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Abstract

Adequate oxygen supply is necessary for aerobic cell survival. Cellular oxygen deprivation, also
known as hypoxia, leads to various responses that aim to increase cellular oxygen delivery and
reduce oxygen consumption. Oxygen homeostasis is mainly regulated by the hypoxia-inducible
factor (HIF), which regulates the expression of over 300 genes in response to hypoxia. The
stability of HIF is regulated by the HIF prolyl 4-hydroxylases (HIF-P4Hs), enzymes that catalyze
the hydroxylation of proline residues in HIFα subunits and target them towards proteasomal
degradation. HIF-P4Hs require oxygen as a cosubstrate for the reaction, allowing for hypoxic HIF
stabilization and target gene induction at low oxygen concentrations.

In this study we investigated the role of HIF-P4H-2 in the regulation of red blood cell
production, erythropoiesis. We showed that Tibetans living at high altitude have genetically
adapted to their hypoxic environment via mutations in the gene encoding for HIF-P4H-2. The
Tibetan HIF-P4H-2 D4E,C127S variant showed enhanced hydroxylation of HIFα at low oxygen
concentrations, resulting in reduced HIFα protein stabilization under hypoxia.

In other studies we used a genetically modified HIF-P4H-2 hypomorphic mouse line which
expresses a reduced amount of wild-type Hif-p4h-2 mRNA in tissues. We showed that these mice
develop mild age-dependent erythrocytosis due to splenic extramedullary erythropoiesis, which is
independent of serum erythropoietin concentration. In addition, these mice were protected against
inflammation-induced anemia, a condition commonly seen in patients with inflammatory
diseases. The HIF-P4H-2 hypomorphic mice also had altered basal metabolism in their skeletal
muscles, which, together with an increase in mean capillary area, reduced their infarct size after
skeletal muscle ischemia-reperfusion injury.

These studies suggest that pharmacological HIF-P4H-2 inhibition may provide a novel
treatment for EPO-resistant anemias and peripheral artery disease.

Keywords: erythropoiesis, HIF prolyl 4-hydroxylase, high-altitude adaptation, hypoxia,
hypoxia-inducible factor, skeletal muscle ischemia





Myllymäki, Mikko, Hypoksiassa indusoituvaa tekijää säätelevä prolyyli-4-
hydroksylaasi-2 tiibetiläisten korkean paikan adaptaatiossa, luuytimen ulkoisessa
punasolujen muodostuksessa ja luurankolihasiskemiassa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Biokemian ja molekyylilääketieteen tiedekunta;
Biocenter Oulu; Oulu Center for Cell-Matrix Research
Acta Univ. Oul. D 1366, 2016
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Riittävä hapensaanti on välttämätöntä aerobisten solujen selviytymiselle. Solun alentunut hapen
määrä, toiselta nimeltään hypoksia, johtaa useisiin vasteisiin joiden tarkoituksena on turvata
solun hapensaanti ja vähentää hapenkulutusta. Happitasapainoa säätelee hypoksiassa indusoituva
tekijä (HIF), joka aktivoi yli 300 geenin luentaa hypoksisissa oloissa. HIFα:n määrää soluissa
säätelevät HIF prolyyli-4-hydroksylaasientsyymit (HIF-P4H:t), jotka hydroksyloivat proliini-
aminohappotähteitä HIFα-alayksiköissä ja ohjaavat ne proteasomaaliseen hajotukseen. HIF-
P4H:t tarvitsevat reaktiossa happea mahdollistaen HIF:n stabilisaation ja kohdegeenien lisäänty-
neen luennan matalassa hapen osapaineessa.

Tässä tutkimuksessa selvitimme HIF-P4H-2-entsyymin roolia punasolujen muodostuksen eli
erytropoieesin säätelyssä. Osoitimme, että korkealla vuoristossa asuvat tiibetiläiset ovat geneetti-
sesti sopeutuneet hypoksiseen elinympäristöönsä johtuen HIF-P4H-2-entsyymiä tuottavan gee-
nin mutaatiosta. Tiibetiläisiltä löytynyt HIF-P4H-2D4E,C127S variantti hydroksyloi tehokkaam-
min HIFα-alayksiköitä matalassa hapen osapaineessa johtaen vähäisempään HIFα-alayksiköi-
den stabiloitumiseen hypoksiassa.

 Muissa tutkimuksissamme käytimme geneettisesti muunneltua HIF-P4H-2-hiirikantaa, joka
tuottaa alentunutta määrää villityypin Hif-p4h-2 lähetti-RNA:ta kudoksissaan. Näille hiirille
kehittyi ikäriippuvaisesti lievä punasoluylimäärä eli erytrosytoosi johtuen pernan kiihtyneestä
punasolutuotannosta riippumatta seerumin erytropoietiinikonsentraatiosta. Lisäksi nämä hiiret
olivat suojassa tulehduksen aiheuttamalta anemialta, joka on yleinen ilmiö tulehduksellisista sai-
rauksista kärsivillä potilailla. HIF-P4H-2-muuntogeenisten hiirten lihasten energia-aineenvaih-
dunta oli muuttunut siten, että se yhdessä suurentuneen keskimääräisen kapillaaripinta-alan
kanssa pienensi vaurioituneen kudoksen pinta-alaa alaraajaiskemia-altistuksen jälkeen.

Nämä tutkimukset osoittavat, että lääkkeellinen HIF-P4H-2-entsyymin estäminen on mahdol-
linen uusi hoitomuoto erytropoietiinille resistenteissä anemioissa sekä alaraajojen valtimoahtau-
mataudissa.

Asiasanat: erytropoieesi, HIF prolyyli-4-hydroksylaasi, hypoksia, hypoksiassa
indusoituva tekijä, korkean paikan adaptaatio, luurankolihasiskemia





7 

Acknowledgements 

This research was carried out in the Faculty of Biochemistry and Molecular 

Medicine (previously Department of Medical Biochemistry and Molecular 

Biology, Faculty of Medicine), University of Oulu during the years 2011-2016.  

I wish to express my deepest gratitude to my excellent supervisor Professor 

Peppi Karppinen. Her never-ending enthusiasm for science, together with 

unparalleled optimism and drive for new results and observations, have inspired 

me during these years and I hope I can take some of those qualities with me for 

years to come. Furthermore, I feel like our supervisor-student relationship has 

developed into a true friendship and I hope it can last in the future. Despite often 

having hands covered with working tasks, her door and phone have always been 

open for questions. In addition, I want to warmly thank my initial co-supervisor 

Professor Johanna Myllyharju for accepting me as a PhD student in her research 

group. It was her inspirational lecture on hypoxia signaling during the first year of 

medical studies that eventually initiated my interest towards the hypoxia research 

field. I truly appreciate her scientific career and her constructive comments 

regarding the projects have been invaluable. Professor Emeritus Kari Kivirikko 

deserves my most sincere thanks for the contributions to my projects as well as 

for being like a mentor to me. His academic achievements and intellectual 

adeptness, associated with the unmatched humbleness and kindness towards us 

young researchers, keep surprising me time after time.  

The former Department and the current Faculty would not be as inspiring a 

place to do research in, were it not for the Faculty members Dean Kalervo 

Hiltunen, Vice Rector Taina Pihlajaniemi, Professor Seppo Vainio, Professor 

Lloyd Ruddock, Professor Rikkert Wierenga, Professor Thomas Kietzmann, 

Docent Minna Männikkö, Docent Aki Manninen, Docent Lauri Eklund and all the 

other group leaders, and I wish to express my respect to these scientists. I am 

thankful for the current and previous Faculty staff members Auli Kinnunen, Pia 

Askonen, Pertti Vuokila, Jari Karjalainen, Pentti Niskanen and Seppo Lähdesmäki 

for their kind assistance. The crew at Laboratory Animal Center is warmly 

thanked for their vital assistance in animal experiments. The Biocenter Oulu core 

facilities are acknowledged for expertise in several fields. I am grateful for 

Professor Satu Mustjoki and Associate Professor Betty Gardie for their careful 

revision of this thesis and valuable suggestions on it. M.A. Pieter Vermeylen is 

thanked for his expert revision of the language. I wish to thank my follow-up 



8 

group, Professor Thomas Kietzmann, Dr. Eeva-Riitta Savolainen and Dr. Heli 

Ruotsalainen, for their invaluable comments along the way.  

Docent Raija Sormunen, Dr. Valerio Izzi, Dr. Timo Väisänen, Dr. Felipe 

Lorenzo are warmly thanked for collaboration and their important contributions to 

my projects are acknowledged. I am very grateful for Professor Josef Prchal in the 

University of Utah for co-supervising the Tibetan high-altitude project. 

Furthermore, my interest towards hematology took a big leap forward while 

spending the summer of 2013 in his research lab and visiting his hematology 

clinic in Salt Lake City, Utah. His eagerness and openness also boost the 

inspiration of people around him and he serves as a great example of how 

scientific career can be linked with practicing medicine.  

The outstanding technical assistance of Tanja Aatsinki, Eeva Lehtimäki, 

Riitta Polojärvi, Raija Salmu and Minna Siurua and their various advices have 

been essential to the completion of this research. All the current and former 

members of the PK and JM groups are whole-heartedly thanked for creating an 

extremely pleasant working environment and for being such great colleagues. 

During the past years I have shared memorable moments with you in the lab, in 

the office and during congress trips here and abroad, and I am truly grateful for 

every moment. Sincere thanks to Dr. Minna Komu for her assistance in my early 

days in the office and for collaboration regarding the skeletal muscle ischemia 

project. Docent Raisa Serpi has been an extremely important tutor in the 

extramedullary erythropoiesis project and a very easy-going colleague during the 

last years. Thank you Raisa, it has been an honor to share the office with you. I 

wish to thank Dr. Elitsa Dimova for collaboration and tutoring in the 

extramedullary erythropoiesis project and for introducing me to the cell culture 

techniques and experiments. Sara Karsikas and Jenni Määttä are warmly thanked 

for collaboration in the skeletal muscle and extramedullary erythropoiesis 

projects, respectively. I want to thank my colleague Ann-Helen Rosendahl, a 

medical school classmate who started her PhD studies at the same time and who 

shared the office during the first years.  

It is no secret that doing research has its ups and downs and there are times 

when friends are needed to take one’s mind off work and to put things into 

perspective. I wish to thank my friends for the invaluable support. In particular, 

medical school classmates are acknowledged in this regard. I am also extremely 

grateful for my loving family; you have always been there to support me and you 

never doubted me and my dreams. My dear little brother Ville, thanks for the 



9 

squash sessions! I hope we can support each other to reach our dreams also in the 

future.  

Finally, some things do seem to happen for reason. Had I not met you Emmi 

on the cold New Years’ eve in 2008, my life would be profoundly less fulfilling. 

Thank you Emmi for making me understand the real values of life, without you I 

would not be here completing this thesis. My last years with you have been a blast 

and I am looking forward to our life together in the South. You mean the world to 

me.  

This work was supported by UniOGS, Sigrid Jusélius Foundation, Finnish 

Cultural Foundation, Biocenter Oulu and Faculty of Biochemistry and Molecular 

Medicine, University of Oulu. 

Oulu, April 2016 Mikko Myllymäki 
  



10 

 



11 

Abbreviations  

2-OG 2-oxoglutarate 

7-AAD 7-aminoactinomycin D 

AKT protein kinase B 

ALDA aldehyde dehydrogenase A 

ALI acute lung injury 

AM adrenomedullin 

ANG angiopoietin 

APJ apelin receptor 
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protein CLK-2 
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HES1 hes family bHLH transcription factor 1 

HIF hypoxia-inducible factor 

HIF-P4H HIF prolyl 4-hydroxylase 

HIV human immunodeficiency virus 

HK hexokinase 

HMOX2 heme oxygenase 2 

HRE hypoxia-responsive element 

HSC hematopoietic stem cell 

HSP90 heat shock protein 90 

IBD inflammatory bowel disease 

ICH intracerebral hemorrhage 

IGF insulin-like growth factor  

IGFBP insulin-like growth factor-binding protein 

IKK IB kinase beta 
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Km Michaelis constant 

LDHA lactate dehydrogenase A 

LDL low-density lipoprotein 

LOX lysyl oxidase 

LPS lipopolysaccharide 
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PPAR peroxisome proliferator-activated receptor alpha 
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SENP1 sentrin-specific protease 1 

SFTPD surfactant protein D 

shRNA short hairpin RNA 
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1 Introduction 

Oxygen is necessary for all aerobic organisms, and even some prokaryotic cells 

show mechanisms to sense extracellular oxygen levels (Scotti et al. 2014). In 

mammals, complex intracellular signaling networks have been developed to 

ensure appropriate responses to alterations in oxygen availability. A central factor 

in this molecular system is hypoxia-inducible factor (HIF), a transcription factor 

regulating the expression of over 300 genes. HIF consists of two subunits: HIFα 

and HIFβ. HIFβ is constitutively expressed. Low oxygen tension, hypoxia, leads 

to the stabilization of HIFα, which then binds HIFβ. This dimer can initiate HIF 

target gene expression  (Kaelin & Ratcliffe 2008). The HIFα subunit stability is 

regulated by enzymes called HIF prolyl 4-hydroxylases (HIF-P4Hs) (Myllyharju 

2013). HIF-P4Hs hydroxylate specific prolyl residues in HIFα, hence targeting 

the subunit to proteasomal degradation. This hydroxylation reaction requires 

oxygen, meaning that under hypoxia HIFα cannot be hydroxylated, which leads to 

HIF stabilization and the increased expression of HIF target genes (Myllyharju 

2013). These target genes are involved in erythropoiesis, glucose metabolism, 

angiogenesis, cell migration and several other cellular processes (Semenza 

2009b). HIF pathway is outlined in Figure 1.  

 

Fig. 1. Overview of the hypoxia response pathway. In normoxic conditions HIFα is 

targeted towards proteasomal degradation via prolyl 4-hydroxylation. In hypoxia, HIFα 

escapes the degradation, becomes transported into the nucleus, binds HIFβ and 

increases the target gene expression.  
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Physiological settings where hypoxia is involved include embryogenesis and 

ascend to high altitude. Moreover, hypoxic conditions prevail in various normal 

human tissues, such as bone marrow, skin and intestine (Carreau et al. 2011). 

Hypoxia also plays a major role in several pathophysiological conditions, such as 

anemia, myocardial and cerebral ischemia, peripheral artery disease (PAD), 

pulmonary diseases and tumor formation (Semenza 2011). Increasing evidence 

indicates that modifying the HIF response in tissues prone to hypoxia may have 

beneficial effects. Pan HIF-P4H inhibitors are currently under phase 2 and 3 

clinical trials for treatment of chronic kidney disease (CKD) anemia and new 

clinical studies that investigate their use in other clinical conditions, including 

ischemic diseases and metabolic disorders, are warranted. 
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2 Review of the literature  

2.1 Hypoxia response in mammals  

In multicellular organisms, providing all the cells with enough oxygen is a 

challenge. Larger animals, such as mammals, have developed complex 

anatomical structures in the form of arteries, capillaries and veins to guarantee 

adequate oxygen supply to cells throughout the body. Hemoglobin molecules 

inside red blood cells bind oxygen in the lungs after which the oxygen is 

transported via blood vessels to periphery. Oxygen is indispensable for oxidative 

phosphorylation, a mitochondrial process that uses glucose and fatty acids to 

produce adenosine triphosphate (ATP), the most vital form of energy. Global 

changes in circulatory oxygen are sensed in the carotid body, which is located 

near the bifurcation of the carotid artery. Reduced oxygen tensions trigger acute 

physiological responses such as hyperventilation to maintain the O2 homeostasis.  

Hypoxia refers to a cellular environment where oxygen availability is limited. 

Elaborate cellular signaling pathways have evolved in higher organisms to sense 

and adapt to decreased oxygen availability. The key molecule in this molecular 

network is the HIF transcription factor. The HIF-driven response to hypoxia 

occurs via binding HIF to the hypoxia-responsive elements (HREs) of its target 

genes and the concomitant upregulation of the transcription of these genes. In 

order to restore oxygen availability, classical HIF target genes activate red blood 

cell production (erythropoiesis) and enhance the formation of blood vessels 

(angiogenesis). In addition, cells are adapted to hypoxia by modifying their 

metabolism towards less oxygen-consuming state by increasing the rate of 

glycolysis and decreasing oxidative phosphorylation. More than 300 HIF target 

genes have been characterized so far. Among those are for instance erythropoietin 

(EPO), which is the main regulator of hematopoiesis, vascular endothelial growth 

factor (VEGF), and the glucose transporters (GLUTs) (Kaelin & Ratcliffe 2008, 

Semenza 2009b).  
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2.2 Hypoxia-inducible factor (HIF) 

2.2.1 Structure and the mechanism of target gene induction 

HIF is a heterodimer of two subunits, HIFα and HIFβ (also known as ARNT). In 

addition, ARNT2 has been identified (Hirose et al. 1996), but its biological 

significance is not yet known. There are three isoforms of HIFα in humans, each 

of them being encoded by a distinct gene (Ema et al. 1997, Flamme et al. 1997, 

Gu et al. 1998, Hara et al. 2001, Hogenesch et al. 1997, Tian et al. 1997). At least 

HIF-1α and HIF-2α form transcriptionally active dimers with HIFβ. HIF-1α is a 

120 kDa protein and its stability is tightly oxygen-regulated, whereas the 

constitutively expressed HIFβ is 91-94 kDa in size (Loboda et al. 2010). HIF-2α 

is 97 kDa in size, while several isoforms of HIF-3α are found (Flamme et al. 

1997, Makino et al. 2002, Pasanen et al. 2010). All three HIFα isoforms as well 

as HIFβ share the basic-helix-loop-helix Per-Arnt-Sim (bHLH-PAS) structure 

(Wang et al. 1995). The proline residues that become hydroxylated by HIF-P4Hs 

are found in the oxygen-dependent degradation domain (ODDD), consisting of 

circa 200 amino acid residues located in the central region of HIF-1α (Huang et 

al. 1998). Optimal binding to DNA as well as dimerization with HIFβ require the 

presence of amino acids 1-390 encompassing the complete bHLH and PAS 

domains (Jiang et al. 1996). In addition, there are two independent transactivation 

domains present in the carboxyl end of HIF-1α: the N-terminal transactivation 

domain (NTAD, amino acids 534-575) and the C-terminal transactivation domain 

(CTAD, amino acids 786-826) (Jiang et al. 1997). In contrast, the two conserved 

nuclear localization sequences are located in both the N- and C-termini (Kallio et 

al. 1998). The dimerized HIF-1α/HIFβ subsequently binds to HRE in the 

promoter regions of the HIF target genes containing the recognition sequence 5’-

(A/G)CGTG-3’ (Semenza et al. 1996), which leads to the concomitant increase in 

target gene expression. Several transcriptional co-activators participate in the 

DNA binding of HIF, the most notable being p300/CBP (Arany et al. 1996). 

HIF-2α, also known as endothelial PAS domain protein 1 (EPAS1), was 

discovered by several research groups separately in 1997 (Ema et al. 1997, 

Flamme et al. 1997, Hogenesch et al. 1997, Tian et al. 1997). It shares 48% of its 

DNA sequence identity with HIF-1α (Tian et al. 1997). HIF-1α and HIF-2α 

further have similar dedicated transactivation domains (CTAD and NTAD) 

(O'Rourke et al. 1999), and they both bind HIFβ to form a complex that regulates 

HIF target genes. Recent data suggests that the quaternary architectures of HIF-
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1α-ARNT and HIF-2α-ARNT complexes are very similar, and that they engage 

their response elements in identical fashion using specific amino acids located in 

their bHLH domain (Wu et al. 2015). HIF-3α was discovered a year after HIF-2α 

(Gu et al. 1998). The full-length protein was shown to lack the CTAD (Gu et al. 

1998) while its structure is evolutionarily conserved (Zhang et al. 2012). 

Moreover, unlike other HIFα isoforms, HIF-3α has several alternative splicing 

variants in mammals (Hara et al. 2001, Pasanen et al. 2010), some of which are 

inhibitory with respect to hypoxic induction of HIF target genes (Makino et al. 

2002). However, while all of them interact with HIF-1α, HIF-2α and HIFβ, the 
splice variants of HIF-3α may have versatile roles in hypoxia signaling (Heikkilä 

et al. 2011). The theory that at least some HIF-3α splice variants act as negative 

regulators of HIF-1α and HIF-2α (Jang et al. 2005, Makino et al. 2002, Maynard 

et al. 2005, Yamashita et al. 2008) has more recently been challenged by others 

suggesting that HIF-3α is an oxygen-dependent transactivation factor that 

activates a distinct transcriptional response to hypoxia (Zhang et al. 2014). 

HIF-1α is ubiquitously expressed. While HIF-2α was initially found in 

endothelial cells, it is also expressed in the parenchyma and interstitial cells of 

multiple organs (Tian et al. 1997, Tian et al. 1998, Wiesener et al. 2003). More 

specifically, immunohistochemical stainings of rodents exposed to hypoxia 

revealed HIF-2α stabilization in renal interstitial cells, pancreatic cells, 

hepatocytes, duodenal epithelial cells, cardiomyocytes and astrocytes (Wiesener 

et al. 2003). HIF-2α expression was also particularly high in the lungs, heart and 

endothelium (Tian et al. 1997, Wiesener et al. 2003), tissues that are all important 

for proper oxygen delivery. The expression of HIF-3α variants is highly tissue- 

and developmental stage-specific (Duan 2016, Pasanen et al. 2010). 

2.2.2 Regulation of HIF 

The protein level of HIF is greatly increased under hypoxia (Wang et al. 1995). 

HIFα and ARNT mRNAs, however, are constitutively expressed even when cells 

are exposed to hypoxia (Kallio et al. 1997), therefore suggesting that intracellular 

HIF levels are regulated by mechanisms other than transcription. In well-

oxygenated cells, HIFα subunits are rapidly degraded with a half-life of less than 

five minutes (Huang et al. 1998). The rapid degradation is mediated through 

hydroxylation of specific prolyl residues of the HIFα (Ivan et al. 2001, Jaakkola 

et al. 2001). The reaction requires oxygen, Fe2+, 2-oxoglutarate (2-OG) and 

ascorbate to function. Prolyl hydroxylation of HIFα is catalyzed by the HIF-P4H 
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enzyme family, also known as the PHDs or EglNs (Bruick & McKnight 2001, 

Epstein et al. 2001, Ivan et al. 2001). Hydroxylated HIFα subunits are then 

targeted towards proteasomal degradation via von Hippel-Lindau protein (pVHL). 

Even before the importance of prolyl hydroxylation in HIF regulation was 

discovered, it was proven that HIFα is degraded in an oxygen-dependent manner 

by pVHL (Maxwell et al. 1999). The β-domain of pVHL directly binds to 

hydroxylated HIFα (Ohh et al. 2000). This binding is dependent on VHL complex 

subunits VHL, Cul2, Elongin and Rbx1 for recruiting HIFα and the E2 ubiquitin-

conjugating enzyme to the complex. pVHL-HIFα interaction leads to 

polyubiquitination of prolyl 4-hydroxylated HIFα (Kamura et al. 2000) and 

targeting towards proteasomal degradation (Salceda & Caro 1997).  

Transcriptional coactivator p300 is specifically recognized by CTAD of HIFα 

(Freedman et al. 2002, Lando et al. 2002b, Sang et al. 2002) and this interaction 

is vital for the concomitant HIF target gene upregulation. Hydroxylation of an 

asparaginyl residue of the CTAD of HIFα disrupts this interaction and can block 

the target gene induction (Lando et al. 2002b). The enzyme responsible for the 

asparaginyl hydroxylation was later called the factor inhibiting HIF (FIH), 

belonging to the family of Fe2+- and 2-OG-dependent dioxygenases together with 

HIF-P4Hs (Hewitson et al. 2002, Lando et al. 2002a). While they share several 

features, the efficiency at detecting deviations from normoxia is nevertheless 

significantly lower for FIH compared to HIF-P4Hs (Ehrismann et al. 2007, 

Koivunen et al. 2004, Tarhonskaya et al. 2015) suggesting that potential 

hydroxylase inhibitors might affect the hydroxylation reactions differently.  

2.2.3 HIF-1 and HIF-2 target genes 

HIF-1α was first discovered by Semenza and colleagues in 1995 (Wang & 

Semenza 1995) and several independent groups described HIF-2α two years later 

(Ema et al. 1997, Flamme et al. 1997, Hogenesch et al. 1997, Tian et al. 1997). 

HIF-1α and HIF-2α are involved in regulating the transcription of over 300 genes, 

including both cell and tissue specific genes as well as genes that carry out 

system-wide homeostatic responses to hypoxia (Chowdhury et al. 2008, Lendahl 

et al. 2009), as summarized in Figure 2.  
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Fig.2. Classical HIF target genes. HIFs induce the expression of over 300 genes which 

can be grouped into categories based on their function. HIF-1 and HIF-2 targets are 

not differentiated in this figure. EPO, erythropoietin; EPOR, erythropoietin receptor; 

DCYTB, duodenal cytochrome B; DMT1, divalent metal transporter 1; TFR, transferrin 

receptor; HIF-P4H-2, HIF prolyl 4-hydroxylase-2; GLUT, glucose transporter; PFKL, 

phosphofructokinase, liver; PDK1, pyruvate dehydrogenase kinase 1; PGK1, 

phosphoglycerate kinase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 

ENO1, enolase 1; ALDA, aldehyde dehydrogenase A; CAIX, carbonic anhydrase 9; 

LDHA, lactate dehydrogenase A; GBE1, glycogen branching enzyme 1; MCT4, 

monocarboxylate transporter 4; COX4i2, cytochrome c oxidase subunit 4I2; VEGF, 

vascular endothelial growth factor; VEGF-R, VEGF receptor 1; PAI-1, plasminogen 

activator inhibitor 1; TIE2, endothelial tyrosine kinase 2; APJ, apelin receptor; FLT1, 

fms related tyrosine kinase 1; iNOS, inducible nitric oxide synthase; eNOS, endothelial 

nitric oxide synthase; AM, adrenomedullin; ET1, endothelin 1; IGF-2, insulin-like 

growth factor 2; IGFBP1-3, insulin-like growth factor-binding protein 1-3; BCL2, B-cell 

CLL/lymphoma 2; NIP3, BCL2/Adenovirus E1B 19 kDa Interacting Protein 3; TGF, 

transforming growth factor alpha; HIF-P4H-3, HIF prolyl 4-hydroxylase-3; IL-10, 

interleukin 10; LOX, lysyl oxidase; MMP2, matrix metalloproteinase 2; CXCR, 

chemokine (C-X-C Motif) receptor; P4HA1, collagen prolyl 4-hydroxylase alpha I. 
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Regulation of cell metabolism through its target genes is the primary function of 

HIF-1α. The change in metabolism from oxidative phosphorylation towards 

glycolytic energy production is mediated through HIF-1α –dependent 

upregulation of pyruvate dehydrogenase kinase 1 (PDK1) and the subsequent 

inactivation of pyruvate dehydrogenase (PDH), decreasing the entry of pyruvate 

into Krebs cycle (Kim et al. 2006). Other important genes upregulated by HIF-1α 
to increase glycolytic metabolism include HK1 and HK2, which encode 

hexokinases 1 and 2, LDHA encoding lactate dehydrogenase A, ENO1, which 

encodes for enolase 1, ALDA encoding aldolase A and PFKL encoding 

phosphofructokinase L (Iyer et al. 1998, Semenza et al. 1994, Semenza et al. 

1996). 

The glucose uptake is also enhanced via HIF-1α –induced expression of 

glucose transporters GLUT1 and GLUT3 (Iyer et al. 1998). Cytochrome c 

oxidase (COX), a mitochondrial electron transport chain component, can be 

reciprocally regulated by HIF-1α and hence the mitochondrial respiration is 

reduced (Fukuda et al. 2007), further facilitating the switch towards a glycolytic 

state. 

Although HIF-1α was initially described as the regulator of hypoxic 

induction of EPO expression (Wang et al. 1995), further studies confirmed HIF-

2α as the primary regulator of EPO production independent of HIF-1α, at least in 

the liver (Rankin et al. 2007). It was later shown that HIF-2α, and not HIF-1α, 
regulates DMT1, DCYTB and FPN gene expression, all of which are involved in 

the metabolism of iron and hence erythropoiesis (Mastrogiannaki et al. 2009, 

Mastrogiannaki et al. 2012, Shah et al. 2009, Taylor et al. 2011). Other 

exclusively HIF-2α-activated genes include the stem cell factor gene OCT4, 

cyclin-dependent kinase Cyclin D1 (CCND1) and growth factor TGFα (TGFA) 

(Gordan & Simon 2007). It has been shown that HIF-1α is the primary mediator 

of the acute phase response to hypoxia, whereas HIF-2α regulates the chronic 

hypoxia in the neuroblastoma mouse model (Holmquist-Mengelbier et al. 2006). 

While having specific functions in cellular homeostasis, HIF-1α and HIF-2α also 

share some of their target genes, some of which are involved in angiogenesis 

(VEGF, ANG2, TIE2), apoptosis (BNIP3), invasion and metastasis formation 

(CXCR4, MMP2, LOX, PAI-1) as reviewed by Gordan and Simon (Gordan & 

Simon 2007).  Interestingly, hypoxia increases both the HIF-P4H-2 and HIF-

P4H-3 mRNA expression (Kaelin & Ratcliffe 2008), but the specific roles of 

HIF-1α and HIF-2α in this upregulation have not been characterized.  
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Hypoxia is an essential stimulus during embryonal development. 

Homozygous Hif-1α knockout mouse embryos die by embryonic day 11 due to 

neural tube defects, cardiovascular malformations and cell death within the 

cephalic mesenchyme (Iyer et al. 1998, Ryan et al. 1998). Likewise, Hif-2α 
knockout embryos die at mid-gestation, but the mechanism is different from the 

Hif-1α deficient mice since these embryos show significant bradycardia due to 

substantially reduced cathecolamine levels (Tian et al. 1998). 

HIFs are broadly expressed in human cancers, and their role in tumor 

progression has been extensively studied. An increased expression of HIF-1α and 

HIF-2α has been observed in various human cancers, often associated with a poor 

prognosis (Keith et al. 2011). In addition, multiple mouse tumor models support 

the hypothesis that both HIF-1α and HIF-2α promote tumor progression through 

their target genes (Keith et al. 2011). The most common form of kidney 

carcinoma, clear cell renal cell carcinoma (ccRCC), is the most prominent 

example of hypoxia pathway incorporation with tumor formation. In the majority 

of ccRCC cases, VHL function is bi-allelically disrupted, leading to constitutive 

HIF-1α and HIF-2α activation. HIF-2α has been suggested as the key driver of 

ccRCC (Kondo et al. 2003), although pVHL is known to have several targets 

other than the HIFs that can promote cancer. 

2.3 HIF prolyl 4-hydroxylases (HIF-P4Hs) 

2.3.1 Structure 

Prolyl 4-hydroxylation was initially thought to be specific for collagens and 

collagen-like molecules (Myllyharju & Kivirikko 2004). However, in 2001 two 

independent research groups published papers showing that the stability of HIFα 

was controlled by prolyl 4-hydroxylation (Ivan et al. 2001, Jaakkola et al. 2001).  

HIF-P4Hs 1-3, also known as PHDs 1-3 or EGLNs 2, 1, and 3, respectively, 

belong to the family of 2-OG –dependent dioxygenases that also require oxygen, 

Fe2+, and ascorbate to function. By silencing each prolyl hydroxylase individually 

using short interfering RNAs (siRNAs), it was shown that HIF-P4H-2 is the only 

one capable of stabilizing HIF-1α under normoxic conditions in several human 

cell lines (Berra et al. 2003), indicating that HIF-P4H-2 is the major isoenzyme 

controlling HIF stability. HIF-P4H-1 and 2 consist of 407 and 406 amino acid 

residues, respectively, whereas HIF-P4H-3 is only 239 residues in size (Bruick & 
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McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). The isoenzymes show 

42%-59% sequence identity to each other (Myllyharju 2008). For HIF-P4H-1, 

there are two splice variants caused by different translational initiation, which are 

equally active with respect to HIFα hydroxylation but differ markedly in their 

protein stability (Tian et al. 2006). In addition to producing full-length enzymes, 

both HIF-P4Hs 2 and 3 are subject to alternative splicing, the short splicing 

variants of each one encoding inactive peptides (Hirsilä et al. 2003). Furthermore, 

another HIF-P4H-3 splice variant is catalytically active but its expression is 

restricted to primary cancer tissues (Cervera et al. 2006).The amino acids 181-

426 of HIF-P4H-2, which include the catalytic domain, crystallize as a 

homotrimer and contain a double-stranded β-helix core fold (McDonough et al. 

2006). The residues within the catalytic domain in the three human HIF-P4Hs are 

well conserved (McDonough et al. 2006). HIF-P4H-2 contains two structural 

domains, an N-terminal domain having homology to MYND zinc finger domains 

and the catalytic C-terminal domain being homologous with other 2-OG-

dependent dioxygenases (McDonough et al. 2006). Deletion of MYND-type 

domain increases the activity of HIF-P4H-2 (Choi et al. 2005), but this domain is 

necessary for the interaction between HIF-P4H-2 and FK506-binding protein 

(FKBP) 38, which regulates HIF-P4H-2 protein stability (Barth et al. 2009). 

Schematic view of the HIF-P4H-2 structure is shown in Figure 3.  

 

 

Fig. 3. Schematic presentation of the human HIF-P4H-2 enzyme structure. The MYND-

type zinc finger domain is shown in yellow. The catalytically important residues within 

the dioxygenase domain, shown in red, are indicated as histidine (H), aspartate (D) 

and arginine (R). The H-D-H motif coordinates Fe2+ binding, whereas arginine 

participates in 2-oxoglutarate binding.  

The subcellular localization of HIF-P4Hs varies. HIF-P4H-1 is exclusively 

located in the nucleus, HIF-P4H-2 is mainly located in the cytoplasm, and HIF-

P4H-3 has been observed both in nucleus and cytoplasm (Metzen et al. 2003). 

Later on it became apparent that HIF-P4H-2 can also shuttle across the nuclear 
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membrane (Steinhoff et al. 2009), and that HIF-P4H-2 -mediated HIF-1α 

hydroxylation predominantly occurs within the nucleus (Pientka et al. 2012). 

Nuclear translocation of HIF-P4H-2 is associated with less differentiated and 

strongly proliferating head and neck squamous cell carcinomas (Jokilehto et al. 

2006). The three HIF-P4Hs are widely expressed in various tissues, but their 

relative expression profiles vary. HIF-P4H-1 is the sole isoenzyme found in testes 

and it is abundant in the placenta. HIF-P4H-3 is highly expressed in the heart. 

HIF-P4H-2 is the most abundant enzyme found in all tissues (Appelhoff et al. 

2004, Cervera et al. 2006, Lieb et al. 2002, Willam et al. 2006). 

An additional enzyme family member, a transmembrane HIF-P4H (P4H-

TM), has been discovered shortly after identification of the other HIF-P4Hs 

(Oehme et al. 2002). In contrast to the other HIF-P4Hs, the active site of this 

enzyme resides on the inside of the endoplasmic reticulum (ER) lumen (Koivunen 

et al. 2007b). It hydroxylates HIFα, but not collagen, in vitro and its knockdown 

by siRNA or overexpression in cell cultures affects HIFα levels (Koivunen et al. 

2007b, Oehme et al. 2002). P4H-TM regulates EPO and erythropoiesis (Laitala et 

al. 2012), but its additional roles in regulating hypoxia signaling remain yet to be 

elucidated. 

2.3.2 Function and additional substrates 

The key function of HIF-P4Hs is the hydroxylation of HIFα subunits. This 

hydroxylation is performed on prolyl residues located in –Leu-X-X-Leu-Ala-Pro-

sequences in the HIFα ODDDs, two of those sequences existing in HIF-1α and 

HIF-2α and one in HIF-3α (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et 

al. 2001, Ivan et al. 2002, Jaakkola et al. 2001). The C-terminal prolines in HIF-

1α and HIF-2α ODDDs are far more efficiently hydroxylated than the N-terminal 

ones, the N-terminal being more sensitive to hypoxia (Chan et al. 2005, 

Ehrismann et al. 2007, Flashman et al. 2008, Hirsilä et al. 2003, Koivunen et al. 

2006, Tian et al. 2011). 

Several substrates and a cofactor are needed for the hydroxylation reaction. 

Fe2+, 2-OG, substrate and O2, respectively bind to the catalytic site of HIF-P4Hs. 

2-OG is stoichiometrically decarboxylated and consumed to form succinate and 

CO2. One atom from the O2 molecule is bound to the hydroxyl group in the 4-

hydroxyprolyl residue, whereas the other one is incorporated into succinate. 

Vitamin C, or ascorbate, is not used in the reaction, but it rather acts as an 

alternative acceptor of oxygen in a so-called uncoupled reaction where 2-OG 



32 

decarboxylation does not lead to proline hydroxylation but otherwise results in 

oxidation of Fe2+ to Fe3+  (Loenarz & Schofield 2011, Myllyharju 2013, Schofield 

& Ratcliffe 2004). Vitamin C is not necessary for oxygen sensing in vivo and 

glutathione can substitute for vitamin C requirement in vitro (Nytko et al. 2011). 

Figure 4 concludes the HIF- hydroxylation reaction mechanism.  

 

Fig. 4. HIF hydroxylation reaction mechanism. Proline residues (Pro) of HIF receive 

hydroxyl groups (OH) to form 4-hydroxyproline. Of the cosubstrates, 2-oxoglutarate 

(2-OG) is decarboxylated and the O2 molecule split to form succinate and CO2. Fe2+ is 

a vital cofactor that forms the HIF-P4H-Fe2+ complex to initiate the reaction. Ascorbate 

acts as an alternative acceptor of oxygen. The hydroxyproline-containing HIF can 

then be recognized by pVHL and targeted towards proteosomal degradation. 

Michaelis constant (Km) describes substrate’s affinity to an enzyme. The lower the 

Km value the less substrate it takes to reach half of the maximum velocity (Vmax) of 

an enzymatic reaction. The Km values of HIF-P4Hs for oxygen are higher than 

oxygen concentrations within tissues in vivo, accounting for their ability to 

function as oxygen sensors in cells (Ehrismann et al. 2007, Hirsilä et al. 2003, 

Koivunen et al. 2006). Of the three isoenzymes, HIF-P4H-3 has several times 

higher Km values for cosubstrates Fe2+ and 2-OG compared to HIF-P4Hs 1 and 2 

(Hirsilä et al. 2005, Koivunen et al. 2007a, McNeill et al. 2005). 

Recent findings have suggested a more complex role for HIF-P4Hs in cellular 

physiology and cancer. Several binding partners and possible novel substrates for 

HIF-P4Hs have been characterized (Wong et al. 2013). Pyruvate kinase-muscle 

isoform 2 (PKM2), a key regulator of glycolysis, can directly bind HIF-P4H-3, 

and this binding enhances HIF-1α activity and target gene induction (Luo et al. 

2011). In addition, HIF-P4Hs can regulate inflammation via direct hydroxylation 

of IB Kinase- (IKK) by HIF-P4Hs 1 and 3 in the presence of oxygen. Under 

hypoxia, IKKis stabilized due to decreased hydroxylation leading to subsequent 

liberation of transcription factor called NFB, which in turn can contribute to 

tumor development and progression as well as skeletal myoblast differentiation 

(Cummins et al. 2006, Fu & Taubman 2010). Levels of Cyclin D1, a protein 

involved in cell cycle regulation, can diminish as a result of HIF-P4H-1 inhibition 

and hence impair the ability of cancer cell to proliferate in vivo (Zhang et al. 
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2009). HIF-P4H-2 can hydroxylate FOXO3a, which targets it towards 

proteasomal degradation and leads to concomitant induction of Cyclin D1 

expression (Zheng et al. 2014). NDRG3, an activator of Raf-ERK signaling, is 

also hydroxylated by HIF-P4H-2 under normoxia. When cells lack oxygen, 

lactate accumulates and binds NDRG3, stabilizing NDRG3 and leading to a c-Raf 

mediated hypoxia-induced increase in angiogenesis and cell growth independent 

of HIFs (Lee et al. 2015). Transient receptor potential cation channel subfamily 

subfamily member 1 (TRPA1) can also become hydroxylated by HIF-P4Hs 1-3, 

showing that TRPA1 level is an important oxygen sensing mechanism of vagal 

and sensory neurons (Takahashi et al. 2011). Pax2, another important 

transcription factor involved in tissue development and cellular proliferation, is 

yet another target of HIF-P4H-3. However, no direct proline hydroxylation has 

been observed (Yan et al. 2011). ATF-4 is a transcription factor regulating cell 

fate, and both hypoxia and HIF-P4H-3 inhibition stabilized ATF-4, linking 

hypoxia and cell fate signaling together (Koditz et al. 2007). Other proteins that 

interact with HIF-P4Hs include myogenin, the large subunit of RNA polymerase 

II (Rpb1), beta(2)-adrenergic receptor, the human homolog of the Caenorhabditis 

elegans biological clock protein CLK-2 (HCLK2), and phospodiesterase 4D 

(PDE4D), which regulate skeletal muscle differentiation, tumor adaptation to 

oxidative stress, hormone response, DNA damage response and intracellular 

cAMP levels, respectively (Fu et al. 2007, Mikhaylova et al. 2008, Wong et al. 

2013, Xie et al. 2009, Xie et al. 2012). Taken together, these data suggest that 

HIF-P4Hs may also have important intracellular functions other than the 

hydroxylation of the HIFα subunit; however, the complete picture is not yet 

completely understood.  

2.3.3 Mutations in HIF-P4Hs 

Keeping in mind the role of HIF-2α in EPO regulation, it is not surprising that 

several mutations have been found both in HIF-2α and HIF-P4H-2 that cause 

excessive red blood cell synthesis, the phenomenon known as erythrocytosis (Lee 

& Percy 2011). The HIF-2α mutations are discussed in Chapter 2.4.3. Percy and 

colleagues discovered the first mutation in HIF-P4H-2, P317R, leading to a 

decrease in enzyme activity and erythrocytosis (Percy et al. 2006). Up to date, 

several additional erythrocytosis-causing HIF-P4H-2 mutations have been 

described (Albiero et al. 2012, Al-Sheikh et al. 2008, Ladroue et al. 2008, 

Ladroue et al. 2012, Percy et al. 2007, Wilson et al. 2016, Yang et al. 2015) and 
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they are summarized in Figure 5. A recent report showed that only few 

erythrocytosis-associated HIF-P4H-2 mutations impair the catalytic site, while 

most localize to non-enzymatic regions (Minervini et al. 2016). H374R, found by 

Ladroue and colleagues, was the first mutation to associate erythrocytosis with a 

subsequent recurrent paraganglioma (Ladroue et al. 2008), followed by another 

article describing a similar association (Yang et al. 2015). One HIF-P4H-1 

mutation, S61R, also leads to erythrocytosis with 

pheochromocytoma/paraganglioma, whereas no mutations in HIF-P4H-3 have 

been identified (Yang et al. 2015). By studying the function of the mutated HIF-

P4H-2 enzymes, it has been hypothesized that there are two categories of HIF-

P4H-2 mutations leading to erythrocytosis: those with weak HIF hydroxylation 

deficiency and those with more pronounced loss-of-function effects on the 

hydroxylation capacity, the latter ones being associated with tumor occurrence 

(Ladroue et al. 2012). In conclusion, these mutations found in human disorders 

underline the importance of the HIF pathway for the regulation of erythropoiesis. 

 

Fig. 5. Mutations found in human HIF-P4H-2 that associate with erythrocytosis. The 

catalytically important residues within the dioxygenase domain are indicated in bold 

below the enzyme structure. Amino acids Alanine (A), Arginine (R), Asparagine (N), 

Aspartate (D), Glutamine (Q), Glutamate (E), Glycine (G), Histidine (H), Isoleusine (I), 

Leucine (L), Lysine (K), Methionine (M), Proline (P), Serine (S), Tryptophan (W) and 

Valine (V) are shown. * stands for nonsense mutations. M202Ifs71*, R227Afs20*, 

L279Tfs43*; R281Tfs3* and V338Gfs18* are frameshift mutations.  

2.3.4 HIF-P4H mouse models 

Knockout models have been used to investigate the physiological roles of HIF-

P4Hs in vivo. Global disruption of the Hif-p4h-2 encoding gene leads to 

embryonic lethality between embryonic days 12.5 and 14.5 due to placental and 
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heart defects (Takeda et al. 2006), underlining HIF-P4H-2’s role as the major 

prolyl 4-hydroxylase regulating the hypoxia response. Heterozygous deficiency of 

HIF-P4H-2 improves tumor perfusion and oxygenation and normalizes 

endothelial function to inhibit metastasis (Mazzone et al. 2009). HIF-P4H-2 

haplodeficient mice also display enhanced development of collateral hind-limb 

arteries (Takeda et al. 2011). Hif-p4h-1 and Hif-p4h-3 knockout mice are 

apparently normal without major defects (Takeda et al. 2006). Aragones and his 

colleagues showed that Hif-p4h-1 knockout mice modify their skeletal muscle 

basal metabolism towards being less oxygen consuming by decreasing oxidative 

phosphorylation (Aragones et al. 2008) (for further information, please see 

Chapter 2.5.3). Hif-p4h-1 knockout also protects mouse livers against ischemia-

reperfusion (I/R) injury (Schneider et al. 2010) and these mice, unlike the Hif-

p4h-3 knockout mice, are more resistant against the development of colitis due to 

an enhanced intestinal epithelial barrier function (Tambuwala et al. 2010). In 

addition, HIF-P4H-1 inhibition attenuates myocardial I/R injury ex vivo (Adluri et 

al. 2011). A similar protective effect was also observed in the conditional 

knockout mouse model of Hif-p4h-3 (Xie et al. 2015) and in Hif-p4h-3 knockout 

mice seven days after left coronary artery ligation (Oriowo et al. 2014). Although 

otherwise normal, HIF-P4H-3 deficient mice have abnormal sympathoadrenal 

development with reduced adrenal medullary secretory capacity and decreased 

systemic blood pressure (Bishop et al. 2008). Furthermore, global Hif-p4h-3 

deficiency aggravates the clinical course of abdominal sepsis in mice due to HIF-

1α- and NFB-driven enhancement of the innate immune response and this 

phenomenon was not observed in mice deficient for HIF-P4Hs 1 and 2 (Kiss et al. 

2012). An article indicating that HIF-P4H-3 has a unique role in prolonging 

neutrophil survival in hypoxia and that Hif-p4h-3 knockout mice show reduced 

neutrophilic inflammation in an acute mouse model of colitis (Walmsley et al. 

2011) further supports the hypothesis that HIF-P4H-3 is an important regulator of 

inflammatory responses.  

A mouse line hypomorphic for Hif-p4h-2 has been produced by using a 

genetrap mechanism, leading to tissue-specific high-level knockdown of Hif-p4h-

2. As a result, the relative levels of wild-type Hif-p4h-2 mRNA compared to wild-

type mice ranged from 8% in the heart to 60% in the liver (Hyvärinen et al. 2010, 

Rahtu-Korpela et al. 2014). These mice are protected against both cardiac I/R 

injury in vitro (Hyvärinen et al. 2010) as well as left anterior descending coronary 

artery ligation –induced cardiac injury in vivo (Kerkelä et al. 2013). In addition, 

Hif-p4h-2 hypomorphic mice are leaner, have less adipose tissue, lower serum 
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cholesterol levels, improved glucose tolerance as well as insulin sensitivity, and 

they are protected against hepatic steatosis when compared to wild-type mice 

(Rahtu-Korpela et al. 2014). The involvement of HIF-P4H-2 in atherosclerosis 

development has also been established by using this mouse model, since Hif-p4h-

2 hypomorphic mice are protected against low-density lipoprotein (LDL)-receptor 

deficiency –induced atherosclerotic plague formation via beneficial changes in 

the serum lipid profile and the innate immune system, as well as reduced 

inflammation (Rahtu-Korpela et al. 2016).  

Tissue-specific knockout models of HIF-P4Hs can be produced to highlight 

the roles of the different isoenzymes in various tissues. For example, 

simultaneous genetic inactivation of all three Hif-p4hs in the liver results in a high 

EPO production that stimulates erythropoiesis (Minamishima & Kaelin 2010), 

whereas renal Hif-p4h-2 silencing alone is sufficient to induce EPO production in 

the kidney (Takeda et al. 2008). Cardiomyocyte-specific conditional knockout of 

Hif-p4h-2, in turn, protects against acute myocardial ischemic injury (Holscher et 

al. 2011), but sustained loss of HIF-P4H-2 activity in cardiomyocytes potentially 

leads to ischemic cardiomyopathy, mimicking changes in the hearts of individuals 

with chronic coronary artery disease (Moslehi et al. 2010). Neuron-specific Hif-

p4h-2 knockout mice subjected to transient middle cerebral artery ischemia show 

a significantly reduced cerebral ischemic area compared to wild-type littermates 

(Kunze et al. 2012). Reduced HIF-P4H-2 activity in the liver increases hepatic 

lactate uptake and its use in hepatic gluconeogenesis, making these mice more 

resistant to lactic acidosis (Suhara et al. 2015). Hif-p4h-2 knockout in adipocytes 

blunts lipolysis and increases intracellular lipid storages, therefore reducing 

ectopic lipid deposition (Michailidou et al. 2015). Furthermore, mice with 

adipocyte-specific knockdown of Hif-p4h-2 were resistant to high-fat diet-

induced obesity and showed better glucose tolerance in another study (Matsuura 

et al. 2013). Acute deletion of hepatic Hif-p4h-3 improves insulin sensitivity and 

ameliorates diabetes by specific HIF-2α stabilization (Taniguchi et al. 2013). 

Myeloid-specific Hif-p4h-3 knockout increases the apoptosis of bone marrow 

derived macrophages under stress conditions (Swain et al. 2014). Taken together, 

the data suggests that HIF-P4Hs have tissue-specific roles and that these roles 

need to be taken into account when designing drugs for the treatment of various 

diseases.  
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2.3.5 HIF-P4Hs as therapeutic targets 

After the discovery of hypoxic signaling via the HIF pathway, the idea of 

modulating this pathway to treat patients with various health conditions emerged. 

Renal anemia and ischemic conditions such as PAD are the most prominent 

examples of this. Newly emerged fields for the use of HIF-P4H inhibitors include 

inflammation and inflammatory diseases (Eltzschig & Carmeliet 2011). Potential 

HIF-P4H inhibitor treatment targets and ongoing clinical trials are outlined in 

Table 1. HIF-P4H inhibitors discovered so far can be divided into several 

categories: 2-OG mimics, Fe2+ chelators, Fe2+ substitutes, CUL2 deneddylators 

and HIF-P4H active-site blockers (Eltzschig et al. 2014).  

Table 1. Potential treatment targets of HIF-P4H inhibitors and ongoing clinical trials. 

Disease group Condition Current status 

Anemias Anemia of CKD Phase II-III trialsa 

 EPO resistant anemias Preclinical 

Ischemic diseases Peripheral artery disease 

Myocardial injury 

Phase II triala 

Preclinical 

 Renal I/R Preclinical 

 Neuronal ischemia Preclinical 

Metabolic disorders Diabetes 

Hyperlipidemia 

Atherosclerosis 

Lactic acidosis 

Preclinical 

Preclinical 

Preclinical 

Preclinical 

Gastrointestinal tract Inflammatory bowel disease Preclinical 

Lungs Acute lung injury Preclinical 

Bacterial infections 

 

Neurological diseases 

Skin 

Pulmonary 

Parkinson’s disease 

Preclinical 

Preclinical 

Preclinical 

Muscle damage 

Thoracic aortic aneurysm 

Tendon injury 

Surgical procedure 

Phase I triala 

Phase II triala 

a www.clinicaltrials.gov   

Anemia is a common complication associated with CKD. All chronic 

nephropathies progress with tubular atrophy and interstitial fibrosis associated 

with decreased ability to produce EPO (Quaggin & Kapus 2011). The exact origin 

of the myofibroblasts that contribute to fibrosis is not understood in detail, but 

several cell types are hypothesized to be involved (Mack & Yanagita 2015). 

Maxwell and colleagues described already in 1997 that renal EPO producing cells 
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(REPCs) can turn into myofibroblasts after renal injury (Maxwell et al. 1997), 

which can lead to a decreased number of REP cells and anemia via reduced serum 

EPO levels. The hypothesis that REPCs are the source of the renal myofibroblasts 

was later supported by an article by Souma and colleagues (Souma et al. 2013). 

HIF-P4H inhibitors can alleviate anemia by stabilizing HIF-2 and subsequently 

increasing EPO expression in REPCs and stimulating erythropoiesis. More 

specifically, inactivation of HIF-P4Hs selectively in REP cells can reactivate EPO 

production after myofibroblast-transformed EPO-producing cells (Souma et al. 

2016), this being one of the potential mechanisms behind alleviation of anemia of 

CKD by HIF-P4H inhibitors.  

Roxadustat (FG-4592, FibroGen) is a potential pan HIF-P4H inhibitor 

currently in Phase III trials for the treatment of anemia caused by CKD. A study 

with anephric hemodialysis patients showed that roxadustat could increase the 

circulating EPO concentrations also in patients without kidneys, indicating that 

roxadustat can boost the release of EPO from extrarenal sites, the most obvious 

candidate tissue being the liver (Bernhardt et al. 2010). In contrast to 

conventional EPO-analog treatments, roxadustat can be given orally and it does 

not require a simultaneous intravenous iron supplementation. This is because 

roxadustat decreases serum hepcidin levels (Besarab et al. 2015b), therefore 

releasing endogenous iron stores from macrophages to be used in erythropoiesis. 

Additionally, HIF-2 is known to induce the expression of several genes involved 

in duodenal iron absorption and distribution, such as DCYTB, DMT1, HAMP1, 

TFR and FPN (Koury & Haase 2015), making the oral administration of iron 

supplement with HIF-P4H inhibitors sufficient for treating anemia. So far, 

roxadustat has given promising results in this setting of anemia in phase IIa trials 

in both nondialysis-dependent (Besarab et al. 2015b) and dialysis patients 

(Besarab et al. 2015a), and it was more effective than epoetin alpha at increasing 

hemoglobin levels in hemodialysis patients (Provenzano et al. 2016). There are 

also other HIF-P4H inhibitors under clinical trials for treating anemia of CKD 

(Myllyharju 2013). An inhibitor developed by GlaxoSmithKlein is also showing 

good efficacy at increasing hemoglobin levels among CKD patients with anemia 

(Brigandi et al. 2016).  

Protection against ischemia is another potential target for HIF-P4H inhibitors. 

Numerous animal models with various experimental settings support the 

hypothesis that HIF stabilization in the heart protects against ischemic cardiac 

injury (for details about cardiac-specific HIF-P4H-2 knockdown, please see 

Chapter 2.3.4) (Bao et al. 2010, Cai et al. 2008, Eckle et al. 2008, Holscher et al. 
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2011, Huang et al. 2008, Hyvärinen et al. 2010, Kerkelä et al. 2013, Philipp et al. 

2006). In addition, several reports indicate that inhibition of HIF-P4Hs protects 

the kidneys against renal I/R injury and inhibits fibrosis associated with this 

injury in multiple rat and mouse models (Bernhardt et al. 2006, Hill et al. 2008, 

Kapitsinou et al. 2012, Rosenberger et al. 2008, Wang et al. 2012). Neuronal 

tissue can also be protected by HIF-P4H inhibition. Pretreatment with an HIF-

P4H inhibitor has been shown to reduce infarct volume in a rat model after 

middle cerebral artery occlusion (Siddiq et al. 2005). Interestingly, this protective 

effect is not limited to pretreatment, since HIF-P4H inhibition seems to have 

protective effect in mice even when administered after the onset of stroke (Ogle et 

al. 2012, Reischl et al. 2014). In rodent models of intracerebral hemorrhage 

(ICH), pan-HIF-P4H inhibition improved functional recovery due to suppression 

of prodeath factor ATF4 (Karuppagounder et al. 2016), which could be the 

protective mechanism in other models of neuronal damage as well. According to 

some reports, HIF-P4H inhibitors could also have therapeutic potential for 

treating Parkinson’s disease (Lee et al. 2009). In healthy mice, HIF-P4H 

inhibitors can also improve hippocampal memory and cognition (Adamcio et al. 

2010). 

Emerging fields for which HIF-P4H stabilization could have its uses are the 

contexts of metabolic diseases and atherosclerosis. Numerous mouse models 

show that either systemic, adipocyte-specific or hepatic HIF-P4H downregulation 

improves glucose tolerance and protects against obesity, metabolic dysfunction 

and development of atherosclerosis (Matsuura et al. 2013, Michailidou et al. 

2015, Rahtu-Korpela et al. 2014, Rahtu-Korpela et al. 2016, Taniguchi et al. 

2013). In line with these observations, CKD patients treated with HIF-P4H 

inhibitor had reduced serum cholesterol levels in a clinical trial (Provenzano et al. 

2016). Whether the reduction in serum cholesterol levels results in decreased 

cardiovascular disease mortality remains to be elucidated.  

Crohn’s disease and ulcerative colitis, collectively called inflammatory bowel 

diseases (IBDs), are disorders of the gastrointestinal tract caused by dysfunction 

of the mucosal immune system. Within the colon there is a very steep oxygen 

gradient from the anaerobic lumen across the epithelium into the highly 

vascularized subepithelium (Taylor & Colgan 2007). Indeed, normoxic 

stabilization of HIF by HIF-P4H inhibition has been shown to protect against 

intestinal inflammation in mouse models of colitis (Cummins et al. 2008, Gupta 

et al. 2014, Keely et al. 2014, Robinson et al. 2008) and human trials are 

warranted in the future. 
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Acute lung injury (ALI) is caused by injuries and acute infections to the lungs 

and manifests itself as an acute respiratory distress syndrome in patients (Ware & 

Matthay 2000). Although oxygen supplementation is often provided to patients 

with ALI, too much oxygen with pulmonary inflammation can exacerbate the 

clinical situation by preventing HIF stabilization (Thiel et al. 2005). HIF-2 

enhances endothelial barrier function by regulating adherens junction integrity 

and HIF-2deficiency resulted in increased lung vascular permeability and water 

content both at the baseline and after endotoxin-mediated acute lung injury, 

whereas administration of HIF-P4H-2 inhibitor FG-4497 was protective against 

murine ALI (Gong et al. 2015). In another setting, treatment with a nonspecific 

HIF-P4H inhibitor dimethyloxaloylglycine (DMOG) in vivo was associated with 

increased survival and attenuation of lung inflammation during ALI induced by 

mechanical ventilation in mice (Eckle et al. 2013), thus further underlining the 

potential use of inhibitors in patients with ALI. In this setting the protective 

mechanism involved HIF-induced transcriptional control of pulmonary adenosine 

signaling (Eckle et al. 2014). 

HIF-1 plays an essential role in innate immune function of myeloid 

phagocytes (Cramer et al. 2003, Peyssonnaux et al. 2005). Recent articles 

indicate that HIF-P4H inhibitors may be used to alleviate bacterial infections in 

the skin (Okumura et al. 2012) and lungs (Schaible et al. 2013) when combined 

with antibacterial drugs to boost the innate immune system’s response against the 

bacteria.  

Despite the fact that HIF-P4H inhibition has resulted in better outcomes in 

several preclinical settings, some concerns about the harmful effects of these 

drugs remain. Constitutive HIF stabilization may promote cancer formation, 

although results from families with HIF-stabilizing mutations have not indicated 

an increase in the prevalence of tumor formation (Maxwell & Eckardt 2016). 

Pulmonary hypertension is another potential problem with pharmacologic HIF 

activation, these two being linked in several genetic disorders with constitutive 

activation of HIF (Bond et al. 2011, Gale et al. 2008, Smith et al. 2006). 

Furthermore, Chuvash polycythemia with HIF stabilization is associated with a 

reduced life expectancy and an increase in thromboembolic events (Gordeuk et al. 

2004). While high mortality among Chuvash polycythemia patients has not yet 

been fully explained, the association warrants further study (Gordeuk et al. 2004).  
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2.4 Erythropoiesis 

2.4.1 Hematopoiesis 

During hematopoiesis the various blood cell lineages arise via hierarchical 

differentiation pathways. Multipotent stem cells differentiate via oligopotent and 

unipotent progenitor stages, eventually giving rise to all the different blood cells. 

This cellular hierarchy is maintained by self-renewing, multipotent hematopoietic 

stem cells (HSCs) (Spangrude et al. 1991). In the standard model of 

hematopoiesis, differentiation commences from long term HSC (LT-HSC) and 

short-term HSC (ST-HSC) through stem cell intermediates with less durable self-

renewal potential. Eventually, multipotent progenitors (MPPs) are formed from 

which the common lineages for myelopoiesis (common myeloid progenitor CMP) 

and lymphopoiesis (common lymphoid progenitor CLP) are segregated (Akashi et 

al. 2000, Kondo et al. 1997, Manz et al. 2002). CMPs form megakaryocytes, 

erythrocytes, granulocytes, monocytes and dendritic cells, whereas the CLPs 

differentiate into B and T cells as well as natural killer cells. Figure 6 shows a 

schematic view of the differentiation pathway.  

The general differentiation pathways are similar between adult mouse and 

human hematopoietic hierarchies, but the cell surface phenotypes vary 

considerably, as reviewed by Doulatov and colleagues (Doulatov et al. 2012). It is 

worth noting, however, that the standard model of hematopoietic differentiation 

has recently been challenged by work showing that in humans adults the loss of 

differentiation capacity of the HSCs does not proceed as straight-forwardly as 

expected; instead, the hierarchy seems to compose of two-tiers: a top-tier with 

multipotent stem cells and a bottom-tier with committed unipotent progenitors 

(Notta et al. 2015).  
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Fig. 6. Differentiation pathway during hematopoiesis. Differentiation towards 

erythrocytes is indicated in red. Some of the most relevant surface proteins used in 

studies of murine erythropoiesis are noted. CD stands for cluster of differentiation. 

HSC, hematopoietic stem cell; CMP, common myeloid progenitor; CLP, common 

lymphoid progenitor; MEP, megakaryocyte-erythrocyte progenitor.  

Red blood cells, also known as erythrocytes, constitute approximately half of the 

blood volume. In the erythroid lineage differentiation, the earliest committed 

progenitors are called burst-forming unit-erythroids (BFU-Es), which arise from 

megakaryocyte-erythroid progenitors (MEPs) (Barminko et al. 2015). The early 

BFU-Es further differentiate into rapidly dividing colony-forming unit-erythroids 

(CFU-Es), which become hemoglobinized and enucleated to form mature 

erythrocytes (Dzierzak & Philipsen 2013). EPO, stem cell factor (SCF), insulin-

like growth factor 1 (IGF1), corticosteroids, interleukin-3 (IL-3) and IL-6 are 

needed for the differentiation of BFU-E towards CFU-E (Hattangadi et al. 2011). 

The function of the erythrocytes in the body is to carry oxygen away from the 

lungs to the peripheral tissues and carbon dioxide from the peripheral tissues back 

to the lungs. Therefore, there is a tight relationship between oxygen tension and 
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red blood cell mass. This correlation is mediated through the glycoprotein 

hormone EPO, a well-described HIF target molecule. Surgical removal of animal 

organs identified the kidney as the major source of EPO more than half a century 

ago (Jacobson et al. 1957). Also in humans, EPO is primarily produced in the 

kidneys, though the liver is the primary source during embryogenesis. Murine 

Epo mRNA expression has also been detected in the lungs, heart, bone marrow, 

spleen, hair follicles, the reproductive tract and in osteoblasts (Bodo et al. 2007, 

Dame et al. 1998, Kobayashi et al. 2002, Magnanti et al. 2001, Marti et al. 1997, 

Masuda et al. 2000, Miro-Murillo et al. 2011, Rankin et al. 2012, Yasuda et al. 

1998).  

Renal EPO production is dependent on tissue oxygen levels. In response to 

hypoxia or anemia, the number of REPCs increases proportionally to the degree 

of insult (Koury et al. 1989, Obara et al. 2008). REPCs are characterized as 

peritubular interstitial fibroblasts residing in the cortex (predominantly 

juxtramedullary region) and outer medulla, where they form dendritic projections 

to form direct contacts with renal tubules and capillaries (Obara et al. 2008, 

Paliege et al. 2010).  

Neurons and astrocytes produce EPO, and the glial component of the CNS 

was suggested to be essential for hypoxia-induced erythropoiesis in one study 

(Weidemann et al. 2009). While the oxygen tension in the blood is the main 

controller of EPO production, there are also studies indicating possible extrinsic 

signals that control EPO levels. Of particular interest, Boutin and colleagues 

postulated that the skin is a vital organ controlling murine renal EPO production 

(Boutin et al. 2008).  

In the bone marrow, EPO binds to EPO receptor (EPOR), which initiates an 

intracellular cascade including Janus Kinase 2 (JAK2), signal transducer and 

activator of transcription 5 (STAT5), mitogen-activated protein kinase (MAPK) 

and phosphoinositide 3-kinase (PI3K)-AKT pathways leading to inhibition of 

apoptosis as well as expansion and differentiation of erythroid precursors as 

reviewed by Richmond and colleagues (Richmond et al. 2005). The increase in 

red blood cell mass decreases the circulating EPO levels, so there is a negative 

feedback loop to balance the rate of erythropoiesis according to tissue 

oxygenation (Lee & Percy 2011).  

Iron is needed for the production of hemoglobin molecules and therefore it is 

necessary for erythropoiesis. The iron supply becomes particularly vital during 

stress erythropoiesis, for example in the case of a hemorrhage when iron demands 

are high. High iron levels can also be detrimental so there has to be a delicate 
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system for controlling the iron load. Iron can enter the body only via the 

gastrointestinal tract, where the divalent metal transporter DMT1 facilitates the 

iron uptake (Fleming et al. 1998). The storage form of iron is bound to ferritin 

and is mainly stored in the liver, spleen and bone marrow (Linder 2013).  

2.4.2 HIF and erythropoiesis 

EPO production is primarily stimulated by hypoxia, which can increase its 

production up to 1000-fold (Ebert & Bunn 1999), HIF-2α being the main 

regulator of EPO in vivo (Chavez et al. 2006, Kapitsinou et al. 2010, Paliege et al. 

2010, Rosenberger et al. 2002, Warnecke et al. 2004). However, HIF-1α seems to 

have a key role in erythropoiesis during embryonal development (Yoon et al. 

2006). Although the kidneys are the primary source of EPO, the liver retains its 

ability of producing EPO during embryonic development (Dame et al. 1998) and 

in response to hypoxia (Kapitsinou et al. 2010) as well as during pharmacologic 

HIF activation (Minamishima & Kaelin 2010).  

Ever-growing evidence has clearly identified HIF-2α as a key 

pharmacological target for anemia treatment (Haase 2013). In addition to 

conventional HIF-P4H–mediated HIF-2α regulation, post-transcriptional and 

post-translational modifications of HIF-2α have been shown to modulate EPO 

production. Sirtuin1 (Sirt1), a redox-sensin deacetylase, directly interacts with 

HIF-2α protein to increase HIF-2α –dependent EPO transcription (Dioum et al. 

2009). Small ubiquitin-like Modifier (SUMO) proteins are related to ubiquitin 

and reversibly modify target proteins. Sentrin/SUMO-specific protease (SENP1) 

is an enzyme that removes SUMO. SENP1 knockout embryos are anemic and die 

in mid-gestation, suggesting that SENP1 is likely involved in the de-

SUMOylation of HIF-2α (Cheng et al. 2007). To further add to the complexity of 

the interplay between HIF-2α and erythropoiesis, iron deficiency suppresses HIF-

2α mRNA expression. Sanchez and colleagues found a conserved, functional 

iron-responsive element (IRE) in the untranslated 5’ region of the HIF-2α gene. 

Reduced iron availability therefore diminishes HIF-2α expression, limiting EPO 

production and erythropoiesis (Sanchez et al. 2007). 

While hypoxia induces renal EPO production from REPCs via HIF-2α 

stabilization, the interplay of REPCs with other renal cell types to regulate EPO 

production is not completely understood. A recent report showed that acute HIFα 

stabilization in renal epithelial cells by conditional VHL knockdown surprisingly 

resulted in anemia. This was due to repression of renal EPO production via 
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increase in renal cortical O2 concentration and concomitant reduction in REPC 

formation (Farsijani et al. 2016). 

When demand for increase in the rate of erythropoiesis prevails, iron is 

especially needed in the bone marrow where erythropoiesis normally occurs. In 

the beginning of the 21st century, hepcidin was first described (Krause et al. 2000, 

Park et al. 2001) as an antimicrobial peptide found in the liver. The connection 

between hepcidin and the iron status was discovered slightly afterwards (Pigeon 

et al. 2001). Hepcidin was shown to be a negative regulator of iron uptake in the 

small intestine and of iron release from the macrophages (Nicolas et al. 2001). 

Hence, hepatocytes produce less hepcidin when serum iron levels are scarce, 

allowing more iron to enter the serum. The role of the HIF pathway in regulating 

hepcidin expression has been well established (Gordeuk et al. 2011, Nicolas et al. 

2002b, Peyssonnaux et al. 2007). However, the actual mechanism of the HIF-

pathway-induced downregulation of hepcidin puzzled the researchers for a long 

time, since HIFs did not seem to directly interact with the gene encoding for 

hepcidin (Volke et al. 2009). In contrast, it was shown that HIF-mediated 

hepcidin downregulation is actually mediated through an increase in EPO and the 

subsequently enhanced erythropoiesis (Liu et al. 2012, Pak et al. 2006). A 

groundbreaking finding was published by Kautz and colleagues in 2014, 

suggesting that the new hormone called ERFE is released from bone marrow 

erythroblasts upon erythropoiesis and suppresses hepcidin expression in the liver, 

linking EPO and erythropoiesis to hepcidin (Kautz et al. 2014). 

The hypoxia-inducible factor pathway regulates iron metabolism also through 

mechanisms other than hepcidin. HIF-2α directly increases the expression of 

duodenal cytochrome b (DcytB) and DMT1, the major regulators of duodenal 

iron absorption (Shah et al. 2009). DMT1 facilitates the uptake of iron into cells 

where DcytB reduces ferric iron to its ferrous form (Fe2+) (Haase 2013). 

Transferrin, an iron transporter in the serum, is produced in the liver HIF-1α-

dependently (Rolfs et al. 1997). The expression of transferrin receptor, which 

mediates the cellular iron uptake, is also regulated by HIF-1α (Tacchini et al. 

1999). Other HIF-1α target genes involved in iron metabolism include 

ceruloplasmin, which oxidizes Fe2+ to Fe3+ and is vital for iron transport 

(Mukhopadhyay et al. 2000), and heme-oxygenase-1 (HMOX1), which facilitates 

the recycling of iron from phagocytosed erythrocytes (Lee et al. 1997). Although 

HIF-2α is the driver of excessive erythropoiesis in conditional HIF-P4H-2 

knockout mice, HIF-1α actually protected these mice against lethality (Franke et 

al. 2013). In conclusion, both HIF-1α and HIF-2α are involved in regulating 



46 

metabolism of iron and their roles in fine-tuning the delicate system of 

erythropoiesis regulation are complex.  

2.4.3 Erythrocytosis 

Erythrocytosis is defined as an absolute increase in red cell mass, since both 

hemoglobin concentration and hematocrit can be affected by total plasma volume 

(McMullin et al. 2005). Erythrocytoses can be classified into primary and 

secondary subtypes. Primary erythrocytosis is associated with low or subnormal 

EPO levels, whereas secondary subtype is characterized by inappropriately high 

EPO levels (Lee & Percy 2011). The most common example of primary 

erythrocytosis is polycythemia vera, a disorder where a gain-of-function mutation 

of JAK2 leads to excessive erythrocytosis (James et al. 2005). The EPOR 

mutations are another example of primary erythrocytosis. The first EPOR 

mutation leading to elevated hematocrit levels was discovered by studying Eero 

Mäntyranta, a famous Finnish endurance athlete, and his family members (de la 

Chapelle et al. 1993). To date, several other EPOR receptor mutations have been 

described, all leading to constitutive EPOR activation and erythrocytosis despite 

low serum EPO levels (Bento et al. 2014). The causes of secondary erythrocytosis 

are more variable, ranging from chronic pulmonary diseases and EPO-producing 

tumors to methemoglobinemia, a disorder where hemoglobin molecules cannot 

adequately release oxygen in tissues (Lee & Percy 2011).   

Segeyeva and colleagues discovered the first mutation in the oxygen-sensing 

pathway leading to erythrocytosis in the Chuvash region of Russia in 1997 

(Sergeyeva et al. 1997). The mutation was later found to be a loss-of-function 

mutation in the von Hippel-Lindau protein, leading to stabilization of HIF and 

the concomitant upregulation of HIF target genes (Ang et al. 2002). Several other 

mutations in the VHL protein and in HIF-P4H-2 that lead to secondary 

erythrocytosis have been described with similar effects in stabilizing HIF-(Lee 

& Percy 2011). HIF-P4H-2 mutations are more thoroughly described in Chapter 

2.3.3.  

Furthermore, mutations in HIF-2α have been associated with erythrocytosis. 

The first predicted gain-of-function mutation in the gene encoding for HIF-2α 

was a G537W point mutation (Percy et al. 2008b). This mutation leads to aberrant 

normoxic HIF-2α stabilization (Percy et al. 2008b). Several other mutations in the 

HIF-2α gene have been found later, all of them leading to the aforementioned 

HIF-2α stabilization and increase in EPO (Gale et al. 2008, Martini et al. 2008, 
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Percy et al. 2008a). Hence, one can conclude that the unaltered functions of HIF-

2α, HIF-P4H-2 and VHL are vital for the regulation of erythropoiesis.  

2.4.4 Role of hypoxia response in high-altitude adaptation 

Some human populations have adapted to living at high altitudes. They provide a 

natural large-scale experiment to study how the human body responds to chronic 

hypoxia. These high altitude regions include the Tibetan Plateau, the Andean 

Altiplano and the Semien Plateau of Ethiopia (Beall 2013). Among non-adapted 

individuals, chronic exposure to hypoxia leads to excessive production of 

erythrocytes. This is due to the fact that with increasing altitudes there is a 

decrease in the partial pressure of oxygen, leading to hypobaric hypoxia. At the 

elevation of 4000 meters, a unit volume of air contains about 60 percent of the 

oxygen molecules compared to the same volume at sea level (Beall 2007). This 

drop results in decreased arterial oxygen saturation. To compensate this, the 

ventilation rate is increased in the short term and erythrocytosis occurs in the long 

term. However, erythrocytosis and high hematocrit results in high blood viscosity, 

which can impair tissue blood flow and oxygen delivery, cause thrombi and may 

lead to chronic mountain sickness.  

Phenotypic differences exist between highlanders living at the same altitude 

in different regions of the world. The Andean highlanders exhibited increased 

hemoglobin concentrations at 4000 meters, whereas hemoglobin concentration of 

Tibetan samples taken at the same altitude showed values comparable to sea-level 

samples from the United States (Beall et al. 1998). In addition, Tibetans show 

lower EPO concentration than Andean highlanders when matched for hematocrit 

(Winslow et al. 1989). Ethiopian highlanders, in turn, show hemoglobin 

concentrations and arterial oxygen saturation within the range of sea level 

populations (Beall et al. 2002). 

Genomic analysis of single nucleotide polymorphisms (SNPs) to scan for 

candidate genes contributing to high altitude adaptation revealed positive 

selection of 42 and 36 genes for Andean highlanders and Tibetans, respectively, 

some of them involved in the HIF pathway (Bigham et al. 2010). Specific 

chromosomal regions showed evidence of positive selection, yet these regions 

were unique to either Tibetans or Andeans, suggesting a lack of evidence for 

evolutionary convergence (Bigham et al. 2010). For example, the α-1 catalytic 

subunit of the adenosine monophosphate-activated protein kinase (PRKAA1 or 

AMPKα1) appears to be involved in hypoxia sensing. Variation in this gene is 
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associated with protection of Andean highlanders against intrauterine growth 

restriction and a birth weight reduction (Bigham et al. 2014). Furthermore, 

another study suggested positive selection in the encoding for FAM213A and 

SFTDP in Andean populations, the former being an antioxidant, and the latter 

being a surfactant pulmonary-associated protein (Valverde et al. 2015). Among 

Ethiopian highlanders, genetic analyses revealed several candidate genes involved 

in high altitude adaptation, some of them being associated with the HIF pathway. 

These candidate genes include thyroid hormone receptor β (THRB), aryl-

hydrocarbon receptor nuclear transcriptor (ARNT2), basic HLH member e41 

(BHLHE41, also known as SHARP1), and mitochondrial calcium uptake 1 

(MICU) (Huerta-Sanchez et al. 2013, Scheinfeldt et al. 2012, Udpa et al. 2014). 

More recently, HIF pathway genes have also been linked to natural selection in 

other human populations, including Sherpas, Indians and Mongolians (Aggarwal 

et al. 2010, Hanaoka et al. 2012, Jeong et al. 2014, Kang et al. 2013, Xing et al. 

2013). 

2.4.5 Tibetan high-altitude adaptation 

The Tibetan plateau is one of the most extreme environments inhabited by 

humans. The Tibetans’ ancestors are thought to have first moved to the highland 

area in the late Pleistocene about 21,000 years ago (Zhao et al. 2009). In addition 

to reduced hemoglobin concentration compared to non-adapted individuals, high-

altitude Tibetans maintain their normal aerobic metabolism despite the arterial 

hypoxia caused by reduced partial pressure of oxygen in the air (Beall 2007). To 

compensate for the diminished arterial oxygen pressure, Tibetans exhibit 

increased circulating nitric oxide (NO) levels leading to vasodilatation and 

enhanced blood flow (Beall et al. 2001), as well as an increased ventilation rate 

(Zhuang et al. 1993). As a further proof of the beneficial adaptive changes, 

hemoglobin concentration among adapted Tibetans associates with greater 

exercise capacity at high-altitude (Simonson et al. 2015) 

The genetic mechanism behind the Tibetan high altitude adaptation has been 

extensively studied during the past decades. Several articles have been published 

which identify genetic regions where positive selection has resulted in adaptive 

changes (Bigham et al. 2010, Peng et al. 2011, Simonson et al. 2010, Wang et al. 

2011, Xu et al. 2011, Yi et al. 2010). HIF2A, the gene encoding for HIF-2α, 

showed evidence of positive directional selection in all these genomic analyses 

(Bigham et al. 2010, Peng et al. 2011, Simonson et al. 2010, Wang et al. 2011, 
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Xu et al. 2011, Yi et al. 2010). HIF-2α SNPs correlate with lower hemoglobin 

concentrations in Tibetans compared to non-native highlanders (Beall et al. 2010, 

Yi et al. 2010). Interestingly, a recent article by Huerta-Sanchez and colleagues 

suggested after a HIF2A SNP analysis that intogression (mixing of genetic 

material between two species) between Tibetans and Denisovans contributed to 

the development of the HIF2A haplotype suitable for the Tibetan high altitude 

adaptation (Huerta-Sanchez et al. 2014). Two SNP loci in the promoter region of 

HIF2A that associate with Tibetan high-altitude adaptation decreased the binding 

of transcription repressors IKZF1 to HIF-2α, leading to attenuated transcriptional 

repression of HIF-2α (Xu et al. 2014). In addition, the HIF2A loci associated with 

higher lysyl oxidase (LOX) expression and higher birth weight among Tibetans 

(Xu et al. 2014), giving first functional insight into how HIF2A SNPs might be 

linked to adaptive Tibetan traits.  

HIF-P4H-2, the gene encoding for HIF-P4H-2, is another candidate gene for 

positive selection among Tibetans. The D4E mutation shows high divergence 

between Tibetans and lowlander populations and this mutation also associates 

with lower hemoglobin levels among Tibetans (Xiang et al. 2013). HIF-P4H-2 

SNPs have also been identified as candidate regions in other genome-wide 

analyses (Peng et al. 2011, Simonson et al. 2010, Wang et al. 2011, Xu et al. 

2011, Yi et al. 2010). Another major signaling protein, peroxisome proliferation-

activated receptor α (PPARα), a well-characterized HIF target gene and the master 

regulator of fatty acid oxidation, has been linked to Tibetan high altitude 

adaptation and shown to correlate with hemoglobin concentration in the Qinghai-

Tibetan population (Simonson et al. 2010), although it was not positively selected 

in other genome-wide studies, possibly due to a unique Qinghai-Tibetan 

population (Simonson et al. 2012). Four independent genome-wide studies have 

reported positive selection among Tibetan highlanders also in the gene encoding 

for heme oxygenase-2 (HMOX2), the rate-limiting enzyme in the heme 

degradation pathway (Peng et al. 2011, Simonson et al. 2010, Wuren et al. 2014, 

Yang et al. 2016). The HMOX2 variant seemed to be associated with lower 

hemoglobin levels among Tibetan males, potentially due to increased HMOX2 

expression (Yang et al. 2016). In the future, more studies are needed to verify 

how these genetic adaptations modify the cellular physiology that results in the 

protected phenotype among Tibetans.  
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2.4.6 Extramedullary hematopoiesis 

Extramedullary hematopoiesis refers to the formation and development of blood 

cells outside the medullary spaces in the bone marrow. During normal 

homeostasis, new erythrocytes are produced in the bone marrow at a constant 

rate. However, tissue hypoxia caused by anemia can result in stress erythropoiesis 

where the rate of red blood cell production is increased. Another example of stress 

erythropoiesis is during embryonic development. In adult mice, stress 

erythropoiesis occurs in the spleen and liver (Lenox et al. 2009, Ploemacher & 

van Soest 1977). The liver is the primary source of erythrocytes during fetal 

development (Porayette & Paulson 2008). Bone morphogenetic protein 4, BMP4, 

is a key regulator of the expansion of the stress erythroid progenitors in the spleen 

and the liver (Paulson et al. 2011), together with hedgehog signaling (Perry et al. 

2009), stem cell factor (SCF) and hypoxia (Perry et al. 2007). 

In some clinical disorders, other organs such as the spleen and liver can 

replace bone marrow as the primary site of erythropoiesis. Four theories 

encompass most of the pathophysiological causes behind the extramedullary 

hematopoiesis under the following conditions: bone marrow failure, for example 

in myelofibrosis, bone marrow stimulation (myelostimulation), like in hereditary 

spherocytosis, tissue inflammation, injury and repair, such as in the myocardium 

after infarction, as well as abnormal systemic or local chemokine production, as 

in the case myelofibrosis with myeloid metaplasia (Hill & Swanson 2000, Johns 

& Christopher 2012, Koch et al. 2003).   

Normoxic stabilization of HIFs has been associated with extramedullary 

hematopoiesis in mouse models. Conditional global Hif-p4h-2 knockout results in 

robust erythrocytosis with spleen as the source of extramedullary hematopoiesis 

both in young and older mice (Li et al. 2010). Chuvash polycythemia is a 

heritable disease characterized by elevated hematocrit and increased serum EPO 

levels. The loss-of-function mutation in pVHL leads to constitutive stabilization 

of HIFα subunits. The mouse model carrying an identical mutation of pVHL to 

human patients shows striking splenic erythropoiesis and increased erythroid 

differentiation of splenic HSCs in vitro (Hickey et al. 2007). Iron regulator 

protein 1 (IRP1) is a regulator of iron metabolism, and IRP1 deficient mice show 

splenic erythropoiesis through HIF-2α hyperactivity (Anderson et al. 2013). 
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2.4.7 Anemia caused by an inflammatory reaction 

Anemia of chronic disease is the second most prevalent anemia type after iron 

deficiency anemia. Anemia of chronic disease can also be referred to as anemia of 

inflammation, because the immune system is heavily involved in its 

pathophysiology. Cytokines and reticuloendothelial cells, which are mainly 

monocytes and macrophages located in the lymph nodes and spleen, contribute to 

changes in iron homeostasis, the proliferation and differentiation of erythroid 

progenitor cells, altered EPO synthesis and the life span of red blood cells, 

leading to anemia of inflammation (Weiss & Goodnough 2005).   

The major mechanism behind anemia of inflammation is the disturbance of 

iron homeostasis. Increase in iron uptake and iron retention within 

reticuloendothelial cells limits iron availability for the production of erythroid 

lineage cells, leading to subsequent iron-restricted erythropoiesis (Weiss & 

Goodnough 2005). When proinflammatory cytokines IL-1 and tumor necrosis 

factor α (TNF-α) are injected in mice, hypoferremia and anemia develop via 

cytokine-inducible ferritin synthesis by macrophages and hepatocytes (Alvarez-

Hernandez et al. 1989). Iron is transported inside macrophages via DMT1 

(Andrews 1999). Hepcidin expression is induced by lipopolysaccharide and IL-6 

but inhibited by TNF-α (Nemeth et al. 2004). Transgenic or constitutive 

overexpression of hepcidin results in severe iron-deficiency anemia (Nicolas et al. 

2002a). The proliferation and differentiation of erythroid precursors are impaired 

among patients with anemia of chronic disease, probably owing to the inhibitory 

effects of cytokines (Means 2003). 

2.4.8 Models of inflammation-induced anemia 

Due to the high clinical relevance of inflammation-induced anemia, several 

mouse models have been developed to mimic this condition. A well-characterized 

method to cause chronic anemia of inflammation is a single intraperitoneal 

injection of lipopolysaccharide (LPS), the major cell wall component of Gram-

negative bacteria, followed by one dose of zymosan, a yeast cell wall component, 

one week later (Lasocki et al. 2008). In a rat model, a single dose of 

peptidoglycan-polysaccharide polymers (PGPS) derived from type A streptococci 

lead to chronic arthritis as well as protracted, moderate anemia (Barrett et al. 

2011). Turpentine injections into mouse intrascapular fat pad can be used to 

induce either acute or chronic inflammation-induced anemia (Nicolas et al. 
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2002b). Chronic peritoneal catheter infection can be caused by first culturing 

standard intravenous catheter-over-needle assemblies together with 

Staphylococcus epidermidis overnight, followed by passing of the catheter tip into 

intraperitoneal space (Rivera & Ganz 2009). Other models to mimic anemia of 

inflammation include collagen-induced rheumatoid arthritis (Williams 2004), 

injection of Complete Freund’s Adjuvant (CFA, emulsion of inactivated 

mycobacteria) (Rivera & Ganz 2009) and a single injection of heat-killed 

Brucella abortus (Sasu et al. 2010).  

2.5 Ischemia-reperfusion injury 

2.5.1 Mechanism of ischemia-reperfusion injury 

When blood flow to tissues such as the myocardium or skeletal muscle is 

compromised, tissues start suffering from hypoxia. Prolonged pathological 

hypoxia due to impaired blood flow (ischemia) results in cell damage and finally 

cell death due to controlled (apoptotic) or uncontrolled (necrotic) mechanisms. 

When blood flow is restored, further damage can occur and this is called I/R 

injury. I/R injury contributes to morbidity and mortality in several pathologies, 

including myocardial infarction, ischemic stroke, acute kidney injury, trauma, 

circulatory arrest, sickle cell disease and sleep apnea. In addition, I/R injury is a 

challenge during organ transplantation as well as in cardiothoracic, vascular and 

general surgery (Eltzschig & Eckle 2011). As a result, there is a particular need to 

understand the mechanism underlying I/R injury. 

Several pathological processes contribute towards I/R injury formation. 

Inflammation is a major factor in I/R injury. Ischemia and reperfusion lead to 

sterile inflammation that mimics the activation of a host immune response against 

invading microorganisms  (Chen & Nunez 2010). During microbial invasion, toll-

like receptors (TLRs) bind their ligands, which causes the activation of signaling 

pathways such as NFB and MAPK, leading to subsequent induction of 

proinflammatory cytokines and chemokines (Chen & Nunez 2010). TLR4 activity 

can be induced by oxidative stress (Powers et al. 2006), and both TLR4 (Wu et al. 

2007) and TLR2 (Leemans et al. 2005) mediate kidney I/R injury. TLR 

antagonists are under development for the potential use in alleviating I/R injury 

(Kanzler et al. 2007). Damage-associated proteins (DAMPs) are ligands that 

activate TLR receptors upon cell damage, as in the case of I/R (Chen & Nunez 
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2010). On the other hand, extracellularly located DAMPs such as adenosine and 

fibrogen-derived peptide Bβ15-42 can be activated by I/R, where they can function 

as protective signals to restrain potentially harmful immune responses and 

promote tissue integrity (Grenz et al. 2011, Petzelbauer et al. 2005). 

Leukocytes accumulate in tissues exposed to ischemia and reperfusion. 

Undifferentiated monocytes from the spleen can be recruited to the ischemic 

myocardium where they contribute to wound healing (Swirski et al. 2009). Mouse 

experiments have shown that both CD4+ and CD8+ T cells have a detrimental role 

in I/R injury in several tissues (Day et al. 2006, Yang et al. 2005, Yilmaz et al. 

2006). In addition, IL-17 produced by γδ T cells contributes to I/R injury both in 

the mouse model of cerebral I/R injury (Shichita et al. 2009) as well as among 

patients suffering from stroke (Li et al. 2005). Treg cells, in contrast, seem to 

protect against cerebral damage caused by an experimental stroke (Liesz et al. 

2009). 

Some studies also link reperfusion injury to the occurrence of antibodies 

against own tissue. For example, a conserved region within nonmuscle myosin 

heavy chain type II A and C has been identified as a self-target for natural IgM 

antibodies at the point of reperfusion injury initiation (Zhang et al. 2006). The 

complement system also plays a role in I/R injury; the effect, however, seems to 

be dual with a delicate equilibrium needed for the best clinical outcome (He et al. 

2009). 

I/R injury leads to cell death. Mice deficient for the matricellular protein 

thrombospondin 1 (THBS1), an inducer of apoptosis, are protected against acute 

kidney injury (Thakar et al. 2005), indicating that inhibition of apoptosis may be 

a potential treatment target. 

Attenuated vascular relaxation after reperfusion can result in a no reflow 

phenomenon due to increased impedance of a microvascular blood flow after 

reopening of the occluded blood vessel. In an ischemic brain injury mouse model, 

ischemia leads to sustained pericyte contraction on microvessels that lasts even 

after reperfusion (Yemisci et al. 2009), indicating that restoration of pericyte 

function is vital for the treatment of I/R injury.  

2.5.2 Role of HIF pathway in ischemia-reperfusion 

NFB, a transcription factor involved in the inflammation reaction, can be 

activated by hypoxia (Cummins et al. 2006). IKK-β is a catalytic subunit of IKK 

that is necessary for NFB activation, and mice deficient for IKK-β are 
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embryonically lethal due to massive apoptosis of the developing liver (Li et al. 

1999). Although inhibition of the NFB pathway is associated with reduced 

inflammation in an intestinal I/R model, simultaneous severe damage in the 

reperfused mucosa indicates that caution needs to be taken when considering 

NFB inhibition as a treatment target for I/R injury (Chen et al. 2003). 

Mitochondrial autophagy is also regulated by the HIFs (Zhang et al. 2008), and 

autophagy works as an adaptive response to sublethal stress. Chloramphenicol, an 

inducer of autophagy, was shown to be protective against swine myocardial I/R 

injury (Sala-Mercado et al. 2010). In addition, HIF-1α-induced expression of 

mitochondrial protein frataxin mitigates mitochondrial iron overload and 

subsequent reactive oxygen species (ROS) production, thus preserving 

mitochondrial membrane integrity and cardiomyocyte function after myocardial 

I/R insult (Nanayakkara et al. 2015). On the other hand, mitochondrial 

permeability transition pore (MPTP) opens within the first minutes of reperfusion 

and is a critical determinant of I/R injury (Ong et al. 2015).  Both pharmacologic 

and genetic HIF-1α stabilization inhibited MPTP opening HK2-dependently and 

reduced cardiac I/R injury (Ong et al. 2014). Taken together, the data suggests a 

vital role for HIFs in preserving mitochondrial function in I/R.  

I/R causes an increase in vascular permeability and endothelial cell 

inflammation (Eltzschig & Eckle 2011). Hypoxia modulates the endothelial cell 

function. Cultured endothelial cells show increased permeability under hypoxia 

due to lower cAMP levels (Ogawa et al. 1990, Ogawa et al. 1992). Repression of 

adenosine kinase, which converts adenosine to adenosine monophosphate via 

HIF-1 attenuates vascular leakage (Morote-Garcia et al. 2008). In addition, 

HIF-1 induces the expression of netrin-1 in hypoxic epithelia, which attenuates 

neutrophil transepithelial migration and represses mucosal inflammation 

(Rosenberger et al. 2009). HIF-1 can also contribute to cardioprotection against 

I/R injury by upregulating renalase, an enzyme metabolizing catecholamines (Du 

et al. 2015). 

Chen and colleagues investigated the roles of the three HIF-P4H isoenzymes 

in transient focal cerebral ischemia (Chen et al. 2012). HIF-P4H-2 heterozygous 

mice showed higher cerebral microvascular density, improved cerebral blood flow 

and better blood brain barrier function compared to wild-type littermates 24h after 

transient cerebral ischemia, whereas HIF-P4H-1 and HIF-P4H-3 did not have 

significant effects on the outcome (Chen et al. 2012). HIF-P4H-2 deficiency 

protects hearts against I/R injury ex vivo (Hyvärinen et al. 2010). The protective 

phenotype was further validated by an in vivo model where endothelial HIF 
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stabilization lead to elevated serum NO concentration through increased 

endothelial nitric oxide (eNOS) levels, making HIF-P4H-2 deficient mice less 

susceptible to I/R injury (Kerkelä et al. 2013).  

2.5.3 Skeletal muscle ischemia-reperfusion injury 

PAD is the manifestation of atherosclerosis and subsequent reduction in blood 

flow within peripheral arteries, such as the femoral arteries. The disease burden 

caused by PAD is profound, with more than 25 million patients in the USA and 

Europe alone (Norgren et al. 2007). In addition, PAD strongly correlates with 

coronary artery disease and cerebrovascular diseases, further exacerbating the 

prognosis (Golomb et al. 2006). The management of PAD follows three main 

modalities: risk factor reduction, pharmacological intervention and 

revascularization surgery. Revascularization is the fastest way of enhancing 

peripheral blood flow in limb ischemia. However, half of the patients with critical 

limb ischemia are considered unsuitable for surgical revascularization due to 

advanced disease progression, and those who receive treatment have a poor 

prognosis (Adam et al. 2005), making the search for new treatment approaches 

even more relevant. Controlled enhancement of neovascularization and 

modifications in skeletal muscle metabolism to protect against ischemia-induced 

damage remain as major new approaches to treat patients with PAD.  

Aragones and colleagues studied how HIF-P4H-1 deficiency affects mouse 

hind-limb skeletal muscles (Aragones et al. 2008). They showed that loss of HIF-

P4H-1 lowers oxygen consumption in skeletal muscles by switching basal 

glucose metabolism towards more anaerobic ATP production. This impaired 

oxidative muscle performance in healthy conditions, but protected mice against 

skeletal muscle I/R injury due to reduced production of ROS. No protection was 

seen in heterozygous HIF-P4H-2 deficient or homozygous HIF-P4H-3 deficient 

mice (Aragones et al. 2008). In contrast, Takeda and colleagues reported that also 

HIF-P4H-2 haplodeficiency can display preformed collateral arteries with 

preserved limb perfusion and prevention against hind-limb ischemia and necrosis 

due to expansion of tissue-resident, M2-like macrophages (Takeda et al. 2011). In 

another model of PAD, mice were subjected to chronic femoral artery ligation. 

HIF-P4H-1 as well as HIF-P4H-3 deficient mice showed improved recovery of 

perfusion and motor function together with increase capillary and arteriolar 

density throughout the 28-day follow-up (Rishi et al. 2015). Inhibition of HIF-

P4Hs by short hairpin RNA (shRNA) injected into ischemic hind-limb muscles 
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showed that HIF-P4H-2 and HIF-P4H-3 inhibition specifically led to HIF-1α–

dependent therapeutic neovascularization (Loinard et al. 2009). The highest effect 

was observed in mice treated with HIF-P4H-3 shRNA, with the lowest pro-

angiogenic effect observed upon HIF-P4H-1 inhibition (Loinard et al. 2009). 

Similarly, HIF-P4H-2 shRNA inhibition also enhanced efficiency of human bone 

marrow-derived mesenchymal stem cell-based therapy for critical limb ischemia 

(HoWangYin et al. 2014). 

A significant increase in capillary size of the ischemic skeletal muscle was 

observed after adenoviral HIF-1α and HIF-2α gene transfers in a study with 

rabbits, showing that HIFs can induce beneficial angiogenesis in vivo (Niemi et 

al. 2014). Adeno-associated virus gene delivery of HIF-1α is superior to VEGF 

delivery, showing that overexpression of stabilized HIF-1α can circumvent the 

problems associated with overexpression of individual angiogenic factors, such as 

vascular leakage (Pajusola et al. 2005). In a more clinically relevant model of 

PAD, rabbits were subjected to occlusion of the superficial femoral artery by 

endovascular coils (Patel et al. 2005). Adenovirus-induced constitutive HIF-1α 

activation led to improved blood flow parameter values also in this model (Patel 

et al. 2005), further suggesting that pharmacological HIF activation will be 

subjected to clinical studies in the future among patients with PAD.  
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3 Aims of the present study 

The total knockdown of HIF-P4H-2 in a mouse model leads to embryonic 

lethality (Takeda et al. 2006), underlining its importance in cellular homeostasis. 

The HIF pathway regulates hematopoiesis mainly through the induction of EPO, 

although other mechanisms have also been described. In addition, HIFs play a 

major role in adapting cells to oxygen deprivation. Our research group has 

previously created a viable HIF-P4H-2 hypomorphic (Hif-p4h-2gt/gt ) mouse line 

by using a gene trap method. The gene trap, however, is not complete since even 

the targeted allele produces some wild-type HIF-P4H-2 mRNA, the amount 

varying between the tissues from less than 10% in the heart to 60% in liver 

compared to wild type (Hyvärinen et al. 2010, Rahtu-Korpela et al. 2014). HIF-

P4H inhibitors have been developed to treat anemia caused by CKD, and further 

clinical trials are warranted to study their roles in ischemic diseases, such as PAD. 

The specific aims of this study were as follows: 

1. The first aim was to investigate the genetic adaptation mechanisms resisting 

the high-altitude-induced erythrocytosis in Tibetans. We identified a novel 

D4E mutation in HIF-P4H-2 in Tibetans that coexisted with the recently 

identified C127S. The aim was to study how these mutations affected the 

enzyme kinetics of HIF hydroxylation and hence HIFstability. Our 

hypothesis was that these mutations increase the hydroxylation rate of HIF 

under hypoxia, decreasing the intracellular HIFlevels and decreasing the 

levels of EPO production and erythropoiesis in hypobaric hypoxia associated 

with high-altitude residency.  

2. The second target was to study the role of HIF-P4H-2 in erythropoiesis. The 

Hif-p4h-2gt/gt mice were used as a model. Although previous characterization 

of the Hif-p4h-2gt/gt mice at 2-5 months revealed no increase in hematological 

parameters or serum EPO (Hyvärinen et al. 2010). Sacrificing a cohort of 1-

year-old mice revealed a slight increase in their hematocrit values. 

Furthermore, we wanted to study the mechanisms of how HIF-P4H-2 

deficiency might lead to erythrocytosis in the Hif-p4h-2gt/gt mice at an older 

age. To add clinical relevance, we used two models of inflammation-induced 

anemia and tested whether the Hif-p4h-2gt/gt mice would be protected against 

anemia compared to wild-type mice after the inflammatory insults.  

3. The third aim was to investigate whether HIF-P4H-2 deficiency is protective 

also in the setting of skeletal muscle ischemia in vivo. The basal metabolic 
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status of the Hif-p4h-2gt/gt skeletal muscles was studied and the recovery from 

exercise-induced lactate production observed. The Hif-p4h-2gt/gt mice were 

also subjected to femoral artery ligation to mimic critical limb ischemia and 

we hypothesized that they would show less ischemic injury than wild-type 

mice after the injury.  
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4 Methods 

Summary of the materials and methods used in this thesis can be found below. 

Detailed descriptions with references can be found in the original articles I-III.  

Table 2. Materials and methods.  

Level  Method Used in article 

DNA Genomic DNA exon sequencing I 

 

 

RNA 

SNP genotyping 

PCR 

RNA isolation 

Quantitative real-time PCR 

I 

I, II, III 

I, II, III 

I, II, III 

Protein Recombinant protein expression and purification 

Kinetic assays 

ELISA 

SDS-PAGE and Western blotting 

I 

I 

II 

I, II, III 

Cells and tissues Cell culture 

siRNA transfection 

shRNA knockdown and rescue assays 

Colony forming assays 

Separation of cell types from peripheral blood samples 

I, II 

II 

I 

I,II 

I 

 Fluorescence-activated cell sorting (FACS) II 

 Metabolite assays 

Determination of PEPCK activity 

Preparation and staining of paraffin sections 

III 

III 

II, III 

 Immunohistological and immunofluoresecence stainings 

Transmission electron microscopy 

Histological analyses 

Determination of infarct size 

Determination of tissue glycogen content 

II, III 

III 

II,III 

III 

III 

Mice Analysis of hematologic parameters 

Plasma iron, serum amyloid P and serum EPO 

Inflammation-induced anemia models 

II 

II 

II 

 

 

Skeletal muscle surgery in vivo 

Treadmill exercise and serum lactate measurements 

III 

III 

Other Population branch statistics 

Measuring the decay of linkage disequilibrium 

Statistical analyses 

Ethical approvals/informed consent 

Animal experimentation license 

I 

I 

I, II, III 

I 

II, III 
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5 Results 

5.1 HIF-P4H-2D4E, C127S double mutant contributes to Tibetan high-

altitude adaptation 

5.1.1 Genomic screening for adaptive mutations in Tibetans show 

positive selection of the variants in the HIF-P4H-2 gene 

Twenty-six Tibetans living in the USA, as well as 121 Asian and European 

control subjects, were recruited for the study. Exon sequencing of the HIF-P4H-2 

gene in the Tibetan genomic DNA identified two missense mutations in exon 1. 

22 samples had a new c.12C>G (encoding for D4E amino acid change) variant 

and all 26 samples had a known c.380G>C (leading to C127S mutation) (Table 1 

in I). In comparison, the frequency of these alleles among non-Tibetans was only 

0.8% and 20% for c.12C>G and c.380G>C, respectively. To search for positive 

selection for the D4E,C127S compound allele of the HIF-P4H-2 gene, 17 US 

Tibetans were genotyped for over 900 000 SNPs. By using population branch 

statistics (PBS), the D4E gave the fifth highest value of all the SNPs studied 

(Figure 1 in I), suggesting a high divergency between Tibetan, European and 

Mongolian populations. The four SNPs with the most extreme PBS values also 

located in the HIF-P4H-2 gene but did not cause amino acid changes.  

5.1.2 Functional analyses of the Tibetan HIF-P4H-2 mutations reveal 

gain of function under hypoxia 

Kinetic analyses of the recombinant proteins under normoxia and hypoxia in vitro 

were performed to characterize the functional properties of the Tibetan HIF-P4H-

2D4E, C127S double mutant as well as HIF-P4H-2D4E and HIF-P4H-2C127S single 

mutants compared to wild type HIF-P4H-2 enzyme. The Km and Vmax values for 

DLD19, a synthetic peptide encompassing the HIF-1 C-terminal hydroxylation 

site, were identical for all mutants compared to values of the wild-type enzyme 

(Table 2 in I). For a more natural substrate, the HIF-2α O2-dependent degradation 

domain (ODDD) containing both the N- and C-terminal prolyl hydroxylation 

sites, the Km value for the HIF-P4H-2D4E, C127S double mutant was slightly but 

significantly higher, whereas the Vmax value was 30% greater compared to the 

wild-type enzyme (Table 2 in I), potentially compensating each other with respect 
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to overall hydroxylation efficiency. The Km and Vmax values for the cosubstrate 2-

OG were indifferent between the wild-type and mutant enzymes (Table 2 in I). 

Similarly, the Km and Vmax values of the HIF-P4H-2D4E and HIF-P4H-2C127S single 

mutants with respect to oxygen were identical to wild type (Table 2 in I). 

However, the Km value of the double mutant HIF-P4H-2D4E, C127S for oxygen was 

110 M, which is about 30% lower than that of the wild-type HIF-P4H-2, while 

the Vmax value was not affected (Table 2 and Figure 2A in I). The Km values of the 

single mutants for oxygen were also significantly higher than that for the double 

mutant (Table 2 in I), suggesting an epistatic interaction between the two 

mutations. Therefore, the HIF-P4H-2D4E, C127S double mutant more efficiently 

hydroxylates HIFα subunits at lower oxygen tensions compared to the wild-type 

enzyme.  

To investigate whether the lower Km of the double mutant results in 

alterations in HIF-2α stability, Hep3B hepatoma cells were infected with a 

lentivirus expressing either a Venus fluorescent protein as a negative control, 

wild-type HIF-P4H-2 or the HIF-P4H-2D4E, C127S mutant. Endogenous HIF-P4H-2 

activity was blocked using an shRNA targeting the 3’UTR region of HIF-P4H-2. 

Cells expressing the double mutant HIF-P4H-2D4E C127S protein had decreased 

HIF-2α protein levels under 1% oxygen when compared to cells expressing wild-

type HIF-P4H-2 (Figure 2B in I). Equal knockdown of endogenous HIF-P4H-2 

and equal transgene expression were confirmed to rule out the possibility that 

results were due to dissimilar HIF-P4H-2 levels (Figure 2C in I). Taken together, 

the data suggests that the HIF-P4H-2D4E, C127S is more active than wild-type 

enzyme at downregulating HIFα subunits under hypoxia.  

5.1.3 Erythroid colony (BFU-E) assay from Tibetans homozygous for 

the HIF-P4H-2D4E, C127S variant shows hypersensitivity to EPO 

under normoxia but decreased proliferation and colony size 

under hypoxia  

Erythroid progenitors (BFU-Es) were isolated from the peripheral blood samples 

of three US Tibetans and ten control subjects. They were grown in 

methylcellulose with EPO to form erythroid colonies. Progenitors from Tibetans 

homozygous for the variant encoding HIF-P4H-2D4E, C127S were hypersensitive to 

EPO in comparison to the wild-type controls, as evidenced by higher colony 

numbers with increasing EPO concentrations (Figure 3A in I). In sharp contrast to 

the wild-type controls, erythroid progenitors isolated from six Tibetans expressing 
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the HIF-P4H-2D4E, C127S variant did not grow at all at 1% O2, and at 5% O2 their 

proliferation and sensitivity to EPO were decreased (Figures 3B and 3C in I). In 

addition, the mean size of the BFU-Es from control individuals increased under 

hypoxia, whereas the size and hemoglobinization of the Tibetan BFU-Es with the 

HIF-P4H-2D4E, C127S variant were reduced (Figures 3D and 4 in I).  

5.2 EPO-independent extramedullary erythropoiesis in spleen of 

HIF-P4H-2 deficient mice 

5.2.1 Hif-p4h-2gt/gt mice show age-dependent erythrocytosis due to 

splenic extramedullary erythropoiesis independent of serum 

EPO induction  

Earlier studies have reported no erythrocytosis in Hif-p4h-2gt/gt mice at the age of 

2-5 months (Hyvärinen et al. 2010, Laitala et al. 2012). To our surprise, baseline 

hematologic parameters of a 1-year-old female mouse cohort showed a mild but 

significant increase in red blood cells (RBC), hemoglobin (Hb) and hematocrit 

(Hct) in the Hif-p4h-2 hypomorphs compared to their wild-type littermates 

(Figure 1A in II). White blood cells (WBC) counts, platelets and the total plasma 

iron concentration were unaltered (Figure 1B in II). A one-year hematocrit follow-

up of male mice indicated that erythrocytosis in the Hif-p4h-2gt/gt mice became 

statistically significant at the age of 6 months (Figure 1C in II). No statistically 

significant differences in serum EPO levels were observed in mice either at 5 

months or 12 months of age, although there was a slight trend towards increase in 

Hif-p4h-2gt/gt mice (Figure 1D in II). When blotting logarithmic serum EPO levels 

against hematocrit values, the majority of the dots for Hif-p4h-2gt/gt lay above the 

trend line for wild type, suggesting a slightly abnormal serum EPO-hematocrit 

equilibrium in the hypomorphs (Figure 1E in II).  

No changes in bone marrow morphology or cellularity were observed with 

histological analyses (Figure 2A in II), nor did we see any alterations in the 

proportions of erythrocytes and granulocytes between the genotypes in bone 

marrow with fluorescence activated cell sorting (FACS) at the age of 2-4 months 

(Figure 2B in II). The Hif-p4h-2 hypomorphic mice showed increased weight of 

the spleen, splenomegaly, compared to wild-type littermates, whereas no 

difference in liver weights was observed at 12 months (Figure 2C in II). The 

architecture of the Hif-p4h-2gt/gt spleens was altered with erythroid hyperplasia 
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(Figure 2D in II), associated with increased number of megakaryocytes (Figure 

2E in II) and higher proportion of CD41+ cells (Figure 2F in II). The number of 

Ter119+ proerythroblasts and erythrocytes was significantly increased, with a 

concomitant decrease in granulocytes in the spleens of 2-4-month-old Hif-p4h-

2gt/gt mice, as measured with FACS (Figure 2G in II). Further FACS analyses 

showed a significant increase in the numbers of both immature CD71+Ter119+ 

and mature CD71-Ter119+ erythrocytes in the 2-4- months-old Hif-p4h-2gt/gt 

spleens compared to the wild type (Figure 3A in II). 

TUNEL staining for apoptotic cells of the whole spleens revealed a slight but 

not statistically significant decrease in the Hif-p4h-2gt/gt mice compared to wild-

type littermates (Figure 3B in II). This observation was further supported by an 

immunohistological staining, showing more CD71-positive cell staining in the 

Hif-p4h-2gt/gt spleens than in wild type (Supplemental figure 1A). Cell death of 

the Ter119+ proerythroblasts was significantly reduced in the hypomorph spleens 

(Figure 3C in II), as analyzed with 7-aminoactinomycin-D (7-AAD) dye in 

FACS. Nevertheless, no indication of induced EPOR-mediated anti-apoptotic 

signaling was observed in the Hif-p4h-2gt/gt spleens as evidenced by no difference 

in phosphorylation of JAK2 protein or mRNA levels of EpoR or downstream 

targets of JAK2 (Figure 3D in II). Ki67 staining showed that splenic cell 

proliferation was also unaltered in the Hif-p4h-2gt/gt mice (Figure 3E in II).  

5.2.2 Splenic extramedullary erythropoiesis in the Hif-p4h-2gt/gt mice 

is driven by HIF-2 and involved alterations in Notch signaling 

Western blotting showed stabilization of HIF-1 and HIF-2proteins in the Hif-

p4h-2gt/gt versus wild-type spleens (Figure 4A in II). The level of wild-type Hif-

p4h-2 mRNA expression in the Hif-p4h-2gt/gt spleens was 29% and 34% compared 

to wild-type littermates at 5 and 12 months, respectively (Figure 4B in II). The 

expression of Hif-p4h-1 and Hif-p4h-3 mRNAs was not affected. Expression of 

C-XC motif chemokine 12 (Cxcl12) and Cd34 mRNAs was downregulated in the 

spleens of the Hif-p4h-2gt/gt mice, whereas the expression of the well-

characterized glycolytic HIF-1 target genes showed no inductions (Figure 4B 

and Supplemental Figure 1B in II). Interestingly, the expression of the Notch 

ligands Jag1, Jag2 and Dll1 were age-dependently downregulated, as evidenced 

by the significant downregulation at 12 months with no difference in the 5 months 

old mice (Figure 4B in II). Notch 1 and 4 mRNA expressions were not altered at 

either time points, whereas there was downregulation of Notch 2 mRNA in the 5 
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months old Hif-p4h-2gt/gt mice (Figure 4B in II). The expression of one of the 

Notch target gene hairy and enhancer of split-1 (Hes1) was reduced at both ages 

(Figure 4B in II), further supporting the downregulation of Notch signaling.  

Despite the stabilization of HIF-1protein level in the Hif-p4h-2gt/gt spleens, 

no induction of HIF-1target genes was observed. Therefore, we studied the 

silencing of HIF-2with siRNA in the primary splenic Hif-p4h-2gt/gt cells, which 

resulted in 13-fold induction of Jag1 mRNA compared to scrambled siRNA 

transfected cells (Figure 4C in II). HIF-2 downregulation was also associated 

with slight, but statistically significant upregulation of Jag2 mRNA expression 

and a 6-fold Dll1 mRNA induction compared to scrambled siRNA transfections 

(Figure 4C in II). The data further highlights the dependency of Notch signaling 

on the downregulation on HIF-2 in the Hif-p4h-2gt/gt spleens.  

Next, we performed a MethocultTM colony assay to study hematopoiesis in 

vitro. The splenic Hif-p4h-2gt/gt HSCs formed BFU-Es significantly more than the 

wild-type HSCs in the absence of EPO. The difference remained when the 

cultures were supplemented with EPO (Figure 4D in II). The number of colony-

forming unit granulocyte-erythroid-macrophage-megakaryocyte (CFU-GEMM) 

progenitor colonies was also increased from the HSCs of the Hif-p4h-2gt/gt 

spleens, whereas no significant increase in the number of colony-forming unit 

granulocyte-macrophage (CFU-GM) colonies was observed, supporting the 

notion of a shift towards the erythro-myeloid lineage in splenic hematopoiesis 

(Figure 4D in II). No difference in the number of BFU-Es was detected between 

the genotypes in the bone marrow samples (Supplemental Figure 2), although the 

knockdown level of Hif-p4h-2 mRNA in the bone marrow was similar to spleen, 

about 70%.  

5.2.3 Hif-p4h-2 hypomorphs are protected against inflammation-

induced anemia 

We then wanted to investigate whether the Hif-p4h-2gt/gt mice would be protected 

against inflammation-induced anemia. First, 3-month-old mice were treated with 

LPS and zymosan A to cause acute anemia due to inflammation. After the one 

week follow-up the levels of red blood cells, hemoglobin and hematocrit had 

significantly declined in wild-type mice, whereas they remained unaffected in the 

Hif-p4h-2gt/gt mice. The difference was retained during the rest of the two week 

follow-up period (Figure 5A in II). The Hif-p4h-2gt/gt mice also had lower serum 

amyloid P (SAP) levels, a marker of acute inflammation, than wild-type 
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littermates (Figure 5B in II). The number of megakaryocytes was increased in the 

Hif-p4h-2gt/gt spleens after the two week follow-up (Figure 5C), supporting the 

hypothesis that the protection against anemia originated from the spleen. No 

differences in the bone marrow was observed with FACS (data not shown), and 

no differences in the levels of serum EPO (Figure 5D in II) or in plasma total iron 

(Figure 5E in II) were found between the genotypes.  

In the second model, 3- to 4-month-old mice were injected with PGPS to 

mimic a more chronic inflammation and anemia. After three weeks the levels of 

red blood cells, hemoglobin and hematocrit were lower in wild type than the Hif-

p4h-2gt/gt mice, although no difference was observed in the beginning of the 

experiment (Figure 5F in II). FACS analysis of the spleens at 6 weeks revealed a 

significant increase in the number of CD71+ proerythroblasts and erythrocytes 

and a lower rate of cell death in Hif-p4h-2gt/gt mice compared to the wild type 

(Figure 5G in II), whereas no difference in plasma iron was observed (Figure 5H 

in II). Therefore, Hif-p4h-2gt/gt mice are protected against both acute and chronic 

models of inflammation-induced anemia, and our data suggests that the spleen 

contributed to the protective phenotype.  

5.3 Mice with HIF-P4H-2 deficiency are protected against ischemic 

skeletal muscle injury 

5.3.1 Hif-p4h-2gt/gt mice have normoxic stabilization of HIF, 

associated with altered HIF target gene expression, larger 

capillary size and reduced baseline glycogen storage in their 

gastrocnemius muscle compared to wild-type littermates 

The Hif-p4h-2gt/gt mice expressed 19% of the wild-type Hif-p4h-2 mRNA in both 

intermediate (M. gastrocnemius) and slow (M. soleus) myofibres containing 

skeletal muscles, leading to normoxic HIF-1 and HIF-2 stabilization in the 

gastrocnemius muscle (Figure 1A and C in III). Of the two other HIF-P4H-2 

isoforms, Hif-p4h-1 mRNA was not altered, whereas the Hif-p4h-3 mRNA 

expression was increased by 30% in the Hif-p4h-2 hypomorphic M. soleus 

compared to the wild-type littermates (Figure 1A in III). For further analyses we 

chose to concentrate on the gastrocnemius muscle due to its intermediate muscle 

type, consisting of both fast and slow myofibers.  
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We then analyzed the baseline structure of skeletal muscles. The ratio of fast 

to slow myofibers was not altered in the Hif-p4h-2 hypomorphic mice compared 

to the wild-type as measured by myosin heavy chain staining of the 

gastrocnemius muscles (Figure 2A in III). Nor were there any differences in the 

number of central nuclei and in the amount of mitochondria (Figure 2B in III). In 

contrast, when stained with PAS to determine the glycogen content, the ratio of 

glycogen-rich myocytes to the total number of myocytes was significantly 

reduced in the skeletal muscles of the Hif-p4h-2gt/gt mice compared to those of 

their wild-type littermates (Figure 2C in III). The Hif-p4h-2 hypomorphic skeletal 

muscles also showed significantly larger capillaries in size, although the capillary 

density was not affected. The capillary phenotype was confirmed by both CD31 

staining as well as transmission electron microscopy (Figure 2D and 2E in III).  

The hypoxia response is mostly mediated by an increased expression of HIF 

target genes. To investigate how chronic HIFstabilization affects gene 

expression, quantitative PCR (qPCR) was performed on a large pattern of 

previously characterized HIF target genes in gastrocnemius muscle. There was an 

upregulation in some genes involved in glucose and glycogen metabolism, 

namely phosphofructokinase (Pfkl), pyruvate dehydrogenase kinase 1 (Pdk1) and 

glycogen branching enzyme 1 (Gbe1) (Figure 3A in III) in the Hif-p4h-2 

hypomorphic skeletal muscles. In addition, the expression of lactate exporter 

monocarboxylate transporter 4 (Mct4) was also induced, but the increase was not 

statistically significant (Figure 3A in III). The protein level of PDK1 was also 

increased (Figure 3B in III), but no alterations in lactate composition or ATP/ADP 

and CrP/Cr ratio were observed (Figure 3C in III).  

5.3.2 HIF-P4H-2 deficient mice show improved recovery of serum 

lactate levels after treadmill exercise  

To test whether the Hif-p4h-2 hypomorphs respond differently to exercise-

induced lactate production from the wild types, the mice were subjected to a 

treadmill for 14 minutes at an increasing speed. There was no difference in the 

serum lactate levels at baseline or immediately after the exercise, however the 

levels measured 30 min after the treadmill exercise were significantly lower for 

the Hif-p4h-2 hypomorphic mice compared to their wild-type littermates (Figure 

4A in III), suggesting an enhanced clearance of lactate after exercise. The hepatic 

PEPCK activity, which reflects the rate of gluconeogenesis and the potential use 

of lactate, was slightly, but significantly increased in the Hif-p4h-2gt/gt mice 
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(Figure 4B in III). The mean mRNA levels of liver-specific genes involved in 

glucose and lactate metabolism were not significantly altered in the Hif-p4h-2gt/gt 

livers (Figure 4C in III) and no difference was observed in hepatic fasting 

glycogen content (Figure 4D in III).  

5.3.3 HIF-P4H-2 deficiency protects against skeletal muscle I/R injury 

in mouse hind limb ischemia model, which is associated with 

increased capillary size 

The mice were exposed to skeletal muscle I/R injury by ligating the A. femoralis 

superficialis for 60 min under anesthesia, followed by a 3- or 48-h reperfusion. 

The motor function of the ligated hind limb was better preserved in the Hif-p4h-

2gt/gt mice compared to their wild-type littermates (Figure 5A in III). The infarct 

size of the affected limb was more than 50% smaller in the Hif-p4h-2gt/gt mice 

relative to the wild-type littermates at 48 h post I/R (Figure 5B in III). The rate of 

apoptosis was significantly reduced (Figure 5C in III), which negatively 

correlated with significantly elevated ATP/ADP and CrP/Cr ratios at 3 hours post-

I/R in the Hif-p4h-2 hypomorphs (Figures 5D and 5E in III), suggesting that 

changes in metabolism contributed to the protection against injury. The capillary 

sizes in the Hif-p4h-2gt/gt gastrocnemius muscles were increased also after the 

injury, yet the capillary density remained unaltered (Figure 6A in III). There was a 

significant negative correlation between the injury score and the capillary size 

(Figure 6B in III). After 48 h post-I/R, the incidence of glycogen deposits was 

1.8-fold in the Hif-p4h-2gt/gt skeletal muscle compared to wild-type muscles 

(Figure 6C in III), which was in contrast with the baseline situation (Figure 2C in 

III). The ratio of glycogen-rich myocytes decreased significantly from baseline to 

post-I/R injury situation in wild-type skeletal muscles, whereas no decrease was 

observed in the Hif-p4h-2gt/gt mice (Figure 6D in III). The glycogen deposits did 

not correlate with the injury size (Figure 6E in III). The level of Pfkl mRNA 

expression, a key regulator of glycolysis, remained increased in the Hif-p4h-2gt/gt 

skeletal muscles compared to wild-type after I/R (Figure 6F in III) and it 

correlated with skeletal muscle glycogen deposits but not with the extent of the 

injury (Figures 6G in III).  
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6 Discussion 

6.1 Mutation in HIF-P4H-2 acts as a genetic mechanism for Tibetan 

high-altitude adaptation 

The earliest visitors to Tibetan plateau appeared more than 30 000 years ago, and 

the plateau has been colonized for more than 21 000 years (Zhao et al. 2009). 

Individuals moving from low to high altitude expose themselves to various and 

potentially life-threatening medical conditions due to lower levels of oxygen 

(Leon-Velarde et al. 2005, Wu & Miao 2002, Wu 2004) and non-adapted 

individuals struggle to reproduce at high altitude (Julian et al. 2009, Moore et al. 

2001). Therefore, hypoxia of altitude has exerted substantial evolutionary 

selection pressure, which has resulted in the majority of Tibetan highlanders 

having hematocrit levels comparable to those for populations living at sea level 

(Beall 2007). Several studies have reported evidence for positive selection at the 

genes encoding for HIF-P4H-2 and HIF-2 (Beall et al. 2010, Simonson et al. 

2010, Yi et al. 2010), both having important roles in the regulation of 

erythropoiesis (Semenza 2009a). 

We report a new missense mutation in the gene encoding for HIF-P4H-2, 

D4E that coexists with a previously described C127S mutation and is present in 

the majority of Tibetans. The D4E mutation originated about 8000 years ago, 

which is in line with the observation that the Tibetan plateau has been inhabited 

for more than 21 000 years (Zhao et al. 2009). The D4E mutation most likely 

formed on a haplotype containing the C127S mutation, supporting the idea that 

they have an additive effect with respect to high altitude adaptation. This mutation 

was not observed in the exome sequencing of 50 Tibetans (Yi et al. 2010), 

probably due to the high GC content and poor coverage in next-generation 

sequence data within this DNA region. 

The catalytic domain of HIF-P4H-2 extends from residue 181 through the 

end of the polypeptide. Several missense mutations that affect the catalytic 

domain and result in a truncated protein that associate with familial polycythemia 

have been characterized (Bento et al. 2014). However, the high-altitude Tibetan 

variant HIF-P4H-2D4E, C127S does not affect the catalytic domain while having 

increased catalytic activity compared to wild-type enzyme under hypoxia. The 

three-dimensional structure of HIF-P4H-2 currently available only contains the 

catalytic domain, which makes the modeling of the Tibetan HIF-P4H-2 variant 
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infeasible. Our enzyme kinetic data suggests that the Tibetan HIF-P4H-2D4E, C127S 

variant enhances oxygen binding to the enzyme and potentially also alters HIF-2 

binding. Therefore, the Tibetan HIF-P4H-2 variant shows gain-of-function under 

hypoxia. The in cellulo experiments further supported this, since cells infected 

with a lentivirus expressing HIF-P4H-2D4E, C127S showed lower levels of HIF-

2under hypoxia compared to cells with wild-type enzyme. No difference was 

observed when these cells were cultured under normoxia. In contrast to our 

findings, Song and colleagues suggested that HIF-P4H-2D4E, C127S diminishes the 

binding of HIF-P4H-2 with p23, a heat-shock protein 90 (HSP90) cochaperone, 

resulting in a loss-of-function phenotype with impaired downregulation of the 

HIF pathway (Song et al. 2014). Several observations speak for HIF-P4H-2D4E, 

C127S having a gain-of-function phenotype, such as the fact that the Tibetan HIF-

P4H-2 allele associates with lower hemoglobin concentrations (Petousi et al. 

2014, Simonson et al. 2010, Xiang et al. 2013). In addition, the Tibetan HIF-P4H-

2 variant is associated with a blunted EPO response to hypoxia, and lymphocytes 

from Tibetans display lowered hypoxic induction of several HIF target genes 

(Petousi et al. 2014). 

In contrast to our initial hypothesis, erythroid progenitors bearing the 

homozygous haplotype for HIF-P4H-2D4E ,C127S showed augmented rather than 

decreased proliferation under normoxia. A similar feature is associated with 

Chuvash polycythemia, a genetic disorder where a missense mutation in the VHL 

gene leads to normoxic HIF-1 and HIF-2 stabilization (Pastore et al. 2003). 

The molecular mechanism behind normoxic augmentation of erythroid progenitor 

growth remains to be determined and co-selected haplotypes at other loci, such as 

HIF2A, might play a role in this phenomenon. On the other hand, erythroid 

progenitor cells from Tibetans homozygous for HIF-P4H-2D4E, C127S had decreased 

proliferation, EPO sensitivity, colony size and hemoglobinization at 5% O2 and 

did not grow at all at 1% O2. This in contrast to the wild-type erythroid 

progenitors, which showed exaggerated growth and enhanced EPO sensitivity, 

colony size and hemoglobinization under hypoxia, which is supported by 

previous reports (Cipolleschi et al. 1997). Hence, the Tibetan variant shows 

blunted erythroid progenitor growth under hypoxia in vitro, potentially being one 

of the explanations behind decreased hematocrit values among Tibetans at high 

altitude.  

The HIF-P4H-2D4E, C127S variant could also explain other phenotypes apart 

from the reduced red blood cell counts among Tibetans living at high altitude. 

High-altitude Tibetans show blunted pulmonary vascular response to hypoxia 
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(Petousi et al. 2014) and their pulmonary artery pressure at high altitude is only 

slightly elevated compared to non-adapted individuals at sea level (Bigham & Lee 

2014). While recent evidence suggests that the HIF-P4H-2/HIF-2 axis in the 

endothelial cells is a vital factor in the pathogenesis of pulmonary hypertension 

(Kapitsinou et al. 2016), the blunted HIF stabilization under hypoxia among 

Tibetans might provide an explanation for this phenotype. Furthermore, Tibetans 

show markedly elevated serum NO concentration (Bigham & Lee 2014), this 

being counterintuitive to the reduced hypoxic HIF levels. Potential explanation 

for this is the observation that HIF-1 and HIF-2 have opposing effects on the 

NO synthesis, HIF-2 inhibiting NO production at least in macrophages (Takeda 

et al. 2010). Moreover, the other gene loci associated with the Tibetan high-

altitude adaptation, such as EPAS1, might play a role in these phenotypes.  

An interesting question is whether Tibetans carrying the high-altitude variant 

are more prone to common diseases, such as ischemic and metabolic diseases, 

when exposed to low-altitude environment. For example, while Tibetan 

highlanders have a low prevalence of diabetes at high altitude (Matsubayashi et 

al. 2009), but their diet is also low in calories (Wang et al. 2010). When these 

populations move to lower altitudes and become exposed to industrialized culture 

with higher calorie intakes, one could expect increased prevalence of metabolic 

disorders. It remains to be determined whether the high-altitude-adaptive variants 

can alter the occurrence of various diseases at low altitude.  

The fact that the Tibetan HIF-P4H-2 variant, based on our results, leads to 

reduced HIF stabilization under hypoxia raises questions regarding the possible 

detrimental effects of this variant on human health. However, no articles showing 

the association of Tibetan adaptive phenotype with increased prevalence of 

common diseases has been published, potentially owing to the lack of clinical 

data obtained from the Tibetan plateau. On the other, the reduction in HIF 

stabilization with the HIF-P4H-2D4E, C127S relative to wild-type enzyme in vitro 

(Figure 2 and Table 2 in I) was slight but significant. Therefore, one could 

speculate that under severe clinical conditions, such as chronic anemia or 

ischemic diseases, the cellular hypoxia burden exceeds the levels associated with 

high altitude residency, therefore securing the proper HIF stabilization required 

for the body to fight against these conditions. A mouse model carrying the HIF-

P4H-2D4E, C127S variant could be used to test this hypothesis.  

In conclusion, we show that the Tibetan HIF-P4H-2D4E, C127S contributes to 

protection against polycythemia at high altitude due to dampened HIF pathway 

activation and lower erythroid progenitor proliferation under hypoxia. Tibetan 
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high altitude adaptation is not determined by a single gene locus but by several 

adaptive changes which have evolved over time in the genome, and more research 

is needed to more thoroughly understand how these changes act in concert. 

Although proper HIF pathway activation is vital for protection against various 

diseases, we show that fine-tuning of this pathway can confer adaptation to 

environmental stress, such as hypobaric hypoxia. 

6.2 HIF-P4H-2 deficiency in mice induced EPO-independent 

extramedullary erythropoiesis in spleen 

One of the major functions of HIF-P4Hs is the regulation of red blood cell mass. 

HIF-P4H-2 is regarded as the main isoform controlling erythropoiesis (Arsenault 

et al. 2013). Previously, this has been described to be due to HIF-dependent 

induction of EPO expression in the kidneys (Jelkmann 2011). The Hif-p4h-2gt/gt 

mice however showed age-dependent erythrocytosis with no significant induction 

of serum EPO and no induction of the EPO-signaling pathway. While bone 

marrow serves as the primary site of erythropoiesis, the spleen remains a 

hematopoietic organ at low levels throughout their lives in mice (Wolber et al. 

2002). In the Hif-p4h-2gt/gt mice, spleen functioned as the site of extramedullary 

erythropoiesis leading to the erythrocytotic phenotype starting at 6 months of age. 

This was evidenced by splenomegaly and increased the number of CD71+Ter119+ 

immature erythroid cells in the spleen. The unexpected site for excessive 

erythropoiesis was not due to the different knockdown levels of Hif-p4h-2 mRNA 

in the bone marrow and the spleen since the relative knockdown level compared 

to wild-type was about 70% in both of these tissues. 

Although normoxic stabilization of both HIF-1 and HIF-2 was observed in 

the Hif-p4h-2gt/gt spleens, there was no clear induction of HIF-1 target gene 

expression. Instead, an age-dependent downregulation of Notch signaling 

pathway genes was observed. Four Notch receptors (Notch 1-4) (Weinmaster 

1997) and five ligands, Dll1 (Bettenhausen et al. 1995), Dll3 (Dunwoodie et al. 

1997), Dll4 (Rao et al. 2000), Jagged 1 (Lindsell et al. 1995) and Jagged 2 (Luo 

et al. 1997, Shawber et al. 1996) have been characterized. Members of the Notch 

family play important roles in the cell fate determination and in the progenitor 

cell maintenance during development (Fortini & Artavanis-Tsakonas 1993) and a 

complex network of genes controls Notch signaling (Guruharsha et al. 2012). 

Notch receptors are found on primitive erythropoietic precursors, whereas stromal 

cells express Notch ligands on their surfaces. A role for the Notch pathway in 
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early erythropoiesis has been suggested (Walker et al. 2001). More specifically, 

there is indication that induced Jagged1-Notch1 signaling promotes the 

maintenance and expansion of hematopoietic progenitors (Jones et al. 1998, 

Varnum-Finney et al. 1998), whereas others hypothesize that the Notch1-Jagged1 

pathway preserves hematopoietic precursors in an immature state (Walker et al. 

1999). Hypoxia and HIF-1 was initially thought to induce Notch signaling 

(Gustafsson et al. 2005). However, both HIF-1 and HIF-2 dynamically 

regulate the activation of the Notch pathway, having opposing effects at least in 

glioma stem cells (Hu et al. 2014). The downregulation of Notch signaling in the 

Hif-p4h-2gt/gt spleens coexisted with the induction of erythrocytosis in these mice, 

suggesting a link between both observations. 

When culturing HSCs from bone marrow in different concentrations of EPO, 

no difference in the formation of BFU-Es was observed between genotypes. 

Intriguingly, the BFU-Es from the Hif-p4h-2gt/gt spleens grew in greater numbers 

compared to the wild-type controls even in the absence of EPO, and the 

difference was maintained also in high EPO concentration. HIF-1 has been 

known promote the production of erythroid colony-forming units (CFU-Es) after 

pan prolyl hydroxylase inhibitor treatment (Flygare et al. 2011), suggesting that 

inhibition of HIF-P4Hs not only stimulates erythropoiesis via induction of EPO 

synthesis, but also by intrinsically stimulating erythroid progenitor self-renewal. 

With two different inflammation-induced anemia models we showed that the 

Hif-p4h-2gt/gt mice are protected against development of anemia via EPO-

independent mechanisms that involve splenic extramedullary erythropoiesis, 

whereas serum iron levels remained unaltered between the genotypes. 

Furthermore, the acute inflammatory response to LPS and zymosan A was blunted 

in the Hif-p4h-2gt/gt mice, as demonstrated by lower serum levels of the acute 

phase protein SAP. The data suggests that the downregulation of Jagged1-Notch1 

signaling is a key regulator of inflammation-induced erythropoiesis in Hif-p4h-

2gt/gt mice. 

Two separate research groups have individually shown that repeated oral 

administration of a HIF-P4H inhibitor is protective against the PGPS-model of 

inflammation-induced anemia in rats (Barrett et al. 2015, Flamme et al. 2014). 

Further research is needed to verify that administration of HIF-P4H inhibitor is 

indeed protective against inflammation-induced anemia in additional rodent 

models, such as the mouse.  

Taken together, our data supports the concept that normoxic HIF stabilization 

can also contribute to erythropoiesis induction EPO-independently and that this 
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can be mediated via downregulation of Notch signaling in the spleen leading to 

splenic extramedullary erythropoiesis. This offers an intriguing new possibility 

for the treatment of EPO-resistant anemias such as bone marrow failure 

syndromes.  

6.3 HIF-P4H-2 deficiency protects against skeletal muscle I/R injury 

The Hif-p4h-2gt/gt mice have normoxic stabilization of HIF-1 and HIF-2 in 

their skeletal muscles (Hyvärinen et al. 2010). Local constitutive activation of 

HIF-1 and HIF-2 in mouse and rabbit skeletal muscles has been linked to 

induction of angiogenesis, increased capillary size and perfusion, improved 

energy recovery and protection against skeletal muscle ischemia (Niemi et al. 

2014, Patel et al. 2005, Rey et al. 2009). Therefore, we wanted to investigate 

whether the Hif-p4h-2gt/gt mice have alterations in their skeletal muscle basal 

metabolism, capillary size and perfusion and whether they would be protected 

against skeletal muscle I/R injury in vivo. Our results demonstrate that the Hif-

p4h-2 hypomorphs are indeed protected against skeletal muscle I/R injury and that 

these mice have enhanced clearance of serum lactate after treadmill exercise. The 

Hif-p4h-2gt/gt skeletal muscles had both improved perfusion and better 

preservation of the muscles’ energy status, both of which contributed to the 

protection against I/R injury.  

HIF target genes include several enzymes that switch cell metabolism away 

from oxidative energy production towards the glycolytic pathway (Semenza 

2009b). Several glycolytic enzymes, such as Glut1, are upregulated in the Hif-

p4h-2gt/gt hearts (Hyvärinen et al. 2010). Similarly, the mRNA level of Pfkl, a key 

regulator of glycolysis, and both the mRNA and protein levels of Pdk1 were 

increased in the Hif-p4h-2gt/gt skeletal muscles compared to the wild type. Since 

PDK1 inhibits pyruvate dehydrogenase activity and prevents the entry of pyruvate 

into the Krebs cycle, our data suggests that glycolytic metabolism prevails over 

oxidative energy production. However, no difference in baseline serum or skeletal 

muscle lactate levels was observed in the Hif-p4h-2gt/gt mice compared to their 

wild-type littermates. This can be due to an increased skeletal muscle expression 

of Mct4, a lactate exporter and a HIF-1target gene (Ullah et al. 2006), and 

increased activity of the gluconeogenetic PEPCK in the liver. This is in line with 

the fact that the Hif-p4h-2gt/gt mice have enhanced clearance of exercise-induced 

serum lactate. This finding has recently been supported by work from Suhara and 

colleagues, showing that liver-specific knockdown of Hif-p4h-2 can activate 
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hepatic gluconeogenesis from lactate after a lactic acidosis insult (Suhara et al. 

2015). 

To our surprise, the skeletal muscle glycogen content was reduced at the 

baseline in the Hif-p4h-2gt/gt mice compared to their wild-type littermates despite 

the upregulation of glycolytic enzymes and Gbe1 mRNAs. It has been previously 

described that the Hif-p4h-2gt/gt mice have an increased uptake of glucose into the 

skeletal muscles and that they are protected against obesity and metabolic 

dysfunction due to improved insulin sensitivity (Rahtu-Korpela et al. 2014). 

Insulin is the primary factor inducing glycogenesis and the Hif-p4h-2gt/gt 

hypomorphs have reduced baseline insulin levels (Rahtu-Korpela et al. 2014), 

potentially contributing to the reduced baseline skeletal muscle glycogen levels. 

Although hypoxia can induce glycogenolysis (Ren et al. 1992), no difference in 

the expression of glycogenolytic genes was observed in our study.  

There was a slight but significant increase in mean capillary area in the 

gastrocnemius muscle of the Hif-p4h-2gt/gt mice compared to those of their wild-

type littermates, but the capillary density was not increased. While this was in line 

with the data from the Hif-p4h-2gt/gt hearts published earlier (Kerkelä et al. 2013), 

no increase in the expression of HIF target genes known to act as endothelial 

vascular factors, such as Tie2, eNos, Apelin or Apj was observed in the 

gastrocnemius muscle, which was in contrast with the situation in the heart 

(Kerkelä et al. 2013). It has been known, however, that skeletal muscle has a 

significantly lower number of capillaries than cardiac muscle, suggesting that 

enrichment of the endothelial cells may have allowed for better detection of the 

endothelial vascular factor mRNA inductions. 

After being subjected to hind-limb I/R injury, the Hif-p4h-2gt/gt mice showed 

significantly better motor function after a 48-h follow-up. None of the 

hypomorphic mice had motor impairment in their operated hind-limbs, whereas 4 

out of 9 wild-type mice dragged their operated foot. In addition, the infarct size of 

the Hif-p4h-2gt/gt skeletal muscles was reduced to more than half with respect to 

wild-type littermates. The number of apoptotic cells was also significantly 

reduced in the Hif-p4h-2gt/gt skeletal muscles. The larger capillary size negatively 

correlated with the extent of the I/R injury, suggesting that improved skeletal 

muscle perfusion contributed to the protection against I/R damage. A similar 

finding was observed in the Hif-p4h-2 hypomorphic hearts (Kerkelä et al. 2013). 

Hif-p4h-2 silencing in tissue-resident macrophages as well as bone marrow-

derived mesenchymal stem cells has also been associated with enhanced 

arteriogenesis and neovascularization in the skeletal muscle and protection 
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against injury caused by ischemia (HoWangYin et al. 2014, Lijkwan et al. 2014, 

Takeda et al. 2011). 

As in the case of the Hif-p4h-2gt/gt hearts upon I/R insult (Hyvärinen et al. 

2010), Hif-p4h-2gt/gt skeletal muscles also preserved their energy levels better than 

wild-type mice after I/R injury. Both ATP/ADP and CrP/Cr ratios negatively 

correlated with the rate of apoptosis at 3 h post I/R. Aragones and colleagues have 

shown that HIF-P4H-1 deficiency and the concomitant shift towards glycolytic 

basal metabolism protects mice against skeletal muscle ischemia (Aragones et al. 

2008). Our results indicate that this can also be the case for HIF-P4H-2. 

Interestingly and in contrast to the baseline situation, the skeletal muscle glycogen 

content was significantly higher in the Hif-p4h-2gt/gt skeletal muscles compared to 

the wild type following I/R. This correlated with increased Pfkl mRNA, but not 

with smaller infarct size. Taken together, our data suggests that both increased 

capillary size and enhanced maintenance of energy metabolism contributed to the 

protection against I/R injury in the Hif-p4h-2gt/gt mice.  

Small-molecule 2-OG antagonists that inhibit HIF-P4Hs and lead to 

normoxic HIFstabilization are currently undergoing clinical trials for the 

treatment of anemia in CKD. Preclinical trials suggest that these molecules may 

also be used for ischemic conditions (Myllyharju & Koivunen 2013). Although in 

one study short-term pharmacological pan-HIF-P4H inhibition neither induced 

HIF target genes in the skeletal muscle, nor improved the performance of subjects 

with claudication-limited PAD (Olson et al. 2014), more trials are needed to 

conclude whether these inhibitors have a beneficial effect in clinical settings. Our 

data suggests that HIF-P4H-2 inhibition may provide a novel strategy for the 

treatment of limb ischemia and PAD.  
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7 Conclusions and future prospects 

The mammalian cell response to hypoxia involves the coordination of several 

molecular pathways to compensate for oxygen deprivation. The HIF-P4Hs, the 

enzymes that act as cellular oxygen sensors, are potential treatment targets for 

various medical conditions and several clinical trials that target these enzymes are 

already underway (Chan et al. 2016). 

The number of circulating red blood cells is under tight regulation, since too 

few numbers lead to anemia and reduced oxygen supply to tissues, whereas 

increased numbers may result in high blood viscosity, impaired tissue blood flow 

and even thrombi. Tibetan highlanders have adapted to living at high altitudes 

with the HIF-P4H-2D4E, C127S variant, which dampens the cellular response to 

hypoxia via enhanced degradation of HIF subunits at low oxygen 

concentrations. In contrast, the Hif-p4h-2 deficient mice developed age-

dependent, mild erythrocytosis EPO-independently. Taken together, these results 

highlight the importance of HIF-P4H-2 function and HIF levels in the regulation 

of erythropoiesis. There is a delicate balance between HIF-P4H-2 activity and 

erythroid progenitor proliferation, as described in these two studies and 

summarized in Figure 7. Based on these results, the proliferation of erythroid 

progenitors could be enhanced with HIF-P4H inhibitors to treat EPO resistant 

anemias such as Diamond-Blackfan anemia (Tsai et al. 1989), and clinical trials 

are warranted. 

We also showed that the skeletal muscle basal metabolism is altered in the 

Hif-p4h-2 deficient mice compared to their wild-type littermates. In addition, the 

Hif-p4h-2gt/gt mice were protected against skeletal muscle I/R injury. These results 

are summarized in Figure 7. This suggests that HIF-P4H inhibition could be used 

as a strategy for the treatment of PAD per se. Furthermore, a recent report 

suggested that intraperitoneal administration of a small molecule HIF-P4H 

inhibitor even at the onset of reperfusion in cardiac I/R injury was able to reduce 

the infarction area (Olenchock et al. 2016). On the other hand, patients with CKD 

have a high prevalence of PAD, the percentage being 24% in one study among the 

US patients (O'Hare et al. 2004). Since HIF-P4H inhibitors are in clinical phase 3 

trials for the treatment of CKD–caused anemia, this provides the intriguing 

possibility that these inhibitors could simultaneously improve the outcome of 

critical limb ischemia among these patients.  

Preclinical studies have outlined several novel clinical conditions in which 

HIF-P4H inhibitors may be used in the future. For example, our research group 
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has shown in mouse models that HIF-P4H-2 inhibition can protect against 

metabolic dysfunction, glucose intolerance and atherosclerosis (Rahtu-Korpela et 

al. 2014, Rahtu-Korpela et al. 2016). These disorders alone include millions of 

human patients. Further clinical studies are in order to verify these indications. On 

the other hand, some concerns have been raised regarding the possible harmful 

effects of constitutive HIF stabilization, such as increased tumor formation and 

pulmonary hypertension. More research is needed to further our understanding of 

the HIF pathway and its role in physiology as well as disease pathologies.  

 

Fig. 7. Summary of the results obtained of the role of HIF-P4H-2 in Tibetan high-

altitude adaptation, extramedullary erythropoiesis and skeletal muscle ischemia. 
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