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ABSTRACT 
This thesis has studied the role of low oxygen levels, or hypoxia, in hematopoietic stem 

cells (HSCs) and how, at the molecular level, it regulates stem cell maintenance and protects 
against oxidative stress induced by reactive oxygen species (ROS). HSCs reside within the 
bone marrow in specific niches created by a unique vascularized environment, which is 
suggested to be hypoxic and crucial for HSCs by maintaining a quiescent state of cell cycle 
and by redirecting metabolism away from the mitochondria to glycolysis. The niches are also 
believed to limit the production of ROS, which could damage DNA and disrupt the stem cell 
features. The hypoxia-responsive protein hypoxia-inducible factor 1 alpha (HIF-1α) is a major 
regulator of the hypoxic cell response in HSCs as well as in leukemic stem cells.  Both these 
cells are thought to reside in the bone marrow where they are protected from stress and 
chemotherapy by niche cells and hypoxia.  

The thesis demonstrates that pyruvate dehydrogenase kinase 1 regulates a metabolic shift 
to glycolysis, and maintains the engraftment potential of both HSCs and multipotent 
progenitors upon transplantation. Furthermore, we wanted to determine whether HIF-1α or 
other signaling pathways are involved in protecting HSCs from ROS-induced cell death. 
Overexpression, silencing or a knockout mouse model of Hif-1α could not identify HIF-1α as 
important for protecting HSCs from oxidative stress-induced cell death through inhibition of 
synthesis of the antioxidant glutathione. Gene expression analysis instead identified the 
transcription factor nuclear factor kappa B (NF-κB) as induced by hypoxia. By studying NF-
κB signaling we found increased NF-κB activity in cells cultured in hypoxia compared to 
normoxia. Suppression of inhibitor of kappa B indicated a putative role of NF-κB signaling in 
hypoxia-induced protection against oxidative stress. The findings show that hypoxia-induced 
protection to elevated levels of ROS upon glutathione depletion seems to be attributed to 
activation of the NF-κB signaling pathway independently of HIF-1α.  

To address the question whether hypoxic in vitro cultures support maintenance and 
promote HSC expansion we performed a limited dilution-transplantation assay. Our data 
indicate that hypoxic cultures maintain more long-term-reconstituting HSCs than normoxia, 
but this could not be confirmed statistically. Finally, we wanted to study the mechanisms by 
which hypoxia protect against chemotherapy. We could demonstrate that hypoxic culture 
protects leukemic cell lines against apoptosis induced by chemotherapy or inhibitors used for 
treatment of leukemia. This multidrug resistance seems to be mediated by ATP-binding 
cassette transporter genes, which are upregulated by hypoxia and whose inhibition has been 
shown to increase chemosensitivity. In addition, HIF-1α was upregulated in the leukemic cell 
lines in hypoxia and its inhibition increased the sensitivity to chemotherapy, indicating a role 
in inducing chemotherapy resistance. 

Conclusively, the results presented in this thesis stress the importance of hypoxia in 
regulating metabolism, oxidative-stress response and maintenance of both HSCs as well as 
leukemic cells, especially through the critical transcription factors HIF-1α and NF-κB and 
their target genes.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Då de flesta celler i kroppen med jämna mellanrum måste bytas ut finns det i olika organ 

stamceller som har en unik förmåga att ge upphov till olika celltyper men även att bilda en 
kopia av sig själv. På så vis säkerställer stamcellerna att gamla eller skadade celler ersätts av 
nya under hela människans liv. Det finns olika typer av stamceller i människans organ, 
exempelvis huden, tarmen och blodet. Stamcellen som bildar olika typer av blodceller som 
syretransporterande röda blodkroppar, vita blodkroppar som bygger upp immunförsvaret samt 
blodplättar som stoppar blödning kallas blodstamcell, eller hematopoietisk stamcell. Varje 
dag kan denna lilla population av stamceller göra 1012 blodceller, vilket för att förstå den 
enorma mängden kan jämföras med att lika många minuter motsvarar ungefär 1,9 miljoner år. 
Blodstamceller har visat sig finnas på olika ställen i kroppen, i benmärgen som finns inuti 
skelettet, där andra typer av celler genom kontakt eller genom att skicka ”meddelanden” via 
molekyler som binder till mottagare på stamcellens yta ger instruktioner så som ”Förbli 
vilande” eller ”Bilda mer blodceller” och på detta sätt reglerar att blodstamcellen inte delar 
sig för ofta.  

Förutom det komplicerade nätverk av celler som på olika sätt kontrollerar blodstamcellen 
utifrån så kan cellen i sig själv skicka signaler som utgår från den själv. Utöver detta så har 
det även visats att benmärgen kännetecknas av låg syrenivå, kallat hypoxi. Hypotesen för mitt 
avhandlingsarbete var att detta skyddar blodstamcellen från små partiklar som kallas fria 
syreradikaler och som annars skulle kunna skada viktiga delar i cellen. Om detta skydd eller 
den låga syrenivån inte fungerar skulle det kunna leda till att blodstamcellen förlorar sin 
livsnödvändiga förmåga att bilda nya blodceller. Då skulle kroppen snabbt börja tömmas på 
blodceller och utsättas för blodbrist eller infektioner, med andra ord ett livshotande tillstånd.  

Vi har studerat blodstamceller från möss och kunnat visa att om dessa celler tas ut från 
musen och odlas i hypoxi så producerar de ett protein som gör att de anpassar sig till den låga 
halten av syre. Detta protein i sin tur styr produktionen av många andra proteiner, varav ett är 
involverat i cellens energiproduktion. Om man hindrar cellen från att producera proteinet som 
ger signalen ”Producera mindre energi!” och stoppar in blodstamcellerna i nya möss, så har 
de sämre förmåga att bilda nya blodceller än normala blodstamceller. Detta visar hur viktigt 
detta protein är för att blodstamcellerna ska kunna klara låg syrenivå. Vi har även kunnat visa 
genom att odla blodstamceller i hypoxi att lågt syre skyddar cellerna från skador av fria 
syreradikaler som annars kan skada cellernas DNA och proteiner.  

Blodcancer, även kallat leukemi, är en sjukdom där vita blodkroppar delar sig okontrollerat 
vilket leder till att blodbildningen störs och att en stor mängd sjuka celler tar över. Det har 
visat sig att det även finns leukemistamceller, och att dessa precis som normala 
blodstamceller kan dra nytta av skyddet i benmärgen och på detta vis undkomma många av de 
behandlingar som sätts in vid sjukdomen. Då många leukemier kännetecknas av att 
behandling först har effekt men att patienterna sedan får återfall och avlider, så är behovet av 
att förstå vilka förändringar inuti och utanför blodcellen som leder till leukemi stort för att nya 
läkemedel ska kunna utvecklas.  
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Vi har studerat om hypoxi kan skydda leukemiceller från olika typer av läkemedel och om 
det på så sätt bibehåller sjukdomen. Med hjälp av celler isolerade från patienter med leukemi 
har vi kunnat visa att leukemicellerna var mer motståndskraftiga mot läkemedel om de 
odlades i hypoxi.  

Sammanfattningsvis visar resultaten i min avhandling på betydelsen av hypoxi att skydda 
både blodstamceller och leukemiceller mot stress i olika former. Även om studierna är utförda 
på blodstamceller från möss tror vi att detta kan öka förståelsen för blodstamceller hos 
människa. Genom en ökad kunskap om hur blodstamceller skyddas mot stress i olika former, i 
synnerhet läkemedel, skulle nya behandlingsformer mot leukemi kunna utvecklas. 
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ABBREVIATIONS 
ABC = ATP-binding cassette 

AML = acute myeloid leukemia 

BCL-2 = B-cell lymphoma 2 

BM = bone marrow 

BSO = DL-buthionine-(S,R)-sulfoximine 

CML = chronic myeloid leukemia 

CMP = common myeloid progenitor 

CXCL = chemokine (C-X-C motif) ligand  

CXCR = C-X-C chemokine receptor type  

DMOG = dimethyloxalylglycine 

EC = endothelial cell 

FACS = fluorescence-activated cell sorting 

FIH = factor-inhibiting HIF-α 

FLT3 = fms-like tyrosine kinase 3 

GFP = green fluorescent protein 

GSH = reduced glutathione  

H2O2 = hydrogen peroxide 

HIF = hypoxia-inducible factor 

HRE = hypoxia response elements 

HSC = hematopoietic stem cell 

HSPC = hematopoietic stem and progenitor cell 

IκB = inhibitor of kappa B 

IKK = IκB kinase 

LSC = leukemic stem cell 

LSK = Lineage-Sca-1+c-kit+ 

LT-HSC = long-term hematopoietic stem cell 

MDR = multidrug resistance 

MPP = multipotent progenitor 

mRNA = messenger-RNA 

NF-κB = nuclear factor kappa B 
.O2

- = superoxide anion radical 

OB = osteoblast 

PDK = pyruvate dehydrogenase kinase 

PHD = prolyl hydroxylase domain 

q-PCR = quantitative real-time PCR 

ROS = reactive oxygen species 

RTK = receptor tyrosine kinase 

SCF = stem cell factor 

shRNA = short hairpin RNA 

siRNA = small interfering RNA 

SOD = superoxide dismutase 

ST-HSC = short-term hematopoietic stem cell 

TPO = thrombopoietin  

VEGFA = vascular endothelial growth factor A 

VHL = von Hippel-Lindau protein 
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INTRODUCTION 

Hematopoiesis 
Hematopoiesis, the formation of blood cells, is a complex process that is tightly controlled 

in order to produce and continuously replace mature blood cells with finite life span and 
govern functions essential for everyday survival. During embryogenesis blood cell 
development takes place at many sites before hematopoietic stem cells (HSCs) colonize the 
bone marrow (BM) for lifelong production of blood cells.  

Red blood cells, granulocytes, lymphoid cells, monocytes and platelets are responsible for 
distribution of oxygen to all cells of the body, defense against infection and regulation of 
blood clotting. The turnover of blood cells ranges from hours (granulocytes), months 
(erythrocytes) up to years (lymphocytes) (Lensch, 2012). Due to the short life span of many 
of the blood cells, every day around 1 trillion (1012) new cells need to be produced in an adult 
human to maintain homeostasis (Ogawa, 1993). All these cells arise from the HSC, a rare cell 
that throughout lifetime can both self-renew through symmetric division and produce 
multipotent progeny cells by asymmetric division (Molofsky et al., 2004). The progenitor 
cells with limited self-renewal capacity thereafter go through several steps of proliferation and 
differentiation where the cells stepwise restrict their lineage potential, becoming precursor 
cells lacking self-renewal potential and finally differentiating into mature blood cells.  

 

Hematopoietic stem cells (HSCs) 
The HSCs are defined as capable of self-renewing themselves for lifetime and producing 

all hematopoietic progenitors (Figure 1), as well as through their repopulation capacity i.e. 
being able to re-establish blood formation upon transplantation. In 1961 James Till and Ernest 
McCullough were the first to define these hematopoietic stem cell hallmarks experimentally 
as well as providing methods for stem cell testing. By transplantation of BM cells to irradiated 
mice the production of colonies in the spleen, colony-forming unit spleen (CFU-S), in direct 
proportion to the number of injected BM cells and originating from different hematopoietic 
lineages were identified (Becker et al., 1963; Till & Mc, 1961).  

As already mentioned HSCs are rare cells, constituting 0.005-0.01% of total BM cells in 
adult mice (Challen et al., 2009; Ema et al., 2006), lacking morphological characteristics that 
distinguish them from white blood cells. The primitive HSC functionality can only be proved 
upon transplantation to irradiated mice and detected by the reconstitution of all hematopoietic 
lineages in the recipient BM, peripheral blood and spleen or thymus (Kent et al., 2007). 
However, by labeling cell surface markers with specific antibodies stem cells can be enriched 
by fluorescence-activated cell sorting (FACS) (see section Methodology, page 39). 
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Figure 1. Schematic drawing of the hematopoietic hierarchy. The hematopoietic hierarchy showing a few of 
the differentiation steps from HSC to mature blood cells, by which HSCs produce progenitor cells with 
progressively decreased multipotency and self-renewal capacity as indicated. HSCs are divided in long-term 
(LT)-HSCs, short-term (ST)-HSCs and MPPs. The phenotypic cell surface markers of each population of murine 
blood cells are shown. CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP; 
granulocyte/macrophage progenitor; HSC, hematopoietic stem cell; LMPP, lymphoid-primed multipotent 
progenitor; MEP, megakaryocyte/erythrocyte progenitor; MPP, multipotent progenitor. Adapted with 
modifications from Emma Rörby (Rörby, 2014), with permission. 
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Mouse HSC markers 
One of the central questions in stem cell biology is to identify markers that distinguish 

stem cells from their progenitors. Since the HSC is not committed to any mature blood cell 
type it does not express lineage specific cell surface markers such as CD3, CD4, CD8 (T 
cells), Gr-1 (granulocytes), Ter-119 (erythrocytes), Mac-1 (monocytic cells and macrophages) 
and B220 (B cells and NK cells) (Spangrude et al., 1988) or CD19 (B cells) (Rolink et al., 
1996). With the discovery of expression of stem cell antigen (Sca-1) (Spangrude et al., 1988) 
and the cytokine receptor tyrosine kinase (RTK) c-kit (CD117) (Ikuta & Weissman, 1992; 
Ogawa et al., 1991) the murine compartment called lineage- (Lin-) Sca-1+c-kit+ (LSK) was 
revealed. It constitutes 0.05-0.1% of total BM cells and contains nearly all cells with self-
renewal capacity (Ikuta & Weissman, 1992; Li & Johnson, 1995; Okada et al., 1992), making 
it the most common antigen set for murine HSC purification.  

The LSK compartment can be divided into three distinct populations: long-term (LT)-
HSCs lacking expression of CD34 and fms-like tyrosine kinase 3 (FLT3), short-term (ST)-
HSCs (CD34+FLT-) and multipotent progenitors (MPPs) (CD34+FLT3+) (Adolfsson et al., 
2001; Christensen & Weissman, 2001; Yang et al., 2005). These populations give rise to a 
sequential order of HSCs, from LT-HSCs that self-renew and give rise to progenitors for life, 
ST-HSCs with less self-renewal capacity and MPPs lacking self-renewal potential but still 
bearing the capacity to differentiate into all lineages (Morrison et al., 1997; Morrison & 
Weissman, 1994). The MPP cells can then commit to common lymphoid progenitors (CLP), 
expressing interleukin (IL)-7Rα, or common myeloid progenitors (CMP), lacking expression 
of Sca-1 and IL-7Rα (Akashi et al., 2000; Kondo et al., 1997). These progenitor cells can then 
differentiate into all mature hematopoietic cells. As an alternative to the classical 
hematopoietic tree, Adolfsson et al. described the existence of lymphoid-primed multipotent 
progenitors (LMPPs) that can give rise to all lymphoid and myeloid cells except for 
erythrocytes and platelets (Adolfsson et al., 2005). This is one example of several suggested 
pathways differing from the “traditional” hematopoietic tree, and it is still under debate how 
lineage commitment is regulated from the HSC down to mature cells (Ema et al., 2014; 
Yamamoto et al., 2013). 

A decade ago the signal lymphocytic activation molecules (SLAM) CD150 and CD48 
were added to the repertoire of cell surface markers used to enrich for murine HSCs. It was 
shown by BrdU labeling and use of histone 2b green fluorescent protein (H2B-GFP) 
transgenic mice, which both are used to assess cell cycling (Kanda et al., 1998), that Lin-Sca-
1+c-kit+CD34-FLT3-CD150+CD48- harbor true dormant HSCs, with a predicted division rate 
of every 145 days (Wilson et al., 2008). Recently it was shown through transplantation that 
cells expressing homeobox B5 (HoxB5) defines a fraction of HSCs with long-term 
repopulation capacity (Chen et al., 2016). In addition to using cell surface markers, HSCs can 
be isolated based on their ability to efflux the fluorescent DNA-binding dye Hoechst 33342, 
creating a Hoechstlow population (side population, SP) (Goodell et al., 1996), as well as by 
their low binding of the dye Rhodamine-123 (Rho) (Li & Johnson, 1992). However, to show 
the existence of self-renewing HSCs, transplantation experiments are the golden standard 
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(Figure 2). LT-HSCs are defined as contributing to more than 1% circulating white blood 
cells 16 weeks or later after transplantation, and generating more than 1% myeloid and 
lymphoid progenitors (Dykstra et al., 2006; Ema et al., 2005; Frisch & Calvi, 2014; Miller & 
Eaves, 1997). 

By enrichment of LT-HSCs it has been possible to identify subtypes more prone to 
myeloid or lymphoid differentiation (Challen et al., 2010). The myeloid-biased HSCs were 
shown to reside in the lower SP, being more quiescent and expressing higher levels of CD150 
compared to lymphoid-biased HSCs. Upon aging it has been shown that the number of both 
mouse and human HSCs increases (Dykstra et al., 2011; Pang et al., 2011) but that the 
number of cells with long-term reconstitution capacity decreases (Chambers et al., 2007). 
Further, it was shown that the number of myeloid-biased HSCs is increased during aging 
(Challen et al., 2010; Dykstra et al., 2011), although aged HSCs have lower capacity to 
produce progeny and upon transplantation show less efficient homing to the BM and lower 
self-renewal potential (Dykstra et al., 2011). It has also been shown by the long-label 
retaining method with H2B-GFP that HSCs gradually lose their regenerative potential as they 
progressively divide (Qiu et al., 2014). In a recent study HSCs were monitored with the same 
method and shown to divide symmetrically four times throughout adult life before entering 
dormancy (Bernitz et al., 2016), which indicates that HSCs have a cellular memory regulating 
the number of self-renewal divisions and by this their maintenance and density in the BM.  

Although there are no major differences between mouse and human hematopoietic organs, 
it has been shown that the human and murine HSC enrichment markers differ slightly. The 
most important cell surface antigens for identification of human HSCs are expression of 
CD34 and lack of or weak expression of the progenitor markers CD38 and CD45RA (Bhatia 
et al., 1997b; Randall et al., 1996; Sutherland et al., 1989; Terstappen et al., 1991). The 
expression of CD34 on human HSCs stands in clear contrast to the CD34- mouse HSCs 
(Osawa et al., 1996). Human CD34+CD38- cells give rise to both myeloid and lymphoid cells 
for at least 8 weeks, while CD34+CD38+ cells have short-term repopulating capacity (3 
weeks) and give rise to mostly myeloid cells (Glimm et al., 2001). Another important antigen 
for both murine and human HSC isolation is c-kit (Briddell et al., 1992; Ikuta & Weissman, 
1992; Ogawa et al., 1991). Other discrepancies of human HSCs compared to mouse HSCs are 
the lack of a homolog to Sca-1 and that addition of SLAM markers to the antibody set do not 
contribute to HSC enrichment upon transplantation to immunodeficient mice (Larochelle et 
al., 2011). Recently, reconstruction of clonal dynamics of CD34+CD38-CD45RA-CD90+ 
HSCs estimated the number of human HSCs to be in the range of 50,000-200,000 in total in a 
healthy adult man (Lee-Six et al., 2018). 
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Figure 2. Competitive repopulation assay. Hematopoietic stem cells (HSCs) with unknown characteristics 
(test cells) are transplanted together with competitor cells from congenic mice into lethally irradiated recipients. 
The outcome is assessed by flow cytometry analysis of peripheral blood. Staining for the different forms of 
CD45 makes it possible to distinguish between donor cells (CD45.1; pink) and competitor cells (CD45.2; 
orange). Long-term (LT)-HSCs give rise to multilineage reconstitution later than 16 weeks post-transplant, while 
earlier readouts at 4-12 weeks demonstrate the activity of less primitive short-term (ST)-HSCs. 

 

Hematopoietic cytokines 
Proliferation and differentiation of mature hematopoietic cells are regulated by cytokines 

and growth factors, such as erythropoietin (EPO) for erythrocytes, granulocyte colony-
stimulating factor (G-CSF) for granulocytes and macrophage colony-stimulating factor (M-
CSF) for macrophages, while multipotent progenitors are dependent on a cocktail of 
cytokines like granulocyte-macrophage colony-stimulating factor (GM-CSF), stem cell factor 
(SCF), thrombopoietin (TPO), Flt3-ligand (FL) and interleukins (ILs). For murine HSCs the 
regulatory role of several cytokines has been investigated, including SCF, TPO, IL-6 and FL.  

The RTK c-kit is highly expressed on HSCs (Ikuta & Weissman, 1992), which upon 
binding of SCF gets phosphorylated and induces signaling pathways including Ras/MAPK 
and JAK/STAT pathways promoting proliferation, while phosphatidylinositide 3-kinase 
(PI3K)/AKT supports survival and inhibits apoptosis (Reber et al., 2006). TPO binds to its 
receptor c-Mpl, bringing its two domains closer and enabling binding of JAK2 for subsequent 
tyrosine phosphorylation and activation of STATs, PI3K and MAPK that promotes cell 
survival and proliferation (Kaushansky, 2005). Both SCF as well as TPO have been shown to 
maintain quiescent HSCs in steady state hematopoiesis (Thoren et al., 2008; Yoshihara et al., 
2007). Mice with partial or complete lack of functional c-kit showed a severe reduction of 
progenitor cells and revealed an important role of c-kit in reconstituting peripheral blood and 
BM of irradiated mice post-transplantation (Sharma et al., 2007; Waskow & Rodewald, 2002). 
TPO has been suggested to be an important regulator of HSC numbers and expansion (Fox et 
al., 2002; Kimura et al., 1998; Solar et al., 1998), and knock-out mice for Tpo or c-mpl, the 
receptor for Tpo, showed fewer HSCs in the BM, while c-mpl-deficient cells also showed 
dramatic reduction of progenitor cells as well as long-term repopulating HSCs upon serial 
transplantation. This indicates both a role in steady-state maintenance as well as in promoting 
self-renewal and expansion of HSCs in the BM following transplantation.  
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IL-6, one of several interleukins regulating different hematopoietic cells, has just as SCF 
been shown to be an early acting lineage-non-specific factor for hematopoietic cells (Ogawa, 
1993). IL-6 binds to the IL-6R, which together with the IL-6 signal transducer glycoprotein 
130 (gp130) activates signaling pathways including JAK/STAT, MAPK and PI3K/AKT 
regulating proliferation, differentiation and survival (Heinrich et al., 2003; Mihara et al., 
2012). IL-6 was shown in combination with SCF or SCF and IL-3 to enhance colony 
formation from LSK cells (Okada et al., 1992), and in combination with SCF and FL to 
expand murine HSCs in short-term cultures (Audet et al., 2001). Furthermore, primitive 
progenitor cells and HSCs from Il-6 deficient mice have an impaired ability to form colonies 
and to maintain long-term hematopoiesis upon transplantation, respectively (Bernad et al., 
1994), suggesting a regulatory role for IL-6 in HSCs. FL has been shown to in combination 
with SCF and IL-6 (Oostendorp et al., 2000) or SCF and IL-3 (Miller & Eaves, 1997) 
stimulate expansion of murine BM stem cells in short-term cultures, but its role in regulating 
primitive HSCs was later outruled as studies have found that the Flt3-receptor is not 
expressed on LT-HSCs (Adolfsson et al., 2001; Christensen & Weissman, 2001).  

 

In vitro expansion of HSCs 
Transplantation of HSCs is a procedure where the patient can receive stem cells from 

himself (autologous) or from a donor (allogeneic) (Wilson et al., 2008). Hematopoietic stem 
cell transplantation (HSCT) was founded more than 50 years ago by E. Donnall Thomas who 
treated patients with radiation and chemotherapy followed by infusion of donor BM cells 
(Thomas et al., 1957). By refinement of the method and discovery of factors to match donor 
and recipient, HSCT is today a standard of care for hematological malignancies, including 
leukemia where the patient has become resistant to chemotherapy. HSCs can be collected 
from the BM, cord blood or from peripheral blood by G-CSF induced mobilization of BM 
HSCs (Petit et al., 2002). The major limiting factor for a successful transplant and 
engraftment of the BM is a shortage of donor cells, especially when it comes to cord blood 
where the number of HSCs is limited and insufficient for transplantation of adult patients 
(Ballen et al., 2013). Therefore in vitro expansion of HSCs is promising to increase positive 
outcomes in the clinic.  

As mentioned above, the importance for maintaining HSCs in vitro is dependent on, 
among others, cytokines, and therefore cytokines were among the first to be tested singly, or 
in combination, for their effect on in vitro expansion of murine HSCs (Shpall et al., 2002). 
Overall, cytokines in different combinations, including SCF, TPO, IL-6 and FL, can maintain 
human HSCs and their progenitors in ex vivo culture (Bhatia et al., 1997a; Conneally et al., 
1997; Gammaitoni et al., 2003). However, in vitro expansion of short-term reconstituting 
progenitors often takes over at the expense of long-term reconstituting HSCs (Williams, 
1993), pointing to the need for additional factors for successful expansion of LT-HSCs.  

Mimicking the in vivo condition found in the BM seems logical for this purpose. Several 
strategies have been employed to maintain primitive HSC self-renewal potential and expand 
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HSCs for transplantation, for instance to culture HSCs either on fibronectin-coated polymeric 
biomaterials (Feng et al., 2006), in stroma-conditioned medium or to co-culture with 
mesenchymal stromal cells (MSCs) together with growth factors, so-called Dexter culture (de 
Lima et al., 2012; Dexter, 1984; Ito et al., 2015; Jing et al., 2010; Robinson et al., 2006; 
Walenda et al., 2010). Besides secreting cytokines, the stromal cells provide important cell-
cell contact with HSCs through ligand-receptor interactions as well as integrins and the 
extracellular matrix (Discher et al., 2009; Gattazzo et al., 2014; Morrison & Scadden, 2014). 
Especially Notch signaling supports HSCs, and its ligands Delta1 and Jagged1 have been 
shown to improve culture conditions for cord blood and adult HSC expansion (Delaney et al., 
2010; Kertesz et al., 2006; Suzuki et al., 2006).  

Recently, small synthetic molecules have been used in the hunt for conditions optimizing 
HSC expansion. StemRegenin 1 (SR-1), a purine derivative that antagonizes the aryl 
hydrocarbon receptor (AHR), was found to promote a 50-fold in vitro expansion of human 
cord blood CD34+ cells and a 17-fold increase of LT-HSCs engrafting immunodeficient mice 
(Boitano et al., 2010). In a clinical study with patients, SR-1 demonstrated a remarkable 
recovery of blood cells and better engraftment upon transplantation compared to patients 
receiving non-expanded CD34+ cord blood cells (Wagner et al., 2016). UM171 is another 
small chemical, a pyrimidoindole derivative, that in an AHR-independent manner contributes 
to better expansion of human CD34+CD45RA cells from mobilized peripheral blood than SR-
1 (Fares et al., 2014).  

Hence, since the vast majority of the proliferating cells lose their regenerative potential 
within a few days of culture, all of the approaches described above have in common that 
normally only short-term and progenitor engraftment, and not long-term engraftment, is 
achieved.  

 

Bone marrow niches 
Improving our understanding of the HSC-intrinsic and BM-dependent mechanisms 

regulating HSC self-renewal in vivo are most likely essential for designing the optimal 
platform for in vitro HSC expansion for therapeutic applications. Thus, the strive to identify 
microenvironment components in which HSCs reside would allow for the identification of 
factors essential to maintain and expand HSCs for transplantation. The concept of a 
microenvironment in the BM controlling the balance between quiescence and differentiation 
of hematopoietic stem and progenitor cell (HSPC) was proposed 40 years ago by Ray 
Schofield, who recognized that cells from the BM reconstituted blood formation of irradiated 
mice better than CFU-S cells and drew the conclusion that a niche within the BM preserves 
the reconstitution ability of HSCs (Schofield, 1978).  

It is evident that the BM niche is crucial for HSC regulation and maintenance, but it has 
until recent years been unknown why the niche is located in specific tissues such as the 
kidney in fish and BM in mammals (Martinez-Agosto et al., 2007). In a study by Kapp et al. 
the HSPC niche in zebrafish was examined on the assumption that niches in terrestrial 
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animals would have evolved at sites protecting the HSPCs from ionizing radiation while the 
water would have protected aquatic animals. They revealed that melanocytes are forming a 
protective umbrella over the HSPCs in different species of fish and frogs and by this protects 
the cells from UV light and its damaging effect on DNA as well as its ability to induce cell 
death (Kapp et al., 2018). This finding could explain why HSCs are found in the BM of 
terrestrial animal since the bone creates complete protection from UV irradiation.  

The anatomical and structural association of stem cells, their progeny, and niche cells 
remains elusive, which is partly due to the lack of rigorously identified HSCs markers as well 
as the complex interactions between cells and factors. Furthermore, since experiments usually 
impair one type of niche cell, genetically or pharmacologically, to analyze the change in HSC 
phenotype, it compromises the ability to study HSC microenvironments in vivo. Live imaging 
of HSCs in the marrow cavity or functional studies in murine models have led to the 
discovery of numerous cellular constituents of the niche. These niche cells participate in 
regulation of HSC function and maintenance through both direct cell-cell interaction as well 
as by release of soluble factors, limiting cell replication-associated damage (Bakker & 
Passegue, 2013). Recent studies indicate the existence of two BM niches, the endosteal and 
the perivascular niche (Figure 3). 

 

Endosteal niche 
The endosteal niche, the border between bone and BM of the trabecular (more porous 

bone) cavities, is coated with osteoblastic lineage cells (OBCs) that can differentiate to, 
among others, osteoprogenitors and osteoblasts (OBs). Bone forming cells were the first 
potential hematopoietic supporter cells identified through in vitro studies showing that OBs 
derived from human BM cells could support hematopoietic cells in culture (Taichman & 
Emerson, 1994). This was followed by the use of transgenic mice where increased number of 
OBs led to increased number of HSPCs (Calvi et al., 2003; Zhang et al., 2003), providing 
experimental evidence for the niche hypothesis. Differentiating OBCs express several factors 
and adhesion molecules, including the osteoblastic ligand autocrine angiopoietin-1 (ANG1) 
and its receptor TIE2 on HSCs (Arai et al., 2004), stromal derived factor-1 (SDF-1 or 
chemokine (C-X-C motif) ligand 12 (CXCL12)) bound by its receptor C-X-C chemokine 
receptor type 4 (CXCR4) on HSCs (Jung et al., 2006) and TPO (Yoshihara et al., 2007). 
Furthermore, in a mouse model ablated for OBs, the Notch ligand Jagged-1 appeared to be 
involved in maintenance of LT-HSCs, since LT-HSCs in these mice showed reduced 
quiescence, as well as impaired engraftment and self-renewal capacity upon transplantation 
(Bowers et al., 2015). All these factors are likely to regulate HSC function by maintaining the 
stem cell pool and retaining HSCs close to the endosteal surface. Recently, the regulatory role 
of the endosteal niche has been questioned, since OBs were shown not to directly regulate 
HSC maintenance (Ding & Morrison, 2013; Frenette et al., 2013; Greenbaum et al., 2013). 
Instead, deletion of SCF or CXCL2 in OBCs does not affect the HSC numbers, but rather 
reduces the number of B lymphoid progenitors (Ding & Morrison, 2013; Greenbaum et al., 
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2013), indicating the role of OBCs in lymphoid differentiation since these cells have been 
shown to secrete IL-7 (Wu et al., 2008).  

 

 

Figure 3. Endosteal and perivascular niches. Niches of the bone marrow regulate HSC maintenance through 
direct interaction or by soluble factors. The endosteal niche consists of osteoblasts (OB) and osteomacs (OM) 
and is remodeled by osteoclasts (OC). The perivascular niche consists of two subniches; the arteriolar niche with 
endothelial cells (ECs), sympathetic nerves, Schwann cells and neuron/glial antigen 2 (NG2)+ mesenchymal 
stem cells (MSC), and the sinusoidal niche with leptin receptor (LepR)+ MSCs, CXCL12-abundant reticular 
(CAR) cells and megakaryocytes. Macrophages regulate HSC retention through crosstalk with Nestin (Nes)+ 
cells, and osteoclasts release calcium (Ca2+) upon bone turnover. Adapted with modifications from Emma Rörby 
(Rörby, 2014), with permission. 
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Perivascular niche 
The blood vessels in the BM called sinusoids, surrounded by perivascular MSCs, form 

another potential niche, the perivascular niche (Kiel & Morrison, 2008). This niche regulates 
both self-renewal and formation of differentiated progenitors by soluble factors, cell 
interactions between the niche and HSC through factors like ANG1 and CXCL12, and 
physical parameters. The sinusoid is a type of smaller vein with walls of a single endothelial 
cell (EC) layer located between the bloodstream inside the sinusoids and the stromal 
microenvironment that surrounds the blood vessels, which permits cells to pass in and out of 
blood circulation (Kiel et al., 2005). Sinusoids build up the marrow vasculature and have been 
found to be enriched along the bone surface (Nombela-Arrieta et al., 2013). ECs express 
HSC-supportive factors such as SCF and CXCL12 that upon deletion lead to depletion of 
HSCs, indicating the importance of EC maintenance of HSCs (Ding & Morrison, 2013; Ding 
et al., 2012b; Greenbaum et al., 2013). A recent study using a method for 3D-imaging of the 
hematopoietic niche, where autoflourescent cells are depleted from the tibia, showed that a 
certain fraction of LT-HSCs expressing HoxB5 are located uniformly throughout the bone 
and nearly all are in close proximity to vascular endothelial (VE)-cadherin+ ECs (Chen et al., 
2016).  

The MSCs wrapped around the sinusoids are in direct contact with the ECs and are believed 
to participate in the regulation of HSC homing and maintenance, by both direct interactions 
and by the release of soluble factors. The MSCs can be visualized by a Nestin (Nes)-GFP 
transgene (Mendez-Ferrer et al., 2010) and detected by the expression of markers such as 
leptin receptor (LepR) (Zhou et al., 2014), and the pericyte marker neuron/glial antigen 2 
(NG2) (Kunisaki et al., 2013). Depending on the expression of LepR and NG2, there seem to 
be two MSC niches, the arteriolar and sinusoidal niche (for a more detailed description of the 
cells forming the niches, see Figure 3). The arteriolar/endosteal niche seems to maintain HSC 
quiescence through contact with arteriolar NG2+ MSCs, while the sinusoidal niche with 
LepR+ cells would harbor more proliferating HSCs (Kunisaki et al., 2013). However, a more 
recent study has questioned the study by Kunisaki et al (2013) and the role of NG2+ arteriolar 
MSCs in maintaining HSC quiescence (Acar et al., 2015). In the study optical clearing was 
used, which enables deeper penetration of light compared to conventional immunofluorescent 
imaging of thin tissue sections and by this reveals more of the rare HSCs and their 
localization in the BM, showing that both quiescent and proliferating HSCs are located close 
to sinusoids and their LepR+ CXCL12+ MSCs. 

It is further suggested through live imaging of the skull that the osteoblastic niche 
maintains quiescent HSCs while the perivascular niche is more important for producing 
progenitor cells and for regulating homeostasis in the hematopoietic system rather than for 
forming a niche that preserves HSCs (Lo Celso et al., 2009). However, recently it was shown 
that the endosteal osteoblastic niche likely supports early lymphoid development while 
perivascular stromal cells express CXCL12 important for retention of HSCs in the BM (Ding 
& Morrison, 2013). Furthermore, by immunofluorescent imaging of the BM 
microenvironment, HSCs were detected in the proposed endosteal niche, but nearly 60% of 
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the HSCs where shown to be directly associated with the vasculature (Kiel et al., 2005; 
Kunisaki et al., 2013). Thus, the BM vasculature seems to provide an important regulatory 
environment for maintaining HSC quiescence, as well as offering accommodation close to the 
bloodstream giving the HSCs quick access to enter or leave the BM. In summary, the 
identification of two separate niches, endosteal and perivascular, is most likely too simplistic 
and could be redefined as more advanced imaging techniques develop.  

 

Role of oxidative stress in HSCs 
It has been shown that a low amount of intracellular reactive oxygen species (ROS) is 

important for the maintenance of HSC. In a study where mouse BM cells were isolated related 
to intracellular ROS amount and transplanted into irradiated mice it was indicated that the 
cells with low intracellular ROS maintained their self-renewal potential at serial 
transplantation whereas cells with high amounts of ROS did not (Jang & Sharkis, 2007). LT-
HSCs have been shown to preferentially use glycolysis to produce ATP (Ito & Suda, 2014; 
Suda et al., 2011; Takubo et al., 2013), which has been linked to a hypoxic profile (Parmar et 
al., 2007; Simsek et al., 2010). In contrast, ST-HSCs and MPPs rely primarily on 
mitochondrial OXPHOS for ATP production (Takubo et al., 2013; Yu et al., 2013). The 
distinct metabolic program for LT-HSCs appears to play a critical role in maintaining their 
self-renewal capacity, since reduced mitochondrial respiration protects the cells from damage 
inflicted by ROS (Chen et al., 2008; Ito et al., 2004; Ito et al., 2006; Tothova et al., 2007). 
Furthermore, it has been shown that HSCs have low mitochondrial mass that increases upon 
differentiation concomitant with an elevation of ROS production (Rehman, 2010), and that 
murine HSCs and CMPs maintained low production of ROS that remained low upon 
differentiation to megakaryocyte/erythrocyte progenitors (MEPs) but increased markedly 
upon differentiation to granulocyte/macrophage progenitors (GMPs) (Shinohara et al., 2014). 
ROS at physiological levels is generated mainly by the mitochondria and secondarily by 
NAPDH oxidase (NOX) in the plasma membrane (Holmstrom & Finkel, 2014; Jang & 
Sharkis, 2007), while high ROS production can be derived from other sources such as 
cytochrome P450 in the endoplasmic reticulum (Urao & Ushio-Fukai, 2013) and nitric oxide 
synthase in the cytosol (Figure 4) (Cau et al., 2012). 

The major source of ROS production is the mitochondria and the electron transport chain 
(ETC) that generates superoxide anion radicals (O2

-) through single-electron leak at 
respiratory complexes I (NADH dehydrogenase) and III (cytochrome c reductase) of the 
OXPHOS pathway (Brand, 2010; Droge, 2002). Since the different oxygen species produced 
can damage DNA and cell functions, several antioxidant and enzyme defense systems have 
evolved in the cell, maintaining a cellular balance between ROS generation and clearance. 
There are five major types of primary intracellular antioxidant enzymes, which are cytosolic 
Cu/Zn-superoxide dismutase (Cu/Zn-SOD, SOD1), mitochondrial manganese superoxide 
dismutase (Mn-SOD, SOD2), catalase (CAT) in peroxisomes and the cytoplasm, glutathione 
peroxidase (GPx) that can be found in many compartments including mitochondria, and 
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glutathione reductase (Nita & Grzybowski, 2016). O2
- is converted to hydrogen peroxide 

(H2O2) by SOD1 or SOD2 (Orrenius et al., 2007). Subsequently the reactive peroxide can be 
converted either by GPxs to 2 H2O with the antioxidant glutathione as electron donor, or by 
CAT into H2O and O2 (West & Marnett, 2006). If these antioxidant systems are not efficient 
enough, H2O2 is rapidly reduced by Fe2+ or Cu2+ (Fenton reaction) to the most reactive form 
of oxygen, the hydroxyl radical (.OH) (Droge, 2002), which may cause major damage of 
nucleic acids, proteins and membrane lipids and trigger development of cancers (Sallmyr et 
al., 2008). 

 

 

 

Figure 4. Schematic illustration of cellular maintenance of redox homeostasis. Mitochondrial electron 
transport chain (ETC), NADPH oxidase (NOX), cytochrome P450 in the endoplasmic reticulum (ER) and nitrice 
oxide synthase (NOS) are intracellular sources of reactive oxygen species (ROS). Superoxide (O2

-) can rapidly 
be converted into hydrogen peroxide (H2O2) by superoxide dismutases (SODs) or alternatively form 
peroxynitrite (ONOO-) through reaction with nitric oxide (NO.). H2O2 can be converted to H2O by catalase 
(CAT) or glutathione peroxidase (GPx), which couple reduction of H2O2 with oxidation of glutathione (GSH). 
Oxidized glutathione (GSSG) is reduced by glutathione reductase (GR). Upon oxidative stress H2O2 can be 
catalyzed to the hydroxyl radical (.OH) in the presence of Fe2+ or Cu2+ ions (Fenton reaction). 
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Resistance to oxidative stress 
Except for the antioxidants and enzymes mitigating intracellular ROS levels, HSCs possess 

several antioxidant systems to eliminate the intracellular ROS and minimize ROS induced 
damage. The ataxia telangiectasia mutated (Atm) gene maintains genomic stability by 
activating a cell cycle checkpoint upon DNA damage or oxidative stress, and HSCs from 
mice lacking ATM expression have been shown to suffer from increased levels of H2O2 (Ito 
et al., 2004). This impairs their lifespan and reconstitution capacity, and treatment of ATM-
deficient mice with N-Acetyl-L-Cysteine (NAC), a precursor of cysteine that is the rate-
limiting substrate for glutathione synthesis (Zafarullah et al., 2003), rescues the defects of 
HSC function, indicating the importance of ATM in reducing intracellular ROS levels to 
maintain the self-renewal capacity of HSCs. Furthermore, H2O2 elevation due to ATM 
deficiency in HSCs activates p38 MAPK, which triggers HSCs to exit from their quiescent 
state, and that has been shown to result in premature senescence or apoptosis (Ito et al., 2006; 
Wang et al., 2011a). Furthermore, p38 MAPK inhibition promotes HSC self-renewal but upon 
ROS exposure mediates cellular senescence via upregulation of p16 (Wang et al., 2011a). The 
major tumor suppressor gene, p53, is involved in regulation of HSC quiescence and self-
renewal (Liu et al., 2009), and has upon H2O2 accumulation been shown to deplete HSCs by 
inducing cell cycle arrest and apoptosis (Abbas et al., 2010), indicating that an appropriate 
level of p53 and H2O2 is essential for HSC maintenance.  

Phosphatase and tensin homolog (PTEN)/PI3K/AKT/mammalian target of rapamycin 
(mTOR) signaling pathway is another pathway with a key role in cell proliferation and 
survival, where PI3K activates AKT to mediate further downstream signaling events, and is 
negatively regulated by PTEN. While Akt1/Akt2 double-deficient mice showed defective 
differentiation of HSCs due to decreased ROS levels that could be restored by an increase in 
ROS production (Juntilla et al., 2010), constitutively active AKT accelerates proliferation 
with concomitant increased H2O2 levels and depletion of HSC (Kharas et al., 2010). 
Furthermore, since PTEN is negatively regulated by H2O2, inhibition of PTEN by increased 
levels of ROS leads to activation of AKT and increased cell proliferation (Leslie et al., 2003), 
altogether demonstrating the importance of appropriate AKT levels for normal HSC function.  

Forkhead homeobox type O (FoxO) transcription factors belong to the forkhead family, 
and are involved in diverse processes including regulation of quiescence, stress resistance and 
apoptosis. FoxO proteins are negatively regulated by PI3K and AKT, which through 
phosphorylation of FoxO cause its translocation out of the nucleus, leading to loss of HSC 
quiescence (Brunet et al., 1999). FoxO1, FoxO3a and FoxO4 are also critical mediators of 
cellular response to oxidative stress by redox regulation of HSCs, and conditional knockout of 
Foxo1, Foxo3a and/or Foxo4 indicates that members of the FoxO subfamily play an 
important role in the protection of HSCs from oxidative stress by regulating the amount of 
intracellular ROS and maintaining the HSCs (Tothova et al., 2007). FoxO3a has been shown 
to be essential for HSC function since deletion of Foxo3a in HSCs leads to increased H2O2 
levels and downregulation of antioxidant enzymes CAT and SOD2 (Miyamoto et al., 2007; 
Yalcin et al., 2008), resulting in defective maintenance of HSC quiescence, thus indicating a 
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pivotal role for FoxO3a in maintenance of HSC self-renewal and stress resistance by negative 
regulation of proliferation.  

Nuclear factor erythroid-2-related factor 2 (Nrf2) is a transcription factor involved in 
activation of antioxidant response elements-regulated antioxidant genes in response to 
oxidative stress (Itoh et al., 1999). Under physiological conditions, Nrf2 resides in the 
cytoplasm where it associates with an inhibitory protein, Kelch-like ECH-associated protein-1 
(KEAP1), leading to Nrf2 ubiquitination and degradation (Furukawa & Xiong, 2005). Keap1 
possesses cysteines that act as redox sensors (Dinkova-Kostova et al., 2002; Zhang & 
Hannink, 2003) and that upon oxidation by ROS results in the dissociation of Nrf2 from 
KEAP1, allowing Nrf2 stabilization and its translocation into the nucleus. In the nucleus Nrf2 
activates ARE-dependent transcription of target genes coding for antioxidants and factors 
involved in processes regulating glutathione synthesis and ROS homeostasis (Itoh et al., 
1997). 

 

Hypoxia and bone marrow niches 
Hypoxia is now recognized as an important regulatory niche factor of HSCs and the niches 

where HSCs reside were recently demonstrated to be hypoxic (Harrison et al., 2002; 
Nombela-Arrieta et al., 2013; Spencer et al., 2014). This is in agreement with findings that 
HSCs possess a hypoxic profile (Parmar et al., 2007; Simsek et al., 2010). The question is 
why HSCs reside in hypoxic niches, and how the low oxygen level affects the cells.  

The BM environment was initially proposed to be aligned as a hypoxia-gradient, where the 
HSCs reside in the most hypoxic regions in close proximity to the endosteal surface of the 
osteoblastic niche, while more committed progenitors occupy the regions that have higher 
oxygen content (sinusoids in the vascular niche) (Figure 5A) (Parmar et al., 2007; Suda et al., 
2011). A range of methods has been used to define the oxygen level in the BM and to prove 
the existence of a hypoxic niche: mathematical modeling (Chow et al., 2001), physiological 
measurement of the partial pressure of oxygen in healthy human adults (Harrison et al., 2002), 
and direct measurements of oxygen concentration in living animals with oxygen electrodes 
(Ceradini et al., 2004) or two-photon phosphorescence lifetime microscopy (Spencer et al., 
2014).  

Indirect assessment of intracellular oxygenation of cells by measurement of hypoxia 
inducible factor (HIF)-1α or HIF target gene messenger-RNAs (mRNAs) (Simsek et al., 
2010; Takubo et al., 2010), and staining with the hypoxic marker pimonidazole (Parmar et al., 
2007), which binds protein thiol groups on cells at oxygen levels below 1.3% (Levesque et al., 
2007) are other methods to elucidate the existence of the hypoxic niche. Parmar et al. tested 
the hypothesis that HSCs are located in hypoxic areas with lower blood perfusion by injecting 
mice with the fluorescent dye Hoechst 33342 (Parmar et al., 2007), which would result in less 
brightly fluorescent cells due to their distance from blood supply that lead to lower dye 
exposure. Upon transplantation to mice, the population of cells with the lowest Hoechst 
fluorescence, believed to be hypoxic, contained the highest amount of LT-HSCs. This led to 
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the conclusion that the level of oxygen in the BM was below 1% in the hypoxic endosteal 
niches, where slow-cycling cells were believed to reside, and 6% close to the sinusoids, where 
fast-cycling cells would reside (Cipolleschi et al., 1993; Eliasson & Jönsson, 2010; Parmar et 
al., 2007).  

Based on such studies the oxygen levels in most cell types of the body appear to range 
between 2-9% (Simon & Keith, 2008). In vitro studies also indicate that hypoxia can maintain 
the self-renewal capacity of HSCs (Cipolleschi et al., 1993; Ivanovic et al., 2004). 
Furthermore, several studies have shown that hypoxia favors a slow turnover of HSCs and 
sustains survival by promoting their quiescence (Eliasson et al., 2010; Hermitte et al., 2006; 
Shima et al., 2010), as well as being involved in regulation of glucose metabolism to avoid 
excessive mitochondrial oxidative phosphorylation (OXPHOS) and reactive oxygen species 
(ROS) production (Suda et al., 2011), which would otherwise induce cycling and exhaustion 
of HSCs (Ito et al., 2006; Ito & Suda, 2014).  

However, with time the idea of a hypoxic gradient has been questioned. A recent study 
drew the conclusion that irrespective of their localization in the BM, HSCs maintain a 
hypoxic profile, and the hypoxic status of HSCs may to a certain extent be regulated by cell-
specific mechanisms and not by low oxygen level in the microenvironment (Nombela-Arrieta 
et al., 2013). By three-dimensional imaging visualizing whole longitudinal slices of murine 
femoral bones, the endosteal niche was shown to be well vascularized and by strong retention 
of pimonidazole and expression of HIF-1α, HSPCs displayed a hypoxic profile regardless of 
their localization in the BM (Figure 5B). Thus, the hypoxic profile of HSCs may be defined 
by intrinsic metabolic differences rather than by a hypoxic microenvironment.  

 

 

Figure 5. Hypoxia niche models for hematopoietic stem and progenitor cells. (A) The previous model for a 
hypoxic niche proposed that hypoxic and quiescent hematopoietic stem cells (HSCs) reside in poorly perfused 
endosteal regions with lowest oxygen levels, distant from oxygen-rich blood vessels harboring oxygenated and 
proliferating HSCs. (B) The revised model shows a well vascularized niche and exhibits an opposite oxygen 
gradient with highest oxygen level in arteriole-rich endosteal regions and the lowest in deeper areas of the bone 
marrow (BM). Hematopoietic stem and progenitor cells (HSPCs) and primitive progenitor cells reside in both 
arteriolar and sinusoidal niches and display similar hypoxic profile irrespectively of their positioning in different 
BM areas. Blue cells depict a hypoxic state, and red cells depict a normoxic state.  
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Furthermore, in a recent publication the oxygen concentration was measured directly in the 
skull of live mice by the use of two-photon microscopy and a phosphorescent probe highly 
sensitive to local oxygen concentration, for the first time providing an accurate picture of 
oxygen distribution in the BM (Spencer et al., 2014). The oxygen level was low throughout 
the BM (1-4%) with the highest oxygen tensions found in endosteal zones and a gradual 
decrease towards the central regions of the BM, which was explained by the direction of 
blood flow from the arterioles in the endosteal areas, carrying oxygenated blood, to the 
sinusoids in the more central parts of the BM where the blood rapidly gets depleted of oxygen.  

Another study has shown that arteries are less permeable compared to sinusoids (Itkin et al., 
2016), maintaining HSPCs in a metabolically quiescent state indicated by low ROS 
production, while more-permeable sinusoids sustain activated HSPCs with high ROS 
production. This indicates that arteries are creating an environment for the HSCs supporting 
lower ROS production, independent of its higher oxygen tension. If ignoring the metabolic 
state of the HSPCs, the HSCs were shown to localize randomly in the BM niches, confirming 
the results shown by Nombela-Arrieta and colleagues (Nombela-Arrieta et al., 2013).  

Overall, the knowledge gained so far supports a complex model of hypoxic niches, turning 
evidence from quiescent HSCs residing in hypoxic osteoblastic niches to quiescent HSPCs 
not necessarily residing in the lower end of the oxygen gradient in the BM but in arteriolar 
and sinusoidal regions.  

 

Hypoxia-inducible factors (HIFs) 
The major regulator of the cellular response to hypoxia is the transcription factor HIF-1, 

which was discovered nearly three decades ago by the identification of hypoxia response 
elements (HREs) in the gene coding for EPO, which is induced by hypoxia (Goldberg et al., 
1988; Semenza et al., 1991). HIF-1 is a heterodimer consisting of a 120 kDa subunit HIF-1α 
and a constitutively expressed HIF-1β subunit (aryl hydrocarbon receptor nuclear translocator 
(ARNT)) (Kallio et al., 1997; Wang et al., 1995). The HIF-α family has three members, HIF-
1α, HIF-2α and HIF-3α that are regulated by the tissue oxygen level. HIF-2α shares 48% 
amino acid sequence identity of HIF-1α as well as several of its hypoxic target genes (Hu et 
al., 2003), while less is known of HIF-3α except that it binds to HREs and that one of its 
splice variants can through dimerization with HIF-1α inhibit its transcriptional activity 
(Makino et al., 2001). HIF-1α is ubiquitously expressed, while HIF-2α has a more restricted 
expression in kidney, liver, brain, intestine, lung and vascular ECs (Wiesener et al., 2003).  

 HIF-α and HIF-β subunits belong to the family of basic helix-loop-helix PER-ARNT-SIM 
(bHLH-PAS) domain-containing transcription factors, where the two domains bHLH and 
PAS have been shown to be important for DNA binding and dimerization (Wang et al., 1995). 
HIF-1α also contains two transactivation domains (TADs), one in the N-terminal (N-TAD) 
and one in the C-terminal (C-TAD), which are responsible for HIF-1α transcriptional activity 
(Li et al., 1996). C-TAD interacts with co-activators like CBP/p300, which promotes 
expression of HIF-1α target genes (Ebert & Bunn, 1998; Ema et al., 1999), partly by their role 
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in stabilizing the transcription initiation complex containing RNA polymerase II, and partly 
by their histone acetyl-transferase activity that gives polymerase access to DNA within the 
chromatin for activation of RNA transcription. N-TAD has through HIF-1α and HIF-2α 
mutations been shown to confer target gene specificity (Hu et al., 2007). Furthermore, the 
HIF-α subunits have an oxygen-dependent degradation domain (ODDD) that mediates protein 
stability and is regulated by oxygen via post-translational modifications (Figure 6) (Bruick & 
McKnight, 2001). 

 

Post-translational modifications 
HIF-1α stability is regulated by several post-translational modifications such as 

ubiquitination, acetylation, phosphorylation, and SUMOylation (Koyasu et al., 2018). 
Furthermore, oxygen levels regulate HIF-1α by hydroxylation. At oxygen levels above 5% 
two prolines (Pro402 and Pro564) in the ODDD and N-TAD of HIF-1α are hydroxylated (Jiang 
et al., 1996) by the prolyl hydroxylase domain (PHD) proteins PHD1, PHD2 and PHD3 
(Chowdhury et al., 2009; Kaelin & Ratcliffe, 2008). PHDs belong to the α-ketoglutarate (α-
KG)-dependent dioxygenase family, and are oxygen-dependent for their functionality since 
PHD inserts one oxygen atom in HIF-α and the other in its substrate α-KG upon proline 
hydroxylation.  

 

 

 

 

 

Figure 6. Domain structure of hypoxia-inducible factor 1α and hypoxia inducible factor 2α. Schematic 
diagram of the primary structure and some major hydroxylated (OH) amino acid residues of the hypoxia-
inducible factor 1α (HIF-1α) and HIF-2α. Gene symbols in red and blue depict positive and negative regulators 
of the α-subunit, respectively. bHLH, basic helix-loop-helix; C-TAD, C-terminal transactivation domain; FIH, 
factor-inhibiting HIF; N, asparagine; N-TAD, N-terminal transactivation domain; ODDD, oxygen-dependent 
degradation domain; P, proline; PAS, PER-ARNT-SIM; PHD, prolyl hydroxylase domain.  
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PHDs have been shown to have the potential to regulate the levels of HIF-1α in cultured 
cells (Bruick & McKnight, 2001), of which PHD2 has been proposed to be the most 
important oxygen sensor and regulator of HIF-1α in normal mammalian cells (Berra et al., 
2003). This proline hydroxylation in turn leads to binding of the ubiquitin ligase von Hippel-
Lindau (VHL) tumor suppressor protein, inducing proteasomal degradation of HIF-1α (Ivan 
et al., 2001; Jaakkola et al., 2001; Maxwell et al., 1999). This degradation process is very 
rapid upon reoxygenation since HIF-1α has a half-life shorter than 5 minutes (Wang et al., 
1995).  

HIF-2α is also degraded by PHDs and VHL, with the exception that the prolines being 
hydroxylated in the ODDD are Pro405 and Pro531 (Furlow et al., 2009). HIF-1α subunit 
modified by hydroxylated prolines and acetylated lysine is recognized by and favors 
interaction with VHL protein for subsequent ubiquitination and proteosomal degradation 
(Maxwell et al., 1999). Furthermore, asparaginyl hydroxylation of asparagine 803 (Asn803) 
within the C-TAD of HIF-1α and Asn851 of HIF-2α by the enzyme factor-inhibiting HIF (FIH), 
another α-KG-dependent oxygenase that just as PHDs is oxygen-regulated, impairs the 
recruitment of CBP/p300 co-activators and subsequently abrogates HIF-1α activity through 
sterical hindrance of the interaction between HIF-1α and CBP/p300 (Lando et al., 2002; 
Mahon et al., 2001).  

When the oxygen level decreases below 5%, the PHDs and FIH, for which oxygen is a 
limiting factor, are inhibited and HIF-1α is stabilized due to abrogated hydroxylation and 
acetylation, and subsequently dimerizes with HIF-1β and the coactivators CBP/p300. This 
forms the transcriptionally active HIF-1 that can bind to HREs of its target genes in the 
nucleus (Figure 7). Hypoxia can also be mimicked by the addition of so-called hypoxia-
mimics in order to stabilize HIF-1α. Dimethyloxalylglycine (DMOG) easily permeates the 
cell and stabilizes HIF-1α and HIF-2α under normoxic conditions (Elvidge et al., 2006; 
Jaakkola et al., 2001). DMOG is a α-KG analogue and competitive inhibitor of both PHDs 
and FIH, leading to subsequent stabilization and transcriptional activation of HIFs. 
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Figure 7. Oxygen-dependent regulatory mechanisms for hypoxia-inducible factor 1α. Hypoxia-inducible 
factor 1α (HIF-1α) messenger-RNA (mRNA) is transcribed by RNA polymerase II (Pol II), followed by 
ribosomal translation to protein. In the presence of oxygen, active HIF hydroxylases, prolyl hydroxylase 
domains (PHDs) and factor-inhibiting HIF (FIH), downregulate and inactivate the HIF-1α subunit. PHDs and 
FIH hydroxylate prolines and asparagine, which lead to von Hippel-Lindau (VHL)-dependent HIF-1α 
degradation or inactivation of transcriptional activity of HIF-1α by inhibiting recruitment of coactivators 
CBP/p300, respectively. HIF hydroxylases are dependent on α-ketoglutarate (α-KG), oxygen (O2) and iron 
(Fe2+), thus hydroxylases are inactive in hypoxia allowing HIF-1α stabilization and formation of dimer with HIF-
1β, which results in gene transcription of HIF-1 target genes. DMOG, dimethyloxalylglycine; EPO, 
erythropoietin; GLUT1, glucose transporter 1; HK, hexokinase; LDH-A, lactate dehydrogenase kinase A; N, 
asparagine; P, proline; PDK1, pyruvate dehydrogenase kinase 1; PGK1, phosphoglycerate kinase 1; TGF-α, 
transforming growth factor α; Ub, ubiquitination; VEGFA, vascular endothelial growth factor A. 

 

Hypoxic effects and hypoxia targets 
HIF-1 has been shown to regulate hundreds of genes in diverse biological pathways, and 

upregulated target genes have been shown to be involved in regulating pathways including 
angiogenesis (vascular endothelial growth factor A (VEGFA)), cell proliferation/survival 
(TGF-α), apoptosis/cell cycle (p53 and p21), and erythropoiesis (EPO) (Ke & Costa, 2006). 
Many of the most prominent and well-characterized target genes are involved in the 
regulation of oxygen supply and utilization. In order to acquire the most efficient use of 
oxygen by the cell, that is most adenosine triphosphate (ATP) and least ROS produced, HIFs 
activate genes central to a metabolic shift away from OXPHOS and towards glycolysis. Cells 
have a never-ending demand for energy, and the mitochondria produce energy in the 
OXPHOS pathway in the form of ATP. The OXPHOS pathway is a stepwise process in which 
a molecule of glucose in the cytosol is converted into pyruvate, which then can enter the 
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mitochondria for further conversion in the tricarboxylic acid cycle (TCA) and electron 
transport chain (ETC) to finally produce carbon dioxide (CO2), H2O and energy (Figure 8) 
(Lodish et al., 2000).  

At low oxygen levels energy metabolism in HSCs is switched from the mitochondria, since 
OXPHOS requires molecular oxygen for completion, to the cytosol and anaerobic glycolysis, 
also called the Pasteur effect (Miharada et al., 2011; Nombela-Arrieta et al., 2013; Parmar et 
al., 2007; Suda et al., 2011; Takubo et al., 2010). This metabolic response to hypoxia has been 
shown to be directly regulated by HIFs, which upregulate essentially all target genes encoding 
glycolytic enzymes (Benita et al., 2009). HIF-1α and HIF-2α share several target genes 
including VEGFA and glucose transporter 1 (GLUT1) (Hu et al., 2003), but while HIF-2α 
activates genes that regulate ROS elimination including the antioxidant enzymes CAT and 
SOD1/-2 (Scortegagna et al., 2003), HIF-1α has been shown to regulate transcription of genes 
encoding enzymes involved in the glycolytic pathway comprising hexokinase 2 (HK2), 
phosphoglycerate kinase 1 (PGK1) and lactate dehydrogenase (LDH-A) (Hu et al., 2003). In 
hypoxia the conversion of glucose to pyruvate generates 2 ATP molecules per glucose 
compared to the production of 36 ATP molecules per glucose by OXPHOS (Lodish et al., 
2000).  

Since glycolysis obviously is a relatively inefficient means for generating ATP it needs to 
be compensated for by increased glucose uptake and subsequent increase of lactate and ATP 
production (Simsek et al., 2010; Takubo et al., 2013). This is regulated by several HIF-1 
target genes encoding proteins that enable a more efficient energy production in hypoxia 
comprising GLUTs, HKs, phosphofructokinase (PFK), PGK1, pyruvate dehydrogenase kinase 
1 (PDK1) and LDH-A (Dengler et al., 2014). GLUT1 and -3 are involved in glucose uptake 
from the extracellular space into the cytosol, where the enzymes HK1 and -2 catalyze 
phosphorylation of glucose to glucose-6-phosphate. Glucose is thereafter degraded step by 
step by several enzymes, including PFK, until 1,3-bisphosphoglycerate reaches the enzyme 
PGK1 where the first ATPs are produced. In the last step of glycolysis ATPs and pyruvate are 
formed by pyruvate kinase before LDH-A converts pyruvate to lactate, the end product of 
anaerobic metabolism. PDK1 inhibits the enzyme pyruvate dehydrogenase (PDH), which 
when active allows pyruvate to enter the mitochondria and TCA cycle (Takubo et al., 2013) 
for further breakdown and ATP production.  

Since many of the target genes of HIF-1 are expressed in HSCs, HIF-1 could be essential 
for regulating maintenance of HSCs (Takubo et al., 2010). Loss of LDH-A impairs the 
repopulation capacity of HSCs upon serial transplantation (Wang et al., 2014). Furthermore, 
HSCs in mice with deletion of Pdk2 and Pdk4 lost their quiescence upon transplantation 
(Takubo et al., 2013), and Pdk1-deficient HSCs showed significantly impaired engraftment 
(Halvarsson et al., 2017). Altogether, these studies indicate an important role for HIF-1α and 
its targets in maintaining HSCs through metabolic regulation. 
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HIFs in HSC regulation 
HIF-1 has been shown by the use of mice lacking expression of the HIF-1α subunit to be 

important for HSC quiescence and protection against various stress conditions, such as aging 
or BM transplantation (Takubo et al., 2010). Transplantation of HSCs from mice with 
conditional deletion of Hif-1α showed that the recipient mice had more engrafted donor cells, 
but upon second transplantation the HSC pool was exhausted. However, conditional deletion 
of either Hif-1α or Hif-2α showed that they are dispensable for maintenance of HSCs upon 
steady-state in vivo (Guitart et al., 2013; Vukovic et al., 2016). Furthermore, conditional 
deletion of the HIF-α dimerization subunit Arnt or both Hif-1α and Hif-2α resulted in a subtle 
loss of HSC function by inducing apoptosis of LT-HSCs and minimal changes in the 
expression of glycolytic enzymes (Krock et al., 2015). According to these diverse results, it 
seems like the role of HIFs in HSCs are controversial, and could have different functions 
dependent on the circumstances. 

 

Figure 8. Metabolic regulation of hematopoietic stem cells by hypoxia-inducible factor 1α. Extracellular 
glucose is taken up by the cells by glucose transporter (GLUT)-1 and -3, where it can be subjected to glycolysis 
as response to hypoxia (pink area) or the tricarboxylic acid (TCA) cycle and electron transport chain (ETC, 
where oxidative phosphorylation (OXPHOS) takes place) as response to oxygenation (grey area). In hypoxia 
hypoxia-inducible factor (HIF)-1α is not inhibited by prolyl hydroxylase domain (PHD) and factor-inhibiting 
HIF (FIH) proteins, and activates transcription of several genes involved in glycolysis, including hexokinase 
(HK), phosphofructokinase (PFK), phosphoglycerate kinase 1 (PGK1) and lactate dehydrogenase A (LDH-A). 
Furthermore, HIF-1α activates pyruvate dehydrogenase kinase 1 (PDK1) that inhibits pyruvate dehydrogenase 
(PDH) and thereby the uptake of pyruvate into the mitochondria. 1,3-BPG, 1,3-bisphosphoglyceric acid; 3-PG, 
3-phosphoglyceric acid; ATP, adenosine triphosphate; F6P, fructose-6-phosphate; F1,6-BP, fructose-1,6-
bisphosphate; G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; PK, pyruvate kinase. Blue circles depict 
molecules that promote glycolysis, red circle molecules that inhibit glycolysis. 
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Alternative hypoxia-inducible pathways  
Not all hypoxic effects are regulated by HIF-1α, as other transcription factors have been 

shown to be regulated by hypoxia. The tumor suppressor p53 has been shown to be activated 
by hypoxia in an atypical way, where hypoxia induces p53 protein accumulation and 
apoptosis induction but no activation of some typical downstream target genes, including p21 
(Koumenis et al., 2001). Furthermore, BCL-2/adenovirus E1B 19kDa interacting protein 3 
(Bnip3) was identified as a p53 target activated under hypoxia, which is different from those 
normally activated by DNA-damaging agents, and responsible for p53-mediated apoptosis 
following hypoxic stress (Fei et al., 2004). By genomic analysis of p53 in hypoxia it was 
shown that hypoxia-induced p53 primarily has repressive activity, repressing target genes 
involved in diverse signaling pathways including cell signaling, cell cycle control and 
differentiation (Hammond et al., 2006).  

The c-Myc family contains genes coding for transcription factors involved in regulation of 
a wide variety of cellular processes of HSCs, such as proliferation and controlling the balance 
between self-renewal and differentiation (Wilson et al., 2004). Under hypoxic stress, c-Myc is 
inhibited by HIF-1α leading to cell cycle arrest (Koshiji et al., 2004), while HIF-2α has been 
shown to enhance c-Myc activity and thus inducing cell cycle (Gordan et al., 2007).  

 

Nuclear factor kappa B (NF-κB) 
Two decades ago hypoxia was also shown to activate nuclear factor kappa B (NF-κB) 

(Koong et al., 1994), a transcription factor that exists in virtually all cell types and plays a 
critical role in cellular responses like inflammation, cell proliferation and survival (Pahl, 
1999). NF-κB was first described as a nuclear factor necessary for immunoglobulin kappa 
light chain transcription in B cells, hence the name (Sen & Baltimore, 1986). The NF-κB 
family in mammals consists of the five subunits p65, RelB, c-Rel, NF-κB1 (p105/p50) and 
NF-κB2 (p100/p52), which can associate with each other to form homo- or heterodimeric 
complexes (Gilmore, 2006). These subunits share a conserved N-terminal Rel homology 
domain (RHD) that controls DNA binding, dimerization and interaction with inhibitory 
inhibitor of kappa B (IκB). At homeostasis, NF-κB preexists in the cytoplasm in an inactive 
form bound to an inhibitor, IκB (Hayden & Ghosh, 2004). Both p50 and p52 are synthesized 
as longer precursor proteins, p105 and p100, which function as IκB-like proteins and retain 
the NF-κB subunits in the cytoplasm until they are processed, which is required before they 
can function as nuclear transcription factors. Since protein synthesis is not required upon 
response to a stimulus it allows the signal to be transmitted quickly.  

Upon stimulation, several pathways have been described that lead to activation and 
regulation of NF-κB nuclear accumulation and DNA binding, which can be subdivided into 
canonical, non-canonical and atypical pathways (Figure 9). Briefly, the most well-studied 
pathway is the canonical, or classical, pathway of NF-κB activation that is dependent on 
activation of transforming growth factor-B activating kinase (TAK1) and the IκB kinase 
(IKK) complex composed of the two subunits IKKα and IKKβ, and the regulatory component 
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IKKγ (NEMO) (Hinz & Scheidereit, 2014; Perkins, 2007). Phosphorylation of the IKK leads 
to subsequent phosphorylation of IκBα at serine 32 (Ser32) and Ser36, followed by 
ubiquitination and protesomal degradation (DiDonato et al., 1997). NF-κB is thereby released 
from IκB and enters the nucleus to activate transcription of target genes. The non-canonical, 
or alternative, pathway for NF-κB is activated by a relatively small number of factors, leading 
to IKKα phosphorylation and induction of the NF-κB dimer composed of RelB and p52 
subunits (Bonizzi & Karin, 2004; Perkins, 2006). The atypical pathway is either IKK 
independent and acts directly on the IκBs, or utilizes IKK activity in a manner distinct from 
that found in canonical and non-canonical pathway (Perkins, 2007). A more thoroughly 
description of the pathways can be found in Figure 9. 

 

 

Figure 9. The canonical, non-canonical and atypical nuclear factor kappa B pathways. (A) The canonical 
nuclear factor kappa B (NF-κB) pathway can be activated by several stimuli, including tumor necrosis factor α 
(TNF- α) and IL-1. Upon signaling via transforming growth factor-B activating kinase 1 (TAK1) inhibitor kappa 
B kinase β (IKKβ) is activated, leading to phosphorylation on serine (S) S32 and S36 of inhibitor kappa B α 
(IκBα) and subsequent ubiquitination (Ub) and proteosomal degradation. NF-κB p50/p65 dimer thereafter 
translocate to the nucleus to activate target gene transcription. (B) The non-canonical pathway can be activated 
by B-cell activating factor (BAFF), receptor activator for nuclear factor kappa B (RANK) and CD40, which via 
NF-κB-inducing kinase (NIK) activates IKKα of the IKK complex. IKKα in turn phosphorylates p100, leading 
to ubiquitination and proteosomal processing to p52, followed by nuclear translocation of the dimer RelB/p52. 
(C) The atypical pathway can be triggered by DNA damage in response to UV, inducing phosphorylation and 
degradation of IκBα by casein kinase II (CK2) (Kato et al., 2003), by oxidative stress (H2O2) and Syk-mediated 
phosphorylation of IκBα tyrosine (Y), or by hypoxia through inhibition of prolyl hydroxylase domain (PHD) 
proteins, thus inducing IKKβ followed by phosphorylation of IκBα on S32 and S36 and release of p50/p65. Upon 
hypoxia IκBα is not degraded, but by sumoylation (S2/S3) released from the p50/p65 dimer. Depicted are also 
the hypoxia-mimetic dimethyloxalylglycine (DMOG) and IκBα phosphorylation inhibitor Bay 11-7082 (Pierce 
et al., 1997) that induce or reduce NF-κB activity, respectively. 
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In addition to many post-translational modifications involved in the regulation of the IKK 
complex and IκB proteins, the NF-κB proteins can directly be modified by phosphorylation, 
ubiquitination, SUMOylation and acetylation (Perkins, 2006). Phosphorylation of NF-κB 
subunits controls interactions with other factors, as well as stability, degradation and 
transcription activity of NF-κB dimers (Christian et al., 2016). Phosphorylation of p65 has 
been most thoroughly investigated in this context where the two most well-known and best-
understood phosphorylation sites are Ser276 and Ser536 in the N-terminal and C-terminal TAD, 
respectively. Phosphorylation of the sites can occur through several kinases. Ser276 is 
characterized as a Protein kinase A (PKA) phosphorylation site, which in its inactive form is 
bound by the cytosolic IκBα/p65 complex and upon IKK complex activation and IκBα 
degradation liberates PKA for phosphorylation of p65 at Ser276 (Zhong et al., 1997). Upon 
phosphorylation a conformational change in p65 is triggered, which promotes its interaction 
with the coactivator CBP/p300, thereby increasing p65 transcriptional activity and DNA 
binding (Zhong et al., 1998). Phosphorylation of Ser536 leads to enhanced transactivation 
through interaction with CBP/p300 and acetylation at lysine 310 (Lys310) (Chen et al., 2005), 
and phosphorylation of Ser536 is mediated by a number of kinases including IKKs (Buss et al., 
2004; Sakurai et al., 1999).  

  

NF-κB in HSC regulation 
The role of NF-κB in regulation of HSCs has been studied, where conditional deletion of 

the p65 subunit resulted in decreased HSC number, impaired repopulation capacity and 
increased proliferation of HSPCs (Stein & Baldwin, 2013). Furthermore, double-knockout 
mice for RelB/NF-κB2 showed impaired HSPC engraftment and self-renewal capacity after 
transplantation into wildtype mice (Zhao et al., 2012). Transplantation of wildtype HSPCs 
into double-knockout mice, which showed reduced number of BM stromal and osteoblastic 
cells, induced wildtype-HSPCs to cycle more rapidly and showing aberrant differentiation 
with increased myeloid and decreased lymphoid lineages. Conclusively, NF-κB activity 
seems to be required for HSC self-renewal and differentiation into myeloid and lymphoid 
lineages. 

 

Hypoxia and NF-κB 
After the initial discovery of hypoxia-induced NF-κB activity (Koong et al., 1994) several 

studies followed, trying to elucidate the potential mechanism regulating hypoxia-induced NF-
κB activity (Culver et al., 2010; Cummins et al., 2006; Oliver et al., 2009). Cummins et al. 
demonstrated that hypoxia activates NF-κB by induction of IKKβ followed by 
phosphorylation of IκBα on Ser32 and Ser36 and release of NF-κB (Cummins et al., 2006), 
which seems to be regulated by PHD1 (Cummins et al., 2006; Xie et al., 2014b). Furthermore, 
knockdown of p65 (Oliver et al., 2009) or inhibition or deletion of IKK (Culver et al., 2010; 
Melvin et al., 2011) abolished the effects seen by hypoxia-induced NF-κB activation or 
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caused impairment of hypoxia-induced phosphorylation of IκBα on Ser32 and Ser36, 
respectively. This indicates that NF-κB is activated by hypoxia mainly through the canonical 
pathway and that IKK has a crucial role in hypoxia-induced NF-κB activation.  

 

Leukemia 
HSCs are challenged by both natural and man-made chemicals and radiation, as well as 

endogenous metabolic products in the form of ROS, which every day are estimated to cause 
thousands of damaging events to DNA (Kastan, 2008). In the form of cellular antioxidants, 
stress response and DNA repair mechanisms, the cell is able to repair most of the damage that 
otherwise could lead to different pathological conditions. However, over time on-going stress 
and age can cause DNA damage and subsequent mutations resulting in malignant 
transformation (Welch et al., 2012). The transformation from a normal cell into a leukemic 
cell is a multistep process, where mutations or deletions at chromosomal or epigenetic level 
either cause activation of oncogenes or inactivation of tumor suppressor genes. In the final 
cancer there could be several mutations present, but only a few contribute to the development 
of disease (Grove & Vassiliou, 2014; Shlush & Mitchell, 2015; Welch et al., 2012). This array 
of possible mutations makes the study of cancer and development of therapeutics a 
complicated research field. 

Around 15 years ago the “two-hit” model was proposed by Gary Gilliland and James 
Griffin, explaining the onset of AML by disruptions at the molecular level leading to blocked 
differentiation and increased proliferation, the characteristic features of leukemia (Gilliland & 
Griffin, 2002). In this model the origin of AML are mutations in two different classes of 
genes, of which none of the isolated classes can cause AML on its own. To class I belong 
mutations in genes encoding signal transduction pathways such as FLT3, C-KIT and BCR-
ABL and that upon transformation confer a proliferative and survival advantage, while in class 
II are genes encoding TFs including CEBPA, PML-RARα, RUNX1 and MLL rearrangements 
that upon mutation will inhibit differentiation and create accumulation of immature 
progenitors (Gilliland & Griffin, 2002; Grove & Vassiliou, 2014).  

Newly discovered mutations have highlighted the presence of epigenetic modifications and 
revealed a more complex picture of AML. Thus, combinations of class I and II mutations in a 
synergistic manner seem to cooperate to induce epigenetic and transcriptional programming 
effects in favor of leukemic development (Shih et al., 2015). There are more than 70 genes 
identified as associated with leukemias, and in blood from individuals without apparent 
hematological malignancies some of the most frequently mutated somatic genes, identified by 
whole-exome sequencing, are DNMT3A, TET2 and ASXL1 (Genovese et al., 2014; Jaiswal et 
al., 2014; Xie et al., 2014a), whose occurrence increases with age. Moreover, whole-genome 
sequencing has revealed a more heterogeneous complexity of AML (Paguirigan et al., 2015), 
which could explain the difficulties in eradicating leukemic cells and avoid relapse (see 
section Resistance mechanisms of leukemias, page 33).  
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Even though there has been major success in finding targets for different mutations 
involved in myeloid malignancies, there are still patients that lack efficient treatment options, 
including those without known driver mutations and elderly patients that are not eligible for 
high-dose chemotherapy or HSCT. 

 

Chronic and acute myeloid leukemia 
In 2012 approximately 350.000 patients were diagnosed with leukemia, making up 2.5% of 

all cancer cases worldwide (Ferlay et al., 2015). Patients developing leukemia share in 
common an abnormal clonal expansion of immature blood-forming cells in the blood 
circulation and BM. There are several types of leukemia that can be described as fast-growing 
(acute) or slow-growing (chronic), and these can be further divided into four main types of 
leukemia: acute myeloid leukemia (AML), chronic myeloid leukemia (CML), acute 
lymphocytic leukemia (ALL) and chronic lymphocytic leukemia (CLL).  

CML is characterized by primitive hematopoietic progenitor cells pushed into circulation, 
which overproduce mature white blood cells that cannot function like normal white blood 
cells. In nearly all cases of CML, 95% (Rowley, 1973), a translocation of the oncogene ABL 
from chromosome 9 to the BCR gene on chromosome 22, t(9;22), results in a constitutively 
active BCR-ABL tyrosine kinase (TK) (Shtivelman et al., 1986) that induce malignant cell 
transformation by maintaining proliferation, inhibiting differentiation and conferring 
resistance to cell death (Quintas-Cardama & Cortes, 2009).  

AML, which after ALL is the second most common type of leukemia in children (Bhatia & 
Neglia, 1995), originates in the cells in the BM, and is described as acute since AML 
progresses quickly without treatment due to buildup of immature non-functional blasts. 
Nearly half of AML cases display a normal karyotype (Cancer Genome Atlas Research et al., 
2013) and even though AML displays lower number of mutations than any other adult cancer 
studied (Lawrence et al., 2013), it lacks a common genetic target making it a harder disease to 
treat. Approximately one fourth of patients younger than 60 years diagnosed with AML carry 
internal tandem duplications (ITDs) in the juxtramembrane domain of FLT3 that induce 
autophosphorylation of the receptor and render FLT3 constitutively active, giving the cell a 
survival and proliferative advantage (Dohner et al., 2015; Konig & Levis, 2015). Furthermore, 
7% of the AML patients overexpress wildtype FLT3 mainly through activating point 
mutations of the TK domain (Yamamoto et al., 2001).  

 

Chemotherapy 
A patient diagnosed with leukemia is treated with chemotherapy or allogeneic HSCT. The 

worldwide standard of chemotherapy for AML since more than four decades is the 
combinatorial use of anthracyclines, which are among the most effective anticancer drugs, 
and cytarabine (Ara-C) (Yates et al., 1973). Daunorubicin is an example of anthracycline that 
by DNA interaction inhibits the enzyme topoisomerase II and leading to interfered 
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transcription (Pommier et al., 2010; Yang et al., 2015). Cytarabine incorporates into DNA in 
the S phase of cell cycle and inhibits DNA replication and cell division (Braess et al., 2000), 
which induces apoptosis. Anthracyclines and cytarabine are also believed to stimulate ROS 
production of their cellular sources or inhibiting the antioxidant systems, which could induce 
cell death (Prieto-Bermejo et al., 2018). Furthermore, vincristine is another cytostatic that can 
be used for treatment of leukemia, which through binding to the microtubules and subsequent 
inhibition of mitosis induces apoptosis of leukemic cells (Kothari et al., 2016).  

About two decades ago, all previous treatments for CML were displaced by the discovery 
of receptor tyrosine kinase (RTK) inhibitors, particularly for BCR-ABL. The first approved 
RTK inhibitor was Imatinib (Gleevec) that is still the standard treatment for many patients 
after failure of other treatments (Baccarani et al., 2013; O'Brien et al., 2003). Targeting CML 
patients carrying BCR-ABL with Imatinib, which by binding to the fusion protein inhibits 
autophosphorylation and the subsequent activation of downstream targets, results in 
normalized white blood cell count, increased patient survival and overall better remission 
(Jabbour et al., 2013; Kantarjian et al., 2002). However, Imatinib resistance and intolerance 
has led to the development of additional RTK inhibitors. The second-generation RTK 
inhibitors include dasatinib (Hochhaus et al., 2007) and nilotinib (Kantarjian et al., 2007), 
which are approved for first-line therapy and in relapsed CML and where initial findings have 
shown benefits of the second-generation RTK inhibitors over Imatinib (Cortes et al., 2016; 
Hochhaus et al., 2016). The third-generation ponatinib is used when other RTK inhibitors do 
not work, or if the leukemic cells carry the T315I mutation (Poch Martell et al., 2016). The 
RTK inhibitor Midostaurin (PKC412) induces cell cycle arrest and apoptosis of leukemic cell 
lines through inhibition of FLT3 mutations (Weisberg et al., 2002) and is one of several low-
molecular weight inhibitors that has been shown to be efficient in the combination with 
standard chemotherapy to prolong overall survival of AML patients carrying FLT3 mutations 
(Stone et al., 2015; Stone et al., 2017).  

 

Resistance mechanisms of leukemias 
Although chemotherapy results in high rates of remission, relapse represents the major 

cause to why treatment eventually fails (Dohner et al., 2015). Therefore the survival rates, 
especially for acute leukemias, are low and the majority of patients diagnosed with AML have 
a poor prognosis with an overall 5-year survival rate of 40-45% when under the age of 60, and 
less than 10% when older than 60 years (Dohner et al., 2010). Since the damage inflicted by 
the anticancer drugs triggers cell death by interfering with cellular processes essential for 
maintenance of viability or by activating intracellular signaling pathways regulating cell death, 
multidrug resistance (MDR) could arise from cellular defenses involved in diverse 
mechanisms, including limiting the access of the drug or prevent the cell from entering 
apoptosis. 
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Leukemic stem cells 
The existence of leukemic stem cells (LSCs) has been shown for leukemias and was firstly 

evidenced in AML (Lapidot et al., 1994), where cells with the same phenotype as normal 
human stem cells, i.e., CD34+CD38-, had the potential to initiate and maintain the 
development of AML in xenograft experiments (Bonnet & Dick, 1997). The LSC could either 
be derived from its normal counterpart, where CML has been shown to originate from 
transformation of HSCs (Huntly & Gilliland, 2005; Woll et al., 2014), or from a more 
committed progenitor like the more aggressive AML that can originate from transformed 
progenitors (Goardon et al., 2011) that reacquire the ability to self-renew and maintain 
leukemia (Krivtsov et al., 2006; Wang et al., 2010). The quiescent state of which LSCs are 
residing in seems to protect the LSCs from chemotherapy that targets highly proliferating 
cells (Corbin et al., 2011; Graham et al., 2002; Guan et al., 2003). Hence, the failure to cure 
leukemia, especially AML, and the high risk of recurrence and drug resistance could be 
attributed to LSCs. 

 

ABC drug transporters 
An increasing number of ATP-binding cassette (ABC) drug transporters have been shown 

to cause MDR to chemotherapy by the active efflux of anticancer agents and lowering the 
intracellular concentration of the drug, including ABCB1 (MDR1), ABCC1 (MRP1) and 
ABCG2 (BCRP1). Upon treatment of CML patients with Imatinib leukemic cells expressed 
more ABCB1 (Burger et al., 2005), as well as ABCC1 and ABCG2 (Stromskaya et al., 2008). 
ABC transporters overexpressed in AML patients (Marzac et al., 2011) and CML patients 
(Eadie et al., 2017) seem to contribute to chemoresistance and have been shown to function as 
prognostic factors. Furthermore, expression of ABCG2 may lead to treatment failure in AML 
due to efflux of its substrate daunorubicin (Svirnovski et al., 2009). HIFs have been suggested 
as mediating chemoresistance by overexpression of ABC transporters, especially HIF-1α by 
activation of ABCB1 (Comerford et al., 2002) and HIF-2α by activation of ABCG2 (Martin et 
al., 2008).  

 

Alternative resistance mechanisms 
Point mutations in the target proteins for specific inhibitors, or development of intracellular 

mechanisms associated with apoptotic signaling leading to survival advantage in leukemic 
cells are other mechanisms by which leukemic cells can escape treatment and acquire MDR. 
It is known that most FLT3 inhibitors are active against FLT3-ITD, but less against FLT3 TK 
domain mutations. If the latter mutations are present at diagnosis or acquired upon treatment, 
resistance to FLT3 inhibitors can develop (Grundler et al., 2003). The first clinical resistance 
mutation was identified in a FLT3-ITD patient who relapsed after treatment with Midostaurin, 
where a point mutation within the TK domain prevented Midostaurin from binding (Heidel et 
al., 2006). FLT3-ITD has also been shown to induce upregulation of the antiapoptotic protein 
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MCL-1 (Breitenbuecher et al., 2009) and constitutive activation of the STAT signaling 
pathway (Kim et al., 2005), all mediating resistance to FLT3 inhibition. Furthermore, 
prolonged treatment of human leukemic cell lines with FLT3 inhibitors has been shown to 
select for leukemic clones lacking secondary mutation in FLT3 but with continuous 
PI3K/AKT and Ras/MAPK downstream signaling (Piloto et al., 2007), and FLT3-
independent overexpression of antiapoptotic proteins of the BCL-2 family was found in 
primary blasts with FLT3 mutations (Kohl et al., 2007). This upregulation of compensatory 
signaling pathways mediates survival/proliferation signals upon FLT3 inhibition.  

The importance of clonal evolution has been discovered by utilizing whole-genome or 
whole-exome sequencing, or single-cell sequencing (Ding et al., 2012a; Jan et al., 2012; 
Paguirigan et al., 2015). In a study where samples from eight AML patients were taken at 
diagnosis and relapse, respectively, to define clonal evolution of AML (Ding et al., 2012a), it 
was discovered that initial leukemic clones were not eradicated by chemotherapy. These 
founder clones could either acquire a relapse-associated mutation during treatment, or a 
subclone could survive treatment and acquire additional mutations, both leading to expansion 
of the clone and relapse of the patient (Figure 10). Furthermore, in a recent study by 
Christopher et al., utilizing whole-exome sequencing, it was discovered that relapse of AML 
patients after allogeneic transplantation may be associated with dysregulation of pathways 
involved in adaptive and innate immunity, including downregulation of MHC class II genes, 
which could lead to decreased immune response and defective graft-versus-leukemia effect 
(Christopher et al., 2018). 

In summary, mutations in the drug target proteins and cell intrinsic events seem to lead to 
emergence of chemoresistance.  

 

 

Figure 10. Clonal evolution of acute myeloid leukemia. Some of the most common founding mutations in 
acute myeloid leukemia (AML) arise in the somatic genes DNMT3A, TET2, ASXL1, NPM1 and FLT3. The 
leukemic clone acquires mutations in genes contributing to disease progression and expansion of the leukemic 
cells. After chemotherapy or treatment with inhibitor (Midostaurin) this clone could either gain relapse-
associated mutations, or a subclone that survived treatment gains additional disease-progressing mutations, 
ultimately leading to relapse. Adapted with modifications from (Ferrando & Lopez-Otin, 2017), with permission. 
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Bone marrow interactions and hypoxia 
The contribution of the BM to drug resistance of LSCs and progenitor cells is believed to 

contribute with viability signals and to protect the LSCs from the effects of inhibitors 
(Ishikawa et al., 2007; Konopleva & Jordan, 2011; Zhou et al., 2016). While leukemic FLT3-
ITD blasts in the blood are markedly reduced upon treatment, bone marrow responses are less 
common (Smith et al., 2004), which seem to be caused by the development of drug resistance. 
CXCR4 is upregulated on AML cells and on CML BCR-ABL+ cells upon chemotherapy and 
Imatinib treatment, respectively, rendering a protective homing of leukemic cells to the niche 
(Jin et al., 2008; Sison et al., 2013). Inhibition of CXCR4 on leukemic cells in vitro and in 
vivo enhanced chemotherapy- and RTK inhibitor-induced apoptosis of both CML and AML 
(Jin et al., 2008; Nervi et al., 2009; Zeng et al., 2009), and blocking of CXCR4 in xenograft 
models mobilize CML cells from the BM niche, leading to better in vivo eradication 
(Weisberg et al., 2012). 

The low oxygen level in the BM as a regulatory feature of myeloid malignancies and its 
influence on maintenance and chemotherapy resistance has been studied in several 
experimental models. Leukemic cells in both AML and CML might benefit from hypoxia, 
which could explain the difficulty in eradicating leukemic cells residing in the BM with 
conventional drugs or RTK inhibitors.  

The hypoxic environment of the BM induces decreased proliferation of AML blasts, 
protecting the cells from chemotherapy in the form of cytarabine (Drolle et al., 2015). In vitro 
culture of CML cell lines in hypoxia revealed an heterogeneity for hypoxia-resistance, where 
the cell lines comprised both hypoxia-sensitive colony-forming cells as well as hypoxia-
resistant immature progenitor cells (Giuntoli et al., 2006). The latter population showed 
completely suppressed BCR/ABL protein and was Imatinib-insensitive, suggesting a role for 
hypoxia in promoting chemoresistance by maintaining BCR/ABL-independent cells. Later it 
was shown that this population lose the oncogenic protein upon shortage of glucose (Giuntoli 
et al., 2011), indicating that adaption to energy shortage in combination with suppression of 
BCR/ABL enables this cell subset to survive in the hypoxic BM niche. Furthermore, hypoxic 
in vitro culture of primary CD34+ cells from CML patients inhibited proliferation of CD34+ 
cells and enhanced the maintenance of colony-forming cells (Desplat et al., 2002). These 
results are altogether implicating a role for stroma-derived as well as hypoxia-mediated 
chemoresistance.  

 

Role of HIFs in leukemia 
Since hypoxia seems to regulate maintenance and resistance of leukemia cells the role of 

HIF-1α in mediating these responses has been studied. In a recent study using a mouse model 
of CML it was shown through HIF-1α deletion that signaling of the cyclin-dependent kinase 
(CDK) inhibitors p16 and p19 was induced leading to inhibited cell cycle progression, 
indicating the importance of HIF-1α in leukemia development (Zhang et al., 2012). Also, 
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HIF-2α has been studied regarding its role in leukemia, where it seems to be involved in 
apoptosis protection of AML cells through upregulation of antioxidant enzymes as well as 
reduction of ER stress (Rouault-Pierre et al., 2013). Upon the use of short hairpin (shRNA) to 
knock down the expression of HIF-2α in leukemic blasts, unfolded protein response (UPR) 
pathway was triggered by mitochondrial ROS, resulting in decreased AML engraftment. 
shRNA against HIF-1α in human CD34+CD38- AML cells showed the same impaired 
engraftment when transplanted to immunodeficient NOD/SCID mice (Wang et al., 2011b). 
Furthermore, by xenograft transplantation of CD34+ cells from CML patients incubated in 
vitro at hypoxia before transplantation into NOD/SCID-IL2Rgnull (NSG) mice, hypoxia was 
shown to support LSC maintenance of BCR-ABL+ cells and resistance to RTK inhibitors (Ng 
et al., 2014). HIF-1α in the leukemic cells was shown to be stabilized in vitro by hypoxia, and 
suggested to contribute to the resistance to Imatinib. Finally, anthracyclines, including 
daunorubicin, have been shown to inhibit HIF-1α through its ability to disrupt DNA strands 
and thereby the binding of HIF-1α to its target genes (Lee et al., 2009). In summary, these 
studies implied that HIF-1α and HIF-2α are required for maintenance of LSCs and leukemic 
blasts, making them promising targets for AML treatment. 

There are however now studies challenging the importance of HIF signaling pathways in 
LSCs. In a recent study by Velasco-Hernandez et al. utilizing three different murine AML 
models, there was no evidence of HIF-1α requirement for leukemia initiation or LSC self-
renewal (Velasco-Hernandez et al., 2014). Furthermore, HIF-1α deletion in FLT3-ITD knock-
in mice rather results in increased proliferation and faster development of myeloproliferative 
disease with shorter survival (Velasco-Hernandez et al., 2015), with maintained disease upon 
transplantation of c-kit-enriched HIF-1αΔ/Δ/FLT3-ITD cells to recipient mice. Finally, 
conditional deletion of HIF-2α accelerates development of LSCs, and combined HIF-1α and 
HIF-2α deletion further potentiated AML progression, but was shown to be dispensable for 
disease maintenance (Vukovic et al., 2015). Thus, HIFs could, compared to previous results 
indicating their importance in AML, instead act as tumor suppressors. Conclusively, hypoxia 
seems to induce resistance mechanisms of LSCs, but divergent results question the role of 
HIFs in AML and require further studies. 
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METHODOLOGY 
Detailed descriptions of used methods are found in the material and methods section of the 

papers included in this thesis. Methods of central importance for the work are described more 
thoroughly in the following section.  

 

Flow cytometry 
Flow cytometry is a method used to analyze single cells by antibody staining of specific 

surface markers and intracellular molecules. The antibodies are conjugated with different 
fluorochromes that can be excited by lasers with different wavelength as the cells pass by the 
cuvette of the flow cell (Adan et al., 2017). The emitted light is reflected or passes through 
filters that separate light of different wavelengths to enable detection of light from several 
sources at the same time. The light can thereafter be collected by the detectors in the form of 
photomultiplier tubes, where the photons are converted to electrons and the electronic signal 
is sent to the computer for analysis. Moreover, general size and granularity can be analyzed 
via the forward and sideway scattering of light, respectively.  

FACS is used to sort cells for further assays (Adan et al., 2017). The sample of cells runs 
from the sample tube to the cuvette flow cell where hydrodynamic forces of pressurized 
sheath fluid and the nozzle focus the sample into a single-file stream. Single cells pass by the 
interrogation point of the lasers, after which the stream is partitioned into droplets. When a 
target cell is detected, a charge is applied to the droplet that contains the target cell. Thereafter, 
the droplets pass through an electric field generated by deflection plates, where charged 
droplets are pulled towards the plates and collection tubes, and uncharged droplets pass into 
the waste. The BD FACSARIA high-speed cell sorter used for our experiments can sort 
approximately 20 000 cells/second.  

Different lasers excite the fluorochrome-conjugated antibodies, and the type of lasers and 
filters of the flow cytometry instrument determines the number and types of fluorochromes 
that can be selected. The BD FACSCanto II and BD FACSARIA used for our experiments 
have a 405 nm (violet), 488 nm (blue) and 633 nm (red) laser, with an additional 355 nm 
(UV) laser for the FACSARIA, and where the color represents the wavelength emitted by the 
laser (Picot et al., 2012). The lasers can excite 2-6 different fluorochromes, giving the 
possibility to distinguish 14 colors in one sample at the same time with the FACSARIA 
instrument.  

 

Mouse models 
Mice are widely used as a model system for HSCs since they are relatively inexpensive, 

can be raised in large numbers and have an easily manipulated genome. Furthermore, mice 
enable transplantation experiments to study the developmental potential of different 
hematopoietic cell types. They exhibit many physiological similarities to humans, but there 
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are differences when it comes to hematopoiesis, and the results from mice should not without 
thought be interpret to humans. 

For the papers in this thesis we have used congenic as well as transgenic mice, all of the 
C57BL6 strain, which is the most commonly used mouse strain to study hematopoiesis. For 
transplantation experiments, congenic mouse strains, which differ in a single locus but 
otherwise are genetically identical, are used. Leukocytes can be distinguished by their 
expression of CD45.1 or CD45.2 forms, respectively, and enables selective tracking of test 
cells and competitor cells post-transplantation (Figure 2, page 11). The competitive bone 
marrow fraction is also necessary to support the hematopoietic tissue initially before primitive 
stem and progenitor cells have produced mature and functional hematopoietic cells. 
Transgenic animals, which have foreign DNA introduced into their genome, are used for 
studying the impact of specific genes in complex biological processes. The results in this 
thesis is based on the use of Mx1-Cre:Hif-1α and vav:Bcl-2 transgenic mice, where Cre and 
Bcl-2 under the control of hematopoietic restricted Mx1 and vav gene regulatory sequences, 
respectively, makes it possible to specifically study a gene only in the hematopoietic system. 
Mx1:Cre (Kuhn et al., 1995) represents the most common conditional knockout model for 
hematopoiesis, where Mx1 promoter is activated in an interferon-dependent manner by 
injection of polyinosinic:polycytidylic acid (pIpC), which induce the Cre recombinase to 
efficiently excise the Hif-1α gene (Ryan et al., 2000). In the vav:Bcl-2 mouse, which is a non-
inducible mouse model, BCL-2 is constitutively expressed in hematopoietic cells (Ogilvy et 
al., 1999) from embryonic day 11.5 (Bustelo et al., 1993). 

 

Lentiviral and retroviral vectors 
The discovery of RNA interference (RNAi) has resulted in the development of a valuable 

technique to study gene function by delivery of small interfering RNAs (siRNAs) and 
shRNAs into mammalian cells. siRNA is delivered directly to the cytosol and offers transient 
knockdown of a gene, while shRNA is introduced through infection (transduction) with viral 
vectors, which allows stable integration into the host cell DNA and long-term knockdown of 
the targeted gene. Lentivirus are able to enter an intact nuclear membrane allowing them to 
infect both dividing and non-dividing cells (Case et al., 1999), while retroviruses can only 
infect dividing cells when the membrane has disassembled during mitosis (Roe et al., 1993). 
RNAi is triggered by the cytoplasmic delivery of double-stranded RNA (dsRNA) identical to 
the target sequence, inducing sequence-specific degradation of mRNA. These shRNAs consist 
of two complementary 19-22 nucleotides long sequences linked by a short loop of nucleotides 
similar to the hairpin found in endogenous micro-RNA (miRNA). When transcribed, the 
shRNA sequence is transferred to the cytoplasm and recognized by the enzyme Dicer for 
processing to shorter siRNAs. Just as the exogenously delivered siRNA, this endogenously 
derived siRNA assembles into the RNA-induced silencing complex (RISC) for unwinding of 
the helix and degradation of the sense strand. The single-strand RNA-RISC complex binds the 
target mRNA for cleavage and degradation.  
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In our experiments we used lentiviral delivery of shRNA to achieve transient silencing of 
target genes in non-dividing primary cells, where the vector containing shRNA oligos in 
addition contains a gene encoding for the selection marker GFP, which enables sorting of 
cells expressing shRNA shortly after introduction of the viral vectors. Moreover, we have 
used locked nucleic acid (LNATM) technique to inhibit RNA function, where stable, high-
affinity RNA-analogs highly specific for a certain complimentary mRNA sequence induce 
longer-lasting gene silencing effect. Finally, we used retrovirus for delivery of a vector 
containing a gene encoding for oxygen-insensitive HIF-1α or HIF-2α. 

 

Microarray 
Microarray analysis is a method to detect the expression of thousands of genes 

simultaneously, and can be used to identify genes that might be significant in a specific 
cellular response mechanism. mRNA is collected from samples and converted into 
complementary DNA (cDNA), which can be labeled by a wide variety of methods, including 
incorporation of fluorescently labeled nucleotides during synthesis or incorporation of a biotin 
labeled nucleotide, which is subsequently stained with fluorescent labeled streptavidin. On the 
microarray chip multiple copies of specific DNA sequences or genes are immobilized, 
complimentary to the cDNA targets produced from sample mRNA. Hybridization of the 
labeled target with the specific immobilized probe results in a signal identifying which RNAs 
are present, and the fluorescence intensity reflects the amount of DNA of a given gene in the 
sample. 

Algorithms are used for the data normalization, whose goal is to eliminate non-biological 
differences between samples that originate from technical aspects of the microarray handling 
and to make data from different arrays comparable. In our experiment the raw data was 
background corrected and normalized with robust multi-array average (RMA) procedure, and 
thereafter LIMMA was used to assess the significantly expressed genes, which can be used 
for multifactor designed experiments and provides the ability to analyze comparisons between 
many targets simultaneously. To validate the results from microarray we confirmed the 
upregulation of some of the detected genes by quantitative real-time PCR (q-PCR). 
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AIMS AND HYPOTHESES OF MY THESIS 
The overall aims of my thesis were: 

• to investigate mechanisms induced by hypoxia that regulate metabolism and energy 
production in HSPCs as well as protecting them against oxidative stress, with main 
focus on the transcription factor HIF-1α 

• to identify mechanisms by which hypoxia protects leukemic cell lines from 
chemotherapy and inhibitors 

• to examine whether hypoxia can maintain and expand HSCs better than normoxia 
in in vitro cultures and increase the engraftment upon transplantation to mice 

 

One of our hypotheses was to assess whether HSCs in hypoxia relies more on glycolysis 
compared to HSCs in normoxia, and in that regard is central for the maintenance of their self-
renewal capacity.  

 

Taking into consideration that HSCs have been shown to rely more on glycolysis than on 
mitochondrial energy production in the hypoxic niche, we also stated the hypothesis that 
hypoxia via HIF-1α protects HSCs from oxidative stress-induced cell death as opposed to 
normoxia, and by this maintains HSCs.  

 

Furthermore, since hypoxia has been suggested to maintain HSCs in vivo we reasoned that 
hypoxic conditions during in vitro culture could be utilized to experimentally maintain HSCs 
and possibly promote their expansion. 

 

Finally, since it is known that a majority of patients diagnosed with leukemia experience 
relapse after initial treatment, and interaction of leukemic cells with the BM niche could 
contribute to the difficulty of eradicating leukemic cells with drugs, we hypothesized that 
hypoxia induces resistance to chemotherapy in leukemic cells.  
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SUMMARY OF THE PRESENT INVESTIGATION 

Results and discussion 
 

Paper I 
In an attempt to better understand hypoxia-induced metabolic regulation in HSCs, in paper 

I we investigated hypoxia-inducible genes involved in the conversion of energy metabolism 
from the mitochondria to glycolysis. The starting point was results from other researchers 
studying the role of hypoxia, mainly in other cell types and tissues, that had demonstrated that 
hypoxia in comparison to normoxia relies more on glycolysis for energy production. If this 
would be true for HSCs, it could explain how hypoxia maintains HSCs for lifetime by 
reduced levels of ROS. With focus on the gene family of PDK1-4, we could demonstrate that 
Pdk1 is expressed at higher levels in HSCs including LT-HSCs, ST-HSCs, and MPPs 
compared to more differentiated cells and that Pdk1 expression, together with other genes 
involved in regulating metabolism, is upregulated in LSK cells by hypoxia and inducing a 
metabolic shift to glycolysis. Although expression of Pdk2 and Pdk3 was higher in LT-HSCs 
compared to differentiated cells, they were not regulated upon hypoxic exposure. Furthermore, 
in our study we could not detect expression of Pdk4 at all. These results stand in contrast to a 
study by Takubo et al. that during the course of our work showed that Pdk2 and Pdk4 were 
involved in the metabolic conversion by hypoxia and being important for maintaining HSCs 
(Takubo et al., 2013). Our results also suggested that Pdk1 was not only expressed at higher 
levels in HSCs but also in MPPs. To elucidate if the effects on PDK1 were mediated by HIF-
1α, we utilized several different approaches manipulating HIF-1α protein expression and 
stability. Overexpression in LSK cells by the use of constitutively active HIF-1α as well as 
hypoxic in vitro culture of Hif-1α deficient BM progenitors provided evidence for induction 
of Pdk1 in hypoxia by HIF-1α. Surprisingly, no difference in the expression levels for Pdk1 
was seen between fresh BM cells from Hif-1α deficient mice and normal wildtype mice, 
raising questions to whether HIF-1α regulates PDK1 differently during in vivo and in vitro 
conditions.  

To assess whether PDK1 is involved in the ability of HSCs to reconstitute the 
hematopoietic system upon transplantation, lethally irradiated mice were reconstituted with 
LSK cells transduced with a lentiviral vector containing shRNAs targeting Pdk1. The 
engraftment potential at 4, 8 and 16 weeks was significant lower in recipients transplanted 
with cells silenced for Pdk1, but no effects were seen on any specific cell lineage. When 
studying the cells in vitro lack of Pdk1 partially impaired progenitor colony formation. 
Together these results suggested an important role of PDK1 downstream of HIF-1α in 
regulating HSC function. Based on the findings that PDK1 is important for engraftment and 
the high expression of Pdk1 in both LT-HSCs and MPPs, we decided to investigate if PDK1 
has separate roles in MPPs and LT-HSCs. While LT-HSCs are thought to reside in hypoxic 
niches in the marrow, MPPs could locate to other sites where the level of oxygen might be 
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significantly higher. Alternatively, both cell types regardless of location could rely on hypoxia 
for metabolic regulation. To investigate this, cells with silenced Pdk1 were transplanted to 
mice. Both long-term and short-term reconstitution was impaired, demonstrating that the 
hypoxia-mediated glycolytic shift via PDK1 is essential not only in long-term HSCs but also 
in more restricted progenitors. This is in accordance with a previous study showing that HSCs 
deficient for HIF-α dimerization subunit Arnt resulted in minimal but significant changes in 
the expression of Pdk1, Pdk2 and Pdk4 (Krock et al., 2015). In summary, the novel findings 
of paper I was that PDK1 is a critical factor for maintaining the engraftment capacity of both 
LT-HSCs and MPPs, and that it is upregulated in hypoxia by HIF-1α in vitro. 

 

Paper II 
Since HSCs reside in a hypoxic BM environment, that not only inhibits mitochondrial 

energy metabolism and leads to lower accumulation of ROS, but also preserves HSC 
properties, it has been assumed that hypoxia confers resistance to oxidative stress in HSCs 
(Ito et al., 2006; Jang & Sharkis, 2007; Simsek et al., 2010). However, it remained an open 
question whether such effects are mediated by hypoxia per se or by hypoxia-induced 
transcriptional programs, in particular by HIF-1α, the major regulator of the hypoxic response. 
In paper II, the working hypothesis was that hypoxia via HIF-1α protects HSCs from 
oxidative stress-induced cell death as opposed to normoxia, and by this maintains HSCs. An 
indication for this concept would be that more primitive hematopoietic cells displayed lower 
ROS levels than more differentiated cells.  

Indeed, we could demonstrate that LT-HSCs and ST-HSCs displayed lower ROS levels 
than more differentiated progenitors, e.g., MPPs and CMPs. As these results indicated that 
hypoxia can protect HSCs from ROS-induced cell death, we next challenged freshly sorted 
LSK cells from mouse BM with ROS by adding DL-buthionine-(S,R)-sulfoximine (BSO), a 
selective irreversible inhibitor of γ-glutamylcysteine synthetase (γ-GCS) (Figure 11) (Griffith, 
1982), which mainly decreases the level of cytoplasmic glutathione, an antioxidant that plays 
a critical role to detoxify ROS, and exists in both an oxidized (GSSG) and reduced form 
(GSH).  

While LSK cells cultured in normoxia showed increasing cell death with higher BSO-
concentrations, hypoxia was able to protect LSK cells from such effects even at high levels of 
BSO. Trying to elucidate the molecular mechanisms, it was shown that hypoxic precondition 
could not delay LSK from oxidative stress when placed in normoxia. Similar, LSK cells first 
incubated in normoxia for 24 hours and then transferred to hypoxia for an additional 24 hours 
were not rescued, indicating that oxidative-stress induced cell death is a rapid adaptation to 
the oxygen levels provided by the environment. In support of this hypothesis, LSK cells pre-
exposed to oxidative stress in hypoxia preserved the ability to engraft the BM upon 
transplantation to recipient mice, which was not the case for cells in normoxia. Thus, hypoxia 
protected the cells from ROS induced assault. We also tried to mimic the effects by other 
stimuli protecting against ROS accumulation and induction of apoptosis. To this end, 



S U M M A R Y  O F  T H E  P R E S E N T  I N V E S T I G A T I O N | 47 

apoptosis in vitro in LSK cells cultured in normoxia was blocked either with addition of the 
well-known antioxidant NAC or by LSK cells overexpressing the anti-apoptotic BCL-2 
protein. This indicated that the mechanism of cell death is linked to the intracellular levels of 
ROS.  

As HIF-1α is highly expressed in HSCs and regulates their function and metabolism (Du et 
al., 2014; Takubo et al., 2010; Takubo et al., 2013) we next tested whether HIF-1α was 
involved in the protection of HSCs to oxidative stress by overexpression and knockdown 
experiments, and by the use of LSK cells from conditional knock out mice lacking Hif-1α. 
Surprisingly, these studies demonstrated that HIF-1α was not involved in oxidative stress 
resistance in hypoxia, which however is in agreement with a recent study suggesting that 
inducible deletion of Hif-1α has no impact on HSC survival (Vukovic et al., 2016). Thus, 
involvement of other mechanisms inducing cell death due to oxidative stress, such as 
mitochondrial respiration, was considered. We decided to study Sod2 and Cat, which are 
downstream target genes of HIF-2α. However, overexpression of HIF-2α had no impact on 
cell survival in normoxia and both microarray data and q-PCR data showed no significant 
upregulation of Sod2 and Cat in hypoxia.  

In addition to HIFs, there are other signaling pathways induced by hypoxia that could be 
involved in protection of HSCs against oxidative stress. Preliminary results did indicate a 
possible role for the transcription factor NF-κB, which has been shown in hypoxia to be 
activated by the same PHDs as HIF-1α (Cummins et al., 2006). NF-κB activity was studied, 
which showed that NF-κB could be involved in protecting LSK cells from oxidative stress in 
hypoxia. We conclude that hypoxia maintains HSCs through both HIF-1α-dependent, as 
previously shown regulating a metabolic shift to glycolysis, and independent mechanisms, by 
protecting against oxidative stress possibly mediated by NF- κB.  

 

Figure 11. Simplified schematic illustration of GSH synthesis. The antioxidant glutathione (GSH) is 
synthesized from cysteine and the reaction is catalyzed by the enzymes γ-glutamylcysteine synthetase (γ-GCS) 
and glutathione synthetase. Scavenging of free radicals generate oxidized glutathione (GSSG). Depicted is DL-
buthionine-(S,R)-sulfoximine (BSO), which inhibits the enzyme γ-GCS, and thus the synthesis of GSH. 
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Paper III 
Since hypoxia have been suggested to maintain HSCs in vivo (Harrison et al., 2002; 

Nombela-Arrieta et al., 2013; Spencer et al., 2014), Eliasson et al. in a previous report 
investigated whether hypoxic pre-exposure in vitro before transplantation could promote HSC 
expansion (Eliasson et al., 2010). In brief, they could show that hypoxia diminishes cell cycle 
through upregulation of the CDK inhibitors p21, p27 and p57 in LSK cells. Although the 
proportion of long-term engrafting HSCs was higher in hypoxic cultures compared to 
normoxia, no significant evidence for better engraftment potential of HSC after 4 days of 
hypoxic culture was demonstrated. This was contradictory to previous studies, indicating that 
hypoxic culture of murine BM cells (Ivanovic et al., 2000; Ivanovic et al., 2002) and human 
cord blood CD34+ cells (Danet et al., 2003; Shima et al., 2009) maintained the repopulation 
capacity better. Moreover, the findings was commented shortly thereafter in Experimental 
Hematology by Guitart et al. (Guitart et al., 2010) as inconclusive and dependent on the 
numbers of transplanted cells (2,000 LSK cells per mouse). The argument was that the 
approach of limiting-dilution assays taken by others should have been applied. Previous 
murine studies testing the effects by hypoxia on engraftment had used CFU-S assays 14 days 
after transplantation (Ivanovic et al., 2000) or in vitro experiments of secondary colony-
forming cells from liquid cultures (Ivanovic et al., 2002), and not transplantation to study the 
ability of HSCs to support long-term in vivo hematopoiesis.  

In paper III we therefore performed a limiting-dilution transplantation assay where LSK 
cells at doses ranging from 10 to 1,000 per mouse were injected into irradiated mice to 
exclude the possibility that excessive cell number would hide differences in number of HSCs 
cultured in hypoxia compared to normoxia. While the results implied that hypoxic incubation 
maintained almost 2-fold more long-term-reconstituting HSCs than normoxia, the results 
were not statistically conclusive. Thus, although hypoxia appears to be a component of the 
BM niche where HSCs reside, it does not seem to considerably contribute to mouse HSC 
expansion in vivo or to maintain the long-term engraftment ability, at least not in combination 
with the in vitro culture conditions used in our study.  

 

Paper IV 
In paper IV the ability of hypoxia to protect against treatment with chemotherapeutic 

drugs was investigated. Although chemotherapy initially results in remission in patients with 
leukemia, a majority of the patients experience relapse, and the treatment eventually fails and 
the patient succumbs to the disease. It has been shown that resistance to chemotherapy and 
inhibitors can be due to the existence of LSCs, which by their quiescent state escape treatment 
and by their self-renewal capacity maintain the disease (Corbin et al., 2011; Graham et al., 
2002; Guan et al., 2003). Furthermore, except for mutations in genes regulating apoptotic 
signaling and interactions with the BM stroma, the hypoxic nature of the BM seems to inhibit 
proliferation and mediate maintenance of leukemic cells. This could explain the difficulty in 
eradicating leukemic cells with conventional or novel drugs. In paper IV we examined 
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human leukemia cell lines and the role of hypoxia in protection against conventional 
chemotherapeutic drugs as well as more novel RTK inhibitors. Numerous human leukemia 
cell lines carrying the BCR-ABL translocation, which drives uncontrolled cell proliferation 
and inhibits apoptosis (Melo & Barnes, 2007), are available as models for CML. In paper IV, 
the K562 (Lozzio & Lozzio, 1975), KCL-22 (Kubonishi & Miyoshi, 1983) and KU812 (Kishi 
et al., 1984) cell lines were included. Similar, human AML cell lines were included, i.e., 
MV4;11 that carries a FLT3-ITD mutation conferring a proliferative and survival advantage 
(Quentmeier et al., 2003), and THP-1 (Tsuchiya et al., 1980) and HL-60 (Collins et al., 1977) 
expressing wildtype FLT3 but carrying other genotypic features.  

We could show that incubation in hypoxia promotes slower cell cycle, and that hypoxic 
incubation reduces the sensitivity towards daunorubicin, vincristine and cytarabine that are 
used in treatment of AML. In addition, hypoxia lowered the sensitivity to the RTK inhibitors 
BCR-ABL (Imatinib) and FLT3-ITD (Midostaurin) that are used in treatment of CML and 
AML, respectively. Since this implied acquisition of MDR, and an increasing number of ABC 
drug transporters have been shown to be involved in MDR (Burger et al., 2005; Eadie et al., 
2017; Marzac et al., 2011; Stromskaya et al., 2008), but also to be regulated by hypoxia 
and/or HIFs (Comerford et al., 2002; Martin et al., 2008), we decided to investigate the 
expression of ABC drug transporters in the leukemic cell lines. Preliminary data indicate that 
hypoxia mediates upregulation of ABCC1, ABCG2 (and ABCB1 in CML cell lines). 
Furthermore, addition of verapamil, an inhibitor of ABC drug transporters, restored the 
sensitivity to daunorubicin and vincristine in hypoxia to some extent. 

Since HIF-1α has been proposed to mediate chemoresistance by overexpression of ABC 
drug transporters (Comerford et al., 2002), we studied if HIF-1α was mediating MDR. 
Although not yet convincingly confirmed, HIF-1α was shown to be activated in the leukemic 
cell lines in hypoxia and initial findings pointed to HIF-1α-induced activation of ABC genes. 
The result from knockdown of HIF-1α in K562 cells, which increased the susceptibility to 
daunorubicin, strengthens the putative role for HIF-1α in hypoxia-mediated chemotherapy 
resistance. This is in accordance with another study that has shown that chemoresistance of 
CD34+ CML cells cultured in vitro in hypoxia seems to rely on HIF-1α (Ng et al., 2014).  

In summary, hypoxia protects leukemic cells from chemotherapeutic drugs as well as RTK 
inhibitors, indicating the potential involvement of HIF-1α and ABC target genes in MDR. 
However, additional experiments, including q-PCR and microarray, are necessary to confirm 
the preliminary data shown in this study. 
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Conclusions 
During my doctoral studies we have: 

• identified the importance of PDK1 in hypoxia, regulating a metabolic shift to 
glycolysis and maintaining the reconstitution ability of both HSCs and MPPs, and 
shown that PDK1 is a target of HIF-1α in vitro.  

• ruled out HIF-1α as protecting LSK cells from oxidative stress-induced cell death 
in hypoxia, and instead identified a putative role for NF-κB.  

• provided further evidence by transplantation experiments that hypoxic in vitro 
cultures do not seem to expand the numbers of HSCs, nor to maintain long-term 
reconstituting HSCs better than normoxia.  

• demonstrated a possible role of hypoxia, and HIF-1α, in multidrug resistance in 
AML and CML cells as hypoxia upregulates ABC transporter genes and thereby 
lowers the sensitivity to chemotherapeutic drugs and RTK inhibitors.  

 

  



S U M M A R Y  O F  T H E  P R E S E N T  I N V E S T I G A T I O N | 51 

Future aspects 
This thesis adds novel knowledge to how hypoxia regulates HSC maintenance and protects 

against cell death in normal HSPCs as well as leukemic cell lines. During the course of my 
work however, new questions have emerged that still waits to be answered. With the focus on 
HIF-1α we have discovered cellular pathways depending on HIF-1α, but also those that do 
not. Hence, we have identified NF-κB to be involved in protection against oxidative stress-
induced cell death in hypoxia. Future experiments need to be performed to answer if NF-κB is 
one of the key factors for hypoxia-mediated protection of HSCs to ROS. The regulation of 
NF-κB activity is complex involving regulation by IκBs and IKK, regulation of NF-κB 
subunits on post-translational level as well as interaction with cofactors. Therefore, a 
thorough study of NF-κB activity is necessary to understand how NF-κB is regulating the 
hypoxia-mediated cell survival in HSCs when exposed to ROS. Investigating gene silencing 
of NF-κB and the way it mitigates oxidative stress in hypoxia could provide valuable 
information. Furthermore, it would be interesting to compare NF-κB activity in primary HSCs 
and committed progenitor cells cultured in normoxia or hypoxia to study if NF-κB activity 
differs between cell populations.  

My focus has been on the role of hypoxia for HSCs and how it provides critical regulation 
of stem cell features and maintenance. However, as discussed earlier, signals from other types 
of cells and factors in the body and specifically the BM niche are necessary for proper 
regulation of HSCs. Therefore, it would be valuable to study how hypoxia affects niche cells, 
and by co-cultivation of HSCs and stromal cells in hypoxia under oxidative stress investigate 
the potential protective role by niche cells. Furthermore, the addition of niche cells to HSC 
culture in hypoxia might contribute to maintenance of HSCs, which would be intriguing to 
study. Another very interesting experiment considering maintenance of HSCs in vitro would 
be to setup transplantation of LSK cells cultured in normoxia (CD45.1) or hypoxia (CD45.2), 
that subsequently are transplanted into CD45.1/CD45.2 mice, which means that into the same 
mouse both CD45.1 and CD45.2 cells could be injected and their competitive ability could be 
monitored in the same mouse. This could reveal what culture condition that best preserves the 
reconstitution capacity. 

Although my doctoral work was mainly on normal HSCs, it would be essential to further 
study the role that hypoxia plays in leukemia. To continue studying HIF-1α and ABC drug 
transporters regarding their role in chemoresistance is obvious, but it would also be intriguing 
to investigate the role of hypoxia and NF-κB in leukemic cells and their potential therapeutic 
applications. By co-culture of leukemic cells with stromal cells in hypoxia the effects of 
niche-leukemic cell interactions on abrogation of drug effects could be investigated. So far, 
our studies have been performed on leukemia cell lines, but in order to evaluate the protective 
role of hypoxia on primary leukemic cells, freshly isolated CD34+ AML cells from patient 
cultured in hypoxia with chemotherapeutic agents would also be interesting to study.  
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