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I. LIST OF ABBREVIATIONS 

 

4-PBA - Sodium 4-phenylbutyrate 

ABC – ATP-binding cassette 

ATP – Adenosine triphosphate 

BSEP – Bile salt export pump 

CAD - Coronary arterial disease 

CF – Cystic fibrosis 

CFTR – Cystic fibrosis transmembrane conductance regulator 

DCC - Dystrophic cardiac calcification 

DMEM - Dulbecco's Modified Eagle's Medium 

ENPP1 - Ectonucleotide pyrophosphatase/phosphodiesterase 1 

FBS – Fetal bovine serum 

GACI - Generalized arterial calcification of infancy 

GGCX - Gamma-glutamyl carboxylase enzyme 

HFTC - Hyperphosphatemic familial tumoral calcinosis 

HTVI – Hydrodynamic tail vein injection 

K1 – Vitamin K1 or phylloquinone 

K2 – Vitamin K2 or menaquinone 

K3 – Vitamin K3 or menadione 

K3-GS – Vitamin K3-gluthation conjugate 

KO - Knockout 

LTC4 – Leukotriene C4 

NBD – Nucleotide-binding domain 

NEM-GS - N-ethylmaleimide glutathione 

MAM – Mitochondria-associated membrane 

MDCKII - Madin Darby canine kidney cell line 

MGP – Matrix gla protein 

PBS – Phosphate buffered saline 

PMSF - Phenylmethylsulfonyl fluoride 

PXE – Pseudoxanthoma elasticum 

SB – Sleeping Beauty transposon 
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SDS - Sodium dodecyl sulfate 

Sf9 cells - Spodoptera frugiperda ovarian cells 

TMD – Transmembrane domain 

Wt – Wild type 
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II. INTRODUCTION 

 

1. Soft tissue calcification and genetic diseases related to ABCC6 

 

1.1 Soft tissue calcification 

 

Calcification processes in the human body can be physiological – e.g. bone formation –, 

or pathological. Pathological soft tissue calcification, also known as ectopic calcification, is due 

to inappropriate biomineralization, and usually calcium phosphate salts are involved in the 

abnormal mineral deposition [Giachelli, 1999]. Ectopic calcification is divided into three main 

groups: metastatic calcification, dystrophic calcification and calcinosis [Black et al, 1985]. 

Metastatic calcification is usually associated with some metabolic problems, resulting in elevated 

level of circulating calcium phosphate, and it can be observed for example in renal failure or 

hyperparathyroidism. 

Calcinosis is not related to metabolic disorders, it affects mostly cutaneous and subcutaneous 

tissues. Examples for disorders with calcinosis are calcinosis universalis, scleroderma or 

systemic lupus erythematosus. 

Dystrophic calcification is the most common among all soft tissue calcifications. It is not related 

to metabolic disorders either, but it occurs in damaged or devitalized tissues. Examples for 

diseases related to dystrophic calcification are arteriosclerosis obliterans, venous calcifications or 

pseudoxanthoma elasticum. Arterial calcification is also associated with dystrophic calcification, 

and this is a leading cause of death, especially in the Western countries. 

Little is known about the mechanisms regulating the calcification processes, several metabolic 

and environmental factors are contributing to the aberrant mineralization, however, some rare 

monogenic disorders gave insight into the pathophysiological mechanisms contributing to 

arterial calcification [Rutsch et al, 2011, Li et al, 2013]. Table 1 lists some human diseases 

caused by single gene mutations, leading to the development of ectopic mineralization 

phenotypes. 
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Human disease Major phenotypic features Gene symbol and protein 

Pseudoxanthoma elasticum 
(PXE) 

Mineralization in the skin, 
eyes, and cardiovascular 

system 

ABCC6, ATP-binding cassette C 
subfamily, member 6 

Generalized arterial 
calcification of infancy 

(GACI) 

Arterial calcification, joint 
and spine ossification 

ENPP1, ecto-nucleotide 
pyrophosphyatase/phosphodiesterase 
or ABCC6, ATP-binding cassette C 

subfamily, member 6 
Arterial calcification due to 
CD73 deficiency (ACDC) 

Vascular and joint 
calcification NT5E, CD73 

Normophosphatemic familial 
tumoral calcinosis (NFTC) 

Ulcerative mineralization 
lesions in skin 

SAMD9, sterile α motif domain 
containing 9 

Hyperphosphatemic familial 
tumoral calcinosis (HFTC) 

Mineralization masses in 
skin 

FGF23, fibroblast growth factor 23; 
KL, klotho; GALNT3, ppGaNTase-T3 

PXE-like disorder with 
multiple coagulation factor 

deficiency 

PXE-like skin changes and 
Vitamin K–dependent 

coagulation factor deficiency 
GGCX, Gamma-glutamyl carboxylase 

Amelogenesis imperfecta 
(AI) 

Arterial, pulmonary, and eye 
calcification 

FAM20A, family with sequence 
similarity 20, member A 

Keutel syndrome Arterial and cartilage 
calcification MGP, matrix gla protein 

Familial idiopathic basal 
ganglia calcification (IBGC) 

Vascular and pericapillary 
calcification in brain 

SLC20A2, sodium-dependent 
phosphate transporter 2 

Marfan syndrome 
Artery media calcification, 
aortic aneurysm, long bone 

overgrowth 
FBN1, Fibrillin1 

Carbonic anhydrase II 
deficiency 

Calcification of media of 
small arteries, osteopetrosis, 

renal tubular acidosis 
CA2, Carbonic anhydrase2 

 

Table 1: Human diseases with ectopic mineralization, their phenotypes and the causative genes 

(Based on Rutsch et al, 2011 and Li et al, 2013) 

 

Investigation of these diseases may help to identify some genetic factors contributing to 

abnormal calcification. 

A few examples taken from Table 1: mutations in the ABCC6 gene cause pseudoxanthoma 

elasticum (PXE) with mineralization in the skin, eyes and cardiovascular system, and mutations 

in the same gene are also responsible for the development of some of the generalized arterial 

calcification of infancy (GACI) cases, both conditions are discussed in detail in the next section 

(I/1.2). 

Other genes identified to play role in the calcification processes are for example fibroblast 

growth factor 23 (FGF23), klotho (KL) or ppGaNTase-T3 (GALNT3). Mutations in any of these 
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genes induce hyperphosphatemic familial tumoral calcinosis (HFTC), with the characteristic 

symptom of calcium phosphate crystal deposition in soft connective tissues. The protein encoded 

by FGF23 was shown to play a role in the re-absorption of phosphate in the kidney, while klotho 

encodes a coreceptor for FGF23. GLANT3 encodes a glycosyltransferase, and O-glycosylation of 

FGF23 prevents its inactivation [Li et al, 2013]. Therefore investigation of a single disease, 

HFTC, led to the identification of a genetic network controlling ectopic mineralization. 

Other examples are GGCX and MGP. GGCX gene encodes the gamma-glutamyl carboxylase 

enzyme, which is responsible for post-synthetic carboxylation of glutamine residues of Gla-

domain containing proteins. Matrix gla protein (encoded by MGP) is a Gla-domain containing 

protein, and carboxylated Gla residues can bind calcium, therefore MGP properly carboxylated 

by GGCX is a potent inhibitor of connective tissue mineralization (as discussed also in the third 

section of this chapter – I/3). Table 1 shows that mutations in either GGCX or MGP lead to the 

development of a human genetic disease: PXE-like disorder with multiple coagulation factor 

deficiency or Keutel syndrome. 

Marfan syndrome is one of the most common genetic diseases affecting the connective tissue, 

Symptoms include skeletal, cardiovascular and ocular abnormalities. It was shown that 

mutations in the FBN1 gene are responsible for the development of the disease [Lee et al, 1991]. 

Investigating fibrillin1 knockout mice revealed that fibrillin1, the protein encoded by FBN1, 

plays a key role in the homeostasis of elastic fibers and extracellular matrix [Pereira et al, 1999]. 

 

1.2. Diseases related to ABCC6 

 

As it was shown in Table 1, mutations in the ABCC6 gene are responsible for the 

development of pseudoxanthoma elasticum, PXE [Bergen et al, 2000; Le Saux et al, 2000; Struk 

et al, 2000], and recently mutations in the ABCC6 gene were found to be the genetic background 

in some cases of generalized arterial calcification of infancy (GACI) [Nitschke et al, 2012a]. 

Furthermore, a missing or mutant allele of ABCC6 is a genetic risk factor in coronary arterial 

disease, CAD [Trip et al, 2002; Köblös et al, 2009].  

 

PXE (OMIM 264800 and 177850) is a rare, heritable disorder characterized by 

mineralization and fragmentation of elastic fibers. The incidence of PXE has not been precisely 

established, estimations for the general population being ranked within 1 in 25.000 to the 1 in 
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150.000 range [Chassaing et al, 2005]. The clinical phenotype of PXE is highly variable, may 

include loose and sagging skin, appearance of yellowish papules especially on the neck and 

flexural areas, calcification in the wall of small arteries, development of angioid streaks in the 

eyes, which can lead to loss of vision, and development of early cardiovascular disease [Váradi 

et al, 2011] (Figure 1 A-C). Rarely, patients may suffer from other symptoms of vascular origin, 

such as intermittent claudication and stroke [Li et al, 2009]. The background of all these 

symptoms is an abnormal calcium deposition in the elastic fibers. Using an in vivo mouse model 

system, PXE was shown to be a metabolic disease [Jiang et al, 2009]: in the experiment muzzle 

skin from Abcc6-/- (knockout - KO) and wild-type (wt) mice was transplanted onto the back of 

wt and KO mice and the mineralization of the capsules surrounding the vibrissae as an early 

phenotypic biomarker was analyzed. Grafting of wt mouse muzzle skin onto the back of KO 

mice triggered mineralization of vibrissae, whereas grafting KO mouse muzzle skin onto wt 

mice was accompanied with no mineralization. These transplantation experiments suggest that 

PXE is indeed a metabolic disorder. 

ABCC6 is mostly expressed in the liver, therefore it is thought that ABCC6 transports its - yet 

unknown - substrate from the hepatocytes towards the circulation, and this substrate is 

responsible for the direct or indirect inhibition of abnormal calcium deposition in soft tissues. 

 

Another genetic disease, which was recently shown to be related to ABCC6 mutations, is 

generalized arterial calcification of infancy (GACI – OMIM 208000). Approximately 100 cases 

have been reported worldwide, and GACI is characterized by extensive deposition of calcium 

along the internal elastic membrane of arteries, accompanied by fibrous thickening of the intima, 

which causes luminal narrowing (Figure 1 F). Severe systemic hypertension, cardiomyopathy, 

and congestive heart failure are frequent complications. Skin lesions and calcification of joints 

are also frequent symptoms (Figure 1 D-E). GACI is often fatal within the first 6 months of life. 

Initially, mutation in the ENPP1 gene was found to be the genetic background of GACI [Rutsch 

et al, 2003]. ENPP1 encodes for ectonucleotide pyrophosphatase/phosphodiesterase 1 protein, 

which is a type II transmembrane glycoprotein. This cell surface enzyme generates inorganic 

pyrophosphate, a solute that regulates cell differentiation and serves as an essential physiologic 

inhibitor of calcification. However, in some patients no ENPP1 mutations were found, they 

carried mutation in the ABCC6 gene instead [Nitschke et al, 2012a]. 
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These findings therefore show that mutations in the different genes ENPP1 and ABCC6 

can  lead  to  similar pathophysiological  consequences.  As ABCC6  mutations  account  for  a 

significant subset of GACI cases [Le Boulanger et al, 2010], and ENPP1 mutations can also be 

associated with PXE lesions, it was suggested that PXE and GACI reflect two ends of a clinical 

spectrum of ectopic calcification rather than two distinct disorders [Nitschke et al, 2012b]. It is 

also worth to note that there is a remarkable overlap between the mutational spectra of PXE and 

GACI in spite of their very different clinical symptoms and severity. 

 

 

 

Figure 1: Characteristic symptoms of PXE (A-C) and GACI (D-F) A: yellowish papules on the neck 

of  PXE  patient  B:  Angioid  streaks  (arrow)  and  peau  d’orange,  color  image  C:  Angioid  streaks  (arrow) 

and  peau  d’orange,  fluorescein  angiography  late  phase  imaging  D:  yellowish  papules  on  the  neck  of  a 

GACI  patient  E:  X-ray  showing  extensive  peri-articular  calcification  (arrow)  of  the  right  shoulder  F: 

cross-section of coronary artery (from a GACI patient who died of myocardial infarction at the age of 6 

weeks)  showing  disruption  of  the  calcified  internal  elastic  lamina  (arrows)  and  massive  intima 

proliferation (hematoxylin and eosin staining). Images are taken from Finger et al, 2009 and Nitschke et 

al, 2012a. 

 

Since the first PXE-causing mutations were discovered in 2000, the number of identified 

disease-causing variants of ABCC6 has exceeded 350, and most of them are missense mutations 
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caused by amino acid substitutions. Most of the ABCC6 mutations found in GACI patients are 

also missense mutations. 

Amino acid substitutions in large plasma membrane proteins, such as ABCC6, generally result in 

decreased enzymatic activity, major folding and stability problems, poor plasma membrane 

targeting or a combination of these. Therefore, studying the consequence(s) of disease-causing 

missense mutations can provide important insights into the relationship between protein structure 

and pathological function. 

To understand the biochemical and cellular effects caused by ABCC6 mutations that lead to 

arterial and other soft tissue calcification in humans can help to find the appropriate therapy for 

PXE and GACI patients and may also help to better understand the mechanism of arterial 

calcification. 

 

 

2. The ABCC6 transporter 

 

2.1 The ABC protein family 

 

ABCC6 is a member of the ATP-binding cassette (ABC) transporters. ABC proteins 

form one of the largest known protein families, and are widespread from prokaryotes to humans. 

They couple ATP hydrolysis to active transport of a wide variety of substrates - including ions, 

lipids, metabolic products, peptides and drugs - across extra- and intracellular membranes 

[Higgins, 1992; Childs et al, 1994; Dean et al, 1995]. These proteins share the same basics of 

molecular architecture: they are composed of the combinations of transmembrane domains 

(TMD) and ATP-binding (or nucleotide-binding) domains (NBD). In the NBDs they contain a 

highly conserved region, the ATP-binding cassette (ABC) domain, which binds and hydrolyzes 

ATP [for a recent review, see Zolnerciks et al, 2011]. The amino acid sequence of this ABC 

domain displays three major conserved motifs: the Walker A and Walker B motifs and a specific 

ABC signature motif. For a functional transporter 2 TMD and 2 NBD domains are required. 

Most of the transporters contain all four domains, and therefore they are called full transporters. 

But some ABC transporters have only one TMD and one NBD, and these – so called half-

transporters – need to form homo- or heterodimers in order to create a functional transporter. 

(Figure 2 A and B) 
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Figure  2:  Membrane  topology  of  human  ABC  transporters (Based on Sarkadi et al: 

http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/cell-signaling-

enzymes/xenobiotics/drug-metabolism-tech-review.html ) 

 

The  presence  of  these  proteins  in  all  kingdoms  of  life  shows  their  importance.  Plant 

genome  encodes  for  more  than  100  ABC  transporters.  They are  involved  in  detoxification 

processes, but are also required for organ growth, plant nutrition, plant development, response to 

abiotic  stresses,  pathogen  resistance  and for the  interaction  of  the  plant  with  its  environment 

[Kanga  et  al, 2011].  Bacterial  ABC  transporters  are  essential  in  cell  viability,  virulence  and 

pathogenicity [Davidson et  al,  2008].  Yeast  genome  contains  31  ABC  transporters,  while  60 

ABC  transporters  were  identified  in  the  C.  elegans,  56  in  the  Drosophila  and  51  in  the  mouse 

genome [Decottignies et al, 1997; Sheps et al, 2004; Huls et al, 2006; Dean, 2002]. In the human 
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genome, according to the most recent annotation, 48 genes encoding ABC proteins were 

identified [Dean et al, 2001a]. On the basis of sequence similarity, human ABC transporters are 

grouped into seven subfamilies from A to G. 

ABC transporters are expressed in almost all tissues and cells, where many of them are 

involved in the cellular defense against endogenous and exogenous xenobiotics, and their 

metabolites. Most of them are efflux pumps, but ion channels and regulators were also described. 

Furthermore, ABC transporters have been implicated in cellular protection against apoptosis and 

hypoxic damage and they have also been associated with cell proliferation and differentiation 

[Krishnamurthy et al, 2006; Leslie et al, 2005; Martin et al, 2004; Israeli et al, 2005]. 

The importance and fundamental role of ABC proteins are reflected also by the fact that 

mutations in many ABC transporters lead to the development of certain diseases, including the 

lung disease cystic fibrosis, the cholesterol transport disorder Tangier's disease, the retinal 

syndrome Stargardt's disease, the elastic tissue disorder pseudoxanthoma elasticum, and many 

others [Dean et al, 2001b]. 

It also has to be taken into consideration that overexpression of certain ABC transporters in 

tumors is associated with the multidrug resistance phenotype of these tumors [Gottesman et al, 

2006; Borst et al, 2002]. 

 

2.2 ABC transporter mutations and chemical chaperones 

 

As mentioned above, mutations of ABC proteins can lead to the development of several genetic 

disorders. The mutations often affect the folding and/or targeting of the protein, leading to 

improper subcellular localization. It is known from the literature that in some diseases caused by 

mutations in certain ABC transporters, the improper subcellular localization of the mutant 

transporter can be corrected by a so-called chemical chaperone molecule. 

In recent years, several studies have shown that sodium 4-phenylbutyrate (4-PBA) can partially 

restore the cellular trafficking of an ABCC7 transporter mutant (ΔF508). Mutations in ABCC7 

(or other name is CFTR - Cystic fibrosis transmembrane conductance regulator) cause cystic 

fibrosis. After 4-PBA treatment, the cellular function of the investigated ΔF508 mutant protein 

was partially restored in both cultured cells and human cystic fibrosis patients [Rubenstein et al, 

1997; Rubenstein et al, 1998; Rubenstein et al, 2000]. Other proteins with disease-causing 

mutations were also subjected to 4-PBA treatment to improve their folding/trafficking, like 
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ABCA3 [Cheong et al, 2006], LDL-receptor [Tveten et al, 2007], the bile salt export 

pump/ABCB11 [Hayashi et al, 2007; Lam et al, 2007; Hayashi et al, 2009], ATP7B [van den 

Berghe et al, 2009] and ATP 8B1 [van der Velden et al, 2010], and the ATP-Sensitive Potassium 

Channel/ABCC8 [Powell et al, 2011]. 

4-PBA is a butyrate analogue approved for clinical use in patients with urea cycle disorders and 

thalassemia [Dover et al, 1992; Maestri et al, 1996; Perrine et al, 1993]. It is thought to interfere 

with the transcription of Hsc70 protein in the endoplasmic reticulum (ER), allowing a proportion 

of the misfolded proteins to escape from the association with the chaperone thus improving 

cellular trafficking [Rubenstein et al, 2000; Yam et al, 2007]. 

 

2.3 ABCC6 in the ABC protein family 

 

ABCC6 is a member of the ABCC subfamily. This subfamily includes twelve members 

and they share the general features of the ABC-kingdom: they have two nucleotide-binding 

domains and two transmembrane domains, each with six membrane-spanning helices (the so 

called “core structure”). But some of them, including ABCC6, have two additional domains 

attached to the core structure N-terminally: a transmembrane domain with five membrane 

spanning helices and an intracellular loop. This is a unique feature of some ABCC-type proteins, 

(also called “long MRPs”), like ABCC1, 2, 3, 6, 8, 9 and 10. The schematic, 2 dimensional 

structure of full transporters, half-transporters and long MRPs are shown in Figure 2. 

The physiological substrate of this transporter in not known yet, but is was shown that in in vitro 

assays ABCC6 can transport organic anions and gluthation conjugates like leukotriene C4 (LTC4) 

and N-ethylmaleimide glutathione (NEM-GS) [Iliás et al, 2002; Belinskyet al, 2002]. 

ABCC6 is mostly expressed in the liver, to a smaller extend in the kidney and small intestine 

[Matsuzaki et al, 2005]. It was shown that ABCC6 is expressed in the basolateral compartment 

of the plasma membrane in polarized MDCKII cells and in mouse hepatocytes, and is believed to 

be responsible for the sinusoidal efflux of a metabolite from the hepatocytes towards the 

bloodstream [Scheffer et al, 2002; Sinkó et al, 2003; Beck et al, 2005; Le Saux et al, 2011]. 

However, the plasma membrane localization of the transporter was recently questioned and a 

potential mitochondrial role and localization in the mitochondria-associated membrane (MAM) 

was suggested [Martin et al, 2012]. As my work essentially contributed to the determination of 
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the subcellular localization of ABCC6 in the liver [Pomozi et al, 2013a], this issue is one of the 

major topics of my thesis (see chapter V/1.) 

 

2.4. The ABCC6 gene 

 

The ABCC6 gene locus is on chromosome 16p13.1 and contains 31 exons spanning 

approximately 75 kb of the human genome. This region also contains two closely related, but 

non-functional 5’ pseudogenes, ABCC6-ψ1 and ABCC6-ψ2, which correspond to exons 1-9 and 

1-4 of the coding gene [Pulkkinen et al., 2001]. A close sequence similarity (over 99%) between 

the two pseudogenes and the coding gene are the signs of a complex and recent evolutionary 

scenario [Symmons et al, 2008]. 

Several key elements in the transcriptional regulation of ABCC6 were identified. The role 

of the PLAG family of transcription factors and RXR (retinoid X receptor) in the trans-activation 

of endogenous ABCC6 gene was demonstrated [Ratajewski et al, 2006; Ratajewski et al, 2008]. 

Hepatocyte growth factor (HGF) was shown to inhibit ABCC6 expression in HepG2 cells via the 

activation of ERK1/2 (extracellular signal-regulated protein kinases 1 and 2), and other factors 

activating the ERK1/2 cascade also inhibited ABCC6 expression. HNF4α regulates the 

expression of ABCC6 and determines its cell type-specific expression, and HNF4α is also 

inhibited by the activation of the ERK1/2 cascade [de Boussac et al, 2010]. C/EBPβ 

(CCAAT/enhancer-binding protein β) was also shown to play a role in the regulation of tissue-

specific expression of ABCC6 [Ratajewski et al, 2012]. 

 

2.5. The structure of ABCC6 

 

The largest breakthroughs in ABC-research in the recent years are the high-resolution 

crystal structures of two ABC transporters [Dawson et al, 2006; Dawson et al, 2007; Aller et al, 

2009]. A homology model of the human ABCC6 was built based on these data [Fülöp et al, 

2009]. Newly recognized structural elements of the ABC proteins are the long intracellular loops 

(ICL) which are "rigid" extensions of the transmembrane helices. Each half of the protein has 

two ICLs interacting with the ABC-domains. Important elements of this "transmission interface" 

are the two coupling helices with parallel orientation with the membrane plan and conserved 

residues within the ABC domain. The conformational changes triggered by ATP binding and 
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hydrolysis  is  transmitted  to  the  substrate  translocation  pathway  (i.e.  to  the  transmembrane 

region)  via  the  ABC-ICL  domain-domain  communication.  A  special  type  of  domain  swapping 

can be recognized in the structure: the coupling helices contact with the opposite ABC-domains 

too. The ABCC6 homology model is shown in Figure 3. 

 

Figure 3: The ABCC6 homology model 
(From Fülöp et al, 2009)  
 

 

 
 

 

 

 

 

 

 

 
 
 
 

 

2.6. Animal models 

 

Animals  from  many  different  species  are  widely  used  in  scientific  research  as  model 

systems to investigate and better understand human diseases. 

To  study  the  ABCC6  protein  and  the  related  diseases currently  2  animal  model  species  are 

available: mouse and zebrafish.  

 

2.6.1. Mouse model 

 

Abcc6 knockout (Abcc6-/-) mouse model was generated by conventional gene targeting. 

The critical role of Abcc6 in ectopic mineralization/calcification has been confirmed as Abcc6-/- 

mice recapitulate the genetic, histopathologic and ultrastructural features of PXE, spontaneously 
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developing calcification of elastic fibers in blood vessel walls and in Bruch's membrane in the 

eye. Calcification in the vibrissae capsules is the first symptom of the calcification phenotype 

detected at the age of 6 to 8 weeks, and it serves as an early biological marker of the disease 

[Klement et al, 2005; Gorgels et al, 2005]. These findings suggest that the function of this 

transporter is conserved in mouse, therefore this model is suitable for the investigation of PXE 

pathology and abnormal calcification. 

Certain inbred mouse strains, e.g. C3H/He, are susceptible for dystrophic cardiac 

calcification (DCC), which is an age-related cardiomyopathy, involving myocardial calcification 

and necrosis [Ivandic et al, 1996]. A single major locus, named DysCalc1 locus was identified as 

a main mediator of DCC. This locus contains 38 genes, but by genetic segregation and 

expression array analysis Abcc6 was identified as the single causative gene [Meng et al, 2007; 

Aherrahrou et al, 2008]. A splicing error in Abcc6 mRNA processing was shown to lead to the 

calcification symptoms of DCC [Aherrahrou et al, 2008]. 

The fact that mouse strains carrying this Abcc6 splice variant develop dystrophic calcifications 

further suggests that the loss of Abcc6 protein function is a key factor in abnormal calcium 

deposition, which makes these mouse strains ideal models for PXE and calcification disorders. 

 

2.6.2. Zebrafish model 

 

Zebrafish (Danio rerio) has nearly the same set of ABC genes as mammals [Barut et al, 

2000]. It also has an ABCC6 orthologue, in fact, it has two abcc6 genes: abcc6a and abcc6b. 

Comparison of the zebrafish abcc6a protein with other ABCC6 orthologues revealed 47% 

identity to human, and 45% identity to both mouse and rat.  

Zebrafish has an accessible and well-characterized embryo, therefore it is relatively easy to 

manipulate and investigate the embryo and the developing fish. A knockdown technique can be 

used to investigate certain genes: nucleic acid analogues, called morpholinos, can be designed, 

which efficiently and specifically reduce translation of a target mRNA [Summerton et al, 1999]. 

Two morpholinos were designed targeting two different regions of the abcc6a gene, and it was 

observed that they decrease abcc6a expression by 54% and 81%. This decreased expression of 

the abcc6a gene – induced by any of the morpholinos – resulted in a similar phenotype: cardiac 

edema and curled tail. This result suggests that abcc6a is an essential gene for zebrafish 
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development. No phenotypic changes were observed when the abcc6b gene morpholino was 

injected to embryos. 

Interestingly, microinjecting zebrafish larvae with abcc6a morpholino together with full-length 

mouse Abcc6 mRNA completely rescued the knockdown phenotype [Li et al, 2010]. This 

indicates that mouse Abcc6 can functionally replace the endogenous zebrafish abcc6 which was 

silenced/knocked down by the morpholino. Therefore, this animal model system provides novel 

insight into the function of ABCC6, and is a promising model for (patho)physiological studies 

and for testing potential modifying pharmacological agents. 

 

 

3. The vitamin K hypothesis of ABCC6-mediated calcification 

 

In 2007, a disease was described with similar symptoms to PXE, and therefore it was 

named PXE-like disorder with multiple coagulation factor deficiency (OMIM 610842) 

[Vanakker et al, 2007]. This recently characterized disease is caused by mutations in the gene of 

gamma-glutamyl carboxylase (GGCX) enzyme, and the symptoms include soft tissue 

calcification, just like in PXE. However, PXE-like patients additionally suffer from a vitamin K-

dependent coagulation factor deficiency [Macmillan et al, 1971; Rongioletti et al., 1989; Le 

Corvaisier-Pieto et al, 1996]. 

The gamma-glutamyl carboxylase enzyme is an ER-resident protein, responsible for post-

synthetic carboxylation of glutamine residues of Gla-domain containing proteins thus conferring 

Ca-binding properties to those [Berkner et al, 2008]. The carboxylase enzyme is a key 

component of a cycle, in which vitamin K is a cofactor (vitamin K cycle). During the 

carboxylation reaction, vitamin K is oxidized to an epoxide form, which is then reduced by 

another enzyme, vitamin K oxido-reductase (VKORC1), thereby completing the vitamin K cycle 

[Oldenburg et al, 2008]. The scheme of vitamin K cycle is shown in Figure 4. 
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Figure 4: Scheme of vitamin K cycle: Vitamin K1 or K2 (taken in as part of the diet) is first reduced by 

VKORC1 or the NADH-dependent vitamin K quinone reductase (VKQR). The reduced form of vitamin 

K then reacts with molecular oxygen and it is converted into the vitamin K epoxide form by GGCX while 

a hydrogen is removed from the side chains of glutamate (Glu) residues in the substrate which permits 

them  to  react  with  molecular  carbon  dioxide  to  give  the  corresponding  gamma-carboxyglutamate  (Gla) 

residues and a molecule of water. The epoxide is then reduced by VKORC1 to K1 or K2. 

 

 

Proteins  with  Gla  residues  bind  calcium  (and  certain  other  divalent  cations)  and  this 

property is required for their physiological function. The best-known members of this group of 

proteins  are  the  vitamin  K-dependent  coagulation  factors  produced  in  and  secreted  from  the 

liver. The reduced activity of the gamma-glutamyl carboxylase enzyme explains the coagulation 

deficiency in PXE-like patients. Another gamma glutamyl carboxylated protein is MGP (matrix 

gla  protein),  which  is  a  potent  inhibitor  of  connective  tissue  mineralization  and  its  function is 

essentially  dependent  on  the  correct  carboxylation of  the  protein  [Schurgers  et  al,  2005; 

Schurgers et al, 2007; Schurgers et al, 2008, Theuwissen et al, 2012]. Insufficient carboxylation 

of MGP might thus be responsible for the soft tissue calcification in PXE-like patients. MGP can 

be detected in mineralized tissues of individuals with classic PXE, as well as in Abcc6 mutant 
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mice. Using antibodies specifically recognizing the non-carboxylated and the carboxylated forms 

of MGP, it has been shown that sites of ectopic calcification only contained the non-

carboxylated form of MGP [Li et al, 2007; Gheduzzi et al, 2007]. These data led to the 

hypothesis that ABCC6 could directly or indirectly influence the availability of vitamin K, or the 

capacity of the vitamin K cycle at peripheral tissues, leading to an increased level of under-

carboxylated MGP. The observation, that PXE patients have lower serum vitamin K 

concentration than controls [Vanakker et al, 2010] further supports this theory. 

The highly similar phenotypic features of PXE and PXE-like diseases evoked hypotheses 

about their overlapping pathophysiology. In PXE-like disease – due to the mutations of the 

carboxylase enzyme – the Gla-gammacarboxylation is reduced in the liver, thus resulting in 

blood coagulation abnormality, and also in the extrahepatic soft tissues where the control of 

calcification is impaired. In classical PXE, Gla-gammacarboxylation is normal in the liver as 

there is no mutation in GGCX, but it is lower than normal in extrahepatic tissues if vitamin K 

available for the carboxylation cycle is limited in those tissues.  

Collectively, these data raised a hypothesis that one form of Vitamin K is transported 

from the liver into the circulation, and this transport is mediated by ABCC6 (and it is missing in 

PXE due to ABCC6 mutations) [Borst et al, 2008].  

Currently, the exact metabolic pathway of vitamin K is not known in detail. The dietary vitamin 

K (phylloquinone, vitamin K1 form) is mostly utilized in the liver to serve as cofactor in blood 

clotting factor synthesis. Part of vitamin K1 is converted by side-chain removal to vitamin K3 

(also known as menadione), probably in the enterocytes. K3 can be uptaken by the extrahepatic 

tissues and the complex aliphatic side chain is substituted to the naphtoquinone core generating 

vitamin K2 (menaquinone, or also called MK4), which can be utilized by the vitamin K cycle of 

the extrahepatic tissues. It is known that both vitamin K1 and vitamin K2 is metabolized to a 

common catabolite after beta-oxidation of the side-chains and subsequent glucoronidation, and 

the conjugate is secreted into the urine. Vitamin K3 can be conjugated with glutathione. Figure 5 

shows a scheme summarizing the known metabolic events and compounds in vitamin K 

metabolism. 
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Figure 5: Scheme of vitamin K metabolism 

 

According to the “vitamin K hypothesis” suggested by Borst et al., any of the vitamin K 

forms shown in figure 5 can be the transported substrate(s) of ABCC6 what control(s) indirectly 

- via gammacarboxylation of Ca-binding proteins like MGP - the formation of calcium-deposits 

in the arterial wall and in other soft tissues. 

 

However, the fact that PXE is a slowly progressive disease suggests that the metabolite 

transported  by  ABCC6  may  only  be  reduced  but  not  completely  absent  in  the  circulation  of 

patients.  Besides  being  a  co-factor  of  gamma  carboxylation,  vitamin K  may  have  other 

physiological  functions,  including  transcriptional  regulation  and  protection  of  certain  neuronal 

cells from oxidative injury [Li et al, 2003]. These findings need to be taken into consideration 

when studying the connections between vitamin K status, ABCC6 and PXE. Whether there is a 

connection  between  protection  against  oxidative  stress  by  vitamin K  and  the  chronic  oxidative 

stress measured in the serum and cells of PXE patients [Garcia-Fernandez et al, 2008; Li et al, 

2008; Zarbock et al, 2007] is unknown and needs further investigations. 

As my work contributed to studies of the role of ABCC6 in vitamin K metabolism [Fülöp et al, 

2011 and  Brampton  et  al,  2011],  this  issue  is  covered  in  the  Results  section  of  my  thesis  (see 

chapter V/3.). 
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III. AIMS and SIGNIFICANCE 

 

In my PhD research program I focused on the subcellular localization of the ABCC6 

protein, on the investigation of the molecular background of disease-causing ABCC6 mutations, 

and on how disease-causing mutations, resulting in improper localization, could be corrected. 

We also wanted to test the potential role of ABCC6 in vitamin K transport. 

 

Our specific aims were: 

1. To reinvestigate the plasma membrane localization of the wild type ABCC6 transporter and 

to determine the subcellular localization of disease-causing ABCC6 mutants. We planned to 

perform several immunocytochemical and immunohistochemical experiments on MDCKII 

cell line, on primary hepatocytes and also on mouse and human liver tissue. 

2. Our aim was to determine the molecular consequences of disease-causing missense 

mutations and to identify mutants with preserved transport activity but improper subcellular 

localization (probably due to protein folding problems). These mutants are candidates for 

pharmacological treatment in order to rescue the mislocalized protein. We planned to 

perform pharmacological correction experiments on mislocalized ABCC6 mutants in vitro 

and in vivo. 

3. To test whether correcting the localization of the mutants results in a functional transporter, 

we aimed to develop an in vivo model system based on determination of soft tissue 

calcification, to functionally investigate the ABCC6 protein. 

4. As a role of ABCC6 in vitamin K metabolism was suggested, we aimed to prove or disprove 

this hypothesis investigating the potential role of ABCC6 in the transport of different forms 

of vitamin K. 

 

Significance of the present study: 

• Reinvestigation and determination of the subcellular localization of ABCC6 contributes to 

the conclusion of the scientific debate about ABCC6 localization. 

• Investigation of ABCC6 mutants can reveal and help to better understand the molecular 

background of disease-causing mutations. 
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• Experiments aiming to correct the localization of mislocalized ABCC6 mutants may provide 

support for clinical research toward allele-specific intervention, especially as 4-PBA, the 

chemical chaperon I plan to use, is an approved drug for clinical use. 

• An in vivo functional model would be a valuable experimental tool for the investigation of 

disease-causing ABCC6 mutants. 

• Examination of the potential role of ABCC6 in vitamin K metabolism may provide insight 

into the pathophysiology of ABCC6-related genetic diseases. 
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IV. MATERIALS AND METHODS 

 

Cell culturing 

 

Sf9 (Spodoptera frugiperda) cells were cultured on 27°C, in TNM-FH insect medium (Sigma) 

supplied with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. 

MDCKII cells were cultured in a humidified 37°C, 5% CO2 incubator, in DMEM culture 

medium (Sigma) supplied with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. In 

the localization-correction experiments MDCK cells were cultured in the presence of 1 mM 4-

PBA. 

 

Animals 

 

All mice were kept under routine laboratory conditions with 12 hours light-dark cycle with 

access ad libitum to water and standard chow. Mice were euthanized by cervical dislocation. 

This study was approved by the Directorate of food safety and animal health control, 

Government Office for Pest County (permission number: XIV-I-001/707/4/2012). 

Three different mouse strains were investigated: C57BL/6J (kindly provided by Sándor Paku 

from Semmelweis University), C3H/HeNHsd (Harlan) and Abcc6-/- (kindly provided by Arthur 

A.B. Bergen, who participated in the generation of the Abcc6-/- mouse strain). 

I attended and finished with successful test exam the “Experimental animals – animal 

experiments” 40 hours theoretical course organized by the Semmelweis University School of 

PhD studies and the Animal Care Committee of the Semmelweis University (certificate number: 

68./2012) 

 

DNA constructs 

 

The construction of DNA plasmids was based on the standard molecular biological methods 

[Sambrook et al, 1989]. 

The ten disease-causing ABCC6 mutantions (R1114P, S1121W, R1138Q, V1298F, T1301I, 

R1314W, G1321S, R1339C, Q1347H and R1459C) investigated in this study were inserted into 
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the human ABCC6 cDNA using site-directed mutagenesis by inverse PCR. The presence of the 

mutation was checked by DNA sequencing. 

The cDNA of wt and mutant ABCC6 was cut from pBluescript SK vector (Stratagene) by BglII 

and NotI enzymes, and was inserted into pAcUW21 baculoviral transfer vector (Pharmingen). 

The transfer vector was previously modified in our laboratory (pAcUW21-L), a linker had been 

inserted into the polycloning site of the vector containing a unique restriction site [Szakács et al, 

2001]. 

In order to generate MDCKII cell lines stably overexpressing ABCC6 using retroviral 

transfection, the wt or mutant (R1114P, S1121W, R1138Q, V1298F, T1301I, Q1347H and 

R1459C) ABCC6 cDNA was cut from pAcUW21-L vector by BglII and NotI enzymes and was 

ligated into SpSldS retroviral vector [Becker et al, 1998; Újhelly et al, 2003]. To generate 

MDCKII cell lines stably overexpressing ABCC6 by sleeping beauty transposon-based 

transfection, the wt or mutant (R1314W, G1321S and R1339C) ABCC6 and deltaABCC6 cDNA 

was first cut from pAcUW21-L vector by BglII and NotI and was ligated into a SB-CMV-ΔSma 

vector. (This vector is a modified SB vector, a 2500 bp region of the plasmid was deleted by 

digesting with Sma enzyme. This shorter plasmid was easier to handle during the DNA 

construction experiments.) Then in the second step, ABCC6 was cut from this vector by NsiI and 

EcoRV enzymes and inserted into SB vector containing a puromycin-resistance gene. This 

resistance gene enabled the selection of transfected cells by puromycin. (The SB vector and the 

SB transposase was kind gift from Tamás Orbán, originally provided by Zsuzsanna Izsvák, Max 

Delbrück Center for Molecular Medicine, Berlin, Germany) 

For the tail vein injection experiments wt and mutant ABCC6 cDNA constructs were sub-cloned 

into the pLIVE vector (Mirus Bio, Madison, WI) and expressed under the control of a liver-

specific promoter. 

 

Expression of wt and mutant forms of ABCC6 in SF9 cells 

 

For transfection of Sf9 cells we used BaculoGold kit (BD Biosciences Pharmingen). 105 Sf9 

cells were transfected with the pAcUW21-L vector containing the wt or mutant ABCC6 cDNA 

together with the baculovirus, as suggested by the manufacturer. We isolated individual virus 

clones from the supernatant containing the recombinant viruses using the end-point dilution 
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method. After several amplification steps we gained high titer viral supernatants. In order to get 

recombinant proteins, 107 cells were infected with the viral supernatant. 

 

Expression of wt and mutant forms of ABCC6 in MDCKII cells 

 

In order to generate cell lines stably overexpressing ABCC6 we used two expression systems: 

 

a. Retroviral transfection 

 

Phoenix-Ampho packaging cells were transfected with the recombinant retrovirus vectors 

containing wt or mutant ABCC6. The transfection was performed using calcium phosphate 

transfection kit (GIBCO), according to the manufacturer's protocol. 12 hours after transfection 

the culture medium was replaced, and the supernatant was collected 48 or 72 hours later. The 

supernatant (containing the retroviruses) was diluted 1:1 with fresh DMEM medium, and 

polybrene (6 mg/ml) was added. 5x104 MDCKII cells were transduced with this supernatant. 

Cells were centrifuged (1000 g, 90 minutes) and cultured on 37°C. Cell clones overexpressing 

ABCC6 were selected by end-point dilution method. 

 

b. Sleeping Beauty (SB) transposon-based transfection 

 

The method of Sleeping Beauty transporson-based expression is described in [Izsvák et al, 

2000]. For the transfection the SB plasmid containing a puromycin-resistance gene and the wt or 

mutant forms of ABCC6, and a transposase plasmid were used. 1.5x105 MDCKII cells were 

seeded in a 6-well plate in 2 ml DMEM culture medium, and 24 hours later a transfection 

solution was added. The transfection solution contained 2 µg SB-ABCC6 plasmid, 0,2 µg 100x 

transposase and 6 µl FuGene HD reagent (Promega) in 100µl serum-free DMEM medium. The 

transfection solution was incubated for 15 minutes at room temperature before adding to the 

cells. 48 hours after transfection cells were trypsinized and further cultured in cell culture flasks. 

96 hours after transfection 3 µg/ml puromycin was added to the culture medium to select for the 

transfected cells. 
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Expression of wt and mutant forms of ABCC6 in mouse liver 

 

PLIVE plasmid DNA constructs containing the wt or mutant ABCC6 were delivered into the 

mice by hydrodynamic tail vein injection [Liu et al, 1999; Zhang et al, 2004]. For the 

localization studies we used 3 months old C57BL/6J mice, and for the functional in vivo assay 

we used 3 months old C57BL/6J and Abcc6-/- mice. The tail vein injections were performed 

with a 27-gauge needle with a volume of 1.8 ml of DNA in physiological salt solution. 70 µg of 

plasmid was injected to each animal. 

For the localization-correction studies mice received 3 intraperitoneal injections of 4-PBA (100 

mg/kg/day) prior to performing hydrodynamic tail vein injections. 

 

Agarose gel electrophoresis and immunoblot 

 

Membrane vesicles or whole cell samples were taken up in loading buffer (50 mM Tris-PO4 pH 

6.8, 2% SDS, 2% β-mercaptoethanol, 2 mM Na-EDTA pH 6.8, 20% glycerin, 0,02% 

bromophenol blue) then were sonicated. Proteins were separated in a 7.5% SDS-poliacrylamid 

gel, then proteins were transferred from the gel to a nitrocellulose membrane using an 

electroblotting apparatus according to the manufacturer’s protocols (Bio-Rad). ABCC6 was 

detected using HB6 polyclonal (1:2000) and M6II-7 monoclonal (1:500) primary antibodies and 

HRPO-conjugated anti-rabbit (1:20000) and anti-rat (1:7500) secondary antibodies. Blots were 

revealed by enhanced chemiluminescence (ECL). 

 

Immunocytochemistry 

 

In case of non-polarized MDCK cells, first 0.13 mm thick coverslips (Thermo Scientific) were 

placed into a 24-well plate, then cells were plated in a density of 2.5x104 cells/well and were 

cultured for two days before starting the staining procedure. 

When investigating polarized cells, cells were plated to the bottom of a transwell insert (VWR 

International) (placed upside-down in a 6-well plate) in a density of 104 cells/well. After 4 hours 

transwell inserts were placed into 24-well plates in their normal orientation, cells attached onto 

the bottom side of the transwell membrane. Cells were cultured for one week, changing the 

culture media every second day. 
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Staining protocol: 

Cells were first washed three times in DPBS solution (1 mM CaCl2 and 0.5 mM MgCl2 in PBS), 

then fixed with 4% paraformaldehyde for 5 minutes at room temperature. After 3 washing steps 

(with DPBS) methanol precooled to -20°C was added for 5 minutes, followed by three more 

washing steps. Then, the cells were incubated in blocking buffer (2 mg/ml BSA, 0.15% Triton 

X-100, 5% goat serum and 1% fish gelatin in DPBS) for 1 hour at room temperature. After the 

removal of the blocking buffer, samples were incubated with the appropriate primary antibodies 

diluted in blocking buffer for 2 hours at room temperature. After washing the samples with 

DPBS for 3x5 minutes, cells were incubated with the secondary antibodies (diluted in blocking 

buffer) for 1 hour. After 1x5 min DPBS wash, nuclei were stained with DAPI for 5 minutes, 

followed by 2 more 5-minute washing steps. 

In case of non-polarized cells the coverslip with the cells attached to it was mounted onto a 

microscope slide (cells facing down), where one drop of anti-fade mounting medium (Sigma) 

was placed before. The edges of the coverslip were ringed with clear fingernail polish to prevent 

the cells from drying. Samples were kept at 4°C until microscope analysis. 

In case of polarized cells the transwell insert was placed onto a 0.13 mm thick coverslip where 

one drop of anti-fade mounting medium (Sigma) was placed before, and one drop of anti-fade 

mounting medium was placed also inside the transwell insert (on the upper side of the transwell 

membrane) to prevent the cells from drying. Samples were kept at 4°C until microscope analysis. 

 

Immunohistochemistry 

 

In my study mouse and human frozen liver tissues were investigated. 

Mouse liver was taken after the mouse was terminated by cervical dislocation. Two liver lobes 

were placed immediately into isopentane precooled in liquid nitrogen. The tissue was kept at -

80°C until use. 

Immunohistochemistry on human frozen liver tissue was performed at the 1st Department of 

Pathology and Experimental Cancer Research, Semmelweis University, under the supervision of 

Dr. Sándor Paku, as approved by the Ethical Committee of Semmelweis University. 

8 µm-thick frozen sections were prepared using a cryotome (Shandon Cryotome FSE, Thermo 

Scientific). Slices were placed onto a microscope slide and placed into methanol (-20°C) for 5 

minutes. 
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Slides were washed for 3x5 minutes in DPBS, then incubated in blocking buffer (2 mg/ml BSA, 

0.2% Triton X-100, 5% goat serum and 1% fish gelatine in DPBS) for 1 hour, followed by 

incubation with the appropriate primary antibodies diluted in blocking buffer for 90 minutes. 

After 3x5 minutes of wash in DPBS, samples were incubated with the secondary antibodies 

(diluted in blocking buffer) for 1 hour. After 1x5 min in DPBS, nuclei were stained with DAPI 

for 5 minutes, followed by 2 more washing steps. The microscope slides were mounted with a 

coverslip, onto which one drop of anti-fade mounting medium (Sigma) was placed before. 

Samples were kept at 4°C until microscope analysis. 

 

Antibodies used in the immunostaining experiments: 

(host and dilution are indicated in brackets) 

 

Primary antibodies: 

Anti-human ABCC6: M6II-7, M6II-31 (rat, 1:100)  

Anti-mouse Abcc6: M6II-24, M6II-68 (rat, 1:100) 

(Anti-ABCC6/Abcc6 antibodies were generous gifts from George Scheffer, University Medical 

Center, Amsterdam) 

Anti-NaK-ATPase (chicken, 1:200) (Santa Cruz Biotechnology) 

Anti-pan-cadherin (rabbit, 1:200) (Abcam) 

Anti-β-catenin (rabbit, 1:250) (Santa Cruz Biotechnology) 

Anti-Abcb11 TU236 (chicken, reacts with rat, mouse and human, 1:250) (provided by Daniel F. 

Ortiz, Tufts University, Medford) 

Anti-CoxIV (mouse, 1:200) (Cell Signaling Technology) 

 

Secondary antibodies (Invitrogen): 

Anti-rat Alexa Fluor 488 (1:250) 

Anti-rabbit Alexa Fluor 594 (1:250) 

Anti-chicken Alexa Fluor 594 (1:250) 
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Isolation, culturing and immunocytochemistry of mouse primary hepatocytes 

 

Experiments were carried out by using hepatocytes prepared from female C57BL/6 or Abcc6-/-

mice (weighing 20 g). Liver cells were isolated by the published method [Bayliss et al, 1996]. 

Hepatocytes having viability better than 90%, as determined by trypan blue exclusion, were used 

in the experiments. Cells were plated in collagen-precoated dishes in serum containing medium 

as described in [Ferrini et al, 1998]. After attachment of the cells, medium was changed and 

renewed every 24h in the absence of serum. Treatment with MitoTracker Red CMXRos (Life 

Technologies) was performed at 200 nM concentration for 30 minutes at 37°C and subsequent 

fixation and immunocytochemistry (same protocol was used as described above) was carried out 

after 72 hours of cell culturing. 

 

Confocal microscopy imaging 

 

Microscope images of fixed samples were acquired using a Zeiss LSM 710 confocal laser 

scanning microscope equipped with 10x, 20x, 40x and 63x objectives and 4 lasers: Blue Diode 

405 nm; an Argon Laser 458/488/514nm; a DPSS (diode-pumped solid-state) 561nm laser and a 

Helium-Neon 633nm laser. Most of the images were taken using the 63x, 1.4 NA, Plan 

Apochromat oil-immersion objective, if not stated otherwise. Zeiss Zen software was used to 

evaluate data. Representative images from duplicate cultures are shown. In the subcellular 

localization studies 50-100 cells from at least five different fields were scored. 

 

Cryoinjury of mouse heart and determination of calcium deposition 

 

In order to induce an ABCC6-specific calcium deposition in mice, cryoinjury of the heart was 

performed. The experimental procedure of the cryoinjury (or freeze-thaw injury) is described by 

[Doehring et al, 2006]. Based on this article we applied some modifications to set up an in vivo 

cryoinjury method in our laboratory. Cryoinjury was performed on 3 months old C57BL/6J, 

Abcc6-/- and C3H/He mice. Mice were anaesthetized by intraperitoneal injection of a 

combination of tiletamine (20 mg/kg, Virbac), zolazepam (20 mg/kg, Virbac), xylazine (12,5 

mg/kg, CP-Pharma) and butorphanol (3mg/kg, Alvetra & Werfft). Aseptic surgery was 

performed by entering the abdomen through a midline incision. The abdominal organs were 
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gently pushed aside to clear the view to the diaphragm. A metal rod, approximately 2mm in 

diameter, pre-cooled in liquid nitrogen, was applied with slight pressure to the heart muscle 

through the diaphragm for 10 seconds. After completion of the procedure, a two-layer abdominal 

closure was performed using 7.0 suture materials. The survival rate for the surgical procedure 

was >95%. Mice were euthanized 4 days after cryoinjury by cervical dislocation. Heart was 

taken out, washed in PBS solution, and the necrotic area of the heart was dissected. When 

cryoinjury was performed after tail vein injection, the liver of the mouse was also taken and 

frozen immediately in precooled isopentane, and kept at -80°C until further immunohistological 

examination. The heart sections were minced and left in 250 µl 0.15N HCl for 48 hours. Then 

samples were centrifuged and the calcium content of the heart sections was determined from the 

supernatant by Calcium (CPC) LiquiColor Test (Interchim).  

At least four animals were used in each experimental setup. As a negative control sham surgery 

(no freezing) was also performed in all experiments. 

 

Membrane preparation and measuring protein content 

 

The membrane preparation protocol is based on the method described by [Sarkadi et al, 1992]. 

Sf9 cells were harvested 72 hours after infection with recombinant virus. Cells were washed 

twice with a solution of 50 mM Tris, 300 mM D-mannitol and 50 µg/ml PMSF, pH 7.0. After 

each washing step cells were centrifuged (1500 rpm, 5 min, 4°C). Cells were then suspended in 

50 mM Tris, 50 mM D-mannitol, 20 mM EGTA, 2 mM DTT, 8 µg/ml aprotinin, 10 µg/ml 

leupeptin and 50 µg/ml PMSF, pH 7.0, and were homogenized using Potter-Elvehjem tissue 

grinders (Wheaton). Cell debris was centrifuged (1500 rpm, 10 min, 4°C), then supernatant was 

ultracentrifuged (32000 rpm, 1 hour, 4°C). The membrane pellet was suspended in the solution 

used for homogenization, and was homogenized again using Potter-Elvehjem tissue grinders. 

Aliquots of the membrane vesicles were kept at -80°C until use. Protein concentration of the 

membrane vesicles was determined by Lowry protein assay. 

 

Transport activity assay using membrane vesicles 

 

Sf9 membrane vesicles overexpressing wt or mutant ABCC6 and containing 100 µg membrane 

proteins were incubated with [3H]LTC4 (130 Ci/mmol, PerkinElmer) in the presence or absence 
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of 4 mM MgATP on 37°C in a transport buffer (40 mM MOPS-Tris pH 7.0, 50 mM KCl, 6 mM 

MgCl2). The transport reaction was terminated by ice-cold stop solution (40 mM MOPS-Tris pH 

7.0, 50 mM KCl) and the vesicles were transferred onto a nitrocellulose filter (0.45 µm, ∅=25 

mm, Millipore). Filters were washed twice with ice-cold stop solution, then radioactivity was 

determined by liquid scintillation counter. The ATP-dependent transport activity was determined 

by the difference between the measured radioactive values in the presence and absence of ATP. 

To compare the amount of inside-out vesicles in the different Sf9 membrane vesicle samples the 

Ca2+ transport of the different samples was determined. Ca2+ is transported by endogenous Ca2+-

transporters in Sf9 cells, and the Ca2+-transport values measured in the different samples are 

proportional to the amount of inside-out vesicles. Sf9 membrane vesicles containing 60 µg 

membrane proteins were incubated with 1 mM 45Ca2+ on 37°C in transport buffer (90 mM KCl, 

35 mM HEPES pH 7.2. 2 mM MgCl2, 40 mM K3PO4 pH 7.2, 0.5 mM Tris-ATP). Samples were 

taken from the reaction solution after 3 and 6 minutes, the transport reaction was terminated by 

ice-cold stop solution (90 mM KCl, 35 mM HEPES pH 7.2, 1 mM CaCl2) and vesicles were 

transferred onto a nitrocellulose filter by fast filtration technique. The ATP-dependent transport 

activity was determined by liquid scintillation counter. 

 

Ex vivo liver perfusion  

 

Twelve months old Abcc6-/- mice were used for in situ non-recirculating (ex vivo) liver 

perfusion experiments as described [Hartung et al, 1991]. Mice were starved overnight, 

anaesthetized with an intraperitoneal injection of ketamine/xylazine (2mg/0.3mg per g body 

weight) and fixed to an operation table. After laparatomy, the portal vein and the inferior vena 

cava were cannulated with 22-gauge and 24-gauge Teflon cannula, respectively. The blood in 

the liver was flushed out with 3 ml of 0.3% BSA/PBS at 37°C through the portal vein (in) and 

inferior vena cava (out), and the perfusate consisting of 0.5 or 50 µM vitamin K3 in 0.3% 

BSA/PBS was infused into the liver at a constant flow rate of 3 ml/min. Three ml of perfusate 

was held in the liver after the inferior vena cava and the portal vein were ligated. Five minutes 

later, the efflux was collected via the inferior vena cava. 

(The liver perfusion experiments were performed in the laboratory of Jouni Uitto at Thomas 

Jefferson University, Philadelphia, PA, USA, as part of an international collaboration. Extraction 

and analysis of vitamin K forms were performed in Budapest.) 
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Extraction of vitamin K forms 

 

In case of liver perfusion experiments the collected efflux solution was stored at −80°C until 

vitamin K3 extraction could be performed. Before analysis, 9 µl of 60% trichloroacetic acid was 

added to 100 µl of the efflux fluid for deproteination. After vigorous vortexing samples were 

centrifuged (13,000 g, 3 min), the supernatants were transferred into dark glass vials and kept at 

−20 °C for HPLC-MS/MS analysis. For calibration purposes known amounts of vitamin K3 

were added to 0.3% BSA/PBS prior extraction. 

When analyzing blood samples of mice kept on different vitamin K-diets, blood samples were 

harvested from each mouse and the serum was immediately separated by low-speed 

centrifugation and stored at −80°C until extraction procedure. (The feeding experiments were 

performed in the laboratory of Olivier Le Saux at John A. Burns School of Medicine, University 

of Hawaii; Honolulu, HI USA, as part of an international collaboration. Extraction and analysis 

of vitamin K1 and K2 was performed in Budapest.) 

Vitamin K1 and K2 were extracted as described in [Spronk et al, 2003], with some 

modifications. Briefly: 25 µl of plasma sample was diluted 1:1 with PBS. For deproteination, 

200 µl ethanol was added and vigorously vortexed. Vitamin K1 and K2 were extracted with 600 

µl n-hexane. After one minute vortexing samples were centrifuged (5 min at 1000 rpm) and the 

hexane-phase was separated and dried under a stream of nitrogen. The extracted material was 

dissolved in 50 µl isopropanol, and kept at −20°C until HPLC-MS/MS analysis in sealed glass 

vials. For calibration purposes 0, 1, 5, 25 and 125 nM vitamin K1 and K2 was added to wt 

mouse serum and the extraction was carried out in the same way. 

  

Measure vitamin K concentration by HPLC-MS/MS 

 

Mass spectrometric measurements were run on an AB Sciex 3200 QTrap tandem mass 

spectrometer. The components were ionized in positive electrospray ionization (ESI) conditions. 

The instrument was operated in multiple reactions monitoring (MRM) mode. The MRM 

transition was 478/331 for vitamin K3-GS and 173/105 for vitamin K3. Samples were separated 

prior to mass spectrometric analysis using a Perkin Elmer HPLC system. Mobile phases were: 10 

mM ammonium-formate in water and acetonitrile with a flow rate of 0.3 ml/min. A Merck 
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Purosphere Star column (C18, 55 × 2 mm, 3 µm particle size) was used for the separation. The 

oven temperature was kept at 40°C. Each quantitative determination was done in duplicates; the 

difference between the two parallels was always < 5%. The detection limit was 5 fmol (2.3 × 

10−12 g), with a signal-to-noise ratio of > 5, which allowed us to analyze samples with 

concentrations higher than 0.5 nM. 
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V. RESULTS 

 

1. Investigation of the subcellular localization of wt ABCC6 

 

ABCC6 was found to be a plasma membrane protein by our group and by others, expressed in 

the basolateral membrane of hepatocytes and cell lines, and this localization is feasible with the 

hypothesis that it transports its yet unknown substrate from the hepatocytes towards the 

circulation [Li et al, 2009; Jiang et al, 2009]. However, Martin et al. suggested a potential role of 

ABCC6 in mitochondrial transport, and stated that ABCC6 is not localized in the plasma 

membrane, but in the mitochondria-associated membrane [Martin et al, 2012]. As the subcellular 

localization of the transporter is crucial in any further investigation, I first wanted to 

reinvestigate the subcellular localization of both mouse and human Abcc6/ABCC6 in primary 

hepatocytes and in intact liver tissue, using different antibodies for the detection of the 

transporter by confocal microscope imaging. 

 

1.1. Subcellular localization of endogenous Abcc6 in mouse primary hepatocytes 

 

MDCKII cell line is widely used in research as a model system, however, there are obvious 

differences between cell lines and the physiological conditions of a membrane protein. Therefore 

we wanted to extend our localization studies to systems which are closer to the physiological 

state. 

Mouse primary hepatocytes were isolated, cultured and then immunostained to investigate the 

localization of the endogenous mouse Abcc6 in the hepatocytes. Abcc6 was detected by the anti-

Abcc6 M6II-24 and M6II-68 antibodies. Anti-pan-cadherin and anti-β-catenin antibodies were 

used as plasma membrane markers. To prove that the primary hepatocytes are viable, and to 

withstand the statement of Martin et al. (that ABCC6 is not in the plasma membrane but is in the 

MAM), prior to fixation and immunocytochemistry MitoTracker Red CMXRos was added to the 

cells which marks the mitochondria of living cells. (MitoTracker enters the mitochondria of 

living cells because of the difference in the membrane potential.) 

As shown in Figure 6A, mouse Abcc6 is clearly localized in the plasma membrane of mouse 

primary hepatocytes, colocalizing with both pan-cadherin and β-catenin. 
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Furthermore,  Abcc6  is  not  showing  any  colocalization  with  the  mitochondria,  as  indicated  in 

Figure 6B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  6:  Subcellular  localization  of  wt  Abcc6  in  mouse  primary  hepatocytes. Panel  A shows 

colocalization  of  endogenous  Abcc6  (green)  with  plasma  membrane  marker β-catenin  (red). Panel  B 

shows that Abcc6 (green) does not colocalizes with mitochondia (red). Nuclei are stained by DAPI (blue). 
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The M6II-68 antibody gave some aspecific signal in the nuclei. We proved that this signal is not 

related to Abcc6, by staining primary hepatocytes isolated from Abcc6-/- mouse, which lack the 

Abcc6 protein. In these samples no plasma membrane staining could be observed when anti-

Abcc6 antibodies were used, but M6II-68 also gave some aspecific nuclear staining, as shown in 

Figure 8A. 

 

1.2. Subcellular localization of endogenous Abcc6 in frozen mouse liver 

 

Not only primary hepatocytes, but also intact mouse liver was investigated. After termination of 

the mouse, liver lobes were immediately taken and placed into isopentane pre-cooled in liquid 

nitrogen. 8 µm-thick frozen sections were investigated by immunohistochemistry using the 

M6II-68 anti-Abcc6 antibody, and different plasma membrane markers: anti-pan-cadherin and 

anti-β-catenin antibodies, which mark the whole plasma membrane, and TU236 anti-Abcb11 

antibody, which marks the canalicular (apical) side of the plasma membrane. 

As seen in Figure 7, Abcc6 colocalizes with both pan-cadherin and β-catenin in the plasma 

membrane, and while Abcb11 clearly delineates the canalicular membranes of the hepatocytes, 

Abcc6 labels the basolateral plasma membrane.  

Specificity of the M6II-68 antibody on frozen mouse liver is shown in Figure 8B.
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Figure  7:  Subcellular  localization  of  wt  Abcc6  in  frozen  mouse  liver. Double immunofluorescent 

labeling of Abcc6 (M6II-68 - green) and various plasma membrane markers (red). Yellow color indicates 

colocalization. Nuclei are stained by DAPI (blue). 
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Figure  8:  Specificity  of  the  Abcc6  antibodies. Labeling of endogenous Abcc6 (green) on (A) mouse 

primay hepatocytes from Abcc6+/+ and Abcc6-/- mice and on (B) mouse frozen liver from Abcc6+/+ and 

Abcc6-/- mice. Nuclei are stained by DAPI (blue). 

 
1.3. Subcellular localization of endogenous ABCC6 in frozen human liver 

 

We aimed to investigate the localization of the human wt ABCC6 protein as well, using intact 

human liver tissue, where the protein is in its physiological conditions. Frozen human liver was 

provided by the Semmelweis University, 1st Department of Pathology and Experimental Cancer 

Research,  approved  by  the  Ethical  Committee  of  Semmelweis  University.  8 µm-thick  frozen 

sections  were  investigated  by  immunohistochemistry  using  the  M6II-7  anti-ABCC6  antibody, 

the plasma membrane marker anti-pan-cadherin and the apical plasma membrane marker TU236 

anti-Abcb11 antibody. To further prove that ABCC6 does not localize in the MAM as suggested 

by Martin et al., but in the plasma membrane, a mitochondria marker was included in the study: 

the anti-CoxIV  antibody  which  labels  the  mitochondrial  protein  cytochrome  c  oxidase  subunit 

IV. 

As  shown  in  Figure  9A,  ABCC6  clearly  colocalizes  with  the  plasma  membrane  marker  pan-

cadherin,  and  labels  the  basolateral  membrane  compartment,  while  ABCB11  delineates the 
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apical plasma membrane. ABCC6 shows no colocalization with the mitochondria marker CoxIV 

(Figure 9B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  9:  Subcellular  localization  of  wt  ABCC6  in  frozen  human  liver. Panel  A shows double 

immunofluorescence labeling of ABCC6 (green) and various plasma membrane markers (red). Panel B 

shows that ABCC6 (green) does not colocalizes with mitochondia-marker CoxIV (red). Nuclei are stained 

by DAPI (blue).  

 

On  Figure  9, strong  co-localization  punctate  staining can  be  observed,  which is  a non-specific 

autofluorescent  signal  often  present  in  human liver  cells.  As  a negative  control, 

immunohistochemistry  was  performed  on  human  liver tissue using  only  secondary  antibodies, 
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and the results shown in Figure 10 demonstrate that these signals are in fact due to non-specific 

labeling. 

 

 

 

 

 

 

 

Figure  10:  negative  control  staining  of  human  liver  tissue performed without primary antibodies, 

showing non-specific auto fluorescent signals often present in human hepatocytes. Nuclei are stained by 

DAPI (blue).  

 

Taken  together,  the  subcellular  localization  of  mouse  Abcc6  and  human  ABCC6  was 

investigated in several ways: endogenous mouse Abcc6 was detected in primary hepatocytes and 

in intact liver tissue, and endogenous human ABCC6 was investigated in intact liver tissue. All 

experments  unequivocally  showed  that  ABCC6/Abcc6  is  localized  in  the  basolateral  plasma 

membrane of the cells. 

 

2. Investigation of wt and disease-causing mutant forms of ABCC6 in vitro and in vivo 

 

Mutations  in  the ABCC6  gene  may  result  in  two  genetic  disorders:  PXE  and  GACI,  and a 

missing allele of ABCC6 is a genetic risk factor in coronary arterial disease (CAD). In all cases 

symptoms include abnormal soft tissue calcification. It is not clear how mutation in the gene of a 

protein expressed  mainly  in  the  liver  leads  to  calcium  deposition  in  the  periphery,  but  the 

molecular  background  of  protein  misfunction  can  be  either  disruption  of  the  transport  activity 

(e.g.  by  mutations  occuring  in  the  ATP-binding  site  of  the  protein),  or  folding/targeting 

problems, caused by mutations affecting the structure of the protein. Misfolded proteins may be 

degraded or retained intracellularly, thus not reaching the plasma membrane. 

Our  aim  was  to  study  disease-causing  mutant  ABCC6  proteins,  comparing their  transport 

activity  to  the  activity  of  wt  ABCC6,  and  investigating  their  subcellular  localization,  whether 

they can be detected in the plasma membrane, or are retained intracellularly. 
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Understanding the biochemical and cellular effects caused by disease-causing missense 

mutations can provide important insights into the relationship between protein structure and 

pathological function, and can help to find the appropriate therapy for PXE and GACI patients. 

Ten disease-causing mutants were first investigated: R1114P, S1121W, R1138Q, V1298F, 

T1301I, R1314W, G1321S, R1339C, Q1347H and R1459C. As a negative control, a truncated 

form of ABCC6 was generated lacking the TMD0 and L0 regions of the protein. This truncated 

deltaABCC6 mutant is expected to be inactive and fully retained intracellularly, as results 

previously observed in our laboratory had shown that in case of ABCC1, an other member of the 

ABCC subfamily, deletion of the TMD0 and L0 regions also led to improper cellular localization 

and loss of function [Bakos et al, 1998].  Most of the DNA construction works of the mutants 

was done by Krisztina Fülöp and Attila Iliás in our laboratory. The position of the 10 

investigated mutations and the deleted sequence in deltaABCC6 are shown in Figure 11. All 

mutants were first described in PXE patients, but some of them were also identified in GACI, 

e.g. the R1314W is the most frequent missense mutation in ABCC6-dependent GACI [Nitschke 

et al, 2012a]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: The position of the investigated disease-causing mutants on the (A) membrane topology 

and on the (B) homology model of ABCC6 (Data obtained from the homepage: 

http://www.ncbi.nlm.nih.gov/lovd/home.php?select_db=ABCC6) 
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2.1. Transport activity of the ABCC6 mutants  

 

The  transport  activity  of  the  ABCC6  variants  was determined  in  a  transport  assay,  where  the 

accumulation  of  a  radioactive  substrate  inside  Sf9  membrane  vesicles  overexpressing  ABCC6 

was  measured.  cDNA  of  the  wt  and  different  mutant  forms  of  ABCC6  was  expressed  in  Sf9 

cells, then membrane vesicles were prepared and the transport of radioactively labeled LTC4 (a 

non-physiological  substrate  of  ABCC6)  was  measured.  The  transport  assay  was  performed  by 

Krisztina Fülöp. 

As  shown  in  Figure  12,  two  of  the  ten  mutants  (V1298F  and  G1321S)  had notably  decreased 

transport activity compared to wt ABCC6, while other seven mutants showed transport activity 

comparable to wt. It means that they have the capacity to perform normal transport in vitro. One 

of the mutants, R1339C, was instable and could not be overexpressed in Sf9 vesicles because it 

became degraded. DeltaABCC6 is expected to be unable to integrate into the plasma membrane, 

and as a consequence it is not able to transport its substrate from one side of the membrane to the 

other. As seen in figure 12, deltaABCC6 had indeed only some residual transport activity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Transport activity of wt and mutant ABCC6 proteins. ATP-dependent LTC4 transport by 

ABCC6 variants expressed in Sf9 cells. (Data obtained by Krisztina Fülöp, image taken from Pomozi et 

al, 2013b) 
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The mutations in the seven in vitro active mutants probably does not interfere with ATP- and 

substrate-binding sites, but are likely to cause folding problems and therefore lead to improper 

intracellular localization of the transporter. Next we planned to investigate the intracellular 

localization of these mutants. 

 

2.2 Subcellular localization of the wt and mutant forms of ABCC6 in vitro (overexpressed in 

MDCKII cell line)  

 

We constructed MDCKII cell lines stably overexpressing the wt or selected disease-causing 

mutant ABCC6 variants. To get stable overexpression we used retroviral or transposon-based 

transduction methods, as described in the Materials and methods section. Six of the mutants were 

overexpressed in MDCKII cells by retroviral technique earlier in our laboratory. For the stable 

expression of the other four mutants investigated in this project we developed a transposon-

based transduction technique, described in details in the Materials and methods section. The 

mutants were successfully overexpressed in MDCKII cells using this new technique. ABCC6-

expressing cells were selected by puromycin selection, as the transfection vector contains a 

puromycin-resistance gene. Therefore we generated stable, non-clonal MDCKII cell lines 

overexpressing the investigated disease-causing mutant forms of ABCC6. 

Non-polarized MDCK cells were grown in 24-well plates, while to get polarized cells, MDCKII 

cells were grown on transwell membranes. We wanted to include polarized cells in our study 

because the segregation of apical-basolateral membrane proteins occurs only in polarized cells, 

therefore growing polarized cells makes it possible to investigate the distribution of ABCC6 in 

the plasma membrane. 

To visualize the ABCC6 protein, immunocytochemistry was performed using the monoclonal 

anti-ABCC6 antibody: M6II-7. As a control, anti-NaK-ATPase antibody was used, which is a 

basolateral plasma membrane marker. The immunocytochemistry protocol is discussed in detail 

in the Materials and methods section. 

Wt ABCC6, deltaABCC6 and the 10 disease-causing mutants indicated in Figure 11 were all 

overexpressed in MDCKII cells and investigated both in polarized and non-polarized cells. The 

result of the immunocytochemistry is shown in Figure 13. 
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Figure 13: Subcellular localization of ABCC6 variants in non-polarized and polarized MDCK cells. 

Double  immunofluorescence  labeling  of  ABCC6  (green)  and  NaKATPase  (red).  In  polarized  cells  X/Z  

section is also shown. PM: plasma membrane, IC: intracellular localization 
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We were able to detect all mutant forms of ABCC6 investigated in MDCKII cells by confocal 

microscope imaging. 

As expected, wt ABCC6 is localized in the plasma membrane both in non-polarized and 

polarized cells, and colocalizes with the basolateral plasma membrane marker NaK-ATPase. 

The V1298F mutant shows correct plasma membrane localization in MDCKII cells, like the wt 

protein. But this mutant was found to be inactive in the transport assay, thus we can conclude 

that in case of patients carrying this mutation the improper transport activity of ABCC6 may lead 

to the development of PXE. 

G1321S, the other mutant which was inactive in the transports assay, showed intracellular 

localization in polarized cells and was mainly intracellular in non-polarized cells too, however, 

in non-polarized MDCKII cells a little portion of the protein was observed in the plasma 

membrane. We can conclude that this mutation disrupts both the transport activity and the 

subcellular localization of the protein, leading to the development of a disease. 

Four of the mutants, R1114P, S1121W, R1138Q and T1301I, which were active in the transport 

assay, all showed plasma membrane localization in polarized cells. But when investigated in 

non-polarized cells only S1121W showed plasma membrane localization, thus in the case of this 

mutant it is not clear why it causes a disease since it is active and is localized in the plasma 

membrane, like the wt transporter. Investigating the R1138Q mutant in non-polarized cells, it 

was expressed intracellularly, in contrast to the results we obtained in polarized cells. R1114P 

and T1301I in non-polarized cells were found not only in the plasma membrane, as we saw in 

polarized cells, but to some extent it was also present intracellulary. These data obtained from 

polarized and non-polarized cells are not fully in alignment, but the expression pattern observed 

in non-polarized cells in case of R1138Q, R1114P and T1301I mutants indicate that in case of 

these mutations the improper subcellular localization may be the molecular background of the 

development of PXE in patients. 

The R1339C mutant was not stable in Sf9 cells, therefore we could not determine its transport 

activity, but it could be expressed and detected in MDCKII cells. We found both in polarized and 

non-polarized cells that it was fully retained intracellularly, which suggests that this mutation 

may cause the instability of the protein and/or even if it is not fully degraded it does not reach 

the plasma membrane but is localized intracellularly. 
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The R1314W mutant was also found both in polarized and non-polarized MDCKII cells to be 

expressed mostly intracellularly. This mutant was active in vitro, but this improper subcellular 

localization may result in the development of PXE or GACI. 

Q1347H and R1459C mutants showed similar localization pattern in polarized and non-polarized 

cells: they were found partially in the plasma membrane, but a portion of the protein was 

retained intracellularly. These two mutants were found to be active, therefore this improper 

intracellular localization may cause the development of disease. 

As expected, deltaABCC6 was found intracellularly both in polarized and non-polarized cells. 

Therefore this truncated protein is an ideal negative control for ABCC6-related experiments, 

both in transport activity measurements and in localization studies. 

 

2.3. Pharmacological correction of mislocalized ABCC6 mutants in vitro 

 

As it was shown in the previous section, many of the investigated disease-causing mutants were 

active, but could not reach the plasma membrane. The correct localization of the ABCC6 

transporter is a prerequisite of the normal physiological function, and the folding failure in case 

of some mutants seems to be responsible for the disease phenotype in patients with these 

mutations. 

It often occurs that a mutation in a plasma membrane protein, e.g. an ABC transporter, causes 

folding problems of the protein, and due to this problem the plasma membrane transporter is 

retained intracellularly. As it is discussed in the Introduction part (II/2.2), in some diseases 

caused by mutations in certain ABC transporters, the improper subcellular localization of the 

mutant transporter could be corrected by a so called chemical chaperon molecule, sodium 4-

phenylbutyrate (4-PBA). 

Based on these literature data we aimed to test whether 4-PBA could help the intracellularly 

expressed mutants to reach the plasma membrane.  

MDCKII cells overexpressing the mutant forms of ABCC6 were cultured in the presence of 1 

mM 4-PBA for at least 3 days. Immunocytochemistry was performed like in the case of non-

treated MDCKII cells described in the previous section (V/2.2). The localization of ABCC6 

mutants after 4-PBA treatment, together with the images of non-treated cells are shown in Figure 

14. 
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Figure  14/1:  Subcellular  localization  of  ABCC6  variants  in  non-polarized  and  polarized  MDCK 

cells  with  or  without  4-PBA  treatment. Double immunofluorescence labeling of ABCC6 (green) and 

NaKATPase (red). In polarized cells X/Z  section is also shown. PM: plasma membrane, IC: intracellular 

localization 
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Figure  14/1:  Subcellular  localization  of  ABCC6  variants  in  non-polarized  and  polarized  MDCK 

cells  with  or  without  4-PBA  treatment. Double immunofluorescence  labeling  of  ABCC6  (green)  and 

NaKATPase (red). In polarized cells X/Z  section is also shown. PM: plasma membrane, IC: intracellular 

localization 
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The localization studies on non-polarized and polarized MDCKII cells did not always give the 

same result, as it was shown in Figure 13. Similarly, the effect of 4-PBA treatment did not give 

identical results in some of the investigated mutants either. 

In polarized cells five of the investigated mutants (R1314W, G1321S, R1339C, Q1347H and 

R1459C) were found at least partially expressed intracellularly. These results are in alignment 

with results obtained in non-polarized MDCKII cells. 4-PBA treatment had no effect in case of 

two of these mutants: G1321S and R1339C, both in polarized and non-polarized cells. However, 

in both model systems 4-PBA treatment resulted in correct plasma membrane localization in one 

of the mutants: R1314W. In non-polarized cells five further disease-causing mutants: R1114P, 

R1138Q, T1301I, Q1347H and R1459C was rescued by 4-PBA treatment, resulting in correct 

plasma membrane localization. These results indicate that these mutants are ideal candidates for 

pharmacological rescue by 4-PBA treatment. 

V1298F mutant was not subjected to 4-PBA treatment on polarized cells, as they were found in 

the plasma membrane both in polarized and non-polarized cells, and 4-PBA treatment did not 

have any effect on non-polarized cells, therefore no new information could be gained 

investigating the effect of 4-PBA treatment on polarized cells. 

Table 2 summarizes the subcellular localization of the investigated disease-causing ABCC6 

mutants and the effect of 4-PBA treatment in non-polarized and polarized MDCKII cells. 

 

Localization in MDCKII cell line 
Non-polarized Polarized ABCC6 

variant 
Without treatment After PBA treatment Without treatment After PBA treatment 

wt PM PM PM PM 
R1114P IC<PM PM (rescue) PM PM 
S1121W PM PM PM PM 
R1138Q IC>PM PM (rescue) PM PM 
V1298F PM PM PM n.a. 
T1301I IC<PM PM (rescue) PM PM 

R1314W IC>PM PM (rescue) IC>PM PM (rescue) 
G1321S IC>PM IC>PM (no effect) IC IC (no effect) 
R1339C IC IC (no effect) IC IC (no effect) 
Q1347H IC<PM PM (rescue) IC<PM IC<PM (no effect) 
R1459C IC<PM PM (rescue) IC<PM IC<PM (no effect) 

deltaABCC6 IC IC IC IC 
 

Table 2: Subcellular localization of ABCC6 mutants expressed in non-polarized and polarized 

MDCKII cells, with or without 4-PBA treatment. 
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It is important to note the discrepancies between the results obtained in non-polarized and 

polarized cells, and keep in mind that cell lines overexpressing human proteins are rather 

artificial systems, far from the physiological conditions. Results obtained from cell lines need to 

be taken with precautions. Therefore, instead of using cell lines as model systems, we planned to 

express the mutant forms of the human protein in mouse liver in vivo, as mouse liver tissue is 

closer to the physiological condition of the hepatic transporter ABCC6, and the results of in vivo 

subcellular localization with or without 4-PBA treatment in a mouse model is more relevant to 

human patients than results obtained from cell lines. 

 

2.4. Expression of human ABCC6 in mouse liver and pharmacological correction of 

mislocalized ABCC6 mutants in vivo 

 

2.4.1. Expression of human ABCC6 in mouse liver 

 

Wt and mutant ABCC6 cDNA constructs were sub-cloned into the pLIVE vector and expressed 

under the control of a liver-specific promoter. The plasmid DNA constructs were delivered to 

C57/Bl6 mice by hydrodynamic tail vein injection (HTVI), as described in the Materials and 

methods section. During HTVI a large volume of plasmid DNA solution is rapidly administered 

through tail vein injection into a mouse, resulting in high level of transgene expression in the 

liver. The gene transfer efficiency depends both on the large volume and quantity of plasmid and 

the high speed of injection (“hydrodynamic effect”). HTVI induces a transient irregularity of 

heart function, a sharp increase in venous pressure, an enlargement of liver fenestrae, and 

enhancement of membrane permeability of the hepatocytes, which together leads to	   effective 

gene delivery into the hepatocytes, as described by Zhang et al. [Zhang et al, 2004]. The liver-

specific promoter of the pLIVE vector further increase the organ-specificity of the expression. 

Mice were terminated 2 days after tail vein injection, liver was immediately taken and frozen, 

and frozen liver sections were immunostained. The human ABCC6 was detected by M6II-7 anti-

ABCC6 antibody. Using this method the human protein was successfully expressed in mouse 

hepatocytes in vivo. Figure 15 shows the expression of wt human ABCC6 in mouse hepatocytes 

as an example. The wt protein has the correct plasma membrane localization, indicating that 

translation, folding and targeting of the human ABCC6 protein works in this in vivo mouse 

model system as in the human liver. 
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Figure  15:  Expression  of  wt  human  ABCC6  (green)  in  mouse  liver  in  vivo  by  HTVI. Nuclei are 

stained by DAPI (blue). 

 

These results demonstrate that using the HTVI method human ABCC6 can be expressed in vivo, 

providing  a  unique  insight  into  the  intracellular  processing  of  the  transporter  in  physiological 

conditions similar to that of human hepatocytes. We expected that this method will be suitable 

for  the  investigation  of  the  disease-causing  ABCC6  mutants,  for  testing  pharmacological 

compounds with the aim of finding allele-specific therapeutic solutions for PXE or GACI, and 

also can be a model for the systematic investigation of hepatic ABC transporters and other liver-

specific membrane proteins. 

 

2.4.2. Localization studies and pharmacological correction of ABCC6 mutants in vivo 

 

This work was done in collaboration with the group of Olivier Le Saux at John A. Burns School 

of Medicine, University of Hawaii; Honolulu, HI USA. 
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Using the hydrodynamic tail vein injection method we planned to express in mouse liver those 

human ABCC6 mutants that were previously investigated in MDCKII cells. This would allow us 

to investigate the localization of the mutants in vivo, to compare the in vitro and in vivo models, 

and we could study in vivo whether pre-treating mice with the chemical chaperon 4-PBA would 

restore normal cellular trafficking of those mutants which preserved their transport activity but 

were shown to be localized intracellularly in vitro. Treated mice received 3 intraperitoneal 

injections of 4-PBA (100 mg/kg/day) prior to performing hydrodynamic tail vein injections, then 

further experimental steps were the same as in case of the investigation of wt ABCC6 described 

in V/2.4.1. 

We could successfully express in the liver of mice the deltaABCC6 and all ten disease-causing 

ABCC6 mutants investigated before in vitro. The localization of ABCC6 mutants in mouse 

hepatocytes with or without 4-PBA treatment is shown in Figure 16. 
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Figure  16:  Localization  and  pharmacological  correction  of  ABCC6  mutants  in  vivo. Double 

immunofluorescent labeling of human ABCC6 (green) and endogenous mouse Abcc6 (red). Arrows 

indicate correct plasma membrane localization after 4PBA treatment. Nuclei are stained by DAPI (blue). 

Results  were  obtained  by  Olivier  Le  Saux  (John  A.  Burns  School  of  Medicine,  University  of  Hawaii; 

Honolulu, HI USA ) as part of a collaboration, image is taken from Pomozi et al, 2013b . 
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As it was demonstrated previously (V/2.4.1), wt ABCC6 is targeted to the plasma membrane, 

and shows colocalization with the endogenous mouse Abcc6 when expressed in mouse 

hepatocytes in vivo. 4-PBA treatment had no harmful effect on the mice. 

DeltaABCC6, which was used as a negative control, was retained intracellularly, as we expected 

and as we have seen when overexpressed in MDCKII cells. 4-PBA treatment could not 

overcome the targeting defect of this truncated protein. 

V1298F and R1459C variants were targeted to the plasma membrane and showed similar 

expression pattern to wt ABCC6. V1298 was shown to be inactive in vitro, and the localization 

was found to be normal also in MDCKII cell lines, therefore it can be concluded that V1298F 

leads to protein misfunction due to decreased/lost transport activity. The R1459C mutant, which 

was shown to be active in vitro, was found to be expressed mostly in the plasma membrane in 

MDCKII cell lines, but some portion of the protein was retained intracellularly. However, the in 

vivo results show correct targeting to the plasma membrane, therefore in case of this mutant it is 

not obvious why it leads to the development of PXE. These two mutants (V1298F and R1459C) 

were not subjected to 4-PBA treatment, as they were already expressed in the plasma membrane. 

The other eight investigated disease-causing mutants were found partially or entirely expressed 

intracellularly. This expression pattern may explain the development of diseases in patients 

carrying one these mutants, as even if the protein is active (as it was shown in the in vitro 

transport assay), if it is not present in the plasma membrane it can not transport its physiological 

substrate toward the circulation, which therefore is not able to prevent the deposition of calcium 

at the periphery. 

4-PBA treatment was not performed in vivo on the other inactive mutant, G1321S, because even 

if correct plasma membrane localization could be achieved by the treatment it still would be an 

inactive protein. But the other seven mutants were also expressed in mice receiving 4-PBA 

injections prior to HTVI, and the localization was investigated and compared to the localization 

of the same mutant when expressed in non-treated mice. 

In case of four (R1114P, S1121W, R1314W and Q1347H) out of this seven mutants we found 

that while the mutant variant was expressed mostly intracellularly in non-treated mice, 4-PBA 

treatment resulted in correct plasma membrane localization. It is important to note that R1314W 

showed similar expression pattern when investigated in MDCKII cell line, and the rescue of 

targeting was observed both in polarized and non-polarized cells as well. S1121W was expressed 

in the plasma membrane in vitro, but in case of R1114P and Q1347H mutants similar results 
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were observed in non-polarized cells then in vivo: both mutants were expressed mostly 

intracllularly, but were targeted to the plasma membrane after 4-PBA treatment. 

These results suggest that the incorrect intracellular trafficking of certain otherwise functional 

mutants can be restored both in vitro and in vivo, which is an important step toward the 

development of human therapies. 

Table 3 summarizes the results of the in vitro and in vivo investigations of the 10 disease-causing 

mutants and deltaABCC6, and also the effect of 4-PBA treatment on the subcellular localization 

of the mutants. 

 
Localization in MDCKII cell line Localization in mouse 

liver Non-polarized Polarized ABCC6 
variant 

Transport 
activity Without 

treatment 
After PBA 
treatment 

Without 
treatment 

After PBA 
treatment 

Without 
treatment 

After PBA 
treatment 

wt active PM PM PM PM PM PM 
R1114P active IC>PM PM (rescue) IC<PM PM (rescue) PM PM 
S1121W active IC>PM PM (rescue) PM PM PM PM 
R1138Q active IC>PM IC>PM IC>PM PM (rescue) PM PM 
V1298F inactive PM n.a. PM PM PM n.a. 
T1301I active IC>PM IC>PM IC<PM PM (rescue) PM PM 

R1314W active IC>PM PM (rescue) IC>PM PM (rescue) IC>PM PM (rescue) 
G1321S inactive IC n.a. IC>PM IC>PM (no effect) IC IC (no effect) 
R1339C not stable IC IC IC IC (no effect) IC IC (no effect) 
Q1347H active IC>PM PM (rescue) IC<PM PM (rescue) IC<PM IC<PM (no effect) 
R1459C active PM n.a. IC<PM PM (rescue) IC<PM IC<PM (no effect) 

deltaABCC6 inactive IC IC IC IC IC IC 
 

Table 3: Transport activity, localization and pharmacological correction of ABCC6 mutants in vitro 

and in vivo.  

 

As it can be seen in Table 3, there are discrepancies between the results obtained by the different 

model systems (non-polarized, polarized MDCKII cell line and mouse liver). The limitations of 

these systems have to be taken into consideration when planning an experiment, however, it is 

important to note that the improvement of plasma membrane localization of ABCC6 mutants - 

due to 4-PBA treatment - in any of these model systems, especially in the in vivo mouse system, 

makes these mutants ideal candidates for further studies. 

Table 4 summarizes the possible molecular backround of ABCC6 mutants leading to the 

development of disease phenotypes based on the in vitro and in vivo studies. 
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ABCC6 mutant Molecular background of disease phenotypes 
R1114P Mislocalization 
S1121W Mislocalization (in vivo) 
R1138Q Mislocalization 
V1298F Loss of activity 
T1301I Mislocalization 

R1314W Mislocalization 
G1321S Loss of activity and mislocalization 
R1339C Mislocalization 
Q1347H Mislocalization 
R1459C Mislocalization (in vitro) 

 

Table 4: molecular background of disease phenotypes caused by mutant ABCC6 

 

2.5. Development of in vivo assay to study the ABCC6-dependent calcification 

 

Our previous results show that i) we have in vitro methods to measure transport activity of wt or 

mutant ABCC6, ii) the localization of the ABCC6 variants can be determined in vitro and in 

vivo, iii) some disease-causing mutants were shown to be active in vitro but to localize 

intracellularly, and treatment with 4-PBA could help the mutants to reach the plasma membrane. 

This means that the tools are established to search for active but mislocalized disease-causing 

mutants, and it is possible to correct the localization of these mutants. 

One final step is to show that the mutants which were found to be active in vitro and which are 

retained inracellularly, but can be “redirected/rescued” to the plasma membrane, are functionally 

active after the 4-PBA treatment. 

To develop an in vivo functional assay we used mouse strains lacking the Abcc6 protein 

(C3H/HeNd and Abcc6-/-). These mice show abnormal calcification, similar to PXE phenotype 

in humans. But the development of these symptoms are slow, the first sign of calcification 

appears when mice are around 6 week-old, as described in details in the Introduction section 

(II/2.6.1). 

For functional experiments such a biomarker would be ideal which is developed faster (within 

days instead of weeks or months) but is still Abcc6-dependent. 

Based on data from the literature [Doehring et al, 2006], strong calcium deposition, similar to 

that observed in dystrophic cardiac calcification, was induced in the heart muscle of mice 

lacking Abcc6 by cryoinjury method. 
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The method of cryoinjury is described in details in the Materials and methods section. Breafly, 

while mice are under anaesthesis, we enter the abdomen through a midline incision and the heart 

is touched by a pre-cooled metal rod for 10 seconds through the diaphragm, then the wound is 

stitched.  Mice  are  terminated  and  heart  is  taken  out  for  further  investigation  4  days  after  the 

operation.  It  was  shown  that  certain  mouse  strains -  e.g. C57BL/6 -  are  resistant  to  dystrophic 

cardiac calcification after cryoinjury, but others - like C3H/HeNHsd - are susceptible to develop 

DCC.  In  mice  susceptible  for  calcification, calcium  deposition  is  clearly  visible  around  the 

necrotic area after the heart is taken out. (See Figure 17) 

 

 

 

 

 

 

 

 

Figure  17:  Calcium  deposition  observed  at  the  site  of  cryoinjury  in  the  heart  muscle  of  Abcc6-/- 

mice 

 

We  could  reproduce  these  data: C57BL/6  mice  exhibited  no  calcification  at  the  site  of 

cryoinjury, while C3H/HeNHsd mice displayed a remarkable calcium deposition. Since we had 

the  cryoinjury  method  established  in  our  laboratory  we  performed  the  same  experiments  on 

Abcc6-/- mice as well, and found that similar to C3H/HeNHsd mice, we could induce calcium 

deposition in Abcc6-/- mice too as early as two days after the cryoinjury. The quantity of calcium 

deposition in Abcc6-/- was somewhat lower compared to C3H/HeNHsd mice, as shown in Figure 

18,  however  still significantly  higher  then  in  case  of  control C57BL/6  mice. The  amount  of 

calcium deposition was quantified by a colorimetric reaction. 
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Figure 18: Calcium deposition after cryoinjury in mice from different strains. Calcium content was 

quantified by a colorimetric assay. 4 mice were investigated in each experimental group.  

 

These results indicate that the abnormal calcium deposition induced by the cryoinjury is Abcc6-

dependent, as there is no calcification in C57BL/6 mice which express Abcc6, but there is great 

calcification  in Abcc6-/-  and C3H/HeNHsd mice  which  lack  the Abcc6  protein.  Therefore  this 

calcification,  even  though  it  is  artificially  induced  by  cryoinjury,  is  a  rapidly  developing 

phenotype and can be considered as an Abcc6-dependent biomarker what we can use to monitor 

the presence or absence of a functional Abcc6 protein. 

Using the hydrodynamic tail vein injection method, we can express the ABCC6 protein in mice 

(see Figure 15). If the calcification induced by cryoinjury is indeed an Abcc6-dependent process, 

the expression of ABCC6 in an Abcc6-/- mouse liver is believed to reduce calcium deposition 

triggered by cryoinjury. In our experiments we injected Abcc6-/- mice with either physiological 

salt  solution  or  with  human  wt  ABCC6  plasmid  (using  the  HTVI  method),  next  day  we 

performed the cryoinjury experiment, then 4 days later sacrificed the mice and measured calcium 

depisition in the heart. Figure 19 shows that indeed, the expression of human ABCC6 in Abcc6-

deficient mouse liver could decrease the calcification induced by cryoinjury.  
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Figure  19:  Functional  rescue  in  vivo: expression of ABCC6 in Abcc6-/- mice decreased calcium 

deposition after cryoinjury.  

 

These  results  show  that  combining  the  above-mentioned  techniques  (HTVI  of  the  plasmid 

containing human ABCC6 and the cryoinjury method), we can detect the functional activity of 

ABCC6, measuring the decrease in calcium deposition after cryoinjury. 

It  was  shown  that  we  are  also  able  to  express  not  only  the  wt,  but  the  disease-causing  mutant 

ABCC6  variants  as  well  in  the  mouse hepatocytes in  vivo,  therefore  this  experimental  setup  is 

also suitable to measure the functional activity of any mutant ABCC6 protein. Our future plan is 

to express those intracellularly localized disease-causing ABCC6 mutants in mice by the HTVI 

method  which  were  correctly  targeted  to  the  plasma  membrane  after  4-PBA  treatment,  and  in 

parallel mice would get 4-PBA, as described in V/2.4.2. Using this combined functional method 

we could test in vivo whether correction of localization resulted in a functionally active protein. 

For  those  patients,  who  carry  a  mutation  that  was  shown  to  localize  intracellularly  but  4-PBA 

treatment  in  mice  rescued  the  transporter  to  the  plasma  membrane  and  it  became  functionally 

active, 4-PBA treatment would be a promising therapy to decrease the calcification symptoms of 

the disease.  
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3. Vitamin K and the potential role of ABCC6 in vitamin K metabolism 

 

In 2007 a disease was described, caused by mutations in the gene of gamma-glutamyl 

carboxylase (GGCX) enzyme, leading to the development of soft tissue calcification and blood 

coagulation abnormality in patients. The calcification symptoms are similar to those observed in 

PXE patients, therefore this newly described disease was named PXE-like disorder with multiple 

coagulation factor deficiency [Vanakker et al, 2007]. PXE and PXE-like disorder with multiple 

coagulation factor deficiency, the similarities between the two diseases, the role of vitamin K 

cycle and the potential link between ABCC6 and vitamin K was discussed in details in the 

Introduction part (II/3). Briefly, GGCX enzyme is responsible for post-synthetic carboxylation 

of Gla-domain containing proteins, for example vitamin K-dependent coagulation factors or 

matrix gla protein (MGP). In the case of PXE-like disorder with multiple coagulation factor 

deficiency the GGCX mutation leads to the improper carboxylation of coagulation factors, 

resulting in abnormal blood coagulation, and the non properly carboxylated MGP is responsible 

for the development of the calcification symptoms in the soft tissues. 

In PXE patients Gla-gammacarboxylation is normal in the liver as there is no mutation in 

GGCX, therefore patients does not have blood coagulation problems. But the soft tissue 

calcification is very similar to that observed in PXE-like disorder with multiple coagulation 

factor deficiency, and it was suggested that MGP may be under-carboxylated in the periphery, 

and therefore is not able to prevent calcium deposition. An explanation why MGP is not properly 

carboxylated is that there is not enough vitamin K available for the carboxylation cycle. Based 

on the above findings an article was published raising the question: “does the absence of ABCC6 

in PXE prevents the liver from providing sufficient Vitamin K to the periphery?” [Borst et al, 

2008].  

According to this hypothesis any of the vitamin K forms shown in figure 5 in the introduction 

part could be the transported substrate(s) of ABCC6 what control(s) indirectly - via 

gammacarboxylation of Ca-binding proteins like MGP - the formation of calcium-deposits in the 

arterial wall and in other soft tissues. 

We wanted to test this hypothesis, and decided to investigate whether ABCC6 can transport any 

form of vitamin K. First we had to develop appropriate methods to extract and detect the 

different vitamin K forms. 
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3.1. Extraction and detection of the different vitamin K forms 

 

The extraction methods are described in details in the Material and methods section. Briefly, 

vitamin K3 and vitamin K3-gluthation conjugate (K3-GS) could be measured after 

deproteination of the samples. Deproteination was performed by TCA, in a final concentration of 

5%. Vitamin K1 and K2 were extracted as described in Spronk et al., with some modifications. 

The most efficient extraction method was when samples were diluted 1:1 with PBS, ethanol was 

added for deproteination, then vitamin K1 and K2 were extracted with n-hexane. The hexane-

phase was separated and dried under a stream of nitrogen, and the extracted material was 

dissolved in 50 µl isopropanol. 

Vitamin K forms were detected by HPLC-MS/MS technique. The detection technique was set up 

by Pál Szabó in the Institute of Materials and Environmental Chemistry, Research Centre for 

Natural Sciences, and is described in details in the Material and methods section. The detection 

limit was 5 fmol (2.3 × 10−12 g), with a signal-to-noise ratio of > 5, which allowed us to analyze 

samples with concentrations higher than 0.5 nM. Compared to other vitemin K detection 

methods (e.g. high-performance liquid-chromatography with fluorescence detection), this 

method has a 2-5 times better sensitivity. 

 

3.2. Test the role of ABCC6 in vitamin K3-GS transport by liver perfusion experiments 

 

This work was done in collaboration with the group of Jouni Uitto at Thomas Jefferson 

University, Philadelphia, PA, USA 

 

ABCC6 was shown to transport glutathione conjugates in vitro, therefore vitamin K3-gluthation 

conjugate (K3-GS), which is formed also in hepatocytes, was an obvious candidate as a substrate 

of ABCC6. An ex vivo system was set up to test whether Abcc6 has a role in the transport of K3-

GS. Twelve month-old mice were used for in situ non-recirculating liver perfusion experiments 

as described in Materials and methods. In anaesthetized mice the portal vein and the inferior 

vena cava were cannulated. The blood in the liver was flushed out with 0.3% BSA/PBS solution 

through the portal vein (in) and inferior vena cava (out), and the perfusate consisting of 0.5 µM 

or 50 µM K3 in 0.3% BSA/PBS was infused into the liver at a constant flow rate of 3 ml/min. 

Three ml of perfusate was held in the liver after the inferior vena cava and the portal veins were 
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ligated. Five minutes later, the efflux was collected via the inferior vena cava, and the bile was 

also collected after the perfusion. After the appropriate sample preparations the amount of K3-

GS was detected from the bile and from the efflux fluid. Therefore in this experiment K3 was 

administered to hepatocytes, and we investigated whether K3 is converted into K3-GS inside the 

hepatocytes  and  is  transported  either  towards  the  bile  and/or  towards  the  circulation  (in  this 

experimental setup into the efflux fluid). As the perfusion solution contains no K3-GS, only K3, 

any  K3-GS  detected  in  the  efflux  fluid  is  not  from  the  perfusion  solution  but  from  the 

hepatocytes, transported out by a transporter.  

To investigate the potential role of Abcc6 in K3-GS transport, wild type and Abcc6-/- mice were 

perfused with vitamin K3, and K3-GS was extracted from the efflux fluid. If K3-GS would be a 

substrate of Abcc6, we would expect a difference between the K3-GS concentration in the efflux 

fluid  of  wt  and Abcc6-/- mice,  the  efflux  fluid  from Abcc6-/-  mice  containing  less  K3-GS 

compared to wt, as the lack of Abcc6 results in decreased transport of K3-GS. 

The perfusion experiments were performed in the Thomas Jefferson University in Philadelphia, 

then  the  extraction  and  detection  of  the  vitamin  K  forms  from  the  different  samples  and  the 

evaluation of data were done in Budapest. 

As summarized in figure 20, our results show that after perfusion of either 0.5 µM or 50 µM K3, 

K3-GS was detected both in the efflux fluid and in the bile, therefore this method is suitable to 

follow the fate of K3-GS formed in the hepatocytes. 

 

 

 

 

 

 

Figure 20: K3-GS concentration in the efflux fluid after 50 µM or 0.5 µM K3 perfusion 
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K3-GS concentration in the efflux fluid collected from the liver of Abcc6-/- mice after perfusion 

of  50  µM  K3  was  slightly  lower  than  wt,  but  very  high  individual  differences  were  observed. 

When applying the physiologically more relevant 0.5 µM K3, no difference between the K3-GS 

concentration in wt and Abcc6−/− efflux fluid was detected. 

Based  on  these  data  we  can  conclude  that  though  K3-GS  is  secreted  towards  the  blood 

circulation  via  basolateral  transport,  it  is  not  the  Abcc6  transporter  which  plays  a  role  in  this 

process. 

 

The K3-GS concentration in the bile was also measured after perfusion of 0.5 µM or 50 µM K3, 

and interestingly in both cases we found that the bile of Abcc6-/- mice contained more K3-GS 

compared to the bile of wt mice after perfusion (Figure 21). One explanation is that K3-GS is a 

substrate for a transporter located in the apical membrane of hepatocytes, and this transporter is 

overexpressed or is more active in Abcc6-/- mice maybe as a compensation of the lack of Abcc6. 

 

 

 

 

 

 

Figure 21: K3-GS concentration in the bile after 50 µM or 0.5 µM K3 perfusion 

 

Based  on  the  results  of  the  liver  perfusion  experiments  we  can  conclude  that  Abcc6  does  not 

transport the vitamin K3-glutathion conjugate [Fülöp et al, 2011]. 
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3.3. Test the role of ABCC6 in vitamin K1 and K2 transport by mouse feeding experiments 

 

This work was done in collaboration with the group of Olivier Le Saux at John A. Burns School 

of Medicine, University of Hawaii; Honolulu, HI USA 

 

The observations that PXE patients have lower serum concentration of carboxylated matrix gla 

protein (MGP), and under-carboxylated MGP colocalizes with calcified regions of elastic fibers 

[Gheduzzi et al, 2007], indicate that the absence of functional ABCC6 results in under-

carboxylation of MGP. One possible explanation for the higher ratio of under-carboxylated MGP 

in PXE patients is that the vitamin K cycle, which leads to the carboxylation of gla domains, 

works with less efficiency due to less availability of vitamin K. Supporting this hypothesis, 

Vanakker et al. found that PXE patients have lower serum vitamin K concentration compared to 

healthy controls. (Discussed in detail in the Introduction part II/3.) As shown in Figure 4, 

vitamin K1 or K2 can be used in the vitamin K cycle. The potential role of ABCC6 in the 

transport of either K1 or K2 was tested in an indirect way: we have been investigating whether 

an enriched diet of K1 or K2 could stop or slow down the calcification in Abcc6-/- mice, an 

animal model for PXE. As calcification of the vibrissae is one of the earliest symptoms 

appearing in Abcc6-/- mice, quantification of calcium deposition in the muzzle skin of mice were 

performed to determine the extent of calcification. If vitamin K is transported by ABCC6, and 

the decreased level of K1 or K2 in the serum of PXE patients is responsible for the calcium 

deposition due to less effective vitamin K cycle, we would expect that elevation of serum 

vitamin K concentration by enriched diet would decrease the calcification symptom in Abcc6-/- 

mice. 

Wt and Abcc6-/- mice were kept either on a normal diet or on a diet enriched with 5 or 100 

mg/kg K1 or K2 for 16 weeks, from the age of 3 weeks old. At the end of the feeding period, 

muzzle tissue (containing the vibrissae) was harvested, minced and incubated at room 

temperature for 48 hours in 0.15 N HCl. Calcium deposition in the different groups of mice was 

quantified by a colorimetric assay that measures directly the amount of calcium within excised 

muzzle tissue. Calcium content was normalized to total tissue dry weight prior to mincing and 

the obtained absorbance values were quantified against a known standard to provide calcium 

concentration in mg per deciliter and per gram of tissue. The extent of calcification in mice kept 

on different diets is summarized on Figure 22. (Feeding experiment and calcification 
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measurements were done by the group of Olivier Le Saux, John A. Burns School of Medicine, 

University of Hawaii, as part of our collaboration.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  22:  Muzzle  skin  calcification  of  wt  and  Abcc6-/- mice kept on normal diet or on diet 

enriched  with  5  or  100  mg/kg  vitamin  K1  or  vitamin  K2. The feeding experiment and the 

determination of calcium content of muzzle skin was performed by the group of Olivier Le Saux (John A. 

Burns School of Medicine, University of Hawaii; Honolulu, HI USA). The image is taken from Brampton 

et al, 2011, with some modifications.  

 

Vibrissae of wt mice contained very low levels of calcium, and the vitamin K-enriched diet did 

not  have any  effect  on  the total  calcium  content  of  the muzzle  tissue. In  contrast  to  wt  mice, 

Abcc6-/- mice fed with the normal diet up to 5 months of age had significantly higher level of 

calcium deposition, as expected. But importantly, no significant change has been detected in the 

total  calcium  content  of  the  vibrissae  between  mice  fed  on  a  normal  diet  or kept  on  either  the 



	   67 

high or low dose of vitamin K1 or K2 diet. In each case, we measured significant increases in 

total calcium content between Abcc6-/- and the corresponding wt group of mice. 

These results indicate that oral administration of either vitamin K1 or vitamin K2 has no effect 

on calcium deposition in the vibrissae of Abcc6-/- mice. 

To  verify  these  results,  we  wanted  to  check  whether  the  dietary  K1  and  K2 were  actually 

absorbed,  passed  into  the  circulation  and  were  available  to  peripheral  tissues.  Blood  was 

collected  from  mice,  serum  was immediately  separated,  and  K1  or  K2  was  extracted  and 

quantified  in  the  Budapest  laboratory  as  described  in  the  Materials  and  methods  section.  The 

level of vitamin K1 and K2 in the serum of mice kept on different diets is shown on Figure 23 

(K1) and Figure 24 (K2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Vitamin K1 concentration in the serum of wt and Abcc6-/- mice kept on normal diet or 

on diet enriched with 5 or 100 mg/kg K1. 
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Figure 24: Vitamin K2 concentration in the serum of wt and Abcc6-/- mice kept on normal diet or 

on diet enriched with 5 or 100 mg/kg K2. 

 

As  shown  on  Figure  23,  in  our  mouse  model  we  did  not  see  significant  difference  between 

Abcc6-/-  and  wt  mice  kept  on  normal  diet  regarding  the  serum  concentration  of  circulating 

vitamin K1. Therefore we could not detect in mice the observation of reduced vitamin K1 level 

measured  in  human  PXE  patients.  Our  results  show  that  both mouse strains have  a  low 

concentration of K1, indicating that a reduced peripheral vitamin K1 concentration is not a key 

factor in the mouse mineralization phenotype. 

However,  although  the  high  vitamin  K1  diet  induced  a  significant  increase  in  K1  serum 

concentration in Abcc6-/- mice, the increase was significantly less than the corresponding serum 

K1 levels in wt mice. This indicates that in Abcc6-/- mice K1 is absorbed from the chow and re-

circulated into the blood stream but with less efficiency compared to wt mice. 

As shown on Figure 24, a slightly lower circulating level of K2 was detected in Abcc6-/- mice 

kept on normal diet compared to wt. This indicates less availability of this form of vitamin K for 

carboxylase  function  at  the  periphery,  and  this  difference  could  explain  the  calcification 

occurring  in Abcc6-/-, but  not  in  wt  mice.  However,  after  high  dose  diet  of  K2  there  was no 

difference between circulating K2 level in wt or Abcc6-/- mice - indicating a good absorbance of 



	   69 

this form of vitamin K from the diet -, but this elevated level of K2 available at the periphery 

could not decrease the calcification symptoms in Abcc6-/- mice (as shown in Figure 22), 

indicating that elevated vitamin K2 in the circulation is not sufficient to prevent calcification, 

therefore it is not the limiting and key factor in the pathological calcification processes. 

 

In summary, the difference between wt and Abcc6-/- mice observed in circulating K1 level after 

high dose diet of K1, and the difference in vitamin K2 level when kept on normal diet, both 

suggest a role of Abcc6 in vitamin K absorption, distribution or metabolism, but only to a limited 

degree. 

These data show that elevated levels of vitamin K1 and K2 were effectively absorbed from the 

diet and are able to pass into the circulation in wt and Abcc6-/- mice, therefore they are 

potentially available to peripheral tissues for the activation of MGP by carboxylation. However, 

our data also provided conclusive evidence that dietary supplementation of vitamin K is not able 

to prevent PXE-related calcification, which suggests that the availability of vitamin K is not a 

limiting factor in the pathology of PXE [Brampton et al, 2011]. 
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VI. DISCUSSION 

 

ABCC6 is expressed mainly in the liver, and to a smaller extent in the kidney and small 

intestine [Matsuzaki et al, 2005]. We and other groups showed that ABCC6 is expressed in the 

basolateral compartment of the plasma membrane in polarized MDCKII cells and in mouse 

hepatocytes [Scheffer et al, 2002; Sinkó et al, 2003; Beck et al, 2005; Le Saux et al, 2011]. 

However, recently Martin et al. challenged the plasma membrane localization of the transporter 

and stated that ABCC6 is located in the mitochondria-associated membrane (MAM) [Martin et 

al, 2012]. As the subcellular localization of the transporter fundamentally effects and determines 

how it can fulfill its physiological function, we first wanted to reinvestigate and determine the 

subcellular localization of both mouse and human Abcc6/ABCC6 in primary hepatocytes and in 

intact liver tissue. 

Our immunocytochemical and immunohistochemical results unequivocally showed basolateral 

plasma membrane localization of both mouse and human ABCC6, and found no colocalization 

of ABCC6 with MAM or ER markers [Pomozi et al, 2013a]. 

We have generated MDCKII cell lines stably overexpressing wt and disease-causing 

mutant forms of ABCC6, and developed an in vivo method where ABCC6 is expressed in mouse 

liver [Le Saux et al, 2011]. These systems are suitable to investigate the subcellular localization 

of the protein. We also investigated the effect of 4-PBA, an FDA-approved drug, on the 

subcellular localization of ABCC6 mutants. 

An interesting observation in this study was that non-polarized cells, polarized cells and mouse 

hepatocytes did not give identical results when investigating the subcellular localization of the 

mutants [Pomozi et al, 2013b]. 

 It is important to choose the proper model system for our study, and we have to take into 

consideration the limitations of these systems. The in vivo system, when overexpression of 

ABCC6 variants were executed in intact mouse liver, is surely closer to the physiological 

conditions of the human ABCC6 hepatic transporter compared to cell lines. 

However, despite the discrepancies we obtained in this study using the different model systems, 

we can conclude that these results have valuable information about the subcellular localization of 

disease-causing ABCC6 mutants and about the potential correction of intracellularly localized 

mutants by 4-PBA treatment. Some of the – otherwise intracellularly expressed - mutants were 

found to have correct plasma membrane localization after 4PBA treatment [Pomozi et al, 
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2013b]. This is an important finding, as those intracellularly expressed mutants which could be 

rescued by 4-PBA leading to correct plasma membrane localization are ideal candidates for 

further studies and may serve as basis of potential human therapies for those PXE or GACI 

patients who carry such disease-causing ABCC6 mutations. 

Using the in vitro transport activity assay and investigating the subcellular localization of the 

ABCC6 variants we could determine the molecular background leading to the development of 

the disease phenotype. 

We have also developed an in vivo method using Abcc6-deficient mice to monitor the 

function of ABCC6. Abnormal calcium deposition (similar to that observed in PXE and GACI 

patients) could be induced in the heart muscle of Abcc6-/- mice using the cryoinjury method 

[Doehring et al, 2006]. However, expression of human wt ABCC6 in the liver of Abcc6-/- mice – 

using the HTVI method – could decrease this calcification phenotype, meaning that the human 

ABCC6 expressed in mouse hepatocytes is functionally active, and can replace the missing 

endogenous Abcc6 in Abcc6-/- mice. 

Combining these methods: i) the HTVI - which allows the expression of either the wt or the 

disease-causing mutant forms of ABCC6 in the mouse liver, ii) the 4-PBA treatment - which was 

shown to restore the plasma membrane localization of certain mislocalized disease-causing 

mutants, and iii) the cryoinjury method – which induces the abnormal, Abcc6-dependent 

calcification symptom, provides an in vivo system suitable to study the functional activity of the 

disease-causing ABCC6 mutants and to test whether those mutants which were previously found 

to be “rescued” to the plasma membrane after 4-PBA treatment are also functionally active, 

resulting in decreased calcification after cryoinjury. Results obtained from this combined in vivo 

model will be important steps toward future human therapies. 

In addition, our finding that expression of ABCC6 in the liver alone was sufficient to reduce 

calcification, indicates that most probably the liver is the target organ of a future gene therapy in 

case of ABCC6-dependent genetic diseases. 

 

 Based on clinical observations, a potential role of ABCC6 in the transport of vitamin K 

was suggested [Borst et al, 2008]. We tested this hypothesis, investigating K3-GS transport in an 

ex vivo system, and studying the effect of dietary K1 and K2 on the calcification in wt and 

Abcc6-/- mice. 
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Using the ex vivo liver perfusion system, we have shown that vitamin K3 perfused 

through the liver is converted into K3-GS conjugate in the hepatocytes, and is transported 

towards the circulation, but Abcc6 is not involved in this transport [Fülöp et al, 2011]. 

Results obtained from the feeding experiment indicate that Abcc6 may have a role in 

vitamin K absorption, distribution or metabolism, as we detected lower circulating K1 level after 

high dose diet of K1 in Abcc6-/- mice, and we also observed lower vitamin K2 level in Abcc6-/- 

mice when kept on normal diet, compared to wt mice. But even when vitamin K was available in 

an elevated level, neither K1, nor K2 could prevent calcification in Abcc6-/- mice, therefore 

vitamin K1 and K2 at the periphery is not the limiting factor in the pathological calcification 

processes in PXE patients [Brampton et al, 2011]. 
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VII. SUMMARY 

 

- We proved the basolateral plasma membrane localization of both the human ABCC6 and the 

mouse Abcc6 transporter in primary hepatocytes and in intact liver tissue.  

- We have established in vitro model system to investigate the subcellular localization of 

ABCC6 variants, generating stable MDCKII cell lines overexpressing the wt or mutant forms 

of ABCC6 by sleeping beauty transposon-based transduction system. 

- We have set up an in vivo model system suitable to investigate the expression and subcellular 

localization of human ABCC6 protein in mouse liver.  

- We have determined the transport activity and subcellular localization of ten disease-causing 

ABCC6 mutants in vitro and in vivo. 

- We could determine the molecular background of the disease phenotype in case of the ten 

investigated disease-causing ABCC6 mutants. 

- 4-PBA treatment was applied as a potential rescue method. Six mislocalized mutants were 

found in MDCKII cell line to reach correct plasma membrane localization after the 

treatment, and the localization of four of the mutants was also corrected in mouse liver in 

vivo. These results serve as basis for future human therapeutic treatments. 

- A functional in vivo method was set up which is suitable to investigate the functional activity 

of human wt and mutant ABCC6 variants expressed in mouse liver. 

- Effective methods were established to extract vitamin K1, K2, K3 and K3-GS forms, and a 

sensitive detection method was developed for all these vitamin K forms. 

- Utilizing the above techniques the potential role of ABCC6 in vitamin K metabolism was 

investigated, and we proved that ABCC6 does not play a role in the transport of vitamin K3-

gluthation conjugate. 

- We have also proved that dietary supplementation of vitamin K1 or K2 could not prevent 

PXE-related calcification, however, ABCC6 might be involved in vitamin K absorption, 

distribution or metabolism. 
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VIII. ÖSSZEFOGLALÁS (Hungarian) 

 
- Igazoltuk mind a humán ABCC6, mind az egér Abcc6 transzporter plazmamembrán 

lokalizációját primer hepatocita sejtkultúrán és intakt májszöveten. 

- Sleeping Beauty transzpozon alkalmazásával létrehoztunk olyan MDCKII sejtvonalakat, 

amelyek stabilan expresszálják a vad típusú illetve a mutáns ABCC6 fehérjéket, és ezeken a 

sejtvonalakon beállítottunk egy in vitro modell rendszert, amely alkalmas a különböző 

ABCC6 variánsok sejten belüli lokalizációjának a vizsgálatára. 

- Beállítottunk egy in vivo modell rendszert, amely alkalmas a human ABCC6 fehérje 

expressziójának és sejten belüli lokalizációjának a vizsgálatára egér májszövetben.  

- Meghatároztuk tíz betegséget okozó ABCC6 mutáns transzport aktivitását és sejten belüli 

lokalizációját in vitro és in vivo. 

- Az általunk vizsgált tíz mutáns esetében felderítettük betegséget okozó ABCC6 misszensz 

mutánsok megváltozott funkciója mögött álló molekuláris hátteret. 

- 4-PBA-val kezeltük a vizsgált betegséget okozó ABCC6 mutánsokat. MDCKII sejtvonalon 

hat mutáns esetében tapasztaltuk, hogy a nem megfelelő lokalizációt mutató mutánsok a 

kezelés hatására a plazmamembránban expresszálódtak, és négy mutáns esetében in vivo is 

sikerült elérni a helyes plazmamembrán lokalizációt a kezelést követően egér májszövetben. 

Ezek az eredmények humán terápiás kezelések alapjául szolgálhatnak. 

- Beállítottunk egy in vivo kísérleti rendszert, amely alkalmas a humán – vad típusú vagy 

mutáns – ABCC6 transzporter funkcionális aktivitásának a vizsgálatára. 

- Beállítottunk különböző K vitamin formák (K1, K2, K3 és K3-GS) kinyerésére alkalmas 

extrakciós módszereket, és kifejleszettünk egy érzékeny dektektálási módszer ezen K 

vitamin formák koncentrációjának meghatározására. 

- A fent említett extrakciós és detektálási technikákat alkalmazva vizsgáltuk az ABCC6 

lehetséges szerepét a K vitamin metabolizmusban. Megállapítottuk, hogy az ABCC6 fehérje 

nem játszik szerepet a K3 vitamin glutation konjugátumának transzportjában. 

- Igazoltuk továbbá, hogy az étrend kiegészítése K1 vagy K2 vitaminnal nem képes 

csökkenteni illetve megelőzni egerekben a kálcium lerakódását, azonban az ABCC6 

fehérjének szerepe lehet a K vitamin felszívódásának, szervezeten belüli eloszlásának, illetve 

metabolizmusának a szabályozásában 
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