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Abstract

Many physiologic processes during the early stages of mammalian ontogeny, particularly 

placental and vascular development, take place in the low oxygen environment of the uterus. 

Organogenesis is affected by hypoxia inducible factor (HIF) transcription factors that are sensors 

of hypoxia. In response to hypoxia, HIFs activate downstream target genes – growth and 

metabolism factors. During hematopoietic system ontogeny, blood cells and hematopoietic 

progenitor/stem cells are respectively generated from mesodermal precursors, hemangioblasts, and 

from a specialized subset of endothelial cells that are hemogenic. Since HIFs are known to play a 

central role in vascular development, and hematopoietic system development occurs in parallel to 

that of the vascular system, several studies have examined the role of HIFs in hematopoietic 

development. The response to hypoxia has been examined in early and mid-gestation mouse 

embryos through genetic deletion of HIF subunits. We review here the data showing that 

hematopoietic tissues of the embryo are hypoxic and express HIFs and HIF downstream targets, 

and that HIFs regulate the development and function of hematopoietic progenitor/stem cells.
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Introduction

The level of oxygen (O2) is a crucial modulator of cell activity and tissue function. The 

specific oxygen levels within normal mammalian tissues are significantly lower than 

ambient oxygen levels (21%). Most adult tissues thrive at 2–9% O2 levels (physiological 

hypoxia). However, some tissues such as the bone marrow (BM) and thymus experience 

even lower oxygen levels (<1%). Hypoxia is a key regulator of major biological processes 

such as embryogenesis and stem cell function [1,2]. The term hypoxia in this review refers 

to physiological hypoxia which is different from pathological hypoxia that is caused by 

conditions such as high altitude, tissue ischemia, and solid tumors [3,4]. Cells have the 

molecular machinery for sensing and responding to hypoxia in physiological and 

pathological conditions. As important background to understand the role of the hypoxic 
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response in the development of the hematopoietic system, this review will first describe the 

molecular sensing HIFs and the role of the hypoxia response in adult hematopoiesis. 

Thereafter, the focus is on how HIFs affect hematopoiesis in the embryo.

Molecular basis of oxygen sensing

The heterodimeric transcription factor hypoxia-inducible factor (HIF) is the major regulator 

of molecular response to hypoxia. HIFs interact via Per–Arnt–Sim (PAS) domains, bind to 

DNA via N-terminal basic helix–loop–helix (bHLH) domains, and activate transcription 

with C-terminal transcriptional transactivation domains (TADs). The HIF complex 

consistsoftwo proteins:anoxygen-sensitive HIFα subunit and an oxygen-insensitive HIFβ 

subunit (aryl hydrocarbon receptor nuclear translocator (Arnt)). Arnt is expressed 

constitutively, but the expression and activity of HIFα subunits are regulated by cellular 

oxygen concentration [1]. Three HIFα subunits have been identified: HIF1α, HIF2α, and 

HIF3α. Both HIF1α and HIF2α are expressed in a variety of cell types. Oxygen-dependent 

regulation of HIF activity is mediated by post-translational modification of the oxygen-

dependent degradation domain (ODD) in the α subunit. In the absence of hypoxia, prolyl 

hydroxylase domain proteins (PHD1–3) hydroxylate the two proline residues in the ODD of 

HIFα (in a reaction requiring oxygen) and enable binding of the von Hippel–Lindau (VHL) 

tumor suppressor protein, which is the recognition part of an E3 ubiquitin ligase complex. 

This leads to ubiquitylation and proteasomal degradation of HIFα [5–8]. Moreover, the 

factor inhibiting HIF (Fih) hydroxylates an aspargine residue in the TAD of HIFα, 

preventing the binding of the transcriptional coactivator CBP/p300 [9,10]. In hypoxic 

conditions, HIFα is stabilized, accumulated, and dimerized to HIFβ, followed by 

translocation to the nucleus and binding to the hypoxia responsive element (HRE) sequence 

in the promoter region of hypoxia-target genes.

Biological and medical significance throughout development

The high cellular proliferation and oxygen consumption of the rapidly growing embryo lead 

to physiological hypoxia which is essential for embryo development [1]. HIF expression 

begins at early stages of embryonic development and plays fundamental roles in tissue 

formation. In addition, HIF transcription factors regulate the function of stem cells. Hypoxia 

has been shown to influence the fate of placental trophoblast stem cells [11], to affect the 

behavior (survival, proliferation, differentiation) of mesenchymal stem cells [12], and to 

maintain pluripotency of embryonic stem (ES) cells [13]. The activities of important 

regulators of stem cell function such as Notch, Wnt, and OCT4 are influenced by hypoxia 

[2].

In pathological conditions, hypoxia and activation of HIFs contribute to aspects of tumor 

progression including increased genetic instability, cell immortalization, vascularization, 

glucose metabolism, invasion, and metastasis [14,15]. Hypoxic tumors are aggressive and 

resistant to therapy [16] and increased levels of HIF1α or HIF2α in solid tumors are 

associated with poor prognosis in breast, colon, and lung cancers. Cancer stem cells of 

lymphomas and acute myeloid leukemia (AML) show increased HIF1α activity under 

normoxia [17]. HIF1α shRNA and HIF inhibitors abolish the CFU activity of such cells. In 
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contrast to other chemotherapeutic drugs, the HIF inhibitor echinomycin, selectively 

removed cancer stem cells in lymphoma and did not affect normal cells. Also, in a human 

AML xenotransplantation model, short-term treatment by HIF inhibitor prevented serial 

transplantation of AML [17]. In another study, HIF1α was shown to be essential for the 

development of chronic myeloid leukemia (CML) and that HIF1α is required in survival 

maintenance of leukemia stem cells in CML in a transduced Vav-Cre:HIF1αfl/fl mouse 

model [18]. Hence, HIF1α plays an important role in regulating cancer stem cells in 

hematological malignancies. These observations have led researchers to study the HIF 

inhibitors as therapeutic agents in cancer biology. Altogether, it is evident that hypoxia and 

its regulatory machinery have crucial physiological and pathological roles, making hypoxia 

a factor of great interest in fundamental research as well as medical/therapeutic studies.

Hypoxic response in the adult hematopoietic system

In adults, hematopoietic stem cells (HSCs) are maintained in hypoxic niches. The bone 

marrow (BM) niche is a complex microenvironment composed of different kinds of cells. 

Among them, endothelial cells and osteoblasts have been demonstrated to regulate 

hematopoietic stem cell (HSC) function. The balance between the quiescent and 

proliferative states of HSCs is tightly regulated by intrinsic and extrinsic factors of the 

surrounding niche. At any time, the majority of long-term repopulating (LTR) HSCs are 

quiescent (G0), with only a few entering the DNA synthesis and proliferation (S/G2/M) 

phase [19,20]. Quiescence is a hallmark characteristic of LTR-HSCs and is thought to 

protect HSCs from DNA damage. The role of the hypoxic response in regulating the 

quiescence of HSCs in their niche is of great importance, and perhaps an essential remnant 

characteristic of the hypoxic environment of the embryo in which they were generated.

Oxygen gradients in the HSC supportive BM niche

Several studies suggest that LTR-HSCs are located mainly in the BM endosteal zones 

[21,22]. Here, the sinusoidal endothelium allows hematopoietic cells to readily pass through 

the vasculature [23]. The perfusion rate of BM cells in the endosteal zone is limited and the 

oxygen level is low. It has been suggested that HSCs are located in hypoxic zones where 

they are maintained in a quiescent state to avoid their exhaustion and differentiation and 

retain long-term repopulating activity [24–26]. Parmer and colleagues applied Hoechst 

33342 staining of BM cells to isolate different hematopoietic subpopulations according to 

the extent of dye perfusion. HSCs (as shown by in vivo transplantation analyses) are 

enriched in the lowest dye uptake fraction, i.e. the most hypoxic compartment of BM [26]. 

Similarly, Takubo et al. performed flow cytometric analysis for different subpopulations of 

BM mononuclear cells (MNCs) based on the intracellular incorporation of hypoxic marker, 

Pimonidazole (Pimo). The Pimo positive fraction (30% of BM MNCs) was enriched for 

LTR-HSCs (68.2%) and quiescent HSCs (Tie2 LSK cells) [27]. In another study, HSCs 

sorted based on intracellular ROS level showed that ROSlow HSCs had higher self-renewal 

activity as compared to ROShigh cells. Moreover, ROShigh HSCs were exhausted in serial 

transplantations [24]. The metabolic properties of HSCs support their adaptation and 

survival in hypoxic niche. When BM cells were analyzed based on mitochondrial activity, 

more than 80% of LTR-HSCs were found in the low mitochondrial potential (MP) fraction 
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[28]. These cells express high level of HIF1α, have lower oxygen consumption and ATP 

content, and rely on glycolysis rather than oxidative respiration to meet their energy 

demands. Hence, HSCs are primed and adapted to the hypoxic environment.

HIF1α and BM HSC regulation

Since germline deletion of HIF genes affects embryonic growth and development, inducible 

conditional knock-out (cKO) mice have been a useful resource to investigate the role of 

HIFs in adult BM HSCs. MX-Cre:HIF1αfl/fl BM HSCs were found to be defective in self-

renewal ability. Transplantation recipients of MX-Cre:HIF1αfl/fl BM Lin −Sca1+cKit+ 

(LSK) cells showed significantly higher peripheral blood cell donor chimerism, as compared 

to recipients of wild-type (WT) cells [27]. However, fewer donor-derived LSK cells were 

found in the BM of the cKO recipients at 4 months post-transplantation. Secondary 

transplantation of the BM LSK cells showed failure of long-term reconstitution ability of 

cKO HSCs, suggesting that HSC self-renewal was affected [27]. This was supported by data 

showing increased expression of Ink4a (marker of senescent stem cells) in MX-

Cre:HIF1αfl/fl LSK cells of primary recipients. Cell cycle analysis of cKO BM revealed a 

decrease in the fraction of CD34− LSK cells in G0 phase and an increase of this fraction in 

G1 phase. Moreover, increased production of ROS was observed in cKO LTR-HSCs. These 

findings were verified in MX-Cre:VHLfl/fl mice in which HIFα proteins are stabilized in the 

nucleus [27]. An accumulation of CD34− LSK cells and a significant reduction in Ki67 

positive LSK cells were detected in MX-Cre:VHLfl/fl animals. Moreover, LTR HSC content 

was considerably decreased in the BM of MX-Cre:VHLfl/fl mice. Thus, stabilization of HIFα 

leads to improved maintenance of HSCs in stress conditions. Interestingly, a recent report on 

the conditional deletion of HIF2α demonstrates that this HIFα family member does not play 

a role in the maintenance of HSCs, steady-state hematopoiesis, HSC self-renewal or 

recovery following hematopoietic injury [29]. Taken together, it appears that HIF1α (and 

not HIF2α) is a regulator of HSCs, acting to prevent HSCs from over-proliferation and 

exhaustion in the stress conditions of serial transplantation.

The downstream targets of HIF1α that regulate HSCs are as yet unclear. However, two 

targets of particular note in adult BM HSCs are vascular endothelial growth factor (VEGF), 

a well-known angiogenic factor and Cripto/GRP78, a ligand/receptor signaling axis. VEGF 

has been shown to play a role in the maintenance of HSCs [30], and particularly under 

hypoxic conditions by deletion of the HRE in the promoter of the VegfA gene in a mouse 

model. Transplantation experiments showed that the donor-derived chimerism was notably 

decreased in the recipients of such KO BM cells [31]. Both Cripto and GRP78 are regulated 

by hypoxia and HIF1α and are highly expressed in LTR-HSCs. GRP78R+ LT-HSCs are 

located in endosteal region and are quiescent, with high glycolytic activity. HIF1α-deficient 

mice showed fewer GRP78+ HSCs and less Cripto expression by endosteal cells [32]. 

Further studies are required to define other HIF targets by which HSC behavior is regulated.

Development of the hematopoietic system in the (hypoxic) embryo

The hematopoietic system is rooted in HSCs, the self-renewing cells of the adult 

hematopoietic cell differentiation hierarchy. Adult BM HSCs originate during embryonic 
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life within a short window of developmental time [33]. As described earlier, the mammalian 

embryo develops in the relatively hypoxic microenvironment of the uterus. As such, it is 

interesting to explore the hypoxic response during hematopoietic system development. The 

hematopoietic system is independently generated in the embryo in three waves (Fig. 1). The 

first wave of hematopoietic generation occurs in the yolk sac (YS) at mouse embryonic day 

(E) 7.5. Short-lived primitive erythrocytes are generated and provide oxygen for the rapidly 

growing embryo. Primitive macrophages and megakaryocytes are also generated [34–37]. 

The temporal and spatial association of both endothelial and hematopoietic cells in the YS 

of chick embryos led to the proposition of a common precursor for these two lineages called 

“hemangioblasts” [38,39]. Hemangioblasts are formed in the primitive streak, migrate to the 

YS, and differentiate into endothelial, hematopoietic, and vascular smooth muscle cells 

[40,41]. The second wave of hematopoiesis begins at E8–8.5 when erythro-myeloid 

progenitors (EMPs) and definitive hematopoietic progenitors are found in the YS, chorion-

allantois (which forms the placenta and umbilical cord later) and para-aortic 

splanchnopleura (pSp) [36,42,43]. Explant cultures of YS and pSp before establishment of 

circulation indicate that these tissues independently generate hematopoietic progenitors [44]. 

Moreover, transplantation assays into neonatal recipients with the E9 yolk sac cells from 

Ncx1−/− mice (which lack the heart beat) showed that the YS de novo generates 

hematopoietic progenitors with B and T lymphoid potentials [45,46]. Next at E10, spleen 

colony forming unit (CFU-S) progenitors appear in the YS and intra-embryonic aorta-

gonad-mesonephros (AGM) region [47]. The third and most important hematopoietic wave 

during mammalian embryo development is the generation of the definitive HSCs. The first 

transplantable HSCs are detected and generated in the AGM at E10.5 [48,49] (Fig. 2A). In 

addition, HSCs are found in vitelline and umbilical arteries at this stage [50]. Con-focal live-

imaging of the dorsal aorta demonstrated the emergence of hematopoietic cells from 

endothelial cells lining the ventral part of dorsa aorta called “hemogenic endothelium” [51]. 

Later at E11–11.5, HSCs are detected in the YS, placenta, and fetal liver (FL) [52–54]. 

Thereafter, FL remains the main tissue for colonization and expansion of HSCs. The spleen 

starts to be colonized at E12.5, harboring mostly multipotent hematopoietic cells [55,56]. 

Hematopoietic cells colonize the thymus at E12–13 [56]. At E17, HSCs start to migrate to 

the BM, the main hematopoietic tissue for the entirety of adult life [57].

Hypoxia and the expression of hypoxic response molecules in the mouse 

embryo

Normal embryonic development occurs in a hypoxic environment with oxygen levels 

ranging from 1 to 5% in the uterus [58]. HIFs are responsible for many aspects of 

development including placentation, cardiovascular development, and bone formation. To 

examine what parts of the embryo are hypoxic, Lee and colleagues performed hypoxyprobe 

immunohistochemistry on mid- and late-gestational stage embryos [59]. At E8.5–9, the 

hypoxic regions were detected in folding neural tube and neural mesenchyme cells, 

allantois, and ectoplacental cone and decidua. At E9.5–11.5, the hypoxic regions spread into 

neural tube and mesenchymal regions of the head. Regarding hematopoietic generation at 

E10, we have found the AGM (Fig. 2), liver and placenta [60] to be hypoxic. Importantly, 

aortic hematopoietic cluster cells and some aortic endothelial cells are positive for 
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hypoxyprobe (Fig. 2), suggesting that the emergence of HSCs from the vascular 

endothelium may require signals from the hypoxic response for HSC generation and/or 

maintenance.

Also the E10.5 neural tube, somites, gut and lateral mesenchyme were hypoxic. At E14.5 

hypoxic sites were detectable in the developing heart, gut, and skeleton [61] and at E16.5, in 

the olfactory lobe, connective tissues of craniofacial region, and cerebral cortex, liver, 

kidney, heart, and gastrointestinal tract were partially hypoxic [59]. These data indicate that 

despite an active circulatory system, the cells of the embryo can still experience hypoxia. 

Interestingly, HIF1α expression is very high in E8.5 embryos and increases significantly 

from E9.5 to E18 [62]. Also, the pattern of expression of Vegf was found to colocalize with 

hypoxic regions in brain, trunk, heart, and intersomitic vessels. Thus, as growth and energy 

demands of the embryo are great, it is likely that hypoxia stabilizes HIFα, and it activates 

Vegf expression and henceforth vascular growth to supply blood and nutrients to developing 

tissue.

Mouse and ES cell germline deletion models examining the hypoxic 

response in hematopoietic development

Genetic ablation in the mouse model has been used to examine the role of HIFs. A variety of 

germline HIF-deficient mice have been generated and studies show broad effects in many 

tissues including the hematopoietic system during early development [1,2]. Some of these 

studies and effects are summarized in Table 1.

HIF1β/Arnt

One of the first HIF genes to be deleted in mouse ES cells was HIF1β (Arnt). In 

hematopoietic differentiation cultures, Arnt−/− ES cells were found to be significantly 

reduced in hematopoietic progenitor activity and no hypoxic induction of progenitor activity 

was observed [63]. Similarly, YS of Arnt−/− embryos showed considerably fewer 

hematopoietic progenitors at both E8.5 and E9.5 than WT embryos. Vitelline vessels lacked 

blood suggesting a lack in erythro/hematopoiesis. Molecular analyses showed that Arnt−/− 

EB cells express less Vegf and Epo, which are targets of HIF1α. Since the hematopoietic 

progenitor activity of Arnt−/− EB cells could be rescued with addition of VEGF, it was 

concluded that hypoxia-induced VEGF production is responsible for the survival, and 

expansion of hematopoietic progenitors.

Another study showed that the vessels in E9.5 Arnt−/− embryos are disorganized, especially 

in the pSp/AGM region where the first definitive hematopoietic cells arise [64]. The vessels 

express lower levels of PECAM (CD31) and fewer CD34+ cells were found in the dorsal 

aorta and throughout the embryo, suggesting a role for hypoxic response in vessel formation. 

To avoid the complications of a general developmental delay, the pSp region from E9.5 

embryos was cultured ex vivo. Arnt−/− pSp explants, in contrast to WT, formed few or no 

vascular beds, a much lower frequency of CD45+ hematopoietic cells and decreased CFU-C 

activity, demonstrating that the defect extends into the hematopoietic system. Surprisingly, 

the addition of WT Sca-1+ BM cells to Arnt−/− pSp cultures rescued the vessel and 
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hematopoietic defect, despite the fact that WT Sca-1+ cells showed no contribution into 

vessel development. Importantly, VEGF treatment could partially rescue the vessel and 

hematopoietic defect in Arnt−/− embryos [64]. These data indicate that HIF activity is 

essential for the early development of the hematovascular system through mechanisms that 

include the production of VEGF and perhaps other growth factors.

HIF2α—Like the germline deletion of Arnt, HIF2α−/− embryos suffer from developmental 

delays, many tissue defects and lethality before birth. In some rare cases HIF2α−/− animals 

survived to adulthood, and hypocellularity was observed in the BM and the number of red 

and white blood cells was decreased [65]. In vivo transplantation assay showed that there 

was no difference in the repopulating activity of WT and HIF2α−/− BM cells. This was 

confirmed recently in transplantations with conditional (Vav-Cre) HIF2α deleted BM [29]. 

However, in reverse transplantations (transplantation of WT and cKO donor BM into 

HIF2α−/− recipients), both WT and HIF2α−/− BM cells resulted in differences in 

hematocrit values and peripheral blood cell counts, suggesting that the lack of HIF2α− 

affects the BM niche. HIF2α is expressed in the BM (stroma, vascular, and bone lining 

cells) of adult mice. Whereas some small changes in vascular cell adhesion molecule 

(VCAM) expression and vascular endothelial cadherin (VECAD) expression were observed, 

expression of VEGF and its receptors was not altered, suggesting that HIF2α is not involved 

in the regulation of Vegf in BM. Hence, HIF2α appears to play onlyan indirect 

roleinhematopoiesis through small changes in the microenvironment [65].

HIF1α

Specific examination of erythroid lineage development in E9.5 HIF1α−/− YS was 

performed by Yoon and colleagues [66]. Erythropoiesis in the YS is normally induced 

through EPO/EPOR and VEGF/VEGFR signaling pathways. A decrease in BFU-E colonies 

was detected and the ery-throid cells were not fully hemoglobinized. Epo, EpoR and VegfR1 

mRNA levels were found to be significantly decreased in HIF1α−/− embryos and YS, as 

compared to WTs. Furthermore, the transferrin receptor (Tfr) protein levels (provide the iron 

required for YS erythropoiesis) were lower in KO embryos and YS. The authors concluded 

that HIF1α is not necessary for the formation of erythroid hematopoietic progenitors, but 

has a role in their expansion and differentiation [66].

Mouse conditional deletion model to study the role of HIF1α in embryonic 

hematopoiesis

The ubiquitous function of HIF transcription factors and the complication of multi-tissue 

developmental deficiencies in germline KO mice preclude the examination of the precise 

role of HIFs specifically in the development of the hematopoietic compartment. To 

overcome this difficulty, a conditional gene deletion approach using Cre/loxp strategy has 

been used to specifically remove HIF1α from vascular endothelial-cadherin (VEC) 

expressing endothelial cells, the immediate cell precursors to definitive hematopoietic 

progenitors and HSCs [60]. Despite no visible abnormalities, E10 VEC-Cre:HIF1αfl/fl 

embryos exhibited significant decreases in hematopoietic progenitor activity in the AGM 

and placenta (3 and 2.1 fold, respectively). This decrease was significant for CFU-MIX 
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colonies (4.8 and 5.1 fold, respectively), the most immature of hematopoietic progenitor 

cells. At E11, progenitor decreases in VEC-Cre:HIF1αfl/fl embryos were also observed in 

the FL (1.6 fold). These decreases, along with high recombination efficiency in single CFU-

Cs of all hematopoietic tissues suggest that HIF1α deficiency affects the generation and/or 

expansion of hematopoietic progenitors and not their activity. The phenotypic HP/SCs, 

which are enriched in the cKit+ [67,68] and CD41+ fractions [69], were significantly 

decreased in AGM (4.7 and 1.4 fold, respectively) and placenta (3.6 and 3.4 fold, 

respectively) of E10 cKO embryos. Moreover, confocal whole-mount imaging of E10 VEC-

Cre:HIF1αfl/fl embryos showed a significant decrease in the number of cKit+ cells and 

hematopoietic clusters (1.4 and 1.6 fold) compared to their WT counterparts. These 

decreases in HP/SC generation were confirmed in in vivo transplantations of HIF1α-

deficient AGM (and placenta) cells. AGM recipients showed only very low (1.2–7.4%) or 

no chimerism compared to 90–95% obtained from WT cells. Similar results were observed 

for the placenta. These results are summarized in Fig. 3. Altogether, either HP/SC formation 

from HIF1α-deficient hemogenic endothelium is impaired and/or the HIF1α-deficient 

HP/SCs fail to expand normally after emergence.

Impact of oxygen level and HIFs on placental development

Derived from extraembryonic cells of the conceptus, the placenta forms at E8/8.5 in the 

mouse embryo and is a highly vascularized tissue that harbors a large pool of hematopoietic 

progenitors and HSCs [52,54,70,71]. The mature placenta consists of three different fetal 

layers [1]: Proximal to the embryo is the labyrinth, where the fetal vasculature and maternal 

blood sinuses are brought into proximity to allow the nutrient and oxygen exchange. Next to 

the labyrinth is the spongiotrophoblast layer that provides structural support for the 

developing labyrinth layer and is a source of trophoblast cells. The trophoblast giant cell 

(TGC) layer borders the decidua. These cells facilitate the embryo implantation and decidua 

invasion, and produce the pregnancy hormones.

The placenta develops in a hypoxic environment and its development is under the influence 

of oxygen levels. Between E6.5 and E14.5 in the mouse embryo, hypoxic cells and HIF 

expressing cells are detected in decidua and placenta [72–74]. We have found hypoxic cells 

in some endothelial cells in the fetal part of the E10 placentas [60]. Germline deletion of 

HIF1α, HIF2α, and HIFβ in mouse leads to failure in placenta formation and embryo 

lethality [11,75–78]. Defects in HIF1α−/− or HIF2α−/− placenta were less severe compared 

to double HIFα-deleted and Arnt−/− placentas. These results show that hypoxia regulates 

placenta development both through HIF1α/Arnt and HIF2α/Arnt [76].

The main placenta defects are: incomplete labyrinth development, limited vascularization of 

placenta, failure in chorion–allantois interactions, defect in trophoblast differentiation, and 

the higher number of TGCs and significant decrease of spongiotrophoblast layer. Also 

vascularization of placenta depends on HIF activity, through the key angiogenic HIF targets 

Vegf, Flk1, Ang1 and Tie2 [1]. Germline deletion of HIFs precludes the study of the 

hematopoietic compartment of the placenta. However, conditional deletion of HIF1α in the 

endothelial compartment revealed clear defects in HPCs and HSCs when VEC-

Cre:HIF1αfl/fl placentas were examined [60]. Thus, in the context of normal placenta 
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development and vascularization, hematopoietic development (emergence or expansion of 

HP/SCs) is significantly affected. Taken together, hypoxia and the hypoxic response not 

only control placenta morphogenesis but they also regulate hematopoiesis.

Vegf: a HIF1α target for HSC generation and regulation

The underlying mechanism by which HIF1α regulates HP/SC emergence/expansion in the 

developing embryo is unclear. Vegf is a downstream target activated by HIFs, and VEGFA 

has been shown to be important in hematopoiesis. The two major receptors of VEGF, 

VEGFR1 (Flt1) and VEGFR2 (Flk1 or KDR), are expressed on endothelial as well as 

hematopoietic cells [79,80]. Complete or haploinsufficient VegfA-deficient animals die early 

during development because of failure in hematopoietic and vascular development [81,82]. 

Interestingly, in a conditional KO mouse model, VegfA-deficient HSCs fail to reconstitute 

the hematopoietic system of irradiated mice despite the presence of VEGFA in the 

microenvironment, thus demonstrating a cell-intrinsic role for VEGF in HSCs [30]. In 

addition, VEGF regulates HSC function indirectly via the establishment of the osteoblastic 

niche which depends on VEGFA availability [83]. The BM of irradiated Flk1-deficient 

recipients is not successfully reconstituted by transplanted WT HSCs due to the failure in 

regeneration of the BM sinusoidal vasculature [84].

In the developing mouse embryo, Flk1 has been shown to be expressed on endothelial cells 

of the vasculature, as well as emerging aortic hematopoietic cluster cells [67,68]. Together 

with the fact that the deletion of the HRE of VegfA affects HSC repopulating activity [31] 

and deletion of HIF1α in vascular endothelial cells in the embryo affects emergence of 

vascular hematopoietic clusters and HS/PC function [60], we suggest that VEGF/FLK1 

signaling axis is important already at the earliest stages of HSC development. The VEGF/

FLK1 signaling pathway may regulate endothelial-to-hematopoietic transition in the 

endothelial cells of the major vasculature of the midgestation mouse embryo — the aorta, 

vitelline and umbilical arteries. Some of the endothelial cells, presumably hemogenic 

endothelium in these vessels have been shown to be hypoxic [60]. Alternatively or in 

addition, the production of VEGF by hematopoietic cells themselves (those produced in 

waves 1 and/or 2 of hematopoietic development; Fig. 1) may play a role in their expansion 

and function. The influence of the earlier wave of EMPs (wave 2) on HSC development 

(wave 3) was implied by Cbfb transcription factor rescue experiments [85]. Hence, the 

regulation of hematopoietic cell development in the hypoxic environment of the embryo is 

complex, involving many interacting cell types and, thus, highlights the need for further, 

more specific conditional deletions of HIF genes and downstream HIF target genes. 

Through a detailed understanding of the direct and indirect actions of hypoxia and the 

molecular response to hypoxia, we will gain insight into aspects of HSC development that 

should allow us to manipulate HSCs and/or their niche to facilitate the in vitro growth and 

expansion of these cells for clinical interventions, and uncover a new arsenal of drugs to 

treat hematological malignancies.
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Fig. 1. 
Three independent waves of hematopoietic generation in the developing mouse embryo. 

Three waves of embryonic hematopoiesis are depicted along a developmental time line. 

Embryonic day (E) 7.5 to 10.5 mouse embryos are shown. Arrows indicate the onset of 

hematopoietic cell generation (but do not necessarily indicate the later time point when this 

generation ceases). The first wave is thought to be derived from hemangioblasts, whereas 

waves 2 and 3 are derived from hemogenic endothelial cells. The most potent adult-

repopulating HSCs are generated at E10.5 inthe AGM. YS = yolk sac; pSp = para-aortic 

splanchnopleura; AGM = aorta–gonad–mesonephros; V/U = vitelline and umbilical arteries; 

PL = placenta; EMP = erythro-myeloid progenitors; HSC = hematopoietic stem cell.
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Fig. 2. 
Cellular hypoxia in the E10 mouse embryo. A transverse section through 33 somite pair 

embryo stained for the hypoxia indicator Pimonidazole (hypoxyprobe) is shown. Hypoxic 

cells (brown) are found in the neural tube (NT), gut (G), somites (S), aorta (Ao) and 

urogenital ridges (UGR). Arrow heads indicate hypoxic aortic endothelial cells (e) and 

hematopoietic cluster cells (hc).
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Fig.3. 
Hematopoiesis defects in VEC-Cre/+:HIF1αfl/fl embryos.A) E10 and B) E11 mouse VEC-

Cre/+:HIF1αfl/fl embryos are depicted at the time when the first hematopoietic progenitor 

and stem cells (HPSCs) are generated in the aorta. Tissues where hematopoietic cells appear 

in the embryo are shown: The extraembryonic yolk sac (YS) and placenta (PL), the 

intraembryonic aorta–gonad–mesonephros (AGM) and fetal liver (FL). The results of CFU-

C progenitor (HPC), phenotypic (FACS) analysis for HP/SC, 3-D imaging for aortic 

hematopoietic clusters and long-term in vivo reconstitution assays are shown. C) Schematic 

close-up of the ventral wall of the aorta showing hematopoietic cluster emergence from 
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hemogenic endothelium in VEC-Cre/+:HIF1αfl/fl embryos. Defects in HPSCs detected by 

different hematopoietic assays are proposed in the hemogenic endothelium and/or in 

hematopoietic cell emergence/expansion/maintenance [60].
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Table 1

Defects in mouse embryos lacking HIF transcription factors.

KO mouse model/gene Lethal by Phenotypes Reference

In vitro hypoxic 
cultures

In vivo

Germline/HIFβ−/− E10.5 – No up-regulation of 
glycolytic enzyme genes 
in ES cells

– Developmental delay Maltepe et al., 
1997

– No up-regulation of 
hypoglycemia genes in 
ES cells

– Defect in YS angiogenesis

– Lower VEGF level in YS and embryo 
proper

Germline/HIFβ−/− E9.5–10.5 – Impaired neural development [78]

– Small fetal placenta and chorioallantoic 
plate

– Defect in PL vascularization

– Fetal placenta labyrinth cavities

Germline/HIFβ−/− Not mentioned – Abnormal vessel organization [64]

– Less CD31+ cells throughout the embryo

– Defect in chorio–allantoic fusion

– Less VEGF expression in embryo

– Failure of neural tube closure

– Increased number of apoptotic cells in 
embryo

Germline/HIF1α−/− E11 – Down-regulation of 
glycolytic enzyme genes 
in ES cells

– Developmental delay [62]

– No up-regulation of 
Vegf

– Pericardial effusion

– Impaired ES cell 
proliferation

– Failure of neural tube closure

– Extensive mesenchymal cell death

– Abnormal vascular structure in cephalic 
region

Germline/HIF1α−/− Not mentioned – No up-regulation of 
glycolytic genes and 
Vegf in ES cells

– Increased level of hypoxia in embryo Ryan et al., 
1998

– Increased number of apoptotic cells in 
embryo

– Defective YS vascularization

– Defective cephalic vascularization

Conditional/HIF1αfl: Tie2Cre Not lethal – Less proliferation of 
endothelial cells

– Reduction in vessel density Tang et al., 2004

– Defect in elongation of 
endothelial cells

– Delayed wound healing

– Less VEGF level in 
culture medium

– Smaller, less necrotic, less vascularized 
tumor

– No induction of VEGF 
receptors
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KO mouse model/gene Lethal by Phenotypes Reference

In vitro hypoxic 
cultures

In vivo

Germline/HIF2α−/− E9.5–E12.5 – Vascular defect in YS and embryo proper Feng et al., 2011

Germline/HIF2α−/− E12.5–E16.5 – Bradycardia Tian et al., 1998

– Reduced level of catecholamine

Germline/HIF2α−/− E13.5 – Cardiac failure Compernolle et 
al., 2002

Neonatal stage – Impaired lung maturation
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