated gene must be restored so that the cancer cell can reestablish normal 

proliferation and development. Two approaches are used to target tumor suppressors: 

(1) gene therapy to reintroduce a functional copy of a tumor suppressor gene and (2) 

treatment with small molecule inhibitors to reactivate the tumor suppressor function. 

However, both approaches have been demonstrated to be highly challenging 

therapeutic strategies, owing to ineffective methods for delivery into cancer cells without 

causing excessive adverse effects through targeting normal cells. If Ikzf3 also acts as a 

suppressor gene in leukemia stem cells, it may be a candidate for gene therapy for 
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patients with missing or mutated Ikzf3. There is also another possibility is that in 

leukemia stem cells, another oncogene regulates Ikzf3 causing the blockage of cellular 

transition from LSK to LSK- cells and accumulation of HSCs.  

In Figure 2.7, I propose a model of which factors can contribute to fate decision 

of HSCs. HSCs can self-renew, differentiate, or lose c-Kit expression to become LSK- 

cells. HSCs have high expression of c-Kit and Sca-1 while Ikzf3 expression is low. 

When HSCs lose Sca-1 expression but gain Ikzf3 expression, they become more 

differentiated, while c-Kit expression remains high at progenitor cells level. On the other 

hand, when HSCs lose c-Kit expression, but gain Ikzf3 expression and Sca-1 level stays 

the same, HSCs become LSK- cells which are potentially subjected to apoptosis to 

control the constant number of HSCs or to get rid of unhealthy HSCs.  

 

 

Figure 2.7: Proposed model of how HSC’s fate is decided. 
Expression levels of c-Kit, Sca-1 and Ikzf3 play an important role on which direction 
HSCs go toward. HSCs have high expression of both c-Kit and Sca-1 but very low in 
Ikzf3 expression. When c-Kit remains high, but Sca-1 drops and Ikzf3 increases, HSCs 
become more differentiated in order to produce more mature blood cells. When Sca-1 
remains high, but c-Kit decreases which release Ikzf3 from its inhibition, so Ikzf3 gains 
expression, then HSCs can become LSK- cells and they are potentially subjected to cell 
death through apoptosis. 
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METHODS 

Mice 

C57BL/6J45.1, C57BL/6J45.2, Rosa26-Cas9 knock-in (CRISPR/Cas9 knock-in) and 

Icsbp-/- mice were purchased from the Jackson laboratory. All mice were bred and 

maintained in a well-controlled animal facility at University of Massachusetts Chan 

Medical School. They were given access to a 6% chow diet, acidified water and medical 

care when needed. Mice 8–12 weeks old were used for bone marrow transplantation. 

 

Generation of retrovirus 

The retroviral constructs MSCV-IRES-GFP, MSCV-Ikzf3-IRES-GFP and MSCV-Ikzf3 

(1267)-IRES-GFP were used to generate high-titer, helper-free, replication-defective 

ecotropic viral stocks through transient transfection of 293T cells, as previously 

described (Li et al., 1999). Cell supernatants containing viruses were collected 48 hours 

after transfection, and viral titer was assessed by transducing 3T3 cells and determining 

the percentage of GFP+ cells. MSCV-Ikzf3-IRES-GFP was produced by cloning the 

Ikzf3 ORF into the MSCV-IRES-GFP vector. MSCV-Ikzf3(1267)-IRES-GFP was 

generated by cloning truncated Ikzf3 (by first excising exons 3, 4 and 5 from the Ikzf3 

ORF, then ligating exons 1 and 2 to exons 6 and 7) into MSCV-IRES-GFP. Expression 

of Ikzf3 and Ikzf3-1267 was verified with real-time RT-PCR and western blotting. 

 

Generation of lentivirus  

Lentiviral shRNA vectors were purchased from Open Biosystems. High titer lentiviruses 

were generated by transient transfection of 293T cells as previously described (Li et al., 
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1999). For shRNA transduction of bone marrow cells, cells were collected and 

transfected with lentiviral shRNA, then selected with puromycin (2.5 µg/mL) for 48 hours 

to enrich the shRNA-expressing cells before subsequent steps. In CRISPR assays, 

sgIkzf3 (oligonucleotide sequences: 5´-CACCG CTGTAGTCATTCAGAGCGTC-3´ and 

5´-AAAC GACGCTCTGAATGACTACAGC-3´) and sgScramble were cloned into pLenti-

sgGuide-mCherry with the protocol from Zhang’s laboratory (Shalem et al., 2014); high 

titer lentiviruses were generated by transient transfection of 293T cells.  

 

In vitro stem cell culture  

Bone marrow cells isolated from mice were cultured in vitro at a density of 106/mL in 

StemSpan serum-free medium (StemCell Technologies) supplemented with 10 μg/mL 

heparin, 10 ng/mL mouse SCF, 20 ng/mL mouse TPO, 20 ng/mL mouse IGF-2 and 10 

ng/mL human FGF-1. The medium was exchanged for fresh medium every 3 days, and 

cells were collected after 6 days for further analyses, such as FACS. 

 

Bone marrow transduction/transplantation 

C57BL/6 donor mice 8–12 weeks of age were administered 5’FU (200 µg/kg) by 

intravenous injection 4 days before the collection of bone marrow cells. After collection, 

bone marrow cells were prestimulated for 24 hours at 37°C at a concentration of 3×107 

cells per 10-cm plate in Dulbecco’s modified Eagle’s medium containing recombinant 

murine interleukin-3 (IL-3, 6 ng/mL), recombinant murine interleukin-6 (IL-6; 6 ng/mL) 

and recombinant murine stem cell factor (SCF; 50 ng/mL). Bone marrow cells were then 

transduced with retroviral stocks in the same medium containing 50% retroviral 
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supernatant, 10 mM HEPES (pH 7.4) and polybrene at 2 μg/mL. To increase the 

efficiency, the mixtures of cells and viruses were centrifuged at 2,300 g for 90 min, then 

incubated at 37°C for 3–4 hours before the medium was changed to fresh medium with 

no viral supernatant. A second round of retroviral transduction was performed 24 hours 

after the first round. Recipient mice were prepared with two doses of 550 cGy of gamma 

irradiation separated by at least 3 hours. Cells then were injected into these lethally 

irradiated recipient mice after the second round of transduction via intravenous injection.  

 

Flow cytometry analysis 

Bone marrow and peripheral blood were collected from mice for FACS at the 

appropriate time points. After collection, cells were first treated with red blood cell (RBC) 

lysis buffer, containing NH4Cl, KHCO3 and EDTA for 10 min on ice, and washed with 

PBS to remove RBCs before staining with antibodies for FACS.  

For stem cell analysis, cells were stained with biotin-Lin cocktail (containing a mixture of 

antibodies to CD3, CD4, CD8, B220, Gr-1, Mac-1 and Ter119), cKit, Sca-1, CD150, 

CD48 or CD34 for 30 min at 4°C. Cells were washed, and secondary antibody 

streptavidin was added for 15 min at 4°C.  

For apoptosis analysis, cells were stained with Annexin V for 15 min at room 

temperature in Annexin V binding buffer, and 7-amino-actinomycin D (7AAD) was 

added immediately before FACS.  

For G0 phase analysis, cells were stained with antibody to Ki67, a marker expressed 

only in proliferating cells. Cells in G0 phase should not express Ki67 and therefore are 

negative for Ki67 in FACS.  
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Real-time reverse transcription-PCR (RT-PCR)  

Total RNA from either cell lines or bone marrow cells was isolated with Qiagen RNeasy 

mini or micro kits (depending on the number of cells). cDNA was synthesized with the 

Ovation-Pico cDNA synthesis method according to the protocol of the cDNA kit. Real-

time PCR was performed to detect the expression of various genes in a 20 µL RT-PCR 

reaction (10 µL of SYBR green, 4 µL of 10 µM primer mix, 80 ng of cDNA and nuclease-

free water). All experiments were performed in triplicate. Either GAPDH or β-Actin was 

used as an internal control. The primer sequences were as follows: Ikzf3 sense, 5´-

TGATGGTTCATAAGCGAAGC-3´; Ikzf3 antisense, 5´- TTCTTCCGCAGAACTCACAC-

3´; Myc sense, 5´-AGTGCTGCATGAGGAGACAC-3´; Myc antisense, 5´- 

GCGTAGTTGTGCTGGTGAGT-3´; Bcl-2 sense, 5´-ATCTTCTCCTTCCAGCCTGA-3´; 

Bcl-2 antisense, 5´- ACGGTAGCGACGAGAGAAGT-3´; Bcl-xL sense, 5´- 

AATGAACTCTTTCGGGATGG-3´; Bcl-xL antisense, 5´-TGTTCCCGTAGAGATCCACA-

; Icsbp sense, 5´- GAGACAAAGCTGAACCAGCC-3´; Icsbp antisense, 5´- 

CCATCTCAGGAACTTCGCTC-3´. 

 

Carboxyfluorescein succinimidyl ester (CFSE) staining of LSK cells.  

LSK cells were sorted from bone marrow by the Umass Medical School flow cytometry 

core. LSK cells were incubated with CFSE with a CellTrace™ CFSE Cell Proliferation 

Kit and the manufacturer's protocol. Cells were then placed in stem cell culture medium 

(described above) with other unstained no LSK cells for 15 min before flow cytometry 

for the first time point (time 0). Flow cytometry was performed once every day for 4 days 
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to detect the CFSE signal of LSK cells and assess whether LSK cells transitioned into 

other cell types. 

 

Chromatin immunoprecipitation assays 

Cells were collected and processed with the protocol from the ChIP-IT Express kit 

(Active Motif, Cat# 102026). For chromatin shearing, cells were sonicated at 25% power 

on ice for 10 pulses of 20 seconds on and 30 seconds off. Sonicated chromatin was 

incubated at 4°C overnight with 5 µg of antibody to RNA polymerase II (Pol II) and Ikzf3 

(Cell Signaling). Immunoprecipitated DNA was amplified with real time PCR to measure 

gene expression. 

 

Luciferase assays 

Promoters (1000 bp) of Ikzf3, c-Kit, Myc, Bcl-2 and Bcl-xL were cloned into the 

luciferase vector pGL4.14. Different amounts of MIG, Ikzf3-MIG, Ikzf3-1267-MIG or cKit-

MIG were co-transfected with 200 ng/μL promoter and 5 ng/μL Renilla luciferase 

sequence in 293T cells with Fugene transfection reagent (Promega). Cells were 

collected after 2 days and processed with a Dual-Luciferase® Reporter Assay System 

(Promega, Cat# E1910) kit to detect Firefly and Renilla luciferase activity from each 

sample.  

 

Quantification and statistical analysis 

Flow cytometry results were analyzed in the FlowJo program. Statistical analysis was 

performed with two-tailed Student’s t test, and results are reported as mean and 
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standard error of the mean. P values less than 0.05 were considered significant. All 

graphs were made, and statistical analyses were performed, in GraphPad Prism 

software. 
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CHAPTER III 

HIF1α COLLABORATES WITH NOTCH1 TO INDUCE 

MYELODYSPLASTIC/MYELOPROLIFERATIVE-LIKE DISEASES 

 

CONTRIBUTIONS 

The work in this chapter was conducted under the direction of Dr. Shaoguang Li. 

Haojian Zhang performed the experiments and analyzed data for Hif1α-/- mice. Haojian 

checked the expression of Notch1-3 in WT, Hif1α-/- and Notch1-/- mice. Haojian also 

analyzed the apoptosis, cell cycle and GMP population of the WT and DKO mice. I 

genotyped, monitored the survival rate, and analyzed the peripheral blood of the mice. I 

collected spleen and bone samples for histological analysis. I performed the bone 

marrow transplantation and collected the data in the experiments that included all 4 

groups of mice (WT, Hif1α-/-, Notch1-/- and DKO).  

 

SUMMARY 

The hypoxic niche of mammalian bone marrow is crucial for maintaining the self-

renewal and survival of primitive HSCs.  The master regulator of hypoxia, hypoxia-

inducible factor 1 alpha (Hif1α) plays a critical role in controlling the quiescency of bone 

marrow niche microenvironment and mediating the effect of hypoxia on HSCs. Notch 

pathway is important for HSCs development, and Notch mutations have been found in 

many cancers. In this study, we demonstrated that Hif1α is required for long-term 
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maintenance of HSCs under physiological stress but not normal physiological 

conditions. Hif1α regulates the Notch pathway by inhibiting expression of Notch1-3. 

Hif1α and Notch1 synergically regulate HSCs. Loss of both Hif1α and Notch causes the 

development myelodysplastic/myeloproliferative diseases (MPD/MDS) in mice. Deletion of 

both Hif1α and Notch1 leads to shorter survival rate and skews the hematopoietic 

system toward the GMP pathway. Ultimately, loss of both Hif1α and Notch causes a 

loss of HSC function. 

 

 
INTRODUCTION 

The myelodysplastic/myeloproliferative diseases (MDS/MPD) are clonal 

hematopoietic stem cell neoplasms, which are characterized primarily by abnormalities 

in the regulation of the myeloid pathways for cellular proliferation, maturation and 

survival (Arber DA, 2016). The four main types of MDS/MPD are chronic 

myelomonocytic leukemia (CMML), juvenile myelomonocytic leukemia (JMML), atypical 

chronic myelogenous leukemia (aCML) and unclassifiable neoplasm (MDS/MPN-UC) 

(Arber DA, 2016). CMML, the most common subtype, tends to progress to acute 

myeloid leukemia. Genetic mutations and epidemiological features are used to 

categorize these subtypes. Several overlapping genetic aberrations occur in MDS/MPD, 

such as those in BCR-ABL1, PDGFRA, PDGFRB, FRFR1 and PCM1-JAK2 (Patnaik et 

al., 2018; Patnaik et al., 2016). However, a wide range of genetic abnormalities in 

patients with MDS/MPD have been found to lead to different prognoses and treatments 

(Table 2) (Coltro et al., 2020; Gotlib et al., 2013; Niemeyer and Flotho, 2019; Patnaik et 

al., 2017; Stieglitz et al., 2015). Many overlapping genetic molecular occurring in these 
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subtypes. The incidence of MDS/MPD increases with aging, and the mean age at 

diagnosis is 50–70 years, thus suggesting that the accumulation of genetic alterations is 

required for MDS/MPD (Mason et al., 2016). 

        MDS/MPD occurs when genetic abnormalities are introduced into HSCs and 

subsequently cause the accumulation of immature myeloid cells: white blood cells, red 

blood cells and platelets. Therefore, many studies are aimed at discovering more genes 

associated with HSC self-renewal, differentiation and proliferation. In this on-going 

study, we identified an interesting connection between Hif1α and Notch1 in HSCs, 

which have synergistic roles in MDS/MPD development in mice.  

The hypoxic niche of mammalian bone marrow is crucial for maintaining the self-

renewal and survival of primitive HSCs (Eliasson and Jonsson, 2010; Hermitte et al., 

2006; Mohyeldin et al., 2010). As the master regulator of hypoxia, hypoxia-inducible 

factor 1 (Hif1) plays a critical role in mediating the effect of hypoxia on HSCs (Eliasson 

et al., 2010; Hermitte et al., 2006; Majmundar et al., 2010). Hif1 belongs to the family of 

basic helix-loop-helix transcription factors, and it functions as a heterodimer formed with 

a constitutively expressed HIF1β subunit and a HIF1α subunit (Semenza, 2003). A 

recent study has indicated that regulation at the HIF1α level is essential for the survival 

of HSCs (Takubo et al., 2010). Normal HSCs maintain intracellular hypoxia and stabilize 

Hif1α protein, and Hif1α deficiency results in a loss of cell cycle quiescence in a 

p16Ink4a/p19Arf dependent manner, thus subsequently impairing the reconstitution 

ability of HSCs in various stress settings, including serial transplantation, 

myelosuppression and aging (Suda et al., 2011). Hif1α is also important in cancer 

progression, through its role in activating transcriptional programs for maintaining the 
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ability of self-renewal and multipotency of cancer stem cells in hypoxic environments 

(Huang et al., 2009; Mendez et al.; Soeda et al., 2009). Recently, studies from our 

laboratory and others have reported that Hif1a plays a crucial role in survival 

maintenance of leukemia stem cells (LSCs) (Zhang, Blood 2012; Cell Stem Cell 2011). 

Deletion of HIF1α impairs the propagation of CML through regulating the cell cycle and 

inducing apoptosis of LSCs. Elevated expression of p16Ink4a and p19Arf resulting from 

deletion of HIF1α mediate the function of HIF1α in LSCs, because knockdown of 

p16Ink4a and p19Arf rescues the defective colony-forming ability of HIF1α-/- LSCs 

(Zhang, Blood 2012). In addition, HIF1α activates the Notch pathway by preventing the 

negative self-feedback of Hes1 (Wang et al., 2011). However, the function of the Hif 

pathway remains unclear in terms of how Hif1α affects HSCs under physiological 

conditions and whether the function of Hif1α is mediated by other signaling pathways. 

Notch is an evolutionarily highly conserved signaling pathway involved in development 

and cell fate determination. Its activity is controlled by the multisubunit γ-secretase 

complex. Ligands presented on neighboring cells activate and liberate the Notch 

intracellular domain, which translocates into nucleus and interacts with the DNA binding 

proteins CBF-1 and RBP-Jk (Artavanis-Tsakonas et al., 1999). Notch signaling plays 

both oncogenic and tumor-suppressor roles in solid tumors (Lobry et al., 2011). In the 

hematopoietic system, the Notch pathway is essential for the generation of the HSCs 

during embryonic development but is dispensable for maintaining adult HSCs (Maillard 

et al., 2008). Although Notch signaling is exclusively oncogenic in T-cell acute 

lymphoblastic leukemia, it plays tumor-suppressive roles in CMML (Klinakis et al., 
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2011). Inactivating Notch pathway mutations have been identified in patients with 

CMML, and inactivation of this pathway in mouse HSCs induces a CMML-like disease.  

Recent studies have indicated that Hif1a interacts with the Notch pathway. Sima, the 

Drosophila ortholog of hypoxia-inducible factor-α, activates Notch receptor signaling via 

a noncanonical, ligand-independent mechanism that promotes the survival of 

Drosophila blood cells (Mukherjee et al., 2011). Notch1 signaling is required for Hif1a-

induced proliferation, invasion and chemoresistance in T-cell acute lymphoblastic 

leukemia. Additionally, the Notch pathway is required for maintaining stem cell status 

under hypoxic environments (Gustafsson et al., 2005). However, the crosstalk between 

Hif1α and the Notch pathway in HSCs and myeloid leukemia remains unknown. Here, 

we report that simultaneous deletion of HIF1α and Notch1 induces the development of 

MDS/MPD and leads to the loss of HSC function. These findings indicate a mechanism 

through which the hypoxia pathway acts in conjunction with the Notch pathway in HSCs.  

Table 2: Known somatic gene mutations and their frequencies in subsets of 
MDS/MPD 

 

MDS/MPD Somatic gene mutations

CMML TET2 (60%), SRSF2 (50%), ASXL1 (40%), NRAS (4–16%), CBL (10–22%), RUNX1 

(15%), SETBP1 (15%), KRAS (7–18%), <10%: JAK2, SF3B1, U2AF1, EZH2, DNMT3A, 

PTPN11, ZRSR2, FLT3, NF1, IDH1/2

JMML PTPN11 (38%), NRAS (18%), KRAS (14%), CBL (12–18%), NF1 (5–10%)

CML ASXL1 (60%), SETBP1 (48%), N/KRAS (35%), TET2 (30%), EZH2 (13%), <10%: 

ETNK1, CBL, FLT3, RUNX1, CEBPA

MDS/MPD-

UC

ASXL1 (50%), SRSP2 (37%), SETBP1 (21%), JAK2 (19%), N/KRAS (15%), TET2 (15%), 

CBL (10%)
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RESULTS 

Hif1α is required for the long-term maintenance of HSCs under stress  

Our previous study has suggested that, compared with CML leukemia stem cells, 

normal HSCs are less dependent on the Hif1α pathway; Hif1α deletion does not 

significantly affect the maintenance of HSCs under physiological conditions (Zhang et 

al., 2012). A recent study has shown that Hif1α-deficient HSCs lose cell cycle 

quiescence, and HSC numbers decrease under various stress settings (Takubo et al., 

2010). To further examine the biological effect of Hif1α on normal HSCs under 

physiological conditions, we crossed Hif1αloxP/loxP mice with Vav-Cre transgenic mice, 

with inducible specific deletion of the Hif1α gene in the hematopoietic system, including 

HSCs (Zhang et al., 2012). We refer to Vav-Cre-Hif1αloxP/loxP mice as Hif1α-/- mice and 

Hif1αloxP/loxP mice as wild type (WT) mice. To determine whether Hif1α affects the self-

renewal capability of HSCs, we performed competitive repopulation assays. Three 

thousand sorted LSK cells from WT (CD45.2) or Hif1α -/- (CD45.2) mice were 

transplanted into lethally irradiated CD45.1 mice along with 2 × 105 WT CD45.1 

competitor bone marrow cells (Figure 3.1A). The competition assay was monitored by 

flow cytometry during 5 months after bone marrow transplantation. Interestingly, the 

percentages of WT- or Hif1α -/- donor-derived myeloid cells (Gr-1+, Mac-1+), B cells 

(B220+) and T cells (CD3e+) in the peripheral blood were similar (Figure 3.1B). To 

further analyze the function of Hif1α in the long-term reconstitution ability of HSCs, we 

sorted donor-derived CD45.2+LSK cells from primary recipients at 5 months and 

performed colony formation assays and secondary bone marrow transplantation (Figure 
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3.1A). In monitoring of donor-derived cells in peripheral blood of secondary recipients, 

we found a lower percentage of donor-derived cells in peripheral blood in the Hif1α -/- 

group than the WT control group (Figure 3.1C). Furthermore, Hif1α-/- LSK did not 

generate colonies (Figure 3.1D), thus indicating that deletion of Hif1α-/- impaired the 

colony-forming ability of stem cells/progenitors. Together, these results indicated that 

Hif1α affects the long-term reconstitution ability of normal HSCs under stress due to 

serial transplantation. 
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Figure 3.1: Hif1α is required for the long-term maintenance of HSCs under stress. 
(A) Schematic of bone marrow transplantation experiment: 3000 sorted LSK cells from WT 

(CD45.2) or Hif1a-/- (CD45.2) mice were transplanted into lethally irradiated CD45.1 mice 
along with 2 × 105 of WT CD45.1 competitor bone marrow cells. Mice were monitored for 
4 months, and CD45.2 LSK cells (either WT or Hif1a-/-) were sorted again ad injected 
into lethally irradiated recipient mice for secondary bone marrow transplantation. 

(B) Percentages of donor-derived cells (CD45.2) Gr-1, Mac-1, B220 and Cd3e were verified 
each month with FACS for comparison of the development of myeloid and lymphoid 
lineages of WT and Hif1α -/- cells (n=5 per group). 

(C) Percentages of donor-derived cells (CD45.2+) were examined every month after 
secondary bone marrow transplantation to verify whether Hif1a deletion affected cell 
maintenance and proliferation under physiological stress (serial transplantation). 

(D) α All colonies were counted under a microscope. 
 

Hif1α regulates Notch signaling in HSCs 

To explore the mechanism underlying how Hif1a regulates the long-term 

maintenance of HSCs in physiological conditions, we first examined the cell cycle and 

apoptosis of HSCs and found that Hif1a deficiency did not significantly alter the cell 

cycle distribution and apoptosis of HSCs (Figure 3.2A, B). Additionally, we confirmed 

that Hif1a deletion did not affect the homing ability of bone marrow cells. One million 

CD45.2 WT and CD45.2 Hif1α -/- bone marrow cells were injected into CD45.1 recipient 

mice. Bone marrow cells were collected after 3 hours for flow cytometry analysis to 

examine the percentages of CD45.2 cells. Similar percentages of CD45.2 cells were 

engrafted in bone marrow from WT and Hif1a-/- mice (Figure 3.2C).  This engraftment 

result was also demonstrated in a previous study from our laboratory (Zhang et al., 

2012), which ruled out the possibility that the defective long-term maintenance of Hif1α-/- 

HSCs resulted from their homing capability.  

To investigate the molecular mechanism in Hif1α -/-, we analyzed the previously 

acquired microarray data (Zhang et al., 2012) comparing gene expression between WT 

and Hif1α -/- HSCs. The expression levels of multiple genes in the Notch pathway were 
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significantly higher in Hif1α -/- than WT HSCs, thus indicating that the Notch pathway 

may play an important role in Hif1α regulation of HSCs. We also sorted LSK cells from 

Hif1α -/- mice and Vav-Cre-Notch1loxP/loxP mice (referred to as Notch1-/- herein) to verify 

the expression of Notch1, Notch2 and Notch 3 with real-time RT-PCR. Deletion of Hif1α 

significantly decreased the expression of all Notch 1–3 genes; however, deletion of 

Notch1 did not significantly alter Notch2 and Notch3 expression (Figure 3.2D). Since the 

expression of Notch1 and Notch 2 change when there is no Hif1α, suggesting a 

collaboration between the Notch pathway Hif1α, and Notch1 can be a downstream 

target of Hif1α 
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Figure 3.2: Hif1α regulates Notch signaling in HSCs 

(A) Percentage of apoptosis in LSK cells from WT and Hif1a-/- mice, according to FACS for 
Annexin V (n=5 per group). 

(B) Percentages of cell cycle phases in FACS, on the basis of Ki67 and Hoechst 33342 of 
LSK in WT and Hif1α -/- mice. Ki67 is a cellular marker for proliferation, which is present 
in all active cell phases but absent in quiescence. Cells with negative expression of Ki67 
were considered to be in G0 phase. Hoechst 33342 is a DNA dye distinguishing G1 and 
S-G2-M phase, because the DNA content doubles during S-G2-M phase (n=5 per 
group). 

(C) Percentages of CD45.2+ cells in the bone marrow of recipient mice 3 hours after bone 
marrow transplantation: 1 million of CD45.2 WT and CD45.2 Hif1α -/- bone marrow cells 
were injected into CD45.1 recipient mice. Bone marrow cells were collected after 3 hours 
for flow cytometry analysis to examine the percentage of CD45.2 cells (n=3 per group). 

(D) Expression levels of Notch1, Notch2 and Notch3, according to real-time RT-PCR in WT, 
Hif1α -/- and Notch1-/- (n=3 per group). 

 

 

Deletion of both Hif1a and Notch1 in mice induces MPD/MDS like disease 

To study the role of Notch1 in hematopoiesis in the absence of Hif1α, we crossed 

Notch1loxp/loxp mice to Hif1α -/- mice (Vav-Cre-Hif1aloxp/loxp). For simplicity, Vav-Cre-

Hif1aloxp/loxp-Notch1loxp/loxp mice are denoted double knockout (DKO) mice herein. 

Unexpectedly, all DKO mice died before 15 months (Figure 3.3A), thus prompting us to 

characterize their phenotype. FACS analysis of 2- and 10-month-old mice indicated that 

younger DKO mice did not show significant differences from WT, Hif1α -/- and Notch1-/- 

in terms of the percentages of myeloid cells (Mac-1+Gr-1+) in the peripheral blood; 

however, older DKO mice had percentages two-fold higher than those of control mice 

(Figure 3.3B). We also found a significantly lower percentage of B cells and T cells in 

the peripheral blood of older DKO mice (Figure 3.3C and 3.3D). The expansion of 

myeloid cells was also observed in the spleen, which was enlarged in older DKO mice 

(Figure 3.3E). Histological analysis of the spleen in older DKO mice showed a marked 

infiltration of myeloid cells and disruption of the red pulp structure (Figure 3.3F). 
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Histological analysis also revealed the accumulation of myeloid cells in the bone 

marrow in older DKO mice (Figure 3.3G). Together, these findings were diagnostic for 

MDS/MPD like disease, which was age-associated and characterized as monocytosis, 

myeloproliferation and variable bone marrow dysplasia.  
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Figure 3.3: Deficiency in Hifα and Notch1 induces MPD/MDS like disease. 
(A) Survival curves of WT, Hif1α -/-, Notch1-/- and Hif1α -/-Notch1-/- (DKO) mice, showing that 

DKO mice do not survive past 15 months. 
(B) Percentages of myeloid cells (Gr-1+Mac-1+) in the peripheral blood, according to FACS 

analysis of the indicated mouse groups at 2 months and 10 months of age, showing a 
significantly higher percentage of myeloid cells in DKO mice at old age (n=5 per group, 
***, P<0.005) 

(C) Percentages of B-cells (B220+) in the peripheral blood, according to FACS analysis of 
the indicated mouse groups at 2 months and 10 months of age, showing a significantly 
lower percentage of B-cells in DKO mice at old age (n=5 per group, ***, P<0.005). 

(D) Percentages of T-cells (Cd3e+) in the peripheral blood, according to FACS analysis of 
the indicated mouse groups at 2 months and 10 months of age, showing a significantly 
lower percentage of T-cells in DKO mice at old age (n=5 per group, **, P<0.001). 

(E) DKO mice display splenomegaly. (Upper panel) quantification of spleen weights of WT, 
Hif1α -/-, Notch1-/- and DKO mice (n-=5–8 mice). (Lower panel) Representative massive 
enlargement of the spleen in DKO mice.  

(F) Histological analysis showing accumulation of monocytes and granulocytes in the spleen 
(hematoxylin and eosin staining) in WT and DKO mice. 

(G)  Histological analysis showing accumulation of monocytes and granulocytes in the bone 
marrow (hematoxylin and eosin staining) in WT and DKO mice 
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Deletion of Hif1a and Notch1 induces HSC differentiation toward the GMP 

progenitor population 

Because MDS/MPD are clonal hematopoietic stem cell neoplasms, we assessed 

the stem and progenitor cells in the bone marrow and spleen. Compared with WT and 

Hif1a-/- mice, mice with loss of Notch1 alone showed a modestly higher hematopoietic 

stem/progenitor cell (HSPC) population (LSK cells); however, simultaneous deletion of 

Hif1α and Notch1 resulted in dramatic expansion of HSPCs (Figure 3.4A). An increased 

percentage of HSPC was also observed in the spleen from DKO mice compared to WT 

(Figure 4B), thus suggesting extramedullary hematopoiesis. Moreover, a striking 

increase was observed in the percentage of GMP population in older DKO mice with a 

concomitant decrease in the percentages of CMP and MEP populations (Figure 3.4B). 

These data demonstrated a predisposition for differentiation toward the GMP-derived 

myeloid lineage, with a phenotype similar to those observed in Ncstn-/- and triple 

Notch1/2/3 deletion mice (Klinakis et al., 2011).  

We next explored the mechanisms by focusing on apoptosis and the cell cycle of 

HSPCs. By staining the cells with Annexin V and 7AAD, we observed that DKO HSPCs 

had a lower apoptotic rate than the control cells (Figure 3.4C), thus potentially 

accounting for the accumulation of the HSPC population in older DKO mice. We further 

examined the cell cycle kinetics by using Ki67. We did not observe significant changes 

in the quiescence and cycling of DKO HSCs (Figure 3.4D); therefore, loss of Hif1a and 

Notch1 did not appear to affect the cell cycle distributions of HSCs.  
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Figure 4. Deletion of Hif1α and Notch1 induces HSC differentiation toward the 
GMP progenitor population. 

(A) FACS analysis of HSPCs (LSK population) in the bone marrow in WT, Hif1α -/-, Notch1-/- 
and DKO mice.  
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(B) Percentages of LSK cells in the bone marrow in WT, Hif1α -/-, Notch1-/- and DKO mice 
(n=5 per group; **, P<0.01). 

(C) Percentages of LSK cells in the spleen in WT, Hif1α -/-, Notch1-/- and DKO mice (n=5 per 
group; **, P<0.01). 

(D) FACS analysis of GMP, CMP and MEP progenitor populations in the bone marrow in 
WT and DKO mice.  

(E) Apoptosis analysis of LSK cells the bone marrow, according to FACS based on 7AAD 
and Annexin V in WT and DKO mice (n=5 per group, ** P<0.01). 

(F) Cell cycle analysis of LSK cells in the bone marrow in WT, Hif1α -/- and Hif1α -/-Notch1-/- 
mice, according to Ki67 and Hoechst33342 staining (n=5 per group). 

 

Deficiency in both Hif1a and Notch1 leads to the loss of HSC function 

To further delineate the involvement of Hif1α and Notch1 in the functional 

regulation of HSCs, we performed competitive repopulation assays by transplanting 

3000 sorted LSK cells from WT (CD45.2), Hif1α -/- (CD45.2), Notch1 -/- (CD45.2) and 

DKO (CD45.2) mice into lethally irradiated CD45.1 mice. As competitor cells, 2 × 105 

bone marrow cells from WT CD45.1 were also transplanted (Figure 3.5A). Through 

monitoring the chimeras in the peripheral blood of recipient mice, we found that, 

although the percentages of donor-derived cells from the control groups gradually 

increased along the engraftment, the percentage of DKO donor-derived cells did not 

increase (Figure 3.5B). Similarly, the percentage of DKO donor-derived LSK cells in the 

bone marrow of recipients was significantly lower than those in the control groups 

(Figure 3.5C). To further analyze the long-term reconstitution ability of HSCs from DKO 

mice, we sorted donor-derived CD45.2+LSK cells from primary bone marrow 

transplantation at 16 weeks and conducted secondary transplantation by injecting equal 

numbers of LSK cells sorted from the four groups (Figure 3.5A). As expected, the levels 

of cells in the peripheral blood of recipients for DKO LSK gradually decreased and 

became undetectable at 8 and 12 weeks after bone marrow transplantation (Figure 

3.5D). Previous studies have suggested that Notch1 is critical for hematopoiesis during 
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embryonic development, thus indicating that the defective function of Hif1α -/-Notch1 -/- 

HSCs might possibly result from compromised function during development. To rule out 

this possibility, we expressed Cre by transducing bone marrow cells from WT, Hif1α 

loxp/loxp, Notch1 loxp/loxp and HIF1α loxp/loxp Notch1 loxp/loxp mice with MSCV-iCre-GFP 

retrovirus and transplanted the cells into lethally irradiated recipients (Figure 3.5E). 

Deletion of both HIF1α and Notch1 caused a disappearance of donor-derived cells in 

recipients (Figure 5E). Together, these findings indicated that simultaneous deletion of 

Hif1α and Notch1 led to the loss of the long-term reconstitution ability of normal HSCs. 
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Figure 3.5. Deficiency in both Hif1a and Notch1 leads to the loss of HSC function. 
(A) Experimental schematic of competitive repopulation assays. Two thousand LSK 
cells were sorted from WT, Hif1α-/-, Notch1-/- and DKO mice and transplanted into 
lethally irradiated recipient mice with 2×105 competitor cells (CD45.1). For second round 
competitive repopulation assays, donor-derived LSK cells (CD45.2) were re-sorted at 16 
weeks and transplanted into lethally irradiated recipient mice with 2×105 competitor cells 
(CD45.1). 
(B) Percentages of donor-derived cells (CD45.2) in the peripheral blood of recipients of 
primary bone marrow transplantation, on the basis of FACS analysis every month (n=5 
per group). 
(C) Percentages of CD45.2+ LSK cells in the bone marrow of recipient 4 months after 
primary bone marrow transplantation (n=5 per group; *P<0.05, *** P<0,005). 
(D) Percentages of donor-derived cells (CD45.2) in the peripheral blood of recipients in 
secondary bone marrow transplantation, on the basis of FACS analysis every month 
(n=5 per group). 
(E) iCre was expressed by transduction of bone marrow cells from WT, Hif1α loxp/loxp, 
Notch1 loxp/loxp and HIF1α loxp/loxp Notch1 loxp/loxp mice with MSCV-iCre-GFP retrovirus and 
transplanted into lethally irradiated recipient mice (CD45.1). Peripheral blood 
wasmonitored for the CD45.2+ percentage in recipients for 2 months (n=5 mice per 
group). 
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DISCUSSION 

 Hif1α is a master transcriptional regulator of the cellular hypoxia response. Hif1α 

plays a crucial role in survival regulation of leukemia stem cells in CML and its deletion 

results in an increased expression of p16ink4a and p19Arf in leukemia stem cells. 

Leukemia stem cells also appear to be more dependent on Hif1α pathway compared to 

normal HSCs (Zhang et al., 2012). In this study, we demonstrated that Hif1α is required 

for long-term maintenance of HSCs under physiological stress but not normal 

physiological conditions. To investigate the molecular mechanism in HSCs of Hif1α -/-, 

we analyzed the previously acquired microarray data (Zhang et al., 2012) comparing 

gene expression between WT and Hif1α -/- HSCs. The expression levels of multiple 

genes in the Notch pathway were significantly higher in Hif1α -/- than WT HSCs, thus 

indicating that the Notch pathway may be an important part in Hif1α regulation of HSCs. 

In hematopoietic system, the Notch pathway is essential for the generation of the HSCs 

during embryonic development but is dispensable for maintaining adult HSCs (Maillard 

et al., 2008). This study provides evidence to show that Hif1α regulates the Notch 

pathway, because deletion of Hif1α significantly decreases Notch1–3 expression. Hif1α 

and Notch1 synergically regulate HSCs. Loss of both Hif1α and Notch causes the 

development MPD/MDS like in mice, because of the shorter survival of DKO mice and 

skewing of the hematopoietic system toward the GMP pathway. Ultimately, loss of both 

Hif1a and Notch causes a loss of HSC function. 

 The finding of this study is Hif1α and Notch1 collaborate in regulating HSCs; 

however, this is not the first time Hif1α and Notch are reported together. Hypoxic 

response via Hif1α and activation of Notch signaling pathways are frequently found in 
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many diseases, especially cancers. The two pathways have found to be intersected in 

many cases. Hif1α and Hif2α competitively bind to Notch intracellular domain and 

regulate the activation of Notch signaling in glioma stem cells depending on different 

oxygen tension (Hu et al., 2014). Interaction of Hif1α and Notch signaling maintain 

medulloblastoma precursors in an undifferentiated state and Notch signaling in turn 

sensitizes these precursors to change in oxygen level (Pistollato et al., 2010). In neural 

stem cells, under hypoxic conditions, Hif1α is recruited to Notch-responsive promoters 

and activate the Notch signaling pathway to increase the expression of Notch 

downstream genes (Gustafsson et al., 2005).  

We collected substantial data on the phenotypes of all knockout mice; however, 

little investigation has been performed on the molecular mechanism underlying how 

simultaneous deletion of Hif1α and Notch1 causes loss of HSC maintenance. We could 

perform RNA-sequencing to study the transcriptome of HSCs in different knockout 

groups. LT-HSCs (Lin- c-Kit+ Sca-1+ CD150+ CD48-) could be sorted from WT, Hif1α -/-, 

Notch1-/- and DKO mice at 2 months and 10 months of age. Because DKO has more 

pronounced effects at older age, investigating the gene expression profiles at both ages 

would be interesting.  

This study provides another mechanism pathway to regulate HSCs through Hif1a 

and Notch1. Hif1α-/- mice are healthy and fertile, and they show no difference in survival 

compared to wildtype mice. Notch1-/- mice have hyperplasia of the corneal epithelium 

causing opaque plaque on the surface of the eye in adult mice. DKO mice also display 

the eye problem, they do not usually survive more than 1 year, and DKO mice are not 

fertile. Although canonical Notch signaling pathway is dispensable for adult HSCs 
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(Maillard et al., 2008), deletion of both Hif1a and Notch cause reduce long-term 

reconstitution capability and mice develop MPD/MDS like disease, showing the 

collaboration of Hif1α and Notch1 in HSCs regulation. My proposed mechanism is 

Notch pathway is required for Hif1α signaling in adult HSCs. Hif1α can regulate 

Notch’s downstream targets, such as Hes1 or Hey1, transcriptionally to regulate 

HSCs function. 

 

METHODS 

Mice 

C57BL/6J45.1, C57BL/6J45.2 mice were purchased from the Jackson laboratory. Vav-

Cre-Hif1αloxP/LoxP, Vav-Cre-Notch1loxP/loxP and Vav-Cre-Hif1αloxp/loxp-Notch1loxp/loxp were 

bred in the Li’s laboratory. All mice were bred and maintained in a well-controlled animal 

facility at University of Massachusetts Chan Medical School. They were given access to 

a 6% chow diet, acidified water and medical care when needed. Mice 8–12 weeks old 

were used for bone marrow transplantation. 

 

Generation of retrovirus 

The retroviral construct MSCV-iCre-GFP was used to generate high-titer, helper-free, 

replication-defective ecotropic viral stocks through transient transfection of 293T cells, 

as previously described (Li et al., 1999). Cell supernatants containing viruses were 

collected 48 hours after transfection, and viral titer was assessed by transducing 3T3 

cells and determining the percentage of GFP+ cells.  
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Bone and spleen histology 

Bones and spleens were collected and stored in 10% Formalin at room temperature, 

then they were sent to UMass Medical School histology core facility to be processed, 

stained and scanned. 

 

Bone marrow transduction/transplantation 

C57BL/6 donor mice 8–12 weeks of age were administered 5’FU (200 µg/kg) by 

intravenous injection 4 days before the collection of bone marrow cells. After collection, 

bone marrow cells were prestimulated for 24 hours at 37°C at a concentration of 3×107 

cells per 10-cm plate in Dulbecco’s modified Eagle’s medium containing recombinant 

murine interleukin-3 (IL-3, 6 ng/mL), recombinant murine interleukin-6 (IL-6; 6 ng/mL) 

and recombinant murine stem cell factor (SCF; 50 ng/mL). Bone marrow cells were then 

transduced with retroviral stocks in the same medium containing 50% retroviral 

supernatant, 10 mM HEPES (pH 7.4) and polybrene at 2 μg/mL. To increase the 

efficiency, the mixtures of cells and viruses were centrifuged at 2,300 g for 90 min, then 

incubated at 37°C for 3–4 hours before the medium was changed to fresh medium with 

no viral supernatant. A second round of retroviral transduction was performed 24 hours 

after the first round. Recipient mice were prepared with two doses of 550 cGy of gamma 

irradiation separated by at least 3 hours. Cells then were injected into these lethally 

irradiated recipient mice after the second round of transduction via intravenous injection.  

 

Flow cytometry analysis 
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Bone marrow and peripheral blood were collected from mice for FACS at the 

appropriate time points. After collection, cells were first treated with red blood cell (RBC) 

lysis buffer, containing NH4Cl, KHCO3 and EDTA for 10 min on ice, and washed with 

PBS to remove RBCs before staining with antibodies for FACS.  

For stem cell analysis, cells were stained with biotin-Lin cocktail (containing a mixture of 

antibodies to CD3, CD4, CD8, B220, Gr-1, Mac-1 and Ter119), cKit, Sca-1, CD150, 

CD48 or CD34 for 30 min at 4°C. Cells were washed, and secondary antibody 

streptavidin was added for 15 min at 4°C.  

For apoptosis analysis, cells were stained with Annexin V for 15 min at room 

temperature in Annexin V binding buffer, and 7-amino-actinomycin D (7AAD) was 

added immediately before FACS.  

For G0 phase analysis, cells were stained with antibody to Ki67, a marker expressed 

only in proliferating cells. Cells in G0 phase should not express Ki67 and therefore are 

negative for Ki67 in FACS. Other cell cycle phases were assessed by staining cells with 

5uL Hoechst33342 for 90 mins at 370C. The percentage of HSCs in G1, S, G2 and M 

stage was determined by FACS (Chen et al., 2009b). 

 

Real-time reverse transcription-PCR (RT-PCR)  

Total RNA from either cell lines or bone marrow cells was isolated with Qiagen RNeasy 

mini or micro kits (depending on the amount of cells). cDNA was synthesized with the 

Ovation-Pico cDNA synthesis method according to the protocol of the cDNA kit. Real-

time PCR was performed to detect the expression of various genes in a 20 µL RT-PCR 

reaction (10 µL of SYBR green, 4 µL of 10 µM primer mix, 80 ng of cDNA and nuclease-



115 
 

free water). All experiments were performed in triplicate. Either GAPDH or β-Actin was 

used as an internal control.  

 

Quantification and statistical analysis 

Flow cytometry results were analyzed in the FlowJo program. Statistical analysis was 

performed with two-tailed Student’s t test, and results are reported as mean and 

standard error of the mean. P values less than 0.05 were considered significant. All 

graphs were made, and statistical analyses were performed, in GraphPad Prism 

software. 
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CHAPTER IV 

FINAL SUMMARY AND DISCUSSION 

HSCs are continuously required for generating all blood cell types, including both 

quiescent and cycling cells. HSCs reside in the hypoxic bone marrow niche and they 

are tightly controlled by many regulating pathways to maintain homeostasis. Molecular 

changes can lead to irregular development of a certain pathway to cause blood 

diseases. There have been many studies to discover and investigate genes that 

regulate HSCs. Two pathways have been discovered in my studies that play roles in 

regulating HSCs: (1) Ikzf3 suppresses the maintenance and survival of HSCs through 

promoting the LSK to LSK- cells transition, (2) Hif1a and Notch1 synergically regulate 

HSCs and the deletion of both genes lead to MDS/MPD like disease. Both pathways 

contribute to HSCs regulation; however, I have not found evidence to suggest that there 

is a link connecting these two pathways. My gene expression data did not show the 

effect of Ikzf3 on Hif1α or Notch1 and vice versa, suggesting that they regulate HSCs in 

different manners, possibly through different internal or external stimuli.  

 

Ikzf3 plays a suppressive role in functional regulation of HSCs 

In this part, I have shown that Ikzf3 functions as a suppressor gene in HSCs. 

Although Ikzf3 has been shown to involve in lymphoid development and proliferation, 

this is the first time Ikzf3 is shown to regulate HSCs. Overexpression of Ikzf3 decreases 

the LSK population, which contains HSCs, and increases the LSK- population, which is 

highly apoptotic and derived from the LSK population; in contrast, depletion of Ikzf3 has 
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opposite effects. Ikzf3 diminishes HSC function in vivo and is responsible for the stress-

induced cytotoxic effects on HSCs. Mechanistically, the DNA binding domain of Ikzf3 is 

required for its inhibition of HSCs, and Ikzf3 downregulates expression of Bcl-2, Bcl-xL 

and c-Myc. Ikzf3 expression in HSCs is maintained at low levels by the c-Kit pathway.  

Another exciting finding in this study is that Ikzf3 promotes the transition from LSK to 

LSK- cells. Ikzf3 expression is very low in HSCs; its expression starts increasing 

gradually when cells become more mature, and it is especially highly expressed in 

lymphoid cells. HSCs-containing LSK population gives rise to all three LSK-, LS-K and 

LS-K- populations. The LS-K population then gives rise to progenitor cells, while some 

cells from the LSK- population go into apoptosis and be eliminated. I think that Ikzf3 

plays role in both pathways: one is regulating the lineage development, two is 

suppressing HSCs survival to maintain normal homeostasis of HSCs. Expression levels 

of c-Kit, Sca-1 and Ikzf3 can contribute to HSCs fate decision. When HSCs lose 

expression of c-Kit, which releases Ikzf3 from inhibition so Ikzf3 expression increases, 

which leads to the transition from HSCs to LSK- cells and potentially are subjected to 

apoptosis pathway. 

However, there are still problems or questions need to be addressed in the future so 

we can understand this pathway better: 

1) Why do HSCs become LSK- cells? HSCs and bone marrow microenvironment do 

not have the same potential for self-renewal and lineage differentiation forever, 

they undergo age-related changes such as genomic instability, oxidative stress, 

and epigenetic modification. Aging reduces stem cell function of HSCs, causing 

loss of regenerating ability, myeloid skewing, cellular senescence, DNA damage 
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accumulation, mitochondrial dysfunction, impaired autophagy, etc (Liang et al., 

2005; Rossi et al., 2005; Xing et al., 2006). I think aging and damaged HSCs 

become LSK- cells as a suicidal mechanism. In this study, when mice were 

treated with 5’FU, LSK- population increased and so did the expression of Ikzf3, 

meaning Ikzf3 negatively regulates HSCs even further in stress condition. It will 

be interesting to examine the relationship between Ikzf3 in LSK- cells with genes 

that change during ageing and stress because it will provide another evidence for 

how Ikzf3 helps to balance HSCs number and not let damaged HSCs 

accumulate more mutations that can lead to transformation and become 

leukemic stem cells.  

2) Does Ikzf3 regulate leukemic stem cells? Ikzf3 null mice display B-cell 

hyperproliferation and develop lymphomas (Wang et al., 1998). In human, the 

IKZF3 transcription factor is highly upregulated and inversely correlated with 

clinical progression in chronic lymphocytic leukemia patient (Nuckel et al., 2009). 

It is also found that lenalidomide causes ubiquination of Ikzf1 and Ikzf3 by 

CRBN-CRL4 ligase, which leads to increase in IL-2 in T cells, suggesting Ikzf3 is 

an essential transcription factor in multiple myeloma (Kronke et al., 2014). 

However, it is unclear whether Ikzf3 plays a role in leukemic stem cells. It is 

important to note that another factor in Ikzf family, Ikzf2 has been shown to highly 

expressed in leukemic stem cells and Ikzf2 is required for myeloid leukemia. 

Ikzf2 regulates a Hoxa9 self-renewal gene expression program and inhibits a 

C/EBP-driven differentiation program (Park et al., 2019). It will be interesting to 

examine the role of Ikzf3 in myeloid leukemia and leukemic stem cells. I think this 
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is a very important future direction because if Ikzf3 also plays a suppressor role 

in leukemic stem cells then either Ikzf3 or genes involving in Ikzf3 pathway can 

become potential targets for therapeutic treatments. 

3) Does mutant Ikzf3 affect its regulation in HSCs? A hotspot mutation Ikzf3-L162R 

has been identified as putative driver of CLL. This mutation leads to 

hyperactivation of BCR signaling, overexpression of NF-kB target genes and 

development of CLL disease like in elderly mice (Lazarian et al., 2021). It is 

interesting to know the status of HSCs, and LSK- cells in with this mutation. The 

mutation may cause the skewing of my proposed pathway in Figure 2.7 toward 

differentiation, thus blocking the transition to LSK- cells.  

4) What are other gene targets of transcription factor Ikzf3 in HSCs? In this study, I 

found that Ikzf3 inhibits the expression of two anti-apoptotic factors Bcl-2 and 

Bcl-xL, and Ikzf3 also inhibits proliferating gene c-Myc. There are most likely 

more downstream targets of Ikzf3 in HSCs, and weather they also participate in 

leukemia stem cells. It is important to know the difference gene expression in 

normal HSCs and leukemic stem cells so we can eradicate leukemia stem cells 

more effectively.  

5) How does Icsbp regulate Ikzf3? Icsbp plays important roles in the development 

regulation of myeloid cells and fate determination of some immune cells (Tamura 

and Ozato, 2002). Icsbp impacts the self-renewal ability of HSCs by regulating 

LTR9 signaling pathway of innate immune cells (Li et al., 2021). Like Ikzf3, Icsbp 

expression is very low in HSCs and Icsbp expression is much higher in LSK- cells 

(Figure 2.1A). Icsbp expression increases after 5’FU treatment or irradiation, 
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which is associated with the increase of LSK- cells. Both Ikzf3 and Icsbp show 

several similar regulating effects on LSK, LSK- cells and HSCs. Is there any 

redundancy between Ikzf3 and Icsbp? Does deletion of both Ikzf3 and Icsbp 

cause even more effect on HSCs function? I wonder if there is a compensation if 

one of them is missing. If Ikzf3 plays a suppressor role in leukemic stem cells, 

then it is interesting to study whether targeting Ikzf3 alone is enough or we have 

to target both Icsbp and Ikzf3 to see the effect on HSCs. 

6) How does c-Kit inhibit Ikzf3 in HSCs? c-Kit regulates a wide range of genes in 

different cells. c-Kit is highly expressed in HSCs and its expression vanishes 

during differentiation. LSK cells have high c-Kit and very little Ikzf3 expression; in 

contrast, LSK- cells have low c-Kit and high Ikzf3 expression. In this study, it is 

shown that Ikzf3 is regulated by the c-Kit pathway. In normal stem cells, c-Kit is 

involved in many pathways, such as Ras/Erk pathway to activate the proliferation 

genes (Murphy et al., 2002), Pi3K pathway to activate anti-apoptosis genes 

which results in cell survival (D'Amato et al., 2005), and JAK/STAT pathway to 

regulate cell proliferation (Weiler et al., 1996). It is unknown whether Ikzf3 

involves with any of these pathways. It is possible that Ikzf3 is dependent on one 

of c-Kit pathways in normal HSCs but not in leukemia stem cells. 

In conclusion, finding more genes that play role in this Ikzf3 pathway is important 

to understand how Ikzf3 is regulated at cellular level. It is also crucial to learn 

whether Ikzf3 also regulates stem cell populations in leukemia so we can develop 

appropriate treatment to target Ikzf3. 
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Hif1α collaborates with Notch1 to induce MDS/MPD like disease 

This study provides evidence to show that Hif1α regulates the Notch pathway, 

because deletion of Hif1α significantly decreases Notch1–3 expression. Hif1α and 

Notch1 synergically regulate HSCs. Loss of both Hif1α and Notch causes the 

development MPD/MDS in mice, skewing of the hematopoietic system toward the GMP 

pathway. Ultimately, loss of both Hif1α and Notch causes a loss of HSC function. I 

propose that Hif1α signaling is required Notch pathways to regulate adult HSCs. There 

are many future directions, especially to study the mechanism of this regulation, that 

can be done on this project to address some important question:  

1) Can we categorize the MDS/MPD like disease further in this study? Mice in this 

study develop MDS/MPD like disease. Narrowing down exactly which blood 

disease can provide better pictures of which genes may also plays role in this 

pathway based on available information on mutations of each disease. 

2) Can DKO mice be rescued? Deletion of Hif1α does not affect HSC function under 

normal physiological conditions, whereas both Hif1α and Notch1 lead to the loss 

of HSCs. If we can rescue the disease phenotype of DKO mice by putting back 

Hif1α and Notch1, it provides more evidence for a potential therapeutic target to 

treat the disease.  

3) How does Hif1α regulate the Notch pathway in HSCs? If Hif1α regulate the Notch 

pathway in adult HSCs, then it should affect the expression of downstream target 

genes in the Notch pathway, such as Hes1, Hes5, Hey1 and Hey2. Many 

functional ligands exist in the Notch pathway, such as Ccnd1, Cdkn1a, Gata3 

and Ptcra, and determining whether Hif1a regulation of the Notch pathway is 
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ligand dependent or independent, and which ligands are most important in this 

pathway, should prove interesting. 

4) Are Notch2 and Notch3 also involved with Hif1α in regulating HSCs? To date, in 

this study, we have focused on Hif1α and Notch1. Further investigation of the 

functional differences between Notch1 and Notch 2 or Notch 3 is needed. 

Because reports have indicated that Notch3 appears to be indispensable, we 

may not observe differences in Hif1α deletion in HSCs of Notch3-/- or the loss of 

HSC function. Therefore, I hypothesize that Notch1 and Notch2 will be more 

important in Hif1a regulation. If Hif1α also regulates Notch2 in HSCs, then 

deletion of Hif1α and Notch2 can also cause myeloproliferative diseases. In 

general, we would like to answer the question of whether Notch1, Notch2 and 

Notch3 have any redundancy or have distinct roles in regulating hematopoiesis, 

particularly in HSCs.  

5) Is there human relevance to this study? We should obtain human MDS/MPD, 

particularly CMML, patient blood and bone marrow samples, to verify the gene 

expression of Hif1α, Notch1 and other related genes potentially involved in the 

pathways.  

6) Does Hif1α also regulate Notch1 signaling in leukemic stem cells? Since deletion 

of both Hif1α and Notch1 leads to the development of MDS/MPD like disease, 

and Hif1α is required for the survival of leukemia stem cells in CML (Zhang et al., 

2012). It is possible that Hif1α still require Notch pathway in leukemia, and level 

of dependency may also be higher than in normal HSCs.  
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In conclusion, I believe that Hif1α signaling requires Notch pathway to 

regulate HSCs and it is important to identify other genes that also take part in this 

pathway, and it is essential to learn if any factor of this regulation or any gene 

expression alters in the leukemic stem cells. 
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