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Pasanen, Annika, Prolyl 3-hydroxylases and hypoxia-inducible factor 3. Their
roles in collagen synthesis and hypoxia response, respectively
University of Oulu, Faculty of Medicine, Institute of Biomedicine, Department of Medical
Biochemistry and Molecular Biology; Biocenter Oulu; Oulu Center for Cell-Matrix Research,
P.O. Box 5000 , FI-90014  University of Oulu 
Acta Univ. Oul. D 1102, 2011
Oulu, Finland

Abstract

Collagens are subject to extensive post-translational modifications, including the formation of 4-
hydroxyproline, 3-hydroxyproline and hydroxylysine. These reactions are catalyzed by collagen
prolyl 4-hydroxylases (C-P4Hs), prolyl 3-hydroxylases (P3Hs) and lysine hydroxylases (LHs),
which belong to the 2-oxoglutarate-dependent dioxygenase family and require oxygen for their
reaction. 4-Hydroxyproline residues have for a long time been known to be required for the
stability of the collagen triple helix, but the role of prolyl 3-hydroxylation was revealed only a few
years ago when mutations in P3H1 and the consequent loss of a single 3-hydroxyproline in
collagen I was shown to cause recessive osteogenesis imperfecta. 

In this thesis the human P3H isoenzymes were expressed as recombinant enzymes, and
analyses of their tissue expression and kinetic properties revealed that P3H2 is located in tissues
rich in basement membranes and that it hydroxylates collagen IV, the major basement membrane
collagen. The roles of the collagen hydroxylases and collagen IV in basement membrane
formation were further studied using Madin-Darby canine kidney (MDCK) epithelial cells as an
in vitro model for cell polarization. 

4-Hydroxyproline also has a pivotal role in the system of cellular response to reduced oxygen
levels (hypoxia). At a normal oxygen concentration, two proline residues in the α subunit of the
hypoxia-inducible factor (HIF) are 4-hydroxylated by the HIF-P4Hs, which target HIF-α for
proteasomal degradation. In hypoxia, the HIF-P4Hs are inactive, and the α subunit thus escapes
degradation, dimerizes with a β subunit and after recruiting transcriptional coactivators induces
the transcription of hypoxia-responsive genes in order to adapt the cell to hypoxia. Three human
HIF-α subunits have been characterized to date, of which the third is known to be subject to
extensive alternative splicing, with one of the splicing variants acting as a negative regulator of
the hypoxia responsive system. Four novel splicing variants generated from the human HIF-3α
locus are characterized here, and the expression of HIF-3α variants has been shown to be
upregulated by hypoxia in a HIF-1 dependent manner. Further studies on the binding partners and
transcriptional activity of HIF-3α revealed that this subunit has a more complex role in the
adaptation of cells to hypoxia than had been expected. 

Keywords: collagen, hypoxia-inducible factor, lysyl hydroxylase, prolyl 3-hydroxylase,
prolyl 4-hydroxylase
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Tiivistelmä

Kollageenit ovat valkuaisaineita, joihin kohdistuu useita synteesin jälkeisiä muokkauksia kuten
4-hydroksiproliinin, 3-hydroksiproliinin ja hydroksilysiinin muodostuminen. Näitä reaktioita
katalysoivat kollageeniprolyyli-4-hydroksylaasit (C-P4H:t), prolyyli-3-hydroksylaasit (P3H:t) ja
lysyylihydroksylaasit (LH:t), jotka kuuluvat 2-oksoglutaraattidioksygenaasien entsyymiperhee-
seen ja tarvitsevat happea reaktioonsa. 4-hydroksiproliinitähteiden on kauan tiedetty stabiloivan
kollageeninrakenteen, kun taas 3-hydroksiproliinitähteiden merkitys on selvinnyt vasta viime
vuosina. Mutaatiot P3H1-isoentsyymiä koodittavassa geenissä ja sen seurauksena yhden ainoan
3-hydroksiproliinitähteen puuttuminen kollageenissa I johtavat vaikeaan luustosairauteen, osteo-
genesis imperfectaan. 

Tässä väitöskirjassa ihmisen P3H:t tuotettiin rekombinanttiproteiineina. Tulokset paljastivat,
että P3H2 ilmentyy erityisesti kudoksissa, joissa on paljon tyvikalvorakenteita ja että P3H2 hyd-
roksyloi tehokkaasti kollageeni IV:n kaltaisia synteettisiä peptidejä. Lisäksi koiran munuaisten
epiteelisoluihin pohjautuvaa in vitro-mallia käytettiin apuna tutkiessamme kollageeneja hydrok-
syloivien entsyymien ja kollageenin IV roolia tyvikalvon muodostumisessa sekä solujen pola-
risaatiossa. 

Kollageenia stabiloivan tehtävänsä lisäksi 4-hydroksiproliinilla on myös merkittävä rooli
solujen vasteessa vähähappisille olosuhteille (hypoksia). Normaalissa happiosapaineessa (nor-
moksia), hypoksiaindusoituvan tekijän (HIF) α-alayksikköön muodostuu HIF-P4H entsyymien
katalysoimana kaksi 4-hydroksiproliinitähdettä, jotka kohdistavat α-alayksikön proteasomaali-
seen hajotukseen. Hypoksiassa HIF-P4H:t eivät kykene toimimaan, jolloin α-alayksikkö säästyy
hajotukselta, muodostaa kompleksin β-alayksikön kanssa ja sitoo transkriptiokofaktoreita. HIF-
kompleksi kykenee tällöin lisäämään hypoksiassa tarvittavien geenien luentaa. Tänä päivänä
tunnetaan kolme HIF α-alayksikköä, joista HIF-3α:sta tiedetään esiintyvän useita erilaisia silmu-
kointimuotoja ja yhden näistä muodoista tiedetään toimivan negatiivisena säätelijänä hypoksia-
vasteessa. Tässä väitöskirjatyössä on tunnistettu neljä uutta HIF-3α:n silmukointimuotoa ja osoi-
tettu että HIF-3α:n määrä kasvaa hypoksiassa HIF-1:n säätelemänä. Lisäksi sitoutumis- ja trans-
kriptiokokeet paljastivat, että HIF-3α:n rooli hypoksiavasteessa on monimutkaisempi kuin aikai-
semmin kuviteltiin. 

Asiasanat: hypoksiaindusoituva tekijä, kollageeni, lysyylihydroksylaasi, prolyyli-3-
hydroksylaasi, prolyyli-4-hydroksylaasi
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Abbreviations 

3Hyp  3-hydroxyproline 

4Hyp  4-hydroxyproline 

BM  basement membrane 

BME  basement membrane extract 

bp(s)  base pairs 

cDNA  complementary DNA 

C-P4H  collagen prolyl 4-hydroxylase 

CRTAP  cartilage-associated protein 

CTAD  C-terminal transactivation domain 

ECM  extracellular matrix 

EPO  erythropoietin 

ER  endoplasmic reticulum 

FACIT  fibril-associated collagens with interrupted triple helices 

FIH  factor inhibiting HIF 

HIF  hypoxia-inducible factor 

HIF-P4H  HIF prolyl 4-hydroxylase 

HRE  hypoxia response element 

Hyl  hydroxylysine 

Ki  inhibitory constant 

Km  Michaelis-Menten constant 

MDCK II  Madin-Darby canine kidney II cell line 

mRNA  messenger RNA 

LH  lysyl hydroxylase 

NTAD  N-terminal transactivation domain 

ODDD  oxygen-dependent degradation domain 

OI  osteogenesis imperfecta 

P3H  prolyl 3-hydroxylase 

P4H  prolyl 4-hydroxylase 

PCR  polymerase chain reaction 

PDI  protein disulphide isomerase 

pVHL  von Hippel-Lindau tumor-suppressor protein 

Q-PCR  real-time quantitative PCR  

RACE  rapid amplification of cDNA ends 

shRNA  short hairpin RNA 

siRNA  small interfering RNA 
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Vmax  maximal initial velocity 

X, in –Gly-X-Y-  any amino acid 

Y, in –Gly-X-Y-  any amino acid 
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1 Introduction 

Collagens are the most abundant proteins found in humans and they are subject to 

several post-translational modifications. The stabilizing function of 4-

hydroxyprolines has been known for several decades, whereas the role of 3-

hydroxyproline residues remained unclear until 2006, when loss of the only 3-

hydroxyproline in collagen I polypeptides was shown to lead to recessive 

osteogenesis imperfecta (OI). Prolyl 3-hydroxylase 1 (P3H1) is expressed in 

fibrillar tissues such as bone and is the P3H isoenzyme responsible for the prolyl 

3-hydroxylation of collagen I in bones. Mutations in the gene coding for human 

P3H1 have been reported to cause recessive OI. 3-Hydroxyprolines are most 

abundant, however, in collagen IV, which is a key component of basement 

membranes found throughout our bodies. In this study the three human P3H 

isoenzymes were cloned and expressed as recombinant proteins in order to 

analyse their catalytic properties. Our results indicate that P3H2 is the enzyme 

responsible for the prolyl 3-hydroxylation of collagen IV. To broaden our 

understanding of the role of P3H2 and other collagen hydroxylases and their 

specific isoenzymes in basement membrane formation, we studied the effect of 

down-regulation of these enzymes on cellular polarization using three-

dimensional cultures of Madin-Darby canine kidney (MDCK) epithelial cells. 

4-Hydroxyprolines are also important residues in regulating the stability of 

the hypoxia-inducible factor (HIF) α subunits. Under normoxic conditions the α 

subunit is hydroxylated by a family of HIF prolyl 4-hydroxylases (HIF-P4Hs) 

which target it for proteasomal degradation within minutes. In hypoxia, caused by 

low oxygen concentration at high altitudes or pathological conditions such as 

anaemia or ischaemia, for example, the oxygen-dependent HIF-P4Hs are inactive, 

and thus the HIF-α subunit escapes degradation, dimerizes with the HIF-β subunit 

and binds the hypoxia response element found in more than 100 genes, leading to 

consequent upregulation of these target genes. Three human α subunits, HIF-1α, 

HIF-2α and HIF-3α, are known to exist to date, of which the least studied, HIF-3α, 

is subject to alternative splicing. The goal of this work was to characterize the 

human HIF-3α splicing variants, study their response to hypoxia and explain their 

role in the hypoxia response system. Our results show that several HIF-3α 

splicing variants are generated from the human HIF-3α locus, and that their 

expression is upregulated by hypoxia in a HIF-1-dependent manner. Our binding 

and overexpression analyses further suggest that the HIF-3α subunits have more 
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versatile functions in the hypoxia response system than had previously been 

anticipated. 
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2 Review of the literature 

2.1 Extracellular matrix 

All cells are in close contact with the extracellular matrix (ECM), either 

continuously or at distinct phases in their life-cycle. The ECM is a complex three-

dimensional macromolecular assembly of numerous proteins and polysaccharides. 

ECM has been known for a long time to provide structural support for organs and 

tissues and to form specific structures such as basement membranes (BMs), but 

over the past years it has also been shown to have a vital role in the adhesion, 

migration, proliferation, survival and polarity of cells and similarly in 

organogenesis, morphogenesis and cell signalling (for reviews, see Bruckner-

Tuderman et al. 2010, Daley et al. 2008, Hynes 2009, Kolacna et al. 2007). 

The ECM is composed of both collagenous (several collagen types) and non-

collagenous proteins such as elastin, laminins, fibronectin and nidogen, but the 

precise composition varies from tissue to tissue. ECM proteins are often 

glycosylated and are large and complex in structure with multiple distinct and 

highly conserved domains. The ECM is constantly undergoing remodelling 

through degradation and reassembly, particularly during the normal processes of 

development and wound healing. The ECM remodelling is mediated by signals 

transmitted by ECM receptors or by ECM-modifying proteins such as matrix 

metalloproteinases and serine proteases. In addition, extracellular and cellular 

tension can have an effect on ECM remodelling (for reviews, see Daley et al. 

2008, Kolacna et al. 2007).  

2.1.1 Collagens and their biosynthesis 

The principal structural elements of the ECM are formed by collagens, a 

superfamily of closely related but distinct proteins. Collagens are abundant 

proteins in all animals and comprise one-third of the total protein in humans. 

Collagen polypeptides form trimeric molecules whose main function is to provide 

a scaffold for tissues. Collagens are also involved in cell adhesion, cell migration, 

angiogenesis and tissue morphogenesis and repair (for reviews, see Kadler et al. 

2007, Kolacna et al. 2007, Shoulders & Raines 2009). 

All collagens have a characteristic basic structure consisting of three 

polypeptide chains, named α chains, which are coiled into a left-handed helix and 
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then supercoiled around a central axis in a right-handed manner to form a triple 

helix. These triple helices may be formed by three identical chains (homotrimers) 

or by two or more different chains (resulting in heterotrimers) in a collagen type-

specific manner. All α chains contain at least one domain composed of repeating -

Gly-X-Y- triplets, which characterizes the “collagenous” sequences of all 

collagens. In this repeat a glycine residue, the smallest amino acid, occupies every 

third position and the X and Y positions are often occupied by proline and 4-

hydroxyproline (4Hyp), respectively. The presence of glycine is crucial for the 

packing of the triple-helical structure of collagens. Specific proline and lysine 

residues in the α chains can be post-translationally modified by hydroxylation, the 

extent of these modifications being dependent on the collagen type. The presence 

of 4Hyp, found at position Y, is essential for the stability of the triple helix (for 

reviews, see Gelse et al. 2003, Kadler et al. 2007, Myllyharju & Kivirikko 2004). 

In contrast, the role of 3-hydroxyproline (3Hyp), found in certain X positions 

before 4Hyp, is still partially unclear. Collagen IV, the primary component of 

BMs, is known to have a high 3Hyp content (Kefalides 1973) and both stabilizing 

(Mizuno et al. 2008) and destabilizing (Jenkins et al. 2003) effects of this 

modification have been reported. In addition to hydroxylation of proline residues, 

lysine residues can also be hydroxylated and further modified by glycosylation. 

Besides the pivotal triple helix structure, all collagens also possess non-

collagenous (NC) domains flanking and interrupting the helical parts (Gelse et al. 

2003, Kadler et al. 2007, Myllyharju & Kivirikko 2004). 

At least 28 collagen types composed of 46 distinct α chains have so far been 

found to occur in humans, and several other proteins contain collagenous domains 

(Shoulders & Raines 2009). The latest addition, collagen XXIX, first proposed in 

2008, was classified as a novel α chain of collagen VI (Fitzgerald et al. 2008, 

Gara et al. 2008). The different collagen types are characterized by a remarkable 

complexity of structure, assembly and function, which is greatly increased by the 

existence of splice variants and the use of alternative promoters in some genes. 

Collagens can be divided into several subgroups by reference to their structure 

and supramolecular assembly: the fibril-forming collagens (such as collagens I, II 

and III), fibril-associated collagens with interrupted triple helices (FACITs), 

collagens forming hexagonal networks, the family of type IV collagens typical of 

BMs, collagen VI, forming beaded filaments, collagen VII, forming anchoring 

fibrils, the transmembrane collagens and the multiplexin subfamily (Fig. 1) (Gelse 

et al. 2003, Gordon & Hahn 2010, Kadler et al. 2007, Myllyharju & Kivirikko 

2004). 
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Fig. 1. The main subgroups of the collagen superfamily. 

Biosynthesis of collagens 

Collagen biosynthesis is a complex stepwise process which starts with the 

transcription of the genes coding for the collagen polypeptides and ends with the 

assembly of collagen trimers into the above supramolecular structures. Regulation 

of the transcription of collagen genes in the nucleus depends partly on the cell 

type and is in many cases characterized by multiple transcription initiation sites 

and alternative splicing. After transcription, the collagen mRNAs are translated 

into collagen polypeptides, which are cotranslationally translocated into the rough 

endoplasmic reticulum (rER) for further processing (for reviews, see Canty & 

Kadler 2005, Gelse et al. 2003). 

The fibril-forming collagens are the most intensively studied collagen types 

and are therefore used here as a model for collagen biosynthesis in general (Fig. 

2). Upon entry into the lumen of the rER, the signal peptide for ER translocation 

is removed, after which the procollagen molecules are modified both co-

translationally and post-translationally. The first step in these modifications is the 

hydroxylation of proline and lysine residues, catalyzed by collagen prolyl 4-

hydroxylases (C-P4Hs), prolyl 3-hydroxylases (P3Hs) and lysyl hydroxylases 

(LHs). The properties and function of each of these enzymes will be discussed in 

more detail later in this thesis. C-P4Hs are 22 tetramers that require protein 

disulphide isomerase (PDI) as their β subunit. PDI is also known to catalyze the 

formation of intrachain and interchain disulphide bonds and to act as a chaperone 
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during collagen biosynthesis. The Hyl residues are further modified by galactosyl 

transferase and galactosylhydroxylysyl-glucosyl transferase, which add galactose 

and glucose moieties to them. In addition to serving as an attachment site for 

carbohydrates, these residues are also involved in the formation of stable 

intermolecular cross-links between collagen molecules (Fig. 2) (Canty & Kadler 

2005, Gelse et al. 2003, Myllyharju & Kivirikko 2004). 

Once modified, the three collagen polypeptides begin their assembly into 

trimeric collagen monomers in a C to N-terminal direction. In fibrillar collagens 

the C-propeptides have an essential role in this assembly, as the procollagen 

chains are brought together by interactions between them. The proper folding of 

collagens requires a specific chaperone, called Hsp47, and peptidylproline cis-

trans isomerase (PPI), while PDI is essential for the formation of intrachain and 

interchain disulphide bonds in the procollagen molecules during folding. After 

procollagen assembly the trimeric molecules are secreted into the extracellular 

space, the C and N-propeptides are cleaved off by two specific enzymes, 

procollagen C-proteinase and procollagen N-proteinase, respectively, and the 

fibril-forming collagens spontaneously aggregate and assemble into fibrils in the 

extracellular space. The tissue type determines how the resulting fibrils are 

oriented. The collagen I fibrils in tendons, for example, are aligned in parallel to 

form bundles or fibres (Canty & Kadler 2005, Gelse et al. 2003, Myllyharju & 

Kivirikko 2004). 
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Fig. 2. Schematic illustration of the main steps in the biosynthesis of fibril-forming 

collagens. During translation the polypeptide chains enter the lumen of the rER, where 

the signal peptides are cleaved off (not shown). 4Hyp, 3Hyp and Hyl are formed in the 

ER, after which some of the Hyl residues are glycosylated to galactosyl-Hyl and 

glucosylgalactosyl-Hyl. The three C propeptides associate, intramolecular and 

intermolecular disulphide bonds are formed and the three polypeptide chains 

assemble into a triple helix. The triple-helical procollagen molecules are then secreted 

into the extracellular space, where the propeptides are cleaved off. After processing of 

the propeptides, the fibril-forming collagens can spontaneously aggregate into 

ordered fibrillar structures, which are additionally stabilized by the formation of 

covalent cross-links.  
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2.1.2 Basement membrane 

The basement membrane (BM) is a specialized sheet of ECM located 

basolaterally to all cell monolayers in the body. Collagen IV, laminin, 

nidogen/entactin and perlecan are the four major components of BMs, while other 

components include proteins such as fibulin and collagen XV. Collagen IV 

comprises about 50% of all BMs and forms the network that is essential for the 

structure of the BM (for reviews, see Daley et al. 2008, Kruegel & Miosge 2010, 

LeBleu et al. 2007, Van Agtmael & Bruckner-Tuderman 2010). It is internally 

stabilized by Met-Lys (Than et al. 2002) and Met-Hyl crosslinks (Vanacore et al. 

2009). Although collagen IV is fundamental for BM stability, it is not vitally 

important for the initiation of BM assembly during early development (Pöschl et 

al. 2004). BMs are highly diverse in composition and tissue specific, mainly on 

account of collagen IV and laminin heterogeneity. Their function is to provide 

structural support for cells, to separate the cell monolayers from the underlying 

connective tissue and act as a semipermeable selective barrier. BMs also influence 

cellular behaviour and modulate signalling cues for adjacent cells. Like the ECM 

in general, the BM is also dynamic and undergoes remodelling, consisting of de 

novo deposition of BM proteins, self-assembly and BM network formation (for a 

review, see LeBleu et al. 2007).  

2.1.3 Cell polarization 

Cell polarity, the generation of cellular asymmetries, is crucial for several 

biological processes, including migration, asymmetric cell division, epithelial 

barrier function, cell death and division, and morphogenesis. Most animal cells 

display polarity and cellular specialization through a polarization event that 

occurs in virtually all cell types. Mutual mechanisms generate cell polarity in 

different cell types but cell-type specific cascades are also essential (for reviews, 

see Bryant & Mostov 2008, Martin-Belmonte & Mostov 2008, St Johnston & 

Ahringer 2010). 

The epithelia are the most prototypical polarized tissues, and about 60% of 

mammalian cell types are epithelial or of epithelial-derived origin. The epithelial 

cells in the skin form layers of cells with apico-basal polarity which can function 

as a contact surface and barrier between the organism and its environment, while 

in internal organs such as the kidney these layers can form hollow tubule-like 

structures during organogenesis. Epithelia also play an important role in the 
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transport of molecules from one compartment to another. Several human 

disorders, such as polycystic kidney disease, derive from defects in epithelial 

tubular organization (Bryant & Mostov 2008, Martin-Belmonte & Mostov 2008, 

St Johnston & Ahringer 2010). 

Epithelial cells have an apical surface facing the lumen and a basolateral 

surface in contact with adjacent cells and the underlying ECM (Fig. 3A). The 

apical surface is specialized for regulating the exchange of materials, whereas the 

lateral surface contains specialized junctions, such as tight junctions, and cell-cell 

adhesion molecules. Due to their specific functions these surfaces are quite 

different in their protein and lipid compositions. The apical domain is formed by a 

brush border of microvilli and a terminal web of actin filaments located beneath 

this border. The tight junctions are found in the extreme apical portion of the 

lateral surfaces between adjacent cells and contain several adhesion molecules, 

such as the zonula occludens (ZO) proteins. The tight junctions also serve as a 

“fence” by limiting paracellular permeability and preventing the mixing of 

proteins and outer leaflet lipids between the apical and basolateral domains. The 

adherens junctions, which provide mechanical links between cells, are located 

beneath the tight junctions and are composed of cadherins and nectins. The basal 

side of the cell forms a contact between it and the underlying ECM or BM and 

contains ECM receptors such as integrins and intercellular adhesion molecules 

such as cadherins (Bryant & Mostov 2008, St Johnston & Ahringer 2010). 

Epithelial polarization using 3D models 

Studies on epithelial morphogenesis have traditionally been carried out using cells 

cultured as monolayers on plastic or on filters, but these models do not 

recapitulate the structural organization or functional differentiation of epithelia 

observed in vivo (Martin-Belmonte & Mostov 2008). In three-dimensional (3D) 

culture systems epithelial cells are able to organize into structures that resemble 

their in vivo architecture (Debnath & Brugge 2005, O’Brien 2002 et.al.). The best 

3D in vitro model for studying cell polarity is probably the 3D Madin-Darby 

canine kidney (3D MDCK) epithelial cell system (Debnath & Brugge 2005, 

Lubarsky & Krasnow 2003). These cells have the properties of the kidney distal 

tubule and collecting duct and when grown on a filter support they can be used as 

a two-dimensional (2D) model for studying epithelial polarity (Martin-Belmonte 

& Mostov 2008). When MDCK cells are grown in a gel of ECM, however, they 

form 3D cysts, spherical epithelial monolayers enclosing a central fluid-filled 
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lumen (Montesano et al. 1991). These cysts are surrounded by a BM secreted by 

the MDCK cells, consisting of laminins, fibronectin, several proteoglycans and 

collagens IV and XVIII (Erickson & Couchman 2001, Montesano et al. 1991, 

Svennevig et al. 1995). 

Establishment of apical-basolateral cell polarity 

Epithelia show two types of polarity, apical-basolateral and planar. Epithelial 

tissues are formed in several ways during development, and their cells use 

different polarizing cues from various interdependent biological processes to 

establish apical-basolateral polarity (for reviews, see Bryant & Mostov 2008, 

Martin-Belmonte & Mostov 2008, St Johnston & Ahringer 2010). First, the cells 

have to sense their environment and their location and orientation relative to the 

ECM and other cells (Bryant & Mostov 2008). Both cadherin-dependent cell-cell 

adhesion and adhesion to the ECM are crucial for the development of apical-basal 

polarity (Yeaman et al. 1999). Adhesion to the ECM plays an important role in 

the establishment of polarity, as MDCK cells cultured in suspension form cysts 

with their apical sides facing outwards, while the same cells grown in a collagen 

gel form cysts with an internal apical lumen (Wang et al. 1990). Laminin most 

likely acts as the basal cue in the polarization of MDCK cells, and its deposition 

is mediated by the small GTPase Rac, which in turn can be activated by collagen 

(O’Brien et.al. 2001, Yeaman et al. 1999, Yu et al. 2005). The importance of cell 

adhesion for the ECM was further emphasized by the discovery that 

establishment of the apico-basal axis is blocked by an addition of cis-OH-proline, 

an inhibitor of collagen secretion (Wang et al. 1990). Intercellular adhesions are 

formed by homophilic adhesion molecules of the nectin family (Sato et al. 2006, 

Takai et al. 2008) and tight junctions are formed on one side of these adhesion 

junctions (St Johnston & Ahringer 2010).  

Besides the polarization cues, downstream polarity factors have a central role 

in the establishment of apical-basolateral polarization. These conserved polarity 

complexes are involved in the generation and maintenance of all types of 

polarization and they must be asymmetrically distributed in cells (Fig. 3B) 

(Bryant & Mostov 2008, Martin-Belmonte & Mostov 2008, St Johnston & 

Ahringer 2010). There are three main polarity complexes in epithelial cells: 1) the 

Crumbs complex, composed of Crb1-3, PALS1 and PATJ (Assemat et al. 2008); 2) 

the PAR-3 complex, which consists of PAR-3, PAR-6 and aPKC (atypical protein 

kinase); and 3) the Scribble complex, containing Scribble, Discs 
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large(Dlg)/SAP97 and lethal giant larvae 1 and 2 (Lgl1 and 2) (St Johnston & 

Ahringer 2010). The Crumbs complex, which marks the apical domain, is 

enriched at the apical margin of the lateral domain just above the tight junctions 

(Makarova et al. 2003, Shin et al. 2005). This complex is an essential determinant 

of tight-junction formation (Fogg et al. 2005) and its components, PALS1 and 

PATJ, are required for lumen formation in MDCK cysts in 3D culture (Shin et al. 

2005, Straight et al. 2004). The PAR-3/PAR-6/aPKC complex is the main 

regulator of polarity (Munro 2006) and PAR-3 is mostly localized to the 

cytoplasmic side of tight junctions to establish the boundary between the apical 

and lateral domains (Chen & Macara 2005, Izumi et al. 1998). By contrast, PAR-

6 and aPKC co-localize with the apical Crumbs complex and maintain the 

integrity of the apical domain (Bryant & Mostov 2008, St Johnston & Ahringer 

2010). The Scribble complex is localized to the lateral site of the epithelial cells, 

and altogether two Scribble, two Lgl and seven Dlg homologues have been 

reported in mammals, which have been found to specify the lateral membrane by 

excluding the apical proteins, although the mechanisms behind this phenomenon 

are still largely unclear (St Johnston & Ahringer 2010).  

In addition to the polarity complexes, the asymmetric distribution of 

phosphatidylinositide phosphates (PtdInsPs) on the cytosolic side of the plasma 

membrane also contributes to the generation of apical-basal polarity. The PtdInsPs 

molecules are phospholipids, which are phosphorylated either singly or in a 

multiple manner in the 3, 4 and/or 5 positions of an inositol head group. PIP2, 

PtdIns(4,5)P2, is generated from PIP3, PtdIns(3,4,5)P3, by PTEN (a 3-

phosphatase), and the formation of PIP3 from PIP2 is catalysed by a family of 

PtdIns3 kinases (PI3K) (Bryant & Mostov 2008, St Johnston & Ahringer 2010). 

In polarized MDCK cells PIP2 is localized at the apical membrane, while PIP3 is 

restricted to the basolateral membrane, an asymmetric localization that is crucial 

for the maintenance of cell polarization (Martin-Belmonte et al. 2007). The 

connection between the polarity complexes and the phosphoinositides is mediated 

by the small GTPase, Cdc42, as PIP2 is known to induce the recruitment and 

activation of Cdc42 (Martin-Belmonte & Mostov 2007). According to the model 

for the acquisition of apical-basolateral polarity during epithelial morphogenesis 

in mammalian 3D MDCK cells, the PAR complex (PAR3-aPKC) could recruit 

PTEN into tight junctions, after which the PTEN activity would restrict PIP3 to 

the basolateral domain and mediate the enrichment of PIP2 at the apical surface 

(Feng et al. 2008, Gassama-Diagne et al. 2006, von Stein et al. 2005). Eventually, 
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the apical PIP2 would target and activate Cdc42, which would in turn activate 

PAR6/aPKC and some other effectors (Martin-Belmonte & Mostov 2008). 

Fig. 3. Epithelial cell polarization. A) Schematic view of the epithelial cell structure. 

The brush border of microvilli at the apical membrane faces the lumen of the cysts, 

whereas the basolateral domain forms a contact between the cell and adjacent cells 

and the BM. Tight junctions demarcate the boundary between the apical and lateral 

surfaces, and adherens junctions provide the mechanical links between cells. B) The 

main polarity complexes in epithelial cells. The Crumbs complex (Crb-PALS-PATJ) is 

localized to the apical domain. In addition, the PAR6-CDC42-aPKC also marks the 

apical domain, whereas most of the PAR-3 is localized to the cytoplasmic side of the 

tight junctions. The Scribble complex (Scrib-Dlg-Lgl) operates at the basolateral 

surface of the epithelial cells. The phosphoinositide PIP2 is located in the apical 

domain, while PIP3 is enriched in the basolateral domain. 
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Lumen formation 

Most internal epithelial organs contain cysts and tubules that transport vital fluids. 

Cysts such those formed by MDCK cells grown on 3D gel are spherical 

monolayers of cells that enclose a fluid-filled central lumen and are encircled by a 

BM (Fig. 4). Lumen formation occurs de novo as groups of poorly polarized cells 

begin to adhere to one another and the lumen is generated by cavitation or 

hollowing. In cavitation, the lumen is generated by selective apoptosis of the cells 

in the middle of the structure. These cells are not in contact with the ECM and are 

thus likely to be more susceptible to cell death. This selective apoptosis thus 

generates an outer epithelial layer surrounding a hollow lumen. In hollowing, the 

lumen is formed by membrane separation, in which intracellular vesicles are 

delivered to the cell surface at a coordinated point between two cells. For reviews, 

see Bryant & Mostov (2008), Lubarsky & Krasnow (2003), Martin-Belmonte & 

Mostov (2008), also Obrien (2002). An important condition for lumen formation 

is the presence of anti-adhesive factors at the apical surface, where they may be 

delivered by exocytosis of a specialized organelle, the vacuolar apical 

compartment (VAC) (Bryant & Mostov 2008, Davis & Bayless 2003, Kamei et al. 

2006, Vega-Salas et al. 1987). In addition, the secretion of large transmembrane 

glycoproteins may induce membrane detachment by steric hindrance of cell-cell 

adhesion (Martin-Belmonte & Mostov 2008). Podocalyxin, for example, is a 

sialomucin that keeps the urinary space open due to its highly negatively charged 

ectodomain (Meder et al. 2005, Orlando et al. 2001, Takeda et al. 2000). 

 

Fig. 4. Mechanisms of cyst development. At first the cell surfaces are predominantly 

lateral and basal. Vectorial transport of apical vesicles (VAC) to the plasma membrane 

may initiate lumen formation through membrane separation. The vacuoles fuse with 

the plasma membrane and the three surfaces are formed.  
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2.2 Collagen hydroxylases 

Collagen biosynthesis involves several post-translational modifications, including 

the formation of 4Hyp, 3Hyp and Hyl residues, which is catalyzed by three 

collagen hydroxylases, all belonging to the 2-oxoglutarate-dependent 

dioxygenases, and involving reactions that require Fe2+, 2-oxoglutarate, O2 and 

ascorbate. They all have distinct substrate requirements, however, and inhibition 

or lowered activity, resulting from mutations of these hydroxylases can lead to 

impaired embryogenesis or a specific disease (for reviews, see Kivirikko & 

Pihlajaniemi 1998, Myllyharju & Kivirikko 2004). 

2.2.1 Collagen Prolyl 4-hydroxylases 

The collagen prolyl 4-hydroxylases located within the lumen of the ER(C-P4Hs, 

EC 1.14.11.2) have an essential role in the synthesis of all collagens. They 

catalyze the formation of 4Hyp through hydroxylation of the Pro residues in -X-

Pro-Gly- (in other words -Gly-X-Y- where Y is Pro) sequences in collagens and 

several other proteins containing collagen-like sequences. 4-Hyp residues have a 

vital role in the formation of the triple-helical collagen molecules in vivo as they 

provide for thermal stability. In addition to the C-P4Hs, a separate cytoplasmic 

and nuclear P4H family (HIF-P4Hs) plays a crucial role in oxygen homeostasis 

through hydroxylation of specific prolines in the α subunit of hypoxia-inducible 

factor (HIF) (see 2.3). Both the C-P4Hs and the HIF-P4Hs belong to the group of 

2-oxoglutarate-dependent dioxygenases (for reviews, see Myllyharju 2003, 

Myllyharju 2008). 

All vertebrate C-P4Hs are α2β2 tetramers in which the α subunit accounts for 

the catalytic activity and the β subunit is identical to PDI (Koivu et al. 1987, 

Pihlajaniemi et al. 1987). There are altogether three vertebrate C-P4H isoenzymes, 

differing in their catalytic α subunits (Myllyharju 2008). The first α subunit 

identified, now called the α(I) subunit, was cloned in 1989 from human 

(Helaakoski et al. 1989) and chicken tissues (Bassuk et al. 1989) and later also 

from the rat (Hopkinson et al. 1994) and mouse (Helaakoski et al. 1995). The 

second isoform, α(II), has been cloned from human (Annunen et al. 1997) and 

mouse tissues (Helaakoski et al. 1995), and the latest C-P4H α subunit isoform, 

α(III), has been identified and cloned from human (Kukkola et al. 2003, Van Den 

Diepstraten et al. 2003), rat and mouse sources (Kukkola et al. 2003). All three 

known α subunits associate with the same β subunit, PDI, to form [α(I)]2β2, 
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[α(II)]2β2, and [α(III)]2β2 tetramers, i.e. C-P4Hs I-III, respectively (Helaakoski et 

al. 1995, Kukkola et al. 2003). Data on coexpression in insect cells indicate that 

the vertebrate α subunits do not form mixed tetramers with dissimilar catalytic α 

subunits (Annunen et al. 1997).  

The three vertebrate C-P4H α subunits are highly similar in size, and all are 

synthesized in a form containing a signal peptide of an additional 16 to 22 amino 

acids. The processed human, mouse and rat α(I) subunits consist of 517 amino 

acids and the chicken α(I) subunit of 516 amino acids. The human and mouse α(II) 

subunits have 514 and 518 amino acids, respectively, while the third subunit, 

α(III), consists of 525 residues in the human and rat and 520 in the mouse, thus 

being slightly longer than the other two subunits (Annunen et al. 1997, Bassuk et 

al. 1989, Helaakoski et al. 1989, Helaakoski et al. 1995, Hopkinson et al. 1994, 

Kukkola et al. 2003, Van Den Diepstraten et al. 2003). The overall amino acid 

sequence of the human α(II) subunit shows 64% identity with the human α(I), 

whereas the sequence identities between the human α(I) and α(III) subunits and 

the human α(II) and α(III) subunits are 35% and 37%, respectively (Annunen et al. 

1997, Kukkola et al. 2003). The highest identity between the different α subunits 

can be found within the catalytically important C-terminal region, where the 

identity between the human α(I) and α(II) subunits is 80% and that between the 

α(III) and the other two α subunits is 56%–57% (Annunen et al. 1997, Kukkola et 

al. 2003). 

The human C-P4H α(I) and α(II) subunits both have two alternatively spliced 

mRNAs with no distinct differences in their expression patterns (Helaakoski et al. 

1989, Helaakoski et al. 1995, Nokelainen et al. 2001), whereas the expression 

patterns of the human C-P4H α(I) and α(II) subunits differ markedly from each 

other (Annunen et al. 1997). C-P4H-I is the main enzyme form in most cell types 

and tissues, while C-P4H-II is the main form in chondrocytes and cartilage 

(Annunen et al. 1998) and in endothelial cells and the cells of epithelial structures 

(Nissi et al. 2001). C-P4H-II is also the main form in the developing glomeruli of 

the fetal kidney and in tubular structures of collecting duct calibre in both fetal 

and adult kidneys whereas C-P4H-I is expressed by undifferentiated fibroblastoid 

mesenchymal cells of the developing kidney interstitium and by fibroblasts and 

fibroblastic cells in many tissues (Nissi et al. 2001). These data indicate that C-

P4H-I is expressed in particular by cells of mesenchymal origin and in developing 

and malignant tissues, whereas C-P4H-II is expressed by more differentiated cells, 

such as endothelial cells (Nissi et al. 2001). The α(III) mRNA is expressed in 

several human tissues, but at much lower levels than the α(I) and α(II) mRNAs 
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(Kukkola et al. 2003). Furthermore, there is no evidence for the alternative 

splicing of α(III) transcripts (Kukkola et al. 2003). 

The C-P4Hs act in vivo on proline residues in appropriate sequences of newly 

synthesized collagen polypeptide chains, the minimum sequence requirement for 

vertebrate C-P4Hs being an -X-Pro-Gly- triplet (for a review, see Kivirikko & 

Myllyharju 1998). The hydroxylation reaction requires Fe2+, 2-oxoglutarate, O2 

and ascorbate as cosubstrates and involves oxidative decarboxylation of 2-

oxoglutarate (2-OG), leading to formation of a succinate with one atom of the O2 

molecule being incorporated into it and the other one into the hydroxyl group 

formed on the proline residue (Fig. 5). 2-Oxoglutarate is consumed 

stoichiometrically in this reaction whereas ascorbate is not, and thus C-P4Hs are 

able to catalyse several reaction cycles in the absence of ascorbate. Nevertheless, 

C-P4Hs also catalyse uncoupled decarboxylation of 2-oxoglutarate, i.e. 

decarboxylation without subsequent hydroxylation of the proline residue. In these 

uncoupled reactions ascorbate acts as an alternative oxygen acceptor and is 

consumed stoichiometrically (Fig. 5) (for reviews, see Kivirikko & Myllyharju 

1998, Myllyharju 2003). The catalytic properties of the C-P4H isoenzymes are 

very alike, since there are no significant differences in their Km values for the 

cosubstrates (Annunen et al. 1997, Helaakoski et al. 1995, Kukkola et al. 2003). 

However, poly(L-proline), an efficient inhibitor of C-P4H-I, is only a weak 

inhibitor of C-P4H-II, as its Ki value for the latter is up to 1000-fold higher than 

for C-P4H-I (Annunen et al. 1997, Helaakoski et al. 1995). C-P4H-III is inhibited 

by poly(L-proline) with intermediate efficiency (Kukkola et al. 2003). These 

differences are also reflected in the Km values of the C-P4Hs for peptide 

substrates, C-P4H-I having the lowest Km value and C-P4H-II the highest 

(Annunen et al. 1997, Kukkola et al. 2003, Myllyharju & Kivirikko 1997). 
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Fig. 5. Schematic representation of the reaction catalyzed by the prolyl 4-hydroxylases. 

2-Oxoglutarate is stoichiometrically decarboxylated during prolyl 4-hydroxylation (A). 

In uncoupled reactions, ascorbate is stoichiometrically consumed in both the 

presence (B) and the absence (C) of the substrate.  

Mouse models 

Knockout mice have recently been generated for both the C-P4H α(I) and α(II) 

subunits (Holster et al. 2007, Myllyharju & Kivirikko 2004). The α(I) knockout is 

embryonically lethal, the primary cause of death being most likely an abnormal 

assembly of collagen IV (Holster et al. 2007). C-P4H α(I) null embryos die at 

E10.5 and show an overall developmental delay (Holster et al. 2007). Their BMs 

essentially lack collagen IV and the increased amount of soluble collagen IV 

indicates impaired assembly of collagen IV molecules into insoluble structures 

(Holster et al. 2007). This is most likely due to their underhydroxylation and 

resulting abnormal conformation (Holster et al. 2007). By contrast, α(II) null 

embryos are viable and have no obvious phenotypic abnormalities (Myllyharju & 

Kivirikko 2004, Myllyharju 2008). 
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Human diseases  

So far, no heritable human disease is known to be caused by mutations in any of 

the C-P4H α subunits (Myllyharju & Kivirikko 2004, Myllyharju 2008), whereas 

excess collagen formation is involved in the pathogenesis of several fibrotic 

conditions such as liver fibrosis, where the excess fibrous material impairs the 

normal functioning of the affected organ (Myllyharju & Kivirikko 2001, 

Myllyharju 2008). Hence, there have been numerous attempts to develop drugs 

that inhibit the accumulation of collagen in fibrosis by targeting the C-P4Hs 

(Myllyharju & Kivirikko 2001). In addition, there is evidence of a linkage 

between excess C-P4H activity and osteoarthritis (OA), as recent results have 

shown that the expression of C-P4H-II is increased in OA articular chondrocytes 

relative to healthy chondrocytes (Grimmer et al. 2006). Furthermore, the 

expression of collagen II is also increased in OA articular chondrocytes (Grimmer 

et al. 2006). These results indicate that the accelerated post-translational 

modification process may contribute to increased synthesis and accumulation of 

collagen II during OA (Grimmer et al. 2006). 

2.2.2 Prolyl 3-hydoxylases 

The prolyl 3-hydroxylases (P3Hs, EC 1.14.11.7) catalyze the hydroxylation of 

Pro residues in -Gly-Pro-4Hyp- sequences (Risteli et al. 1977, Tryggvason et al. 

1976), the presence of 4Hyp in the Y position being an absolute requirement for 

prolyl 3-hydroxylation to occur (Tryggvason et al. 1976). The sequence -Gly-

3Hyp-4Hyp- is rare in vertebrate collagens, and collagen IV has the highest 3Hyp 

content of all (Fietzek et al. 1972, Gryder et al. 1975, Kefalides 1973). 

Approximately 11% of the total Hyp in collagen IV is 3Hyp, the amount being 10 

times higher than in the fibrillar collagens (Kefalides 1973), of which collagen I 

contains only one 3Hyp per α chain (Fietzek et al. 1972) and collagen II has 

approximately two residues per α chain (Miller et al. 1976).  

Although P3H was partially characterized over 30 years ago (Risteli et al. 

1977, Tryggvason et al. 1976), it was cloned from embryonic chicks only in 2004 

(Vranka et al. 2004). The P3H enzyme family consists of three members: P3H1, 

P3H2 and P3H3, located on chromosomes 1, 3 and 12, respectively (Järnum et al. 

2004, Vranka et al. 2004). The genes for P3H1, P3H2 and P3H3 encode 736, 708 

and 726 amino acid polypeptides, respectively (Järnum et al. 2004, Vranka et al. 

2004), with P3H1 and P3H2 sharing 46% sequence identity while P3H1 and 
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P3H3 are 41% identical and P3H2 and P3H3 38% identical (Vranka et al. 2004). 

The C-terminal portion is highly conserved in the P3Hs and contains the four 

catalytically critical residues shared with the C-P4Hs and LHs (Vranka et al. 

2004). A presumptive hydrophobic signal peptide is located in the N-terminal 

parts of the P3H1 and P3H2 polypeptides (Järnum et al. 2004) and all the family 

members contain four CXXXC repeats in their N-terminal halves, as also found 

in cartilage-associated protein (CRTAP) (Järnum et al. 2004, Vranka et al. 2004). 

In addition to the CXXXC repeats, the P3H1 and P3H2 polypeptides have four 

tetratricopeptide repeats (Järnum et al. 2004) that are known to be involved in 

protein-protein interactions and to constitute the peptide substrate-binding domain 

of the human C-P4H α(I) subunit (Pekkala et al. 2004). The C-terminus of all the 

P3H isoenzymes contains a KDEL motif which functions as an ER retention 

signal indicating that they are likely to be located within the lumen of the ER 

(Järnum et al. 2004, Vranka et al. 2004).  

P3H1 was originally described as a leucine-proline-enriched, BM-associated 

proteoglycan (Leprecan) in rats showing an ER-Golgi staining pattern 

(Wassenhove-McCarthy & McCarthy 1999) and later as a potential growth 

suppressor gene, GROS1 (Kaul et al. 2000). Leprecan was later classified as a 

member of the 2-oxoglutarate-dependent dioxygenases by sequence profile 

analysis (Aravind & Koonin 2001). P3H2 was first identified as the Leprecan-like 

1 protein, as analysis of its subcellular localization also showed staining in the 

ER-Golgi network (Järnum et al. 2004).  

Chicken P3H1 has been shown to interact in a specific manner with 

denaturated collagen and to exist in a tight complex with CRTAP and cyclophilin 

B (CypB), a member of the peptidyl prolyl cis-trans isomerase family (Vranka et 

al. 2004). The three proteins exist in 1:1:1 ratio in this complex (Morello et al. 

2006), although P3H1 purified from chick embryos without CRTAP and CYPB 

has been shown to possess P3H activity on a full-length procollagen substrate 

(Vranka et al. 2004). It has been demonstrated recently that the 

P3H1·CRTAP·CypB complex is a potent molecular chaperone showing peptidyl-

prolyl cis-trans isomerase activity and that it is also able to interact with triple-

helical collagen (Ishikawa et al. 2009). Furthermore, CRTAP and P3H1 have 

mutually stabilizing effects in the collagen prolyl 3-hydroxylation complex 

(Chang et al. 2010).  

The P3H isoenzymes differ in their expression patterns and tissue localization. 

Northern blot analysis has pointed to P3H1 mRNA expression in several mouse 

and human tissues, e.g. in the heart and skeletal muscle, but not in the human 
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kidney (Kaul et al. 2000). On the other hand, it has been demonstrated that P3H1 

mRNA is present in the mouse kidney (Vranka et al. 2009). P3H2 mRNA has 

been detected in several normal human tissues, including the kidney (Järnum et al. 

2004). Northern blot analysis has shown P3H2 and P3H3 mRNA expression in 

the mouse kidney, heart and liver (Vranka et al. 2009). Real-time quantitative 

PCR (Q-PCR) analysis of P3H isoenzyme expression shows strikingly high 

expression of P3H2 in the adult mouse kidney and also in the mouse eye and 

heart (Vranka et al. 2009). The P3H1 polypeptide has been localized to tissues 

expressing fibrillar collagens, such as tendons, cartilage and dermis, and also to 

the large blood vessels, while it is almost absent in tissues where BM collagens 

predominate (Vranka et al. 2004). The P3H2 polypeptide is expressed in several 

tissues and cell types, such as the salivary gland, small intestine, lymph follicle 

and the smooth muscle cells around blood vessels (Järnum et al. 2004). P3H2 

expression is also seen in many endocrine secretory cells and epithelial cells, 

suggesting a possible role for these cell types in the secretory mechanism (Järnum 

et al. 2004). In situ hybridization of embryonic mouse tissues has shown both 

common and unique sites of expression of P3H1, P3H2 and P3H3 throughout 

developmental stages E11.5-E13.5 (Vranka et al. 2009). Expression of P3H2, for 

example, was seen in the lens of the eye, whereas P3H1 expression was not 

detected in the eye (Vranka et al. 2009). Expression of P3H2 and P3H3, but not of 

P3H1, has recently been shown to be down-regulated by methylation in the 5’ 

regulatory sequences of each gene in breast cancer, and ectopic expression of 

P3H2 and P3H3 has been found to result in suppression of colony growth, 

suggesting that P3H2 and P3H3 are novel tumor suppressors (Shah et al. 2009). 

Mouse models 

The significance of 3Hyp residues remained unclear until 2006, when Morello 

and coworkers published a study on CRTAP knockout mice, which had a 

recessive type of osteochondrodysplasia that included growth deficiency, 

osteopenia, shortening of the femurs (rhizomelia), and progressive kyphosis 

(Morello et al. 2006). Collagen I from bone and skin and collagen II from 

cartilage were found to lack the 3Hyp at position 986 in the mutant mice (Morello 

et al. 2006). Furthermore, the type I procollagen chains were overmodified and 

secreted in higher amounts by CRTAP null osteoblasts (Morello et al. 2006). 

Further analysis of the phenotype of CRTAP null mice has revealed a generalized 

connective tissue disease including abnormalities in the lungs, kidneys and skin 



 35

(Baldridge et al. 2010). In addition to the expected loss of prolyl 3-hydroxylation 

of proline 986 (Pro986) in the α1(I) and α1(II) chains, Pro986 in the α2(V) chain 

also lacked 3-hydroxylation in these mice, although normal levels of 3-

hydroxylation were detected at two of the known 3Hyp positions in the α1(IV) 

chains in their kidneys (Baldridge et al. 2010). 

More recently, knockout mouse models targeting P3H1 (Vranka et al. 2010) 

or CypB (Choi et al. 2009) have pointed to several bone defects such as 

kyphoscoliosis and rhizomelia together with significantly lowered bone mass and 

strength in P3H1 null mice (Vranka et al. 2010). Moreover, the skin of P3H1 null 

mice is thinner and the tendons have an abnormal morphology as compared with 

wild-type mice (Vranka et al. 2010). Collagen I in the P3H1 null mice lacks the 

single 3Hyp but has higher amounts of 4Hyp, Hyl and glucosylgalactosyl-Hyl 

than in wild-type mice (Vranka et al. 2010). This overmodification is most likely 

due to a delay in the secretion of collagen molecules by the null mouse fibroblasts 

(Vranka et al. 2010). Likewise, CypB knockout mice develop kyphosis and severe 

osteoporosis, with an almost complete absence of 3Hyp at position 986 in 

collagens I and II (Choi et al. 2009). These null mice also have markedly loose, 

fragile skin (Choi et al. 2009). Furthermore, the amount of P3H1 is substantially 

reduced in CypB knockout mice, while that of CRTAP is unaffected by the loss of 

CypB (Choi et al. 2009).  

Human diseases 

Classical osteogenesis imperfecta (OI), or “brittle bone disease” is a rare genetic 

disorder of the connective tissue caused by dominant negative structural 

mutations in either of the collagen I genes, COL1A1 or COL1A2 (Marini et al. 

2010). A new paradigm for OI arose in 2006, when it became evident that CRTAP 

mutations in humans cause recessive OI, the phenotype ranging from neonatal 

lethality to a milder condition, depending on the nature of the mutation (Barnes et 

al. 2006, Morello et al. 2006). Patients with CRTAP defiency are characterized by 

extreme osteopenia, bone fragility, a narrow thorax and rhizomelia (Barnes et al. 

2006, Morello et al. 2006). Biochemical analyses showed a lack of or reduction in 

3-hydroxylation at Pro986 and overmodification of the α1(I) chains (Barnes et al. 

2006, Morello et al. 2006). So far, 13 independent probands with 15 distinct 

CRTAP mutant alleles have been reported (Marini et al. 2010). The severe to 

lethal osteochondrodysplasia brought about in humans by the absence or loss of 
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function of CRTAP is now designated as type VII OI (OMIM 610682) (Marini et 

al. 2010).  

Soon after the discovery of the human mutations in the gene encoding 

CRTAP, a new recessive bone disorder caused by null P3H1 alleles was 

characterized (Cabral et al. 2007). There are 17 mutant P3H1 alleles known to 

date, in about two dozen independent families (Marini et al. 2010). The absence 

or loss of function of P3H1 results in the lethal to severe type VIII OI (OMIM 

610915) (Cabral et al. 2007, Marini et al. 2010), the features of which include 

enlarged head circumference, scoliosis and extreme bone fragility (Baldridge et al. 

2008, Cabral et al. 2007). The 3-hydroxylation of Pro986 of the α1(I) chains is 

abolished or reduced and the collagen chains are also markedly overmodified in 

type VIII OI patients(Baldridge et al. 2008, Cabral et al. 2007, Willaert et al. 

2009). A mutation in the peptidyl-prolyl isomerase B gene (PPIB) coding for the 

third component of the collagen prolyl 3-hydroxylation complex, CYPB, has 

recently been shown to exist in humans (Barnes et al. 2010). This mutation results 

in a lack of CYPB and causes OI without rhizomelia associated with normal α1(I) 

Pro986 3-hydroxylation and normal collagen folding, suggesting that CypB is not 

the exclusive peptidyl-prolyl cis-trans isomerase that catalyzes the rate-limiting 

step in collagen I folding in vivo (Barnes et al. 2010). 

2.2.3 Lysyl hydroxylases 

The lysyl hydroxylases (LHs, EC 1.14.11.4) catalyze hydroxylation of peptidyl 

lysine residues of collagenous -X-Lys-Gly- sequences. Like the C-P4Hs and P3Hs, 

they belong to the group of 2-oxoglutarate-dependent dioxygenases (for reviews, 

see Kivirikko et al. 1992, Myllylä et al. 2007). Hyl is found almost exclusively in 

collagens and other proteins containing collagenous sequences, where they have 

two crucial functions. First of all, they are essential for the stability of the 

intermolecular collagen cross-links, and secondly, they serve as attachment sites 

for galactose and glucosylgalactose. The amount of Hyl and the degree of Hyl 

glycosylation varies between collagen types, tissues and even different 

physiological and pathological stages in the same tissue (Kivirikko & Myllylä 

1979, Kivirikko et al. 1992). The lysines in collagen IV are highly hydroxylated 

and glycosylated, whereas only approximately one third of the lysine residues in 

collagen I are hydroxylated (Khoshnoodi et al. 2008, Kivirikko et al. 1992). 

Although the biological significance of the glycosylation of Hyl residues is not 

completely understood, it has been suggested that it may regulate collagen fibril 
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diameter (Notbohm et al. 1999), since glycosylated Hyl residues have been 

shown to be important for embryonic development and BM formation in the 

mouse (Rautavuoma et al. 2004, Ruotsalainen et al. 2006) and the glycosylation 

of Hyl residues in collagens IV and VI is known to be essential for their secretion 

and assembly (Sipilä et al. 2007). 

Three LH isoforms, LH 1-3, have been characterized to date from human 

(Hautala et al. 1992, Passoja et al. 1998, Valtavaara et al. 1997, Valtavaara et al. 

1998, Yeowell & Walker 1999) and mouse sources (Ruotsalainen et al. 1999). All 

the human LH isoforms share 91% amino acid identity with their mouse 

counterparts and the overall amino acid sequence identity between the human 

LHs is 47%, the C-terminal end of the polypeptides being highly conserved 

(Ruotsalainen et al. 1999, Valtavaara et al. 1998). All the human LH isoforms 

have been shown to be homodimers (Rautavuoma et al. 2002).  

LH was first purified from chick embryos (Turpeenniemi-Hujanen et al. 1980) 

and later also from human placental tissue (Turpeenniemi-Hujanen et al. 1981). 

Chicken LH1 was cloned in 1991 (Myllylä et al. 1991) and the human LH1 was 

cloned a year later (Hautala et al. 1992). This latter consists of 709 amino acid 

residues and a signal peptide of 18 amino acids (Hautala et al. 1992). A second 

human LH isoform, LH2, which consists of 737 amino acids, including a putative 

signal peptide, was characterized and cloned in 1997 (Valtavaara et al. 1997) and 

was later shown to be subjected to alternative RNA splicing, as it is expressed in 

both a short form, LH2a, and a long form, LH2b (Yeowell & Walker 1999). The 

long form contains an additional 63-bp exon 13A between exons 13 and 14 and 

encodes a protein of 758 amino acids (Yeowell & Walker 1999). This alternative 

splicing event is regulated by both cell density and cycloheximide and involves a 

newly synthesized protein factor (Walker et al. 2005) as well as the RNA splicing 

proteins TIA-1 and TIAL-1 (T-cell-restricted intracellular antigens) (Yeowell et al. 

2009). The latest LH family member is LH3 (Passoja et al. 1998, Valtavaara et al. 

1998). The human LH3 polypeptide contains 738 amino acids, including a signal 

peptide of 24 residues (Passoja et al. 1998, Valtavaara et al. 1998). In addition to 

LH activity, LH3 also possess collagen glucosyltransferase (GGT) (Heikkinen et 

al. 2000) and galactosyltransferase activities (Rautavuoma et al. 2002, Wang et al. 

2002a) and can thus catalyze the formation of Hyl, galactosyl-Hyl and 

glucosylgalactosyl-Hyl residues. The C-terminal part of LH3 is responsible for its 

LH activity, whereas the N-terminal part is required for the GGT activity 

(Rautavuoma et al. 2002, Wang et al. 2002b). 
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LH isoenzymes are expressed in several human cell lines and tissues and 

show both overlapping and distinct expression patterns. There are significant 

correlations between the mRNA levels of LH1 and LH2 in various human cell 

lines, whereas LH3 mRNA levels do not correlate with those of LH1 and LH2 

(Wang et al. 2000). Moreover, large variations can be found in mRNA expression 

of LH3 in human cell lines but not of LH1 or LH2, indicating a difference in the 

regulation of LH3 (Wang et al. 2000). LH1 is expressed in several human tissues, 

including the heart, placenta, brain, kidney, pancreas, lung and cartilage, the 

expression levels being highest in the skeletal muscle and liver (Heikkinen et al. 

1994, Yeowell et al. 1994). The long form of LH2, LH2b, is the only LH2 

transcript in human skin, lung, aorta and dura and it is the major form in all 

tissues except the kidney and spleen, where the shorter form, LH2a, is the main 

transcript (Yeowell & Walker 1999). The highest human LH3 mRNA expression 

levels are seen in the placenta, pancreas, heart and spinal cord (Passoja et al. 1998, 

Valtavaara et al. 1998). The expression of LH isoenzymes is highly regulated in 

adult mice, with tissue and cell-specific patterns, whereas they are widely 

expressed during mouse embryogenesis showing similar expression patterns 

(Ruotsalainen et al. 1999, Salo et al. 2006). LH1 is strongly expressed in the liver, 

lung, skeletal muscle, heart and kidney of adult mice, while the expression of 

LH3 is seen in adult mouse heart, lung, liver and testis (Ruotsalainen et al. 1999, 

Salo et al. 2006). The short form of LH2, LH2a, is the major form until E11.5, 

whereas the long form, LH2b, is the predominant LH2 in many adult mouse 

tissues such as the heart and lung (Salo et al. 2006). The short form is the only 

form in the adult mouse testis and kidney, however (Salo et al. 2006). In the adult 

mouse kidney LH2 has been localized to the epithelial cells of the distal 

collecting tubules and also resides in the ER membrane (Salo et al. 2006). 

Moreover, LH2 shows an intracellular localization, whereas LH3 is expressed 

both intracellularly and extracellularly (Salo et al. 2006). 

LHs catalyze the formation of hydroxylysines in collagens, the minimum 

sequence requirement for this reaction being fulfilled by an -X-Lys-Gly- triplet 

(Kivirikko et al. 1992). All three LHs possess LH activity (Passoja et al. 1998, 

Turpeenniemi-Hujanen et al. 1981, Valtavaara et al. 1997, Valtavaara et al. 1998), 

but only LH3 has additional GGT (Heikkinen et al. 2000) and 

galactosyltransferase activity (Wang et al. 2002a). All three LHs hydroxylate 

peptides representing the collagenous sequences of collagens I and IV, with slight 

differences in their Km and Vmax values (Takaluoma et al. 2007b). No strict 

sequence or collagen type specificities have been reported for the LH isoforms 
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(Risteli et al. 2004, Takaluoma et al. 2007b, Wang et al. 2000). Nevertheless, it 

has been proposed that LH1 may be important for the hydroxylation of lysine 

residues at helical cross-linking sites (Eyre et al. 2002). On the other hand, the 

long form of LH2, LH2b, is responsible for the hydroxylation of collagen 

telopeptides (Bank et al. 1999, Takaluoma et al. 2007b, Uzawa et al. 1999, van 

der Slot et al. 2003).  

Mouse models 

Knockout mouse models have been generated that target the genes for LH1 and 

LH3. LH1 knockout mice are viable and fertile but they are flaccid and have gait 

abnormalities (Takaluoma et al. 2007a). About 15% of them die of aortic ruptures, 

and the non-ruptured aortas show degenerative changes such as vacuolization and 

mitochondrial swelling in the smooth muscle cells of the aortic walls (Takaluoma 

et al. 2007a). The collagen fibrils in the aorta and skin of these null mice have an 

abnormal morphology, and the Hyl content of all the LH1 null tissues studied is 

lowered (Takaluoma et al. 2007a). In addition, the LH activity level is reduced in 

mutant aorta and skin samples and Hyl-pyridinoline cross-links are less abundant 

in LH1 null tissues than in wild-type tissues (Takaluoma et al. 2007a).  

Mice with targeted inactivation of LH3 die around E9.5 due to unstable BMs 

(Rautavuoma et al. 2004, Ruotsalainen et al. 2006). The BMs of the mutant mice 

are fragmented, and amorphous intracellular and extracellular collagen IV 

particles can be seen in the mutant embryos (Rautavuoma et al. 2004). The 

migration of collagen IV chains is faster in the mutant mice than in the wild-type 

mice in Western blot analysis and the apparent reduction in the molecular weight 

of the collagen IV chains indicates a complete loss of Hyl and its carbohydrate 

units in these chains (Rautavuoma et al. 2004). Mutant mice that lack the LH 

activity of LH3 but have normal GGT activity develop normally but show defects 

in BM structure and in collagen fibril organization in the skin and lung 

(Ruotsalainen et al. 2006). A hypomorphic LH3 mouse line with variation in GGT 

activity shows variation in the phenotype and in the time of embryonic death, 

demonstrating that the survival of the hypomorphic mice correlates with the level 

of GGT activity (Ruotsalainen et al. 2006). Further analysis of these hypomorphic 

mice shows that the reduction in the GGT activity of LH3 disrupts the 

localization of collagen IV (Ruotsalainen et al. 2006). These studies on LH3 

mutant mice demonstrate that LH3 has both LH and GGT activities in vivo and 

that LH3, and especially its GGT activity, is indispensible for the biosynthesis of 
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collaen IV and for BM stability (Rautavuoma et al. 2004, Ruotsalainen et al. 

2006). So far, no results of targeted inactivation of LH2 in mice have yet been 

reported. 

Human diseases 

Hyl residues are crucial for collagen cross-link formation and the glycosylation of 

collagen chains, and a loss of lysine hydroxylation can lead to several clinical 

conditions in humans (for a review, see Myllyharju & Kivirikko 2004). The 

Ehlers-Danlos syndrome (EDS) comprises a heterogeneous group of dominant 

and recessive heritable ECM disorders affecting several tissues and organs. These 

disorders are characterized by joint hypermobility and skin fragility and 

hyperextensibility (for reviews, see Myllyharju & Kivirikko 2004, Yeowell & 

Walker 2000). The kyphoscoliotic form of Ehlers-Danlos syndrome type VI (EDS 

VIA, OMIM 225400) is caused by mutations in the gene encoding LH1 (Hyland 

et al. 1992) and has been characterized as a decrease in lysyl hydroxylation 

activity (Krane et al. 1972) and a deficiency in the Hyl content of collagens 

(Pinnell et al. 1972). The clinical symptoms of this disorder include hypermobile 

joints, soft hyperextensible skin with bad scarring and easy bruising as well as 

kyphoscoliosis. The extent of lysine hydroxylation varies between collagen types, 

as bone collagen I is more markedly underhydroxylated than cartilage collagen II 

(Eyre et al. 2002). Over 20 mutations in the LH1 gene have been reported up to 

now, including duplications and point mutations (Yeowell & Walker 2000). 

Bruck syndrome (OMIM 259450) is an autosomal recessive disease 

characterized by the presence of osteoporosis, joint contractures, fragile bones 

and short stature (Berg et al. 2005, McPherson & Clemens 1997), and Bruck 

syndrome type II is caused specifically by mutations in the gene encoding LH2 

(Bank et al. 1999, van der Slot et al. 2003). The lysine residues within the 

telopeptides of collagen I in bone are underhydroxylated in Bruck syndrome 

patients, while the lysine residues in the triple helix are modified in the normal 

way (Bank et al. 1999). LH2 also has an important role in fibrosis, which is 

characterized by the excessive accumulation of collagen. Fibroblasts cultured 

from the fibrotic skin of systemic sclerosis (SSc) patients have increased 

expression of LH2 and higher levels of pyridinoline cross-links in the ECM 

deposited by the SSc fibroblasts than in that deposited by wild-type fibroblasts 

(van der Slot et al. 2003). Furthermore, the mRNA levels of the long variant of 

LH2, LH2b, are increased in fibroblast cultures derived from patients with several 
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fibrotic conditions (van der Slot et al. 2004), levels that are known to be induced 

by various profibrotic cytokines such as TGF-β (van der Slot et al. 2005), 

suggesting that LH2b is responsible for the overhydroxylation of the collagen 

telopeptides.  

Two compound heterozygous mutations of the LH3 gene have been shown to 

cause a connective tissue disorder with a unique phenotype including features that 

overlap with several known collagen disorders (Salo et al. 2008). These are a 

point mutation and a frameshift combined with premature translational stop-

codon formation, leading to reduced glycosyltransferase and LH activities, 

respectively (Salo et al. 2008). The clinical features include myopia and a flat 

facial profile, as also seen in Stickler syndrome patients, together with skin 

blistering and nail abnormalities characteristic of the dystrophic type of 

epidermolysis bullosa (Salo et al. 2008). In fact, reduced GGT activity has been 

measured in a Finnish family with dominant epidermolysis bullosa simplex 

(OMIM 131880) (Savolainen et al. 1981). 

2.3 Hypoxia response pathway 

An adequate oxygen level is crucial for all aerobic organisms, and the 

maintenance of oxygen homeostasis is essential for their survival. Most living 

organisms are dependent on a continuous oxygen supply, and changes in oxygen 

level pose threats, since both increased and decreased oxygen availability 

(hyperoxia and hypoxia, respectively) can lead to cellular dysfunction. Oxygen is 

a key factor in several physiological processes such as embryogenesis and in 

many pathophysiological conditions, including anaemia, ischaemia, diabetes and 

cancer. Sophisticated molecular mechanisms have evolved in metazoans to sense 

and adapt to changes in oxygen level and thus to ensure adequate oxygen delivery 

to cells. The main regulator of cellular responses to hypoxia is the transcription 

factor known as hypoxia-inducible factor (HIF), a heterodimer consisting of an 

unstable, oxygen-regulated α subunit and a constitutively expressed, stable β 

subunit. Under hypoxic conditions HIF becomes stable and transcriptionally 

activates more than 100 genes involved in adaptation to a lowered oxygen level, 

including genes for angiogenesis, erythropoiesis and energy matabolism (for 

reviews, see Kaelin 2005, Lendahl et al. 2009, Semenza 2009, Semenza 2010). 

The core signalling machinery that converts a hypoxic stimulus to a gene 

regulatory event has been extensively studied over the past few years. In 2001 it 

was discovered that selective post-translational hydroxylation of two conserved 
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proline residues within HIF-α targets it for ubiquitination and proteasomal 

degradation under normoxic conditions. This modification is mediated by a novel 

family of oxygen-dependent P4Hs, the HIF-P4Hs 1-3. Later on it was shown that 

oxygen-dependent asparaginyl hydroxylation of HIF-α also regulates the 

transcriptional activity of the protein. The rate of hydroxylation is inhibited in 

hypoxia, allowing HIF-α to accumulate, dimerize with HIF-β and recruit 

coactivators. As a result, HIF transcriptionally activates the expression of its 

target genes and thus initiates the adaptation of cells to a lower oxygen 

concentration (Fig. 6; for reviews, see Kaelin & Ratcliffe 2008, Kaelin 2005, 

Myllyharju 2008, Schofield & Ratcliffe 2004). 
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Fig. 6. Oxygen-dependent regulation of HIF-1α stabilization and transactivation 

capacity. Under normoxic conditions Pro402 and Pro564 are hydroxylated by HIF-

P4Hs, generating a binding site for the von Hippel-Lindau (pVHL) protein. As a result, 

HIF-1α is polyubiquitylated and targeted for proteasomal degradation. Furthermore, 

hydroxylation of a conserved asparagine residue by a HIF asparaginyl hydroxylase 

FIH, blocks the recruitment of the transcriptional activator CBP/p300 and thus inhibits 

the transcription of target genes. In hypoxia, the rate of HIF hydroxylation is 

suppressed, leading to the stabilization and accumulation of HIF-1α. HIF-1α then 

translocates to the nucleus, dimerizes with HIF-β and binds CBP/p300. The complex 

binds to the hypoxia response elements (HREs) of various genes and increases 

transcription of the target gene sequences to mRNA. 
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2.3.1 Hypoxia-inducible factors 1 and 2 

The HIFs are αβ heterodimers composed of an oxygen-sensitive α subunit and a 

constitutively expressed β subunit, both of which are members of the basic helix-

loop-helix Per-Arnt-Sim (bHLH-PAS) protein family (Wang & Semenza 1995). 

There are altogether three HIF-α subunits in humans (HIF-1α to HIF-3α), of 

which the closely related HIF-1α and HIF-2α have been studied most extensively 

(for a review, see Kaelin & Ratcliffe 2008). HIF-1α and HIF-2α contain bHLH 

and PAS domains in their N-terminal half, which mediate heterodimerization with 

HIF-β and DNA binding (Jiang et al. 1996), whereas the C-termini of HIF-1α and 

HIF-2α include two domains, the N and C-terminal transactivation domains 

(NTAD and CTAD, respectively), which are required for proper transactivation 

(Jiang et al. 1997). The oxygen-dependent regulation of HIF-1α and HIF-2α 

stability is mediated through the oxygen-dependent degradation domain (ODDD) 

located in the central region of HIF-1α and HIF-2α (Fig. 7) (Huang et al. 1998).  

The stability and transcriptional activity of HIF-1α and HIF-2α are regulated 

by two distinct post-translational oxygen-dependent events (Fig. 6). Under 

normoxia these HIF-αs become hydroxylated in one or two specific proline 

residues at conserved sites within the ODDD (Pro402 and Pro564 in human HIF-

1α), generating a binding site for the von Hippel-Lindau (pVHL) E3 ubiquitin 

ligase complex, which targets them to subsequent polyubiquitination and 

proteasomal degradation (Ivan et al. 2001, Jaakkola et al. 2001, Masson et al. 

2001, Yu et al. 2001). The conserved proline residues are 4-hydroxylated in 

normoxia by the HIF-P4Hs, which belong to the 2-oxoglutarate-dependent 

dioxygenase superfamily, the activities of which are dependent on oxygen (Bruick 

& McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). In addition, another 

mechanism for controlling the level of transactivation by HIF-1α and HIF-2α in 

normoxia has been described (Fig. 6). Hydroxylation of a conserved asparagine 

(Asn-803 in human HIF-1α) in the CTAD of HIF-1α and HIF-2α by the factor 

inhibiting HIF (FIH), also an oxygen-dependent dioxygenase, prevents binding of 

the transcriptional coactivator CBP/p300 to HIF-α (Hewitson et al. 2002, Lando 

et al. 2002a, Lando et al. 2002b).  

Under hypoxic conditions the oxygen level is not sufficient for the HIF-P4Hs 

and FIH to hydroxylate HIF-α, allowing it to escape pVHL-mediated 

ubiquitination and proteasomal destruction and resulting in stabilization and 

increased protein levels of HIF-α (Fig. 6). Once stabilized, HIF-α translocates into 

the nucleus and binds to HIF-β (for reviews, see Kaelin & Ratcliffe 2008, 
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Semenza 2009). The HIF-α/β dimer then binds to DNA in hypoxia-response 

elements (HREs) containing the core sequence 5’-(A/G)CGTG-3’ in the 

promoters or enhancers of HIF target genes (Semenza et al. 1996a). HIF-1 and 

HIF-2 are now known to upregulate the mRNA levels of 100-200 genes involved 

in cellular and systemic responses to hypoxia, including those involved in 

erythropoiesis, angiogenesis, autophagy, energy metabolism, ECM remodelling, 

differentiation and apoptosis (for reviews, see Chowdhury et al. 2008, Gordan & 

Simon 2007, Kaelin & Ratcliffe 2008) and more recently also micro-RNAs (Ivan 

et al. 2008). Several HIF target genes encode proteins which enable cells to adapt 

and survive under hypoxic conditions by providing oxygen-independent means of 

ATP production or by inhibiting apoptosis. HIF-1 and HIF-2 are known to 

activate both overlapping and unique target genes, HIF-1 regulating metabolic 

genes such as those involved in glycolysis, whereas HIF-2 activates 

differentiation and proliferation genes (for reviews, see Gordan & Simon 2007, 

Lendahl et al. 2009). In addition, HIF-1 is the main isoform regulating acute 

hypoxic response, while HIF-2 has been shown to mediate chronic responses to 

hypoxia and promote an aggressive phenotype in neuroblastomas (Holmquist-

Mengelbier et al. 2006).  
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Fig. 7. Schematic overview of the domain structures of HIF-α isoforms. All the 

isoforms contain the bHLH and PAS domains which are required for dimerization and 

DNA binding. HIF-1α, HIF-2α and HIF-3α1 also contain an oxygen-dependent 

degradation domain (ODDD) which includes the conserved proline(s). HIF-1α and HIF-

2α contain two transactivation domains (NTAD and CTAD), whereas HIF-3α1 contains 

only the NTAD. In addition to lacking the CTAD, the short HIF-3α variant, HIF-3α4, also 

lacks the ODDD and NTAD. 

2.3.2 Hypoxia-inducible factor 3 

While the two closely related HIF-α subunits HIF-1α and HIF-2α have been 

extensively studied, not much is known about the third variant, HIF-3α (for a 

review, see Lendahl et al. 2009). The HIF-1α subunit was characterized in 1995 

(Wang & Semenza 1995) and HIF-2α in 1997 (Ema et al. 1997, Flamme et al. 

1997, Hogenesch et al. 1997, Tian et al. 1997), but HIF-3α was first discovered in 

the mouse only in 1998 (Gu et al. 1998), the identification of the human HIF-3α 

having taken place in 2001 (Hara et al. 2001).  

HIF-2

HIF-1

HIF-3 1

HIF-3 4

Asn

bHLH PAS NTAD CTAD

ODDD

ProPro

bHLH PAS NTAD CTAD

ODDD

bHLH PAS NTAD CTAD

ODDD

ProPro Pro

ODDDODDD

bHLH PAS NTADbHLH PAS NTAD

Pro

Asn

bHLH PAS NTADbHLH PAS NTAD

Pro

bHLH PASbHLH PAS



 47

Structure of human HIF-3α 

The human HIF-3α gene locus was first identified in 1998 and mapped on the 

chromosome 19q13.13-13.2 (Gu et al. 1998), thus proving that the human HIF-3α 

locus is distinct from those of HIF-1α and HIF-2α, which reside on chromosomes 

14q21-24 and 2p16-21, respectively (Semenza et al. 1996b, Tian et al. 1997). The 

first full-length human HIF-3α cDNA, now known as HIF-3α1, encoding a 

polypeptide of 668 amino acids was cloned in 2001, the amino acid sequence 

showing 81.9%, 35.9% and 31.5% identity to those of mouse HIF-3α, human 

HIF-1α and human HIF-2α, respectively (Hara et al. 2001). The human HIF-3α1 

amino acid sequence is highly similar to human HIF-1α and HIF-2α in the N-

terminal bHLH region and the PAS domain (Fig. 7) (Hara et al. 2001). On the 

other hand, it lacks the structures for transactivation found in the C-terminus of 

HIF-1α and HIF-2α and contains only the NTAD (Hara et al. 2001). It thus cannot 

bind p300 and is not regulated by FIH. The human HIF-3α1 bHLH region has  

74% identity with human HIF-1α and HIF-2α, whereas the NTAD is only  

58% and 52% similar to those of human HIF-1α and HIF-2α, respectively (Hara 

et al. 2001).  

Multiple splice variants of the human HIF-3α locus, HIF-3α1-6, have been 

reported based on database searches with HIF-3α1 cDNA (Maynard et al. 2003), 

and the detailed exon-intron structure of the locus has revealed that the human 

HIF-3α gene consists of 19 exons spanning 43 kb on chromosome 19q13.2, 

among which three unique exons, named exons 1a, 1b, and 1c, are likely to 

contain the transcription initiation sites for the variants. Exon 2 encodes the 

bHLH domain, whereas exons 3-9 contain the PAS domain sequence. The longer 

variants, HIF-3α1-3, share a highly conserved ODDD (Maynard et al. 2003), but 

the three shorter variants (HIF-3α4-6) lack the ODDD and thus cannot be 

regulated by a similar oxygen sensing mechanism mediated by the HIF-P4Hs to 

that found in HIF-1α and HIF-2α (Maynard et al. 2003). Amino acid sequence 

alignment indicates that HIF-3α4 is most similar to mouse IPAS, which is an 

alternatively spliced variant of mouse HIF-3α (Makino et al. 2001, Makino et al. 

2002). All the predicted HIF-3α variants lack the CTAD, and the short variants 

also lack the NTAD (Maynard et al. 2003).  

Interestingly, amino acid sequence analyses have revealed that the human 

HIF-3α1-3 contain the signature LXXLL protein-protein interaction motif 

(Maynard et al. 2003) which is mostly found in nuclear receptor cofactors (Leo & 

Chen 2000). Neither HIF-1α nor HIF-2α has the LXXLL motif, however. In 
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addition to this motif, the HIF-3α1 contains a leucine zipper (LZIP) in its C-

terminus, composed of four-septad leucines not found in HIF-1α or HIF-2α or any 

of the other five predicted HIF-3α variants (Maynard et al. 2003). LZIP domains 

have been shown to mediate both DNA binding and protein-protein interactions 

(Landschulz et al. 1988). Thus HIF-3α1 may bind novel interacting proteins or 

DNA/promoter sequences distinct from those recognized by HIF-1α or HIF-2α. 

Expression and regulation of human HIF-3α 

The expression profiles of human HIF-1α and HIF-2α have been well 

characterized, whereas those of the HIF-3α variants have remained largely unclear. 

Expression analyses have demonstrated that HIF-3α is expressed in the human 

kidney (Hara et al. 2001) and in lung epithelial cells (Li et al. 2006). In addition, 

Northern blot analysis has revealed expression of human HIF-3α mRNA in the 

heart, placenta and skeletal muscle, whereas only weak expression is found in the 

lung, liver and kidney (Maynard et al. 2003). Expression of human HIF-3α4 is 

down-regulated in sporadic clear cell renal cell carcinoma (CC-RCC) (Maynard et 

al. 2005) and HIF-3α and HIF-1α show co-localization in immunohistochemical 

analyses of human RCCs (Tanaka et al. 2009). Immunofluorescence analysis has 

demonstrated that HIF-3α is located in both the cytoplasm and nucleus in 

normoxia, and that exposure to hypoxia increases the nuclear signals (Tanaka et 

al. 2009). Contradictory reports on the hypoxic induction of the human HIF-3α 

mRNA level have been published, however. The HIF-3α mRNA level in human 

lung epithelial cells has been shown to be upregulated after 4 h in hypoxia (Li et 

al. 2006), whereas the expression of HIF-3α4 seems to be down-regulated after 4 

h in hypoxia in HepG2 hepatocellular carcinoma cells and HEK293A adenovirus-

transformed embryonic kidney cells (Maynard et al. 2005).  

At the protein level, the HIF-3α ODDD is regulated in an oxygen-dependent 

fashion. The longer human HIF-3α variants, HIF-3α1-3, contain an ODDD 

domain which differs from those of HIF-1α and HIF-2α in that it contains only a 

single hydroxylatable proline, Pro490 (Maynard et al. 2003). The HIF-P4Hs have 

been shown to efficiently hydroxylate synthetic peptides representing the single 

hydroxylation site in the human HIF-3α ODDD (Hirsilä et al. 2003, Koivunen et 

al. 2006) and the binding of pVHL to the HIF-3α ODDD is known to be 

dependent on Pro490 and is enhanced by the HIF-P4Hs (Maynard et al. 2003). 

Furthermore, ubiquitylation of human HIF-3α is dependent on pVHL and oxygen 

(Maynard et al. 2003). The binding of HIF-3α to pVHL and its ubiquitylation 
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suggest that the HIF-3α variants containing the ODDD would stabilize under 

hypoxic conditions in the same way as HIF-1α and HIF-2α. In practice, however, 

the ubiquitylation of full-length human HIF-3α1 is less robust than that of the 

HIF-3α ODDD, which might be due to certain structural elements in the full-

length protein that inhibit the ubiquitylation process (Maynard et al. 2003). 

A visible presence of HIF-3α protein is observed in human lung epithelial 

cells under normoxic conditions, and exposure to 1% oxygen for 2 h induces both 

HIF-1α and HIF-3α protein accumulation (Li et al. 2006). The response to 5% 

oxygen, however, appeared to result in greater increase in HIF-3α protein level 

compared to that of HIF-1α (Li et al. 2006). Hypoxic induction of the human 

HIF-3α protein level reached its peak after 8 h of hypoxia treatment, while a more 

rapid induction of the HIF-1α protein level was seen after 2 h, the HIF-1α protein 

level diminishing after 8 h (Li et al. 2006). The protein level of HIF-3α in Caki-1 

renal carcinoma cells is also induced under hypoxic conditions, although less 

strikingly than at the transcriptional level (Tanaka et al. 2009). Treatment with the 

iron chelator 2,2’-dipyridyl (DP), a P4H inhibitor, for 2 h stabilized HIF-1α, 

whereas HIF-3α did not accumulate, indicating that HIF-3α is not subject to HIF-

P4H-dependent destabilization (Tanaka et al. 2009). In addition, the half-life of 

HIF-3α is distinctly longer than that of HIF-1α in Caki-1 cells (Tanaka et al. 

2009).  

Function of HIF-3 

After protein stabilization under hypoxic conditions, HIF-1α and HIF-2α are 

known to dimerize with HIF-β, bind coactivators such as p300 and interact with 

the HRE of target genes. By contrast, the function of HIF-3α has remained 

somewhat unclear (for reviews, see Chowdhury et al. 2008, Kaelin & Ratcliffe 

2008, Lendahl et al. 2009). Human HIF-3α1 has been shown to suppress both 

HIF-1 and HIF-2-mediated gene expression, and this effect is also seen with a 

truncated HIF-3α polypeptide containing only the N-terminal part (bHLH and 

PAS domains) (Hara et al. 2001). On the other hand, co-transfection of HIF-3α1 

and HIF-β expression vectors synergistically activates HRE-driven transcription, 

indicating that HIF-3α might also act as a weak transcription factor (Hara et al. 

2001). The suppression of HIF-1/2α-mediated gene expression may be explained 

by competition between HIF-3α and HIF-1α or HIF-2α for recruitment of their 

common partner, HIF-β (Hara et al. 2001).  
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Of the six predicted splicing variants of human HIF-3α, the short HIF-3α4 

variant lacking both the transactivation domains and the ODDD has been most 

extensively studied. HIF-3α4 interacts with both HIF-1α and HIF-β, and the 

association between HIF-β and HIF-3α4 is likely to be independent of HIF-1α 

(Maynard et al. 2005). Nevertheless, the HIF-3α4/HIF-β complex is not able to 

bind HREs, probably due to a lack of DNA binding activity in the C-terminal 

region of HIF-3α4, but it is capable of inhibiting binding of the HIF-1α/HIF-β 

complex to the HRE (Maynard et al. 2005). Moreover, the HIF-3α4/HIF-β 

complex is not transcriptionally active but is able to significantly reduce HIF-1-

mediated reporter activity, thus acting as a dominant negative regulator of HIF-1 

(Maynard et al. 2005). Ectopic expression of HIF-3α4 also inhibits endogenous 

expression of hypoxia-responsive genes such as GLUT-1 (glucose transporter-1), 

and siRNA-mediated knockdown of endogenous HIF-3α4 increases the 

expression of HIF target genes (Maynard et al. 2005). In addition to binding HIF-

1α and HIF-β, HIF-3α4 also binds HIF-2α to form an abortive transcriptional 

complex, and thus also inhibits HIF-2-mediated transactivation of HRE-driven 

genes (Maynard et al. 2007). As mentioned previously, endogenous HIF-3α4 is 

downregulated in CC-RCC, with no obvious correlation with the VHL status of 

the tumors (Maynard et al. 2005). In addition, re-expression of HIF-3α4 in CC-

RCC cells lowers the endogenous expression of HIF-2-driven genes and 

suppresses the growth of CC-RCC xenografts in severe combined 

immunodeficiency (SCID) mice (Maynard et al. 2007). These findings suggest 

that HIF-3α4 has a dominant-negative role with tumor suppressive activity in RC-

CCC and might have a potential therapeutic role in the treatment of RC-CCC 

(Maynard et al. 2007).  

Mouse and rat HIF-3α 

Mouse HIF-3α was characterized in 1998 (Gu et al. 1998), a few years before the 

characterization of human HIF-3α1 (Hara et al. 2001). The mouse HIF-3α open 

reading frame spans 1.98 kb, containing 15 exons, and encodes a 662-amino-acid 

protein (Gu et al. 1998). Mouse HIF-3α is expressed in the adult thymus, lung, 

heart and kidney, and has been shown to upregulate transcription from an HRE-

driven reporter in a synergistic manner with HIF-β (Gu et al. 1998). Mouse HIF-

3α has been shown to be induced during adipocyte differentiation and to be highly 

expressed in differentiated adipocytes (Hatanaka et al. 2009). Moreover, ectopic 

expression of mouse HIF-3α induces the expression of several adipocyte-related 
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genes and enhances adipogenic potential, suggesting that HIF-3α functions as an 

accelerator of adipogenesis (Hatanaka et al. 2009), as does HIF-2α (Shimba et al. 

2004, Wada et al. 2006). The mRNA of HIF-3α is detectable in several rat, tissues, 

including the heart, kidney and liver, being abundant in the cerebral cortex, the 

hippocampus and the lung under normoxic conditions (Heidbreder et al. 2003). In 

addition, the HIF-3α mRNA level in the rat cerebral cortex, hippocampus, lung, 

kidney and myocardial tissue has been shown to increase significantly in response 

to even moderate hypoxia treatment (Heidbreder et al. 2003). Indeed, the rat HIF-

3α protein level is enhanced gradually after 30 min of systemic hypoxia and will 

increase further with the duration of hypoxia (Heidbreder et al. 2003). 

Interestingly, rat HIF-3α protein is also present in the normoxic cerebral cortex 

(Heidbreder et al. 2003). HIF-3α mRNA is expressed predominantly in the 

perivenous zone of the rat liver acinus (Kietzmann et al. 2001), and non-hypoxic 

stimuli such as treatment with insulin or a glucose analogue, 2-deoxy-D-glucose, 

will also induce HIF-3α mRNA and protein levels in rats, suggesting that HIF-3α 

may play a role in the pathology of metabolic diseases such as diabetes 

(Heidbreder et al. 2007).  

As with the human HIF-3α gene, the mouse HIF-3α gene has also been 

reported to generate alternatively spliced variants, the mouse inhibitory PAS 

domain protein (IPAS) (Makino et al. 2001, Makino et al. 2002) and the mouse 

neonatal and embryonic PAS protein (NEPAS) (Yamashita et al. 2008). Mouse 

IPAS is a hypoxia-inducible short splice variant of the mouse HIF-3α locus that 

lacks the NTAD, the CTAD and the ODDD (Makino et al. 2002). Under 

normoxic conditions, mouse IPAS mRNA shows a rather restricted expression 

pattern, with detectable levels only in the Purkinje neurons of the cerebellum and 

the cornea epithelium of the eye, the expression level in the latter being enhanced 

by hypoxic treatment (Makino et al. 2001). Mouse IPAS mRNA is detectable in 

the heart and lung only following exposure to hypoxia, suggesting that IPAS may 

modulate hypoxia or ischaemia-dependent adaptive gene regulatory responses in 

these tissues (Makino et al. 2002). Unlike human HIF-3α4, which binds to both 

HIF-1α and HIF-β subunits (Maynard et al. 2005), mouse IPAS is known to bind 

to HIF-1α but not to HIF-β, and to form an abortive complex unable to recognize 

the HRE motif and thus acting as a dominant negative regulator of hypoxia-

induced gene expression (Makino et al. 2001). Ectopic expression of IPAS in 

hepatoma cells impairs induction of the vascular endothelial growth factor (VEGF) 

gene, resulting in retarded tumor growth and tumor vascular density in vivo 

(Makino et al. 2001). In primary corneal cells, where IPAS is expressed even in 
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normoxia and the basal level of VEGF mRNA is almost undetectable, inhibition 

of IPAS results in elevation of the basal level VEGF mRNA expression and 

hypoxia-inducible expression of the VEGF gene (Makino et al. 2001). Inhibition 

of IPAS in the corneas of mice results in significantly induced neovascularization, 

indicating that IPAS has a pivotal role in maintaining an avascular phenotype in 

the eye (Makino et al. 2001). HIF-1 has been shown to bind to an HRE element in 

the IPAS promoter, thus mediating hypoxia-dependent upregulation of IPAS 

transcription and hence establishing a negative feedback regulatory circuit for 

HIF-1-dependent gene regulation (Makino et al. 2007). Hypoxia-inducible IPAS 

mRNA splicing is also observed in the absence of a HIF-1 binding site in the 

promoter region, demonstrating that HIF-1-mediated activation of the IPAS 

promoter and IPAS mRNA splicing are two distinct hypoxia-dependent 

mechanisms contributing to upregulation of IPAS expression under hypoxic 

conditions (Makino et al. 2007). 

In addition to IPAS, there also exists another alternatively spliced variant of 

the mouse HIF-3α gene, known as neonatal and embryonic PAS (NEPAS) 

(Yamashita et al. 2008). NEPAS mRNA is derived from the HIF-3α gene, so that 

it contains the first exon (1a) of IPAS instead of that of the mouse HIF-3α cDNA 

(1b) followed by the 2nd to 15th exons of the HIF-3α gene and encodes a 

polypeptide of 664 amino acids containing the NTAD and ODDD (Yamashita et 

al. 2008). NEPAS is expressed in various tissues during the embryonic and 

neonatal stages, while expression is barely detectable in normoxic adult mice 

(Yamashita et al. 2008). Most notably, there are several HREs in the promoter 

upstream region of exon 1a but not in the upstream region of exon 1b, supporting 

the fact that NEPAS is induced by hypoxia in mouse embryos and neonates 

whereas HIF-3α is not (Yamashita et al. 2008). NEPAS is able to dimerize with 

HIF-β, thus competing with HIF-1α and HIF-2α for the common partner, which 

leads to suppression of HIF-1/HIF-2 activity and the functioning of NEPAS as a 

negative regulator of HIF-1 and HIF-2 (Yamashita et al. 2008). Therefore, 

NEPAS and IPAS have their own unique regulatory features, as IPAS only 

dimerizes with HIF-1α and HIF-2α but not with HIF-1β, and thus replaces HIF-β 

and completely represses the activity of HIF-1α and HIF-2α (Makino et al. 2001, 

Yamashita et al. 2008). Furthermore, unlike IPAS, NEPAS possesses weak 

transcriptional activity, as it contains an NTAD (Yamashita et al. 2008). 

NEPAS/HIF-3 knockout mice are viable and fertile but show an enlargement of 

the right atrium and ventricle of the heart with disarrangement of the striated 

muscle fibres and an excess number of CD31-positive microcapillaries in the 
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myocardium as compared with wild-type mice (Yamashita et al. 2008). 

NEPAS/HIF-3α null mice also show impaired lung remodelling at a late 

embryonic stage together with enhanced expression of a vasoconstrictor, 

endothelin 1 (ET-1), suggesting that the negative regulation of ET-1 expression by 

NEPAS is important for lung development (Yamashita et al. 2008). 
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3 Outlines of the present study 

While mutations in the gene coding for human P3H1 and the consequent loss of 

the single 3Hyp residue in collagen I polypeptides have been shown to lead to 

recessive OI, the roles of the other P3H isoenzymes and of the 3Hyp residues 

found in other collagens and tissues have remained unclear. We therefore set out i) 

to clone all three human P3H isoenzymes, to express them as recombinant 

proteins in insect cells in order to study their catalytic properties and to study the 

expression of the P3H isoenzymes in human and mouse tissues.  

Knockout mouse models targeting C-P4H-I and LH3 have shown that these 

collagen hydroxylases are crucial for early development in the mouse and that a 

loss of these enzymes will cause alterations in the BMs of the embryos. Moreover, 

since our work on human P3H2 demonstrated that this isoenzyme is most likely 

to be responsible for prolyl 3-hydroxylation of the BM collagen IV, we decided ii) 

to study the effect of retrovirus-mediated short hairpin RNA silencing of collagen 

IV, LH3, C-P4H-I, and P3H2 on the polarization and 3D cyst formation of 

epithelial cells using the MDCK II cell line as a model. 

When work for this thesis began not much was known about the third human 

HIF-α subunit, HIF-3α, although the hypoxia response system had been studied 

intensively for the past two decades. Database analyses had predicted the 

generation of six alternatively spliced HIF-3α variants in humans, and some of 

these had been reported to inhibit HIF-1 and HIF-2 functions. Taking into account 

this potential negative role of HIF-3α in the hypoxia response system, further 

information on the characteristics of the HIF-3α variants was of considerable 

biological relevance. We thus set out iii) to analyse in detail for the first time 

which variants truly exist and in which tissues and cell lines they are expressed in 

humans. We then broadened our study iv) to analyse the roles of human HIF-3α 

variants in the hypoxia response system in cellulo by characterizing the binding 

partners and cellular location of the HIF-3α variants and by studying their effects 

on the expression of hypoxia-regulated genes.  
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4 Materials and methods 

The materials and methods used in this thesis are summarized in the table below. 

Detailed information with references can be found in original papers I-IV. 

Table 1. Methods. 

Level Method Used in 

DNA Cloning techniques I,II,III,IV 

 PCR I,III 

 Rapid amplification of cDNA ends (RACE) III 

 Site-directed mutagenesis I 

RNA RNA isolation, RT-PCR and Q-PCR II,III,IV 

 siRNA III,IV 

 shRNA II 

Protein Expression and analysis of recombinant proteins in mammalian 

and insect cells 

I,III,IV 

 SDS-PAGE and Western blotting I,II,III,IV 

 Enzyme activity assays I,II 

 N-terminal sequencing I 

 In vitro transcription translation III 

 ELISA IV 

 Protein interaction assays IV 

Cell and 

tissue 

Cell and virus culture I,II,III,IV 

 Preparation of three dimensional (3D) cell culture samples II 

 Immunohistochemistry and immunofluorescence staining I,II,IV 

 Immunoelectron microscopy (EM) I 

 Confocal microscopy II,IV 

 Statistical analysis II,III,IV 
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5 Results 

5.1 Characterization of human P3H2 (I) 

5.1.1 Expression of the P3H isoenzymes in human and mouse 
tissues 

To study the expression patterns of the human and mouse P3H isoenzymes at the 

mRNA level, PCR analysis was performed on adult and fetal human and mouse 

multitissue cDNA panels (Figure 1A-C in I). The mouse P3H1 mRNA was 

expressed in all the tissues studied except for the brain and spleen, and the highest 

levels of mouse P3H1 mRNA were seen in the liver and skeletal muscle (Figure 

1A in I). Human P3H1 was expressed in all the adult and fetal human tissues 

studied, the strongest expression being seen in the adult placenta, lung, liver, 

kidney and pancreas and the fetal spleen, lung, liver, skeletal muscle and kidney 

(Figure 1B-C in I). In addition to the expected 344-bp human P3H1 PCR product, 

a longer product was also amplified. This contained the intron 7 sequence 

corresponding to the previously identified Gros1-S variant, which comprises part 

of intron 5 and the whole intron 7 sequence. This leads to a premature stop codon 

and translation of a truncated 363-amino-acid polypeptide (Kaul et al. 2000) 

lacking the catalytically important residues of the 2-oxoglutarate-dependent 

dioxygenases instead of the 736-residue full-length polypeptide (Clifton et al. 

2006, Myllyharju & Kivirikko 1997, Myllyharju 2003). The Gros1-S form of 

P3H1 was the dominant form in the fetal human brain and thymus, while the form 

coding for full-length P3H1 predominated in the adult human heart and placenta 

and also in the fetal human heart, spleen, lung, skeletal muscle and kidney (Figure 

1B-C in I).  

P3H2 mRNA was expressed in all the mouse and human tissues studied 

except for the adult human brain and skeletal muscle (Figure 1A-C in I), being 

most abundant in the mouse lung, skeletal muscle and kidney and in the adult 

human placenta, lung, liver and kidney and fetal human kidney, heart, spleen, 

liver, lung and skeletal muscle (Figure 1A-C in I). P3H3 mRNA was expressed in 

the mouse only in the heart, liver, brain and skeletal muscle, but was expressed in 

all the adult human tissues studied (Figure 1A-B in I). Its expression pattern was 

more restricted in the fetal human tissues, however, the highest expression levels 

being seen in the skeletal muscle, lung and kidney (Figure 1C in I). 
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Expression of P3H1 and P3H3 in adult mouse tissues was also studied by 

immunohistochemical analysis using polyclonal antibodies produced against 

synthetic mouse P3H1 and P3H2 peptides. As collagen IV has the highest 3Hyp 

content of all collagens and is the major component of BMs, an antibody against 

this was used to stain the BMs. The immunohistochemical analysis revealed that 

P3H2 was found most abundantly in tissues where BMs, and thus collagen IV, 

prevail, while the expression of P3H1 was weak in these tissues (Figure 4 in I). 

The staining pattern for P3H1 was in agreement with previous studies which had 

shown chick P3H1 to be located in tissues rich in fibrillar collagens (Vranka et al. 

2004). Strong expression of P3H2 was seen in the kidney tubular cells, while only 

weak staining was found in the glomerular cells (Figure 4 in I). Expression of 

P3H2 in the kidney tubular cells was verified by immunoelectron microscopy 

(Figure 5 in I).  

P3H2 was also expressed in the acinar cells and cuboidal epithelium cells of 

the interlobular ducts of the pancreas, whereas P3H1 was found in the intercalated 

tubules of the pancreas (Figure 4 in I). In addition, P3H2 was strongly expressed 

in the Schwann cells of the peripheral nerve, where no expression of P3H1 could 

be detected (Figure 4 in I). Both P3H1 and P3H2 were expressed in the smooth 

muscle layer of the aortic wall, the tunica adventitia (Figure 4 in I). P3H1 was 

also expressed in the canaliculi of the liver, whereas no staining for P3H2 was 

seen in the liver samples (Figure 4 in I). Neither P3H1 nor P3H2 was expressed in 

the heart, skeletal muscle or brain. 

5.1.2 Expression of the recombinant human P3H isoenzymes in 

insect cells 

In order to study the catalytic properties of the human P3H isoenzymes, 

recombinant human P3H1, P3H2 and P3H3 were expressed in Sf9 insect cells. 

The cells were harvested 72 h after infection, homogenized in a buffer containing 

0.1% Triton X-100, and the insoluble protein fraction was further solubilized in  

1% SDS. The Triton X-100 and SDS-soluble fractions were analysed by SDS-

PAGE under reducing conditions followed by Coomassie Blue staining and/or 

Western blotting (Figure 2 in I). Most of the recombinant human P3H1 and P3H2 

was present in the SDS-soluble fraction, but some was also seen in the Triton X-

100-soluble fraction (Figure 2 in I). By contrast, Coomassie Blue staining 

indicated that P3H3 was present only in the SDS-soluble fraction (Figure 2A in I). 

Moreover, N-terminal sequencing verified the presence of P3H1 and P3H1 in the 
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Triton X-100 and SDS-soluble fractions, while P3H3 was present only in the 

latter. These studies also identified the N-termini of the processed P3H 

polypeptides, showing that the signal peptides of P3H1, P3H2 and P3H3 consist 

of 18, 24 and 21 amino acids, respectively. 

5.1.3 Analysis of the substrate specificity and catalytic properties of 

human P3H2 

In order to study whether the recombinant human P3H isoenzymes had P3H 

activity, a previously described method based on the hydroxylation-coupled 

decarboxylation of 2-oxo-[1-14C]glutarate (Kivirikko & Myllylä 1982) was 

employed to measure the activity in the Triton X-100-soluble fractions. As it had 

been shown previously that P3H requires the presence of 4Hyp in the Y position 

of the substrate peptide (Risteli et al. 1977, Tryggvason et al. 1976), we used a 

synthetic peptide of 15 amino acids (Gly-Pro-4Hyp)5 as a substrate to study P3H 

activity. The activity assays showed that only the P3H2 sample possessed P3H 

activity (Table 1 in I). The absence of enzyme activity in the P3H1 sample may be 

due to six nucleotide changes in the cloned P3H1 cDNA, leading to amino acid 

changes in the polypeptide as compared with database sequences. Site-directed 

mutagenesis was therefore used to change all or some of the nucleotides to those 

reported in the database, but none of the modified constructs showed any activity. 

The P3H3 sample contained no activity either, most probably on account of the 

insolubility of P3H3 in the Triton X-100 buffer. Since CRTAP has been shown to 

be copurified with P3H1 (Vranka et al. 2004) and is needed for P3H activity in 

vivo (Barnes et al. 2006, Morello et al. 2006), we coexpressed CRTAP with the 

P3H isoenzymes in insect cells. This had no effect on the activity or solubility of 

the recombinant P3Hs, however. 

The catalytic and inhibitory properties of the recombinant P3H2 were 

determined by the above-mentioned method. Variation of the substrate (Gly-Pro-

4Hyp)5 concentration gave the typical Michaelis-Menten kinetics (Figure 3A in I), 

and the Km value for (Gly-Pro-4Hyp)5 was 70 µM, which is lower than that of C-

P4H-I for the corresponding peptide substrate (Table 2 in I). All the cosubstrates 

also gave typical Michaelis-Menten kinetics, as shown for 2-oxoglutarate (Figure 

3 in I), the Km value for which was 80 µM, i.e. 4 times higher than that of C-P4H-

I (Table 2 in I). On the other hand, the Km value of P3H2 for Fe2+ was only one-

fourth of that of C-P4H-I (Table 2 in I), and the Km value of P3H2 for ascorbate 

was 110 µM, while that of C-P4H-I is 300 µM (Table 2 in I). An effective 
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competitive inhibitor of the C-P4Hs, pyridine 2,4-dicarboxylate, also inhibited the 

reaction catalyzed by P3H2 in a competitive manner, but pyridine 2,5-

dicarboxylate and poly(L-proline), both efficient inhibitors of C-P4H-I, inhibited 

P3H2 only very inefficiently (Table 2 in I). 

 Since immunohistochemical analysis showed that P3H2 is expressed in 

tissues where collagen IV is abundant, we investigated whether P3H2 is capable 

of hydroxylating collagen IV. For this purpose, two peptides corresponding to two 

known prolyl 3-hydroxylation sites in the α1(IV) chain (Schuppan et al. 1982) 

and one peptide corresponding to the Pro986 site in the α1(I) chain (Morello et al. 

2006) were used as substrates. All three synthetic peptides were hydroxylated by 

P3H2 but hydroxylation of the collagen IV peptides was more efficient than that 

of the collagen I peptide (Table 3 in I). 

5.2 Retroviral-mediated knockdown of specific collagen 
hydroxylases and collagen IV in Mardin Darby kidney (MDCK) II 

cells (II) 

5.2.1 Expression of collagen hydroxylases in MDCK II cells 

To study the expression of collagen hydroxylases in MDCK II cells, a database 

search was performed followed by Q-PCR and RT-PCR. The search in the Dog 

Genome Resources and Genebank indicated that all three C-P4Hs, P3Hs and LHs 

are expressed in the dog (Canis lupus familiaris). Of these isoenzymes, LH3, C-

P4H-I and P3H2 were selected for closer analysis, since previous results have 

demonstrated their potential role in BM assembly. Amino acid sequence 

alignment showed that the canine C-P4H α(I) and α(II), P3H2 and LH3 and their 

human counterparts are highly conserved, as the identity between the human and 

canine C-P4H α(I) subunit is 99%, that between the C-P4H α(II) subunits 96%, 

that between the P3H2 polypeptides 92% and that between the LH3 polypeptides 

96% (Figure 1 in II). In canine LH3, the amino acids that are important for GGT 

activity, Cys146 and Leu210, are conserved. The canine LH3 also contains the 

three conserved DXD-like motifs, one of which (aspartate residues at positions 

189-193) has been demonstrated to be important for the GGT activity of the 

human LH3. Furthermore, the positively charged lysine or arginine that binds the 

C-5 carboxyl group of 2-oxoglutarate and the two histidines and an aspartate that 
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bind the Fe2+ ion are conserved in the canine LH3, C-P4H α(I) and α(II) and 

P3H2 polypeptides (Figure 1 in II). 

To study which of the collagen hydroxylases are expressed in the MDCK II 

cells, we first performed an RT-PCR analysis. The results showed that all the 

collagen hydroxylase isoenzymes except P3H3 were expressed in these cells 

(Figure 2A in II). Next, a Q-PCR analysis was performed to study the relative 

expression levels of the hydroxylases. C-P4H-II was found to be the most 

abundant C-P4H, as the mRNA level of the α(II) subunit was about 12-fold higher 

than that of the α(I) subunit (Figure 2B in II). On the other hand, the mRNA level 

of the α(III) subunit was 5-fold lower than that of the α(I) subunit (Figure 2B in 

II). The expression level of the P3H1 mRNA was about the same as that of the C-

P4H α(I) subunit mRNA, while the mRNA level of P3H2 was 2-fold higher 

(Figure 2B in II). P3H3 mRNA was not detectable, which is in agreement with 

the RT-PCR results (Figure 2 in II). Q-PCR analysis also showed that all the LH 

isoenzymes were expressed at a higher level than the C-P4H α(I) subunit, LH3 

being the most abundant of them (Figure 2B in II). 

5.2.2 Knockdown efficiency of collagen hydroxylases in MDCK II 

cells 

To study the role of collagen hydroxylases and collagen IV in the polarization of 

MDCK II cells, we used a previously described, retrovirus-mediated short hairpin 

RNA (shRNA) interference protocol (Schuck et al. 2004) to create knockdown 

(KD) MDCK II cell lines. Functional shRNA constructs targeting the mRNAs for 

LH3, the C-P4H α(I) and α(II) subunits, P3H2 and the α1(IV) collagen chain were 

designed and double KD cell lines targeting both the C-P4H α(I) and α(II) subunit 

mRNAs or the C-P4H α(I) and LH3 mRNAs were generated in addition to the 

single KD cell lines. Q-PCR analysis of the mRNA level of the single LH3, C-

P4H α(I) and P3H2 KD cells showed that the knockdown efficiency was ≥ 70% 

when the cells were cultured as a monolayer for 3 days (Figure 3A in II). The 

knockdown efficiency of the LH3 + C-P4H α(I) double KD cell line was also 

over 70% for both target mRNAs, whereas the knockdown efficiency of the C-

P4H α(I) + α(II) double KD cells was only about 43–44%, i.e. too inefficient 

(Figure 3A in II). Efficient knockdown of the C-P4H α(II) mRNA was not 

achieved in the single KD cells either. Q-PCR analysis of the knockdown 

efficiency of the single KD cell lines after 5 or 9 days of culture on a collagen I 
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gel demonstrated that the inactivation level of the target mRNAs remained good, 

as the knockdown efficiency was at least 65% (Figure 3B in II).  

In order to study the knockdown efficiency of LH3 at the protein level, GGT 

activity was assayed in the KD cell lines and control cell lines, as measured by a 

previously described method based on the transfer of [3H]glucose from a UDP-

[3H]sugar donor to a mouse skin gelatin substrate (Kivirikko & Myllylä 1982). 

About a 70% reduction in GGT activity was measured in the LH3 KD cell line 

relative to the control cell line (Figure 3C in II), and a similar reduction was seen 

in the double LH3 + C-P4H α(I) KD cell lines, whereas the knockdown of C-P4H 

α(I) alone did not have any effect on GGT activity, confirming that the reduction 

in GGT activity was specifically due to inactivation of the LH3 mRNA (Figure 

3C in II). In addition to GGT activity, the C-P4H activity of the KD and control 

cell lines was measured. About 59% and 67% of C-P4H activity was retained in 

two independent C-P4H α(I) KD cell lines (Figure 3D in II), and the C-P4H 

activity remaining in the double LH3 + C-P4H α(I) cell line was also relatively 

high, about 61% (Figure 3D in II). The most probable explanation for the 

significant residual C-P4H activity is the high expression level of the C-P4H α(II) 

subunit (Figure 2B in II). Given the results of the Q-PCR and activity analyses, 

C-P4H-(II) is thus likely to be the major C-P4H isoenzyme in MDCK cells. 

Unfortunately, we were not able to generate a functional C-P4H α(II) KD cell line 

with any of the four independent shRNA constructs tested.  

Since it is known that type IV collagen undergoes extensive post-translational 

glycosylation, we studied the effect of inactivation of LH3 and its GGT activity 

on the collagen IV polypeptides by Western blot analysis of the LH3 KD and 

control cell lines with a collagen IV specific antibody (Figure 3E in II). A 

reduction in the molecular masses of the α1(IV) and α(IV) chains was seen in the 

LH3 and LH3 + C-P4H α(I) KD cell lines as compared with the control cell line, 

whereas no such change was seen in the C-P4H α(I) KD cell line (Figure 3E in II). 

5.2.3 Effect of knockdown of selected collagen hydroxylases and 

collagen IV on cyst formation  

The MDCK cystogenesis model was used to study the role of LH3, C-P4H α(I), 

P3H2 and collagen IV in epithelial morphogenesis. A collagen I gel, in which cell 

polarization is dependent on the autocrine synthesis and deposition of BM 

components, including collagen IV, was used first. The KD and control cell lines 

were seeded on the gel, cultured for 9 days, fixed and stained with various 
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antibodies. The cysts were classified as normal (polarized central lumen) or 

abnormal (multiluminal cysts or lumenless clusters) and the cyst morphology was 

quantified. 67% of the control cysts formed a centrally polarized lumen (Figure 

4A in II). E-cadherin accumulated laterally to the adherens junctions and ZO-1 

stained the tight junctions subapically, adjacent to the adherens junctions (Figure 

5A in II). The apical marker podocalyxin (PodXL) showed localization to the 

luminal domain (Figure 5B in II) and the apical surface was also marked by 

abundant actin-rich microvillae (Figure 5B-D in II). 

Cystogenesis was markedly affected by knockdown of the α1(IV) chain, as 

only 33% of the cysts grown on the collagen I gel could be classified as normal 

(Figure 4A in II). Most of the α1(IV)-depleted cysts were either cell clusters 

without any lumen or contained multiple small lumina instead of one well 

polarized lumen (Figure 5 in II). Analysis of the cyst morphogenesis revealed that 

many of the lumenless cell clusters had their PodXL and ZO-1 mislocalized 

towards the basal surface, suggesting an abrogated ECM-derived basal cue 

(Figure 5 in II). As it is known that cell-to-cell variability in KD efficiency exists, 

the partially polarized α1(IV)-depleted cysts may represent cells where collagen 

IV expression is sufficient and collagen IV network assembly thus exists. About 

44% of the LH3 KD cells formed a normal lumen on the collagen I gel, and the 

phenotypes of the abnormal LH3 KD cells closely resembled those of the α1(IV) 

KD cysts (Figure 5 in II). Also, only about a half of the C-P4H α(I) KD cysts 

were classified as normal, the remaining ones mainly forming partially polarized 

multiluminal cysts or in rarer cases lumenless cell clusters (Figure 5 in II). 

Approximately 50% of the P3H2 KD cysts were similarly normal, the phenotypes 

of the abnormal cysts being similar to those of the α1(IV) and LH3 KD cysts 

(Figure 5 in II).  

It is known that the embryonic BM also forms in the absence of collagen IV 

(Pöschl et al. 2004), whereas basal laminin assembly is vital for apical lumen 

formation. Since efficient laminin assembly in MDCK cysts may nevertheless 

rely on synergistic assembly of the laminin and collagen IV networks, the 

possibility of an indirect effect of aberrant laminin assembly on the observed 

phenotypes was studied by staining the KD cysts with laminin-332 and collagen 

IV antibodies. Intense staining for both laminin and collagen IV was observed in 

a BM-like sheet at the cell-ECM interphase in the control cells (Figure 5C-D in 

II), but in the α1(IV)-depleted cysts collagen IV staining was much weaker and 

intracellular staining was observed instead of a basolateral staining pattern 

(Figure 5D in II). Similar staining was also seen in the abnormal LH3, C-P4H α(I) 
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and P3H2 cysts, particularly in the non-luminal cysts (Figure 5D in II). 

Furthermore, the basal laminin staining was fragmented and irregular in the 

lumenless aggregates of the α1(IV), LH3, C-P4H α(I) and P3H2 KD cells, 

whereas more continuous BM-like staining was seen in the multiluminal cysts 

(Figure 5C in II).  

As the above data suggested that collagen IV and the collagen-modifying 

hydroxylases are important for MDCK II cyst formation on a collagen I gel which 

relies on autocrine synthesis and deposition of BM components, we next studied 

the effect of the knockdown of collagen IV and the collagen hydroxylases on 

cystogenesis in a case where the cells are embedded in BM extracts (BME) rich in 

BM proteins such as collagen IV and laminin-111. The KD cells were seeded on a 

BME gel (Cultrex) and fixed and stained with various antibodies after 5 days of 

culture. 69% of the control cells had normal lumina, whereas only about half of 

the α1(IV) (50%), LH3 (44%) and LH3 + C-P4H α(I) (48%) cysts formed normal 

lumina (Figure 4B in II). It should be noted that although the phenotypes were 

rescued to some extent by the exogenous BME, a substantial amount of non-

luminal aggregates could still be observed, particularly in the cysts with a reduced 

LH3 level (Figure 4B and 6 in II). The severity of the phenotype caused by 

inactivation of LH3 was not enhanced any further by simultaneous knockdown of 

C-P4H α(I), since 48% of the double KD cells also formed cysts with a normal 

lumen on BME (Figure 4B and 6 in II).  

5.3 Characterization of the human hypoxia-inducible factor (HIF)-3α 
variants and their role in the hypoxia response pathway (III, IV) 

5.3.1 Cloning of the human HIF-3α variants and analysis of their 

expression in various tissues and cell lines 

Database analysis had predicted the existence of altogether six alternatively 

spliced human HIF-3α variants with three alternative transcription start sites 

(Maynard et al. 2003) (Figure 1A-C in III). At the time when the work began only 

two of them, HIF3-3α1 and HIF-3α4, had been cloned and expressed as 

recombinant proteins (Maynard et al. 2003, Maynard et al. 2005). In order to 

study which variants truly exist, PCR and RT-PCR analysis was carried out using 

several human cDNA sources together with samples prepared from normoxic and 

hypoxic human hepatoma (Hep3B), embryonic kidney (HEK293) and 
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neuroblastoma (Kelly) cells as templates. The predicted HIF-3α6 variant was 

excluded from the analysis as the reported DNA sequence is not in agreement 

with the predicted domain structure (Jang et al. 2005, Maynard et al. 2003). Full-

length cDNAs of HIF-3α1, HIF-3α2 and HIF-3α4 (Figure 1A-C in III) were 

obtained by PCR, whereas full-length cDNAs representing the predicted HIF-3α3 

or HIF-3α5 could not be amplified (Figure 1A-C in III). Instead, four novel HIF-

3α variants were identified by PCR (Figure 1A-C in III). HIF-3α7 starts with exon 

1b and contains exon 15, which is not found in any of the other variants obtained 

(Figure 1A-C in III). HIF-3α8 and HIF-3α9 are identical to HIF-3α1 with the 

exception that they contain exon 1b and 1a, respectively, instead of exon 1c, 

which is present in HIF-3α1. These variants contain the LZIP domain of unknown 

function in their C-terminus (Figure 1A-C in III). The fourth novel variant, HIF-

3α10, is similar to HIF-3α1 but retains the 210-bp intron 1 that contains an in-

frame stop codon leading to the generation of a truncated 7-amino-acid 

polypeptide (Figure 1A-C in III). All the variants obtained were cloned into an 

expression vector and synthesized in an in vitro transcription-translation system 

(Figure 1D in III). All the cloned HIF-3α variant cDNAs produced polypeptides 

of the expected sizes (Figure 1D in III). 

In order to study the expression patterns of the verified HIF-3α variants, we 

performed PCR and Q-PCR analyses using an adult human multitissue cDNA 

panel, a fetal human multitissue cDNA panel and a cancer cell line panel as 

templates (Figure 2A-D and Table 2 in III). The expression levels of the HIF-3α 

variants were found to be generally low. HIF-3α4 and HIF-3α7 had the highest 

expression level of all the variants, as they were amplified from most tissues in 

the first PCR round (Figure 2A in III). HIF-3α1, HIF-3α2, HIF-3α4 and HIF-3α7 

were expressed in only a few of the cancer cell lines studied, while HIF-3α8 and 

HIF-3α9 were not detected in any of them (Figure 2B in III). PCR analysis of the 

variants sharing exon 1a, i.e. HIF-3α2, HIF-3α4 and HIF-3α9, as obtained from 

fetal tissues demonstrated that HIF-3α4 has the highest expression level of these 

variants (Figure 3D in III). Comparison of the expression patterns of HIF-3α1 and 

HIF-3α10, which share exon 1c, showed that HIF-3α1 predominated in many of 

the fetal tissues and in the placenta, whereas HIF-3α10 was the major form in 

several adult human tissues and in all of the cancer cell lines studied except for 

the adenovirus 5-transformed human embryonic kidney cell line Ad5 (Figure 3C 

in III). In addition to qualitative PCR analysis, Q-PCR analysis was performed to 

study the relative expression levels of the three alternative first exons (Table 2 in 

III). In general, expression levels of exons 1a and 1c were higher in fetal than in 
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adult tissues, while no such difference was seen in the case of exon 1c (Table 2 in 

III). Taken overall, the expression levels of all three first exons of HIF-3α were 

low in the cancer cell lines studied (Table 2 in III). 

In order to examine the possible involvement of methylation in the low 

expression levels of the HIF-3α variants in cancer cells, a non-cancer cell line 

(HEK293) and a cancer cell line (Hep3B) were cultured in the presence of 5’-

azacytidine, an inhibitor of DNA methyltransferase (Stresemann & Lyko 2008). 

This treatment did not have any effect on the expression level of the HIF-3α 

variants in the non-cancer cell line, whereas in the cancer cell line the expression 

level was increased 1.3–1.4-fold (p < 0.001) in a dose-dependent manner, 

indicating that methylation is involved in the regulation of HIF-3α transcription in 

cancer cells (Figure 4A-B in III). 

5.3.2 Hypoxia-inducibility and normoxic degradation of the HIF-3α 
variants 

As hypoxia has been reported to upregulate the expression level of human HIF-

3α1 mRNA but to downregulate that of HIF-3α4 (Li et al. 2006, Maynard et al. 

2005), the expression levels of the three alternative first exons were analysed by 

RT-PCR and Q-PCR using samples obtained from Hep3B and Kelly cells after 0, 

2, 4 or 24 h of 1% O2 treatment. All three alternative first exons were upregulated 

after 24 h in hypoxia in both cell lines (Figure 5 in III). These data indicate that 

transcription from all three alternative initiation sites is induced by hypoxia. To 

investigate possible differences in the hypoxia-inducibility of individual HIF-3α 

variants, RT-PCR and Q-PCR analyses were performed using normoxic and 

hypoxic samples obtained from HEK293, Hep3B and Kelly cells. Transcription of 

HIF-3α4, which together with variants 2 and 9 is initiated from exon 1a, has been 

reported to be downregulated in hypoxia (Maynard et al. 2005). Our RT-PCR 

analyses clearly showed that HIF-3α4 mRNA was not reduced but rather induced 

in hypoxia (Figure 6A in III). We used Q-PCR for quantitative analysis of the 

expression levels of the HIF-3α4 and HIF-3α2 variant mRNAs generated by 

transcription initiation from exon 1. The results showed that HIF-3α4 and HIF-

3α2 were similarly upregulated in hypoxia. Taken together, these data clearly 

show that transcription of the human HIF-3α4 variant is induced in hypoxia. 

Furthermore, hypoxia does not lead to preferential splicing of HIF-3α4 rather than 

HIF-3α2. We also showed separately that variant HIF-3α7, which together with 

variant 8 is initiated from exon 1b and can be detected specifically via its unique 
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exon 15, was clearly induced by hypoxia in Hep3B and Kelly cells, but not in 

HEK293 cells (Figure 6B in III). We also investigated whether hypoxia affects 

splicing of the HIF-3α1 and HIF-3α10 variants generated from transcription 

initiation in exon 1c. Hypoxia did not affect splicingof these variants (Figure 6C 

in III). 

Since the HIF-3α mRNA levels proved to be induced by hypoxia, siRNA 

experiments targeting HIF-1α or HIF-2α were carried out in Hep3B cells to 

explore the roles of HIF-1 and HIF-2 in the hypoxic induction of the HIF-3α 

variants. The expression levels of the HIF-1α and HIF-2α mRNAs were 

downregulated with 76–88% efficiency (Figure 7A-B in III). Q-PCR analysis of 

the HIF-1α siRNA-treated cells showed that expression levels of all three 

alternative first exons of HIF-3α were reduced relative to control cells, whereas 

knockdown of HIF-2α had no effect (Figure 7D-F in III). These data clearly 

demonstrate that the hypoxia-inducibility of HIF-3α variants requires HIF-1 but 

not HIF-2. 

The regulation of the amount of HIF-3α proteins in normoxia was studied by 

analysing the effect of overexpressed HIF-P4Hs on degradation of the HIF-3α 

ODDD that is present in all the variants except the HIF-3α4 and HIF-3α10 

polypeptides (Figure 1 in III and IV). ChoK1 cells were transfected, cultured for 

24 h in normoxia and assayed for ODDD-luciferase reporter activity (Figure 2 in 

IV). Overexpression of HIF-P4H-1 led to a 30–44% reduction in the level of the 

HIF-3α ODDD, while HIF-P4H-2 and 3 reduced this level by 69–77%, 

suggesting that the HIF-3α ODDD is efficiently hydroxylated by all HIF-P4Hs in 

cellulo (Figure 2A in IV). In addition, full-length HIF-1α, HIF-3α1, HIF-3α2 and 

HIF-3α2Pro_Ala polypeptides were coexpressed with increasing amounts of HIF-

P4H-2 (Appelhoff et al. 2004, Berra et al. 2003, Takeda et al. 2006) and analysed 

by Western blotting (Figure 2C in IV). The protein levels of HIF-1α, HIF-3α1 and 

HIF-3α2 decreased in a HIF-P4H-2 dose-dependent manner, whereas the amount 

of HIF-3α2Pro_Ala mutant remained constant (Figure 2C in IV). These results 

demonstrate that HIF-3α ODDD also mediates HIF-P4H2-dependent degradation 

in the case of full-length HIF-3α variants. In addition, these data suggest that HIF-

3α polypeptides are targeted for subsequent VHL-mediated ubiquitylation and 

proteasomal degradation, which is in agreement with previous reports (Maynard 

et al. 2003).  
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5.3.3 Analysis of the binding partners of HIF-3α variants 

To study whether the HIF-3α variants are able bind HIF-β, HIF-1α and HIF-2α, 

Chok1 cells were cotransfected with V5-tagged HIF-3α variants together with 

non-tagged HIF-β, non-tagged HIF-1α and HA-tagged HIF-2α, followed by 

immunoprecipitation with the V5 antibody (Figure 3A-C in IV). The results 

showed that all the HIF-3α variants studied were able to bind to HIF-1β with the 

same efficiency as HIF-1α (Figure 3A in IV). The HIF-3α variants could also 

interact with HIF-1α and HIF-2α, although interaction with HIF-2α was in 

general weak (Figure 3B-C in IV). Interestingly, the short variant, HIF-3α4, 

bound to HIF-2α most efficiently. The results were verified by an alternative 

approach, an in vitro binding assay using GST-tagged HIF-1α and HIF-2α (Figure 

3D-E in IV). Likewise, HIF-3α variants were found to be able to bind to HIF-1α 

and HIF-2α, but the interaction in this setup seemed to be weaker than that of 

HIF-β with HIF-1α and HIF-2α (Figure 3D-E in IV). 

5.3.4 Transcriptional activity of HIF-3α variants 

As the HIF-3α variants were able to bind to HIF-β, the transactivation potential of 

the HIF-3α variants with respect to a reporter gene driven by an HRE, was studied. 

Chok1 cells were cotransfected with an HRE-SEAP reporter plasmid and 

expression vectors coding for the HIF-1α, HIF-2α or HIF-3α variants. After 

culturing for 48 h in normoxia, the cells were analysed by Western blotting and 

assayed for SEAP activity. The overexpressed HIF-α subunits were stable in 

normoxia as the hydroxylation capacity of the endogenous HIF-P4Hs was 

exceeded (Figure 4A in IV). While HIF-1α and HIF-2α were able to induce the 

HRE-driven SEAP activity efficiently in a dose-dependent manner, 

overexpression of the HIF-3α variants led only to an up to 2.5-fold induction, 

which was in most cases independent of the dose (Figure 4B in IV). This slight 

induction was also seen in the case of HIF-3α4, which has no transactivation 

domain, suggesting that the slight induction seen with some of the expression 

plasmids coding for HIF-3α variants was not a true effect (Figure 4B in IV). 

To study the role of the HIF-3α variants in gene regulation further, RNA 

interference experiments using three individual siRNA oligos targeting all the 

HIF-3α variants simultaneously were carried out in hypoxia to inactivate the 

endogenous HIF-3α variants. All three siRNA oligos, either singly or in 

combination, reduced the mRNA level of the HIF-3α variants with 80–87% 
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efficiency (Figure 6A in IV). As the HIF-3α variants generally have low 

expression levels in various cell lines and tissues (Figure 2 in III), the knockdown 

efficiency could not be analysed at the protein level. Nevertheless, knockdown of 

the HIF-3α variants unexpectedly led to downregulation of Epo expression 

(Figure 6C in IV). The Epo mRNA level was reduced by 39–60%, while the 

protein level was reduced by 28–73% in the HIF-3α siRNA treated cells (Figure 

6C in IV). In addition, we analysed the expression levels of various other HIF 

target genes by Q-PCR, and found that the mRNA levels of LOX, HK2, GLUT1, 

BNIP3, TRF, HO1 and ANGPTL4 were significantly downregulated by 18–54% 

(Figure 6D in IV). In contrast, the mRNA levels of uPAR and VEGF were 

unchanged (Figure 6D in IV).  

As the knockdown of endogenous HIF-3α variants suggested that HIF-3α 

variants might be required for maximal activation of certain HIF target genes, we 

analysed the capability of the long HIF-3α variants for upregulating HIF target 

gene expression under conditions where the amount of HIF- was not limiting. To 

study this, Hep3B cells were cotransfected with expression plasmids for each of 

the long HIF-3α variants together with a HIF-β plasmid. After culturing for 48 h 

in normoxia followed by 90 min in hypoxia, the mRNA levels of various HIF 

target genes were measured by Q-PCR (Figure 7A in IV). The EPO mRNA level 

had increased 4–6 fold in the HIF-3α1, HIF-3α2 and HIF-3α9-treated cells, while 

the expression of HIF-3α7 and HIF-3α8 induced the level about 2–3 fold (Figure 

7A in IV). The ANGPTL4 mRNA level was induced 1.5–2-fold by four of the 

variants and GLUT1 1.4-fold by three of them (Figure 7A in IV). These data 

clearly indicate that HIF-3α variants can act as transcription factors and 

upregulate the expression of certain genes under conditions where HIF-β is not a 

limiting factor. 

5.3.5 The role of HIF-3α variants as negative regulators of the 
hypoxia response system 

Since the HIF-3α variants were shown to bind to HIF-1α and HIF-2α as well, we 

also examined whether they could act as negative regulators of the hypoxia 

response system by binding to HIF-1α or HIF-2α and thus inhibiting their 

interaction with HIF-β and the subsequent binding to HRE and upregulation of 

target gene expression. First, a HRE-luciferase (LUC) reporter plasmid and HIF-

1α or HIF-2α expression plasmids were cotransfected into ChoK1 cells with or 

without each of the HIF-3α variants. After culturing for 48 h in normoxia, the 
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cells were assayed for luciferase activity. All the HIF-3α variants efficiently 

reduced the induction of the HRE obtained with HIF-1α and HIF-2α (Figure 5 in 

IV). The HIF-3α-mediated reduction in the HRE induction potential was 52–83% 

in the case of HIF-1α and 30–50% with HIF-2α (Figure 5 in IV and Figure 2 in 

III). To study whether overexpressed HIF-3α variants could have a similar effect 

on the HRE induction potential of endogenous human HIF-1α and HIF-2α under 

hypoxic conditions, Hep3B cells were contransfected with the HRE-LUC reporter 

with or without the HIF-3α variants. The hypoxic HRE-LUC induction potential 

was reduced by 44–66% with all the HIF-3α variants except for HIF-3α4, which 

reduced the HRE-LUC activity by only 28% (Figure 5C in IV). This unexpected 

result may be due to the low expression level of this particular recombinant 

variant (Figure 2B in III and Figure 4A in IV).  

To investigate the role of HIF-3α variants in the HIF-mediated regulation of 

gene expression further, the long HIF-3α variants were overexpressed in Hep3B 

cells in the absence of overexpressed HIF-β, i.e. under conditions where the 

amount of endogenous HIF-β should become limiting. The cells were cultured for 

24 h in normoxia followed by 24 h in hypoxia, after which the mRNA levels of 

certain HIF target genes were analysed. HIF-3α2 and HIF-3α9 caused a slight 

increase of about 1.3-fold in the EPO mRNA, while the other variants had no 

effect on EPO expression (Figure 7B in IV). On the contrary, overexpression of 

HIF-3α1, HIF-3α8 and HIF-3α9 downregulated the mRNA level of ANGPTL4, 

while HIF-3α2 had a slight upregulating effect (Figure 7B in IV). The mRNA 

level of PFKL showed minor downregulation with all the long HIF-3α variants, 

whereas the GLUT1 mRNA level was not affected by overexpression of the HIF-

3α variants, with the exception of HIF-3α9, which caused a slight but significant 

reduction in its level (Figure 7B in IV). No effect on the mRNA levels of VEGF 

or HO-1 was detected with any of the HIF-3α variants (Figure 7B in IV). 

5.3.6 Cellular localization of HIF-3α variants 

EGFP-labelled long HIF-3α variants 2, 7 and 9 and the short HIF-3α4 variant 

were transfected into ChoK1 cells to analyse their cellular localization. After 

culturing for 12 h in normoxia, the long variants accumulated in the nucleus, a 

phenomenon which was also observed after an additional culture in hypoxia for 1 

h (Figure 8A in IV). In the case of HIF-3α4, however, nuclear accumulation was 

not observed even in hypoxia, and the HIF-3α4 variant was localized to the 

cytoplasm and perinuclear regions (Figure 8A in IV). 
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In order to compare the localization of HIF-1α and the above HIF-3α variants, 

ChoK1 cells were transfected with DsRed-labelled HIF-1α in the presence or 

absence of the EGFP-labelled HIF-3α variants. Cells were first cultured for 24 h 

in normoxia followed by 8 h under hypoxic conditions. When expressed alone, 

HIF-1α showed a nuclear localization (Figure 8B in IV), but when it was 

expressed together with any of the HIF-3α variants no nuclear accumulation of 

either the HIF-1α or the HIF-3α variants was observed, as both polypeptides 

remained in the cytoplasm (Figure 8B in IV). These data, together with the 

observation that all the HIF-3α variants are able to bind to HIF-1α (Figure 3 in 

IV), indicate that HIF-3α variants are capable of capturing HIF-1α in the 

cytoplasm, thus inhibiting its translocation to the nucleus (Figure 8B in IV). 
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6 Discussion 

6.1 P3H2 is an enzyme modifying basement membranes 

The existence of P3H has been known for over 30 years, but it was not until 2004 

that the amino acid sequences of its three isoenzymes were identified (Vranka et 

al. 2004). We analysed here the expression of all three P3H isoenzymes in various 

human and mouse tissues. The major finding was the fact that the expression of 

P3H2 differs greatly from that of P3H1, as it is localized in tissues rich in BMs 

and thus rich in collagen IV, whereas P3H1 is expressed prominently in tissues 

containing fibrillar collagens, such as bone (Morello et al. 2006, Vranka et al. 

2004) and skin (Vranka et al. 2010). Our findings are also in agreement with 

previous in situ studies which have shown that clear differences exist in the 

expression patterns of the P3H isoenzymes, as P3H2, for example, is expressed in 

the eye, whereas P3H1 is not (Vranka et al. 2009).  

To study the catalytic properties of the P3Hs, the isoenzymes were cloned and 

expressed as recombinant proteins in insect cells. We used a previously described 

method based on the hydroxylation-coupled decarboxylation of 2-oxo-[1-
14C]glutarate (Kivirikko & Myllylä 1982) to study P3H activity, as it is a 

convenient method that is also frequently used to study P4H and LH activity 

(Hirsilä et al. 2003, Kivirikko & Myllylä 1982). We were able to show that the 

method is suitable for the analysis of P3H activity when a synthetic (Gly-Pro-

4Hyp)5 peptide is used as the substrate. Only the recombinant P3H2 was found to 

have P3H activity, however. The lack of activity in the case of the other two P3H 

isoenzymes may be due to several nucleotide changes in P3H1 cDNA relative to 

the sequences available in databases and to the poor solubility of P3H3. 

Coexpression of CRTAP, a protein needed for in vivo P3H1 activity (Barnes et al. 

2006, Morello et al. 2006), did not affect the solubility or activity of the P3H 

polypeptides, indicating that CRTAP is not required for the solubility of P3H 

polypeptides but may be needed for efficient interaction with the nascent 

procollagen chains in vivo. This is in agreement with the observation that purified 

P3H1 without CRTAP and CYPB possesses P3H activity (Vranka et al. 2004). A 

recent study has indicated that the P3H1∙CRTAP∙CYPB complex is a potent 

molecular chaperone and that it is also able to interact with triple-helical collagen 

(Ishikawa et al. 2009). The question of whether P3H2 or P3H3 is copurified in a 
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complex with CRTAP and CYPB or other potent chaperones remains to be 

answered. 

An important aim of this work was to determine the catalytic properties and 

substrate specificity of P3H2. Analysis of P3H2 activity using short synthetic 

peptides (Gly-Pro-4Hyp)5 or (Pro-Pro-Gly)5 as a substrate confirmed the 

previously advanced notion that 4-hydroxylation of the proline residue in the Y 

position is required for P3H activity. In addition, our results clearly showed that 

P3H2 efficiently hydroxylates synthetic peptides corresponding to known prolyl 

3-hydroxylation sites in collagens I and IV, hydroxylation of the latter being more 

efficient. Furthermore, our data distinctly demonstrate that major differences exist 

between the catalytic and inhibitory properties of P3H2 and C-P4H-I, which can 

be seen most clearly in the case of 2-oxoglutarate. The Km value of P3H2 for 2-

oxoglutarate was higher than that of the C-P4H-I and about the same as those of 

the LH isoenzymes (Kukkola et al. 2003, Myllyharju & Kivirikko 1997). 

Moreover, pyridine 2,5-dicarboxylate, an efficient inhibitor of C-P4Hs but not 

LHs, did not inhibit P3H2. Based on these findings, P3H2 and LHs may be said 

to share common catalytic features which differ from those of the C-P4Hs. The 

fact that both P3Hs and LHs have the same basic residue for binding 2-

oxoglutarate and that this residue differs from that of the C-P4Hs mostly likely 

explains the disparity between P3H2 and C-P4Hs (Myllyharju & Kivirikko 1997, 

Passoja et al. 1998, Vranka et al. 2004). 

Overall, the major discovery made here was that P3H2 is localized in tissues 

rich in BMs and that it efficiently hydroxylates peptides corresponding to the 

known hydroxylation sites of collagen IV, which has the highest 3Hyp content of 

all collagens (Kefalides 1973). As the lack of the only 3Hyp in the α1 chain of 

collagen I, caused by a mutation in the human gene coding for P3H1, leads to 

recessive severe or lethal OI (Cabral et al. 2007, Marini et al. 2010, Morello et al. 

2006), the loss of P3H2 activity may lead to diseases characterized by changes in 

BMs in the kidney and skin, for example.  

6.2 Downregulation of collagen hydroxylases leads to changes in 
cyst formation in epithelial cells 

MDCK epithelial cells are commonly used as an in vitro model for studying 

epithelial cell polarity and cystogenesis (Debnath & Brugge 2005, Lubarsky & 

Krasnow 2003). Here we studied the role of collagen-modifying hydroxylases and 

of collagen IV in epithelial cell polarization by means of the MDCK cystogenesis 
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model. Our data indicate that collagen IV has an important role in the 

cystogenesis of MDCK cells, as the majority of the α1(IV) KD cells formed non-

luminal or multiluminal cysts instead of normal cysts. Collagen IV was not 

properly assembled into the BM in the abnormal cysts. It has been shown 

previously that inactivation of collagen IV in mice leads to embryonic death 

between E10.5 and E11.5 due to a structural deficiency in their BMs (Pöschl et al. 

2004). Data on the collagen IV knockout mice indicate, however, that collagen IV 

is essential for BM stability at later stages than laminins, and that laminins are 

sufficient for the generation of BM-like matrices during early development 

(Pöschl et al. 2004). Our findings indicate that collagen IV in the BM is 

dispensable for initial polarization of MDCK cells but is required for proper 

cystogenesis. 

Our database searches also indicated that the dog genome codes for three LH, 

C-P4H and P3H isoenzymes, and expression analyses revealed that all of them 

except P3H3 are expressed in MDCK II cells. All three LH isoenzymes show a 

widespread expression pattern during mouse embryogenesis, but LH3 also has a 

housekeeping-like form of expression in adult tissues (Salo et al. 2006). 

Inactivation of LH3 is known to lead to embryonic death in mice, because of 

inactivation of the unique GGT activity of LH3 (Heikkinen et al. 2000, 

Rautavuoma et al. 2004, Ruotsalainen et al. 2006). LH3 was found to be the most 

abundant LH isoenzyme in MDCK cells, and our analysis of the GGT activity of 

LH3 KD cell lysates implied that this isoenzyme is also responsible for the GGT 

activity in MDCK II cells. Furthermore, the α1(IV) and α2(IV) chains secreted by 

the LH3 KD cells had enhanced mobility, which is in agreement with the 

calculated losses of hydroxylysine carbohydrate units in these chains and with 

previous data obtained with regard to LH3 null mice (Rautavuoma et al. 2004). 

Depletion of LH3 interfered with epithelial polarization and cyst formation both 

on a BM-rich scaffold and on a collagen I gel.  

Previous data have shown that C-P4H-I is the main C-P4H form in the 

majority of cell types and tissues, whereas C-P4H-II is the predominant form in 

chondrocytes, osteoblasts, endothelial cells and the cells of epithelial structures 

(Annunen et al. 1998, Nissi et al. 2001). The results of our expression analysis in 

MDCK II cells support the observations regarding epithelial expression, as C-

P4H-II was found to be the major form in the MDCK II epithelial cells. Although 

C-P4H-I null mice die during embryogenesis most probably on account of 

abnormal collagen IV synthesis and BM assembly (Holster et al. 2007), C-P4H-I 

activity was not essential for cyst formation in MDCK II cells, although 
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inactivation of C-P4H-I reduced the amount of normally polarized cysts when 

cultured in a collagen I gel. It must be noted, however, that a substantial amount 

of P4H activity was retained in the C-P4H-I KD cells due to the relatively high 

expression level of C-P4H-II, which unfortunately could not be successfully 

inactivated by any of the shRNA constructs tested.  

P3H1 has been shown to be expressed in tissues containing fibrillar collagens 

such as tendon and bone (Vranka et al. 2009, Vranka et al. 2004), and mutations 

in the human P3H1 complex are known to cause a recessive form of OI (Marini et 

al. 2010), whereas we have shown here that P3H2 is localized in tissues rich in 

BMs such as the kidney. Strong expression of P3H2 in the mouse kidney has also 

been detected recently by Q-PCR (Vranka et al. 2009). P3H2 was found here to 

be the main P3H isoenzyme in kidney epithelial MDCK II cells. Depletion of 

P3H2 in the MDCK cells led to a reduced number of normally polarized cysts on 

a collagen I gel but not on a BME scaffold, indicating that P3H2 activity is 

required for normal synthesis and deposition of collagen IV in the BM. 

Taken together, our data indicate that collagen IV and specific collagen 

hydroxylases are required for proper cystogenesis in MDCK cells under 

conditions where autocrine BM synthesis is required. Unlike the depletion of C-

P4H-I or P3H2, inactivation of LH3 led to a reduction in the amount of normal 

cysts even when exogenous BME was provided. Moreover, inactivation of LH3 

also caused the most severe phenotype in a collagen I gel. A similar phenomenon 

is also seen with gene-modified mice, as LH3 null mice die earlier during 

embryogenesis than C-P4H-I null mice. These previous data together with our 

findings indicate that abnormal glycosylation of collagen IV is more harmful for 

the generation of early BM-like matrices than the complete lack or dimished 

amount of collagen IV seen in C-P4H-I mice (Holster et al. 2007, Rautavuoma et 

al. 2004). 

6.3  HIF-3α is a modulator of the hypoxia response 

The human HIF-3α differs from the other human HIF-α subunits in that its gene is 

subject to extensive alternative splicing (Maynard et al. 2003). We characterized 

the splicing variants generated from the human HIF-3α locus here in several 

tissues and cancer cell lines and were able to obtain and clone the full-length 

cDNAs of the HIF-3α1, HIF-3α2 and HIF-3α4 variants and express them as 

recombinant proteins in vitro. We did not obtain any evidence, however, of the 

existence of the predicted HIF-3α3 and HIF-3α5 variants, but instead we 
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identified four novel HIF-3α splicing variants, indicating that splicing of the 

human HIF-3α locus is even more complex and extensively regulated than 

previously thought. Of these new splicing variants, termed HIF-3α7 – HIF-3α10, 

variants 8 and 9 differ from the HIF-3α1 in their N-termini and contain the same 

LZIP domain as found in the HIF-3α1, the function of which is as yet unknown.  

The most intriguing finding was the identification of the HIF-3α10 variant, 

the cDNA of which is identical to that of HIF-3α1 with the exception that it 

retains intron 1 and thus encodes a truncated 7-amino-acid polypeptide. HIF-3α10 

was expressed in almost all the cancer cell lines studied, whereas HIF-3α1 was 

detected only in the Ad5 cell line, which is not a true cancer cell line but rather a 

transformed human embryonic kidney cell line. The varying relative abundances 

of the HIF-3α1 and HIF-3α10 variants in the cancer cell lines, for instance, may 

have a regulatory role in the hypoxia response of cancer cells. As the HIF-3α1 

variant can either inhibit HIF-1 and HIF-2 or act as an active transcription factor 

depending on the amount of HIF-1β (Hara et al. 2001 and paper IV), favouring of 

the truncated HIF-3α10 over the full-length HIF-3α1 in terms of splicing may 

affect cancer cells either by releasing the inhibitory effect of HIF-3α1 on HIF-1 

and HIF-2 functions or by inhibiting the transcription of certain HIF-3α1 target 

genes. It should also be noted, however, that contradictory reports exist on the 

role of HIF-1α and HIF-2α inhibition in solid tumors (Acker et al. 2005). Some 

studies have indicated that overexpression of HIF-1α or HIF-2α actually reduces 

tumor growth (Acker et al. 2005). On the other hand, endogenous expression of 

the short HIF-3α4 variant is downregulated in CC-RCC, highlighting its possible 

role in cancer biology. Overall, the transcription levels of the HIF-3α variants 

were very low in the cancer cell lines studied here. In addition, our data show that 

methylation is very probably involved in the low expression levels of HIF-3α in 

cancer cells, as demethylation significantly increased the expression level in a 

human hepatoma cell line. 

The hypoxic induction of human HIF-3α mRNA has likewise been 

controversial, as contradictory reports on the induction of human HIF-3α mRNA 

under hypoxic conditions have been published. Previous studies have 

demonstrated that the expression of human HIF-3α1 is induced by hypoxia (Li et 

al. 2006), while expression of HIF-3α4 is downregulated (Maynard et al. 2005). 

Our data clearly show that all human HIF-3α variants, including HIF-3α4, are 

upregulated at the mRNA level under hypoxic conditions, and the data from our 

RNA interference experiments show that this hypoxic induction requires HIF-1 

but not HIF-2. Just after our paper had been submitted, Tanaka and coworkers 
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reported that the mRNA levels of HIF-3α1, HIF-3α2, HIF-3α3 and HIF-3α4 are 

induced by hypoxia and that this hypoxic induction requires HIF-1 but not HIF-2 

(Tanaka et al. 2009), thus agreeing with our results. A functional HRE element 

was identified in the 5’ direction from the transcriptional start site of HIF-3α2 

(Tanaka et al. 2009). In contrast, Augstein and coworkers have reported very 

recently that the hypoxic induction of HIF-3α in human umbilical venous 

endothelial cells can be driven by both HIF-1 and HIF-2 (Augstein et al. 2010). In 

addition, hypoxic induction of the mouse HIF-3α mRNA level is enhanced by 

HIF-2 but not by HIF-1 (Hatanaka et al. 2009), thus being different from the 

hypoxic regulation of human HIF-3α. The varying reports on the hypoxic 

regulation of HIF-3α variants and contradictory results regarding the regulation of 

this induction may be due to the different cell lines used in the experimental 

setups and differences in the relative abundances of the target proteins in these 

cell lines. 

Our data on the hydroxylation and subsequent degradation of the HIF-3α 

ODDD and the full-length HIF-3α1 and HIF-3α2 demonstrate that the HIF-3α 

ODDD is targeted for proteasomal degradation in cellulo with an efficiency at 

least similar to that of the HIF-1α ODDD in the case of HIF-P4H-2 and HIF-P4H-

3. HIF-P4H-1 hydroxylated the HIF-3α ODDD somewhat less efficiently than the 

HIF-1α ODDD, although a previous report shows that HIF-P4H-1 and HIF-P4H-

3 act equally efficiently on a peptide corresponding to the hydroxylation site of 

the HIF-3α ODDD in vitro (Hirsilä et al. 2003). In addition, our results show that 

both the HIF-3α ODDD and the full-length HIF-3α1 and HIF-3α2 are targeted for 

proteasomal degradation in a HIF-P4H-dependent, and thereby oxygen-dependent, 

manner. Previous studies have nevertheless indicated that HIF-3α1 is 

ubiquitylated, and thus supposedly hydroxylated, less robustly than the bare HIF-

3α ODDD in vitro (Maynard et al. 2003) and that HIF-3α2 is not regulated in an 

oxygen-dependent manner in renal carcinoma Caki-1 or Hela cells (Tanaka et al. 

2009). Again, the contradictory observations may be a result of the different 

experimental setups. 

Human HIF-3α1 has been shown to suppress HIF-1 and HIF-2-mediated gene 

expression (Hara et al. 2001). Our analysis of the binding partners of the human 

HIF-3α variants in vitro showed that all of them are able to bind both HIF-1α and 

HIF-2α and thus form transcriptionally inactive complexes with them. In general, 

the HIF-3α variants seemed to have a stronger interaction with HIF-1α than with 

HIF-2α. The cellular location of the HIF-3α variants 2, 4, 7 and 9 and their 

colocalization with HIF-1α were studied by confocal microscopy, which verified 
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that these variants are indeed able to inhibit the translocation of HIF-1α into the 

nucleus by forming a complex with HIF-1α, thus “trapping” the HIF-1α in the 

cytoplasm. When expressed alone, the HIF-1α and HIF-3α variants, except for 

HIF-3α4, were localized to the nucleus. HIF-3α4 had a distinct localization as it 

was in the cytoplasm even in hypoxia, thus differing from the other variants. 

When the HIF-3α variants were overexpressed together with HIF-1α or HIF-2α 

under conditions where HIF- is likely to be a limiting factor, all of them were 

able inhibit the HIF-1α and HIF-2α-mediated HRE-reporter induction, and this 

inhibition was much stronger towards HIF-1α than towards HIF-2α. In addition, 

overexpression of the HIF-3α variants under similar conditions had a modest 

downregulating effect on some of the endogenous HIF target genes studied but 

not all. These results are in agreement with previous reports showing that HIF-3α 

variants can act as dominant negative regulators of HIF-1 and HIF-2 with respect 

to an HRE reporter when the amount of HIF- is the limiting factor, but in the 

case of endogenous HIF target genes, variant-specific and target gene-specific 

differences in the inhibitory effects were detected.  

Considering the evidence for the inhibitory effect of the HIF-3α variants, we 

initially hypothesized that the knockdown of endogenous HIF-3α would cause an 

increase in HIF target gene expression. The results of the siRNA experiments 

targeting all the HIF-3α variants simultaneously were surprising, however, since 

the expected induction was not observed, but rather the levels were significantly 

reduced in the case of certain target genes such as EPO and ANGPTL4. In fact, 

the same observation regarding ANGTL4 was made by Tanaka and coworkers 

when they reported that siRNA-mediated knockdown of HIF-3α induced HIF-1α-

mediated gene expression and at the same time reduced the hypoxic expression of 

ANGPTL4, indicating further that HIF-3α may also possess transcriptional 

activity (Tanaka et al. 2009). All the human HIF-3α variants were found here to 

be able to bind to HIF-, and overexpression of certain HIF-3α variants together 

with HIF- induced the mRNA level of some HIF target genes such as EPO, 

ANGPTL4 and GLUT1. Overexpression of the HIF-3α variants, however, did not 

cause significant induction of an HRE-driven reporter, indicating that the HIF 

target genes upregulated by the HIF-3α variants may contain specific response 

elements of varying lengths that are distinct from the canonical HRE. 

Overall, our data suggest that the HIF-3α variants may play an important role 

in the hypoxic adaptation of cells. We propose a model in which the long HIF-3α 

variants (variants 1, 2, 7, 8 and 9) form complexes with HIF- when the amount 

of HIF- is not limiting in cells (Figure 9 in IV). These HIF-3α/HIF- complexes 
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then participate in the hypoxic upregulation of a subset of HIF target genes 

together with HIF-1 and HIF-2, the maximal hypoxic induction of these genes 

being such that it also requires HIF-3 activity. Importantly, the HIF-3 target 

elements are likely to be novel regulatory elements. As the HIF-3α variants are 

themselves HIF-1 target genes, their upregulation and stabilization in hypoxia 

may yet boost the hypoxic induction of these target genes. When the amount of 

HIF- is a limiting factor, these long HIF-3α variants form complexes with HIF-

1α and HIF-2α, leading to the decreased activation of HIF targets. In the case of 

HIF-3α4, which has no transactivation domains, inactive complexes with HIF-1α, 

HIF-2α and HIF- resulting in downregulation of HIF target genes are formed 

independent of the amount of HIF-. 
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7 Conclusions and future prospects 

This thesis reports on the cloning of human P3H2 and its expression as an active 

recombinant enzyme. We were able to establish a novel but simple assay of P3H 

activity based on that regularly used for P4Hs and LHs. The catalytic properties 

of P3H2 together with immunohistochemical data indicated that it is an enzyme 

responsible for the prolyl 3-hydroxylation of collagen IV in vivo. As any 

deficiency in the single 3-hydroxyproline in collagen I polypeptides will lead to 

recessive OI, the consequences of the lack of the several 3-hydroxyprolines in 

collagen IV polypeptides may be fatal, and no disease caused by a mutation in the 

gene encoding P3H2 has yet been reported. Thus it would be of the utmost 

interest to study the in vivo role of P3H2 in a knockout mouse model to analyse 

whether the lack of P3H2 activity indeed affects BM properties. 

The knockdown of LH3, P3H2 and collagen IV in a canine kidney cell line 

was shown to inhibit proper lumen formation when the cells were grown on either 

a collagen I gel or a BM-rich gelas a scaffold. Somewhat milder effects were 

observed after knockdown of C-P4H-I, but this is likely to be due to the relatively 

high remaining C-P4H activity contributed by C-P4H-II. It would thus be 

important to study the effect of simultaneous knockdown of both C-P4H 

isoenzymes on the polarization of MDCK cells. Our data indicate that LH3 in 

particular is required for proper polarization and cyst formation of MDCK II cells. 

As epithelial-to-mesenchymal transformation is an important phenomenon in 

cancer, it would be of interest to study the potential role of LH3 in tumorigenesis. 

This thesis broadens our understanding of the hypoxia response system, as 

the human HIF-3α variants and their roles are studied here in detail for the first 

time. Our results indicate that HIF-3α variants have a dual role in the regulation 

of the hypoxia response. The overexpression studies together with the siRNA 

experiments demonstrate that the long HIF-3α variants are able to upregulate the 

expression of certain HIF target genes. In addition to the ability of the long HIF-

3α variants to induce gene expression, they are capable together with the short 

HIF-3α4 of inhibiting the actions of HIF-1 and HIF-2 when the amount of HIF- 

is a limiting factor. This negative role of the HIF-3α variants may be important for 

the fine tuning of the hypoxia response in humans in both physiological and 

pathological conditions. Indeed, endogenous expression of human HIF-3α4 is 

known to be downregulated in sporadic CC-RCC, indicating that loss of the 

negative effect of HIF-3α4 may have a role in the formation of the substantial 

vasculature characteristic of CC-RCC. The significance of HIF-3α variants in 
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cancer biology is further supported by our finding of considerably lower 

expression levels of the HIF-3α variants in several cancer cell lines, suggesting 

that the reduced amounts of the HIF-3α variants and the subsequent loss of their 

negative effect on the hypoxia response system may have a role in the evolution 

of cancer. 

Although this study has provided important novel information on the 

functions of the HIF-3α variants, several questions still need to be answered. The 

HIF-3α locus was shown here to be subject to extensive alternative splicing but 

the machinery behind this phenomenon remains as yet unknown. Since the long 

HIF-3α variants were able to upregulate the expression of certain HIF target genes 

even though they did not have an effect on the canonical HRE element, 

characterization of the putative novel response element bound by the HIF-3α 

variants could lead to the identification of a new set of hypoxia-inducible genes 

that are not regulated by HIF-1 and HIF-2. 
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