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Rautatasapainon säätelijäproteiinin, hemojuveliinin, ja sitä koodaavan geenin 

ilmentyminen hiiren kudoksissa lähetti-RNA- ja proteiinitasolla 

 

Tausta ja tavoitteet: Nuoruusiän perinnöllinen hemokromatoosi on sairaus, jossa 

elimistöön kertyy ylimäärin rautaa. Hoitamattomana raudan kertymisestä aiheutuvat 

kudosvauriot voivat johtaa kuolemaan ennen 30 vuoden ikää. Nuoruusiän perinnöllistä 

hemokromatoosia sairastavilla on voitu tunnistaa useita pistemutaatioita HJV-geenissä, 

joka koodaa hemojuveliini-proteiinia (HJV). RT-PCR -menetelmällä on voitu osoittaa 

HJV-geeniä ilmennettävän laajemmin hiiren kudoksissa kuin ihmisellä. Tämän 

tutkimuksen tarkoituksena oli tutkia HJV -lähetti-RNA:n sekä proteiinin esiintymistä 

solutasolla hiiren eri kudoksissa.   

 

Menetelmät: HJV-geenin ilmentymistä lähetti-RNA -tasolla määritettiin käyttäen in situ 

hybridisaatiota. Tätä varten valmistimme spesifin RNA-koettimen perustuen hiiren HJV 

cDNA -sekvenssiin. Hemojuveliini-proteiinin esiintymistä tutkittiin 

immunohistokemiallisesti immunoperoksidaasi- värjäysmenetelmällä.  

 
Tulokset: Sekä HJV lähetti-RNA:n että hemojuveliini-proteiinin esiintyminen on 

suhteellisen vähäistä hiiren kudoksissa. Lähetti-RNA:a sekä proteiinia voitiin havaita 

munuaisessa, aivoissa, maksassa ja haimassa. Proteiinin esiintymistä tutkittiin näiden 

lisäksi myös endometriumissa, paksunsuolen sileässä lihaksessa, munasarjoissa, sekä 

leuanalussylkirauhasessa, joista positivisia olivat endometrium ja paksunsuolen sileä 

lihas. Kudokset, joissa ei havaittu HJV -lähetti-RNA:n eikä proteiinin ilmentymistä tai 

se oli erittäin vähäistä olivat sydän, kateenkorva, perna ja keuhko. Maha-suolikanavan 

alueella ei HJV lähetti-RNA:a havaittu, mutta mahalaukun ja ohutsuolen alueella voitiin 

havaita heikkoa värjäytymistä HJV-proteiinille 

  

Johtopäätökset: HJV-geenin ilmentyminen eri kudoksissa viittaa mahdollisesti 

hemojuveliini-proteiinin tärkeään rooliin useissa kudoksissa – ei ainoastaan niissä, joita 

perinteisesti on pidetty tärkeinä rauta-aineenvaihdunnassa.  
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ABSTRACT 
 

Backgroung and Aims: Juvenile hemochromatosis is an early-onset iron overload 

disease that leads to severe organ damage typically before 30 years of age. In patients 

with juvenile hemochromatosis, several mutations have been identified in the gene 

encoding the protein designated hemojuvelin (HJV). Previous reports based on RT-PCR 

have shown that the expression pattern of HJV is wider in murine tissues than in human. 

To understand the mechanisms whereby HJV is connected to iron homeostasis, 

hemojuvelin mRNA and protein expression was studied at cellular level in different 

mouse tissues.  

 
Methods: In situ hybridization was used to determine the distribution of murine HJV 

mRNA. A specific riboprobe was constructed based on the murine HJV cDNA 

sequence. Hemojuvelin protein expression was detected immunohistochemically with a 

peroxidase-antiperoxidase method. 

 
Results: HJV mRNA and protein expression appeared to be rather restricted. Tissues 

that were positive with both methods included the kidney, pancreas, brain and liver. In 

addition, protein expression was studied in the endometrium, smooth muscle of the 

colon, ovario, submandibular gland and skeletal muscle, of which the endometrium and 

smooth muscle of the colon were defined as positive. HJV mRNA and protein 

expression were mainly negative in the heart, spleen, thymus and lung. The 

gastrointestinal tract showed negligible signal for mRNA, whereas in the stomach and 

duodenum weak staining for HJV protein was detected.   

  
Conclusions: The expression pattern of HJV suggests that HJV protein may play 

important roles in various tissues – not only in those classically considered the most 

important ones for regulation of iron homeostasis.   
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ABBREVIATIONS 

  
DAB 3,3’-diaminobenzidine 
DMT1 divalent metal transporter 1 
dsDNA double-stranded DNA 
Fe2+ ferrous iron 
Fe3+ ferric iron 
HAMP human antimicrobial peptide, hepcidin 
HCC hepatocellular carcinoma 
HH hereditary hemochromatosis 
HRP horseradish peroxidase 
IHC immunohistochemistry 
IMP integrin-mobilferrin pathway 
IRE iron regulatory element 
IRP iron regulatory protein 
ISH in situ hybridization 
JH juvenile hemochromatosis 
MHC major histocompatibility complex 
OMIM Online Mendelian Inheritance of Man –database 
p.c. post coitum 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
RGD arginine-glysine-asparagine –motif 
ROIs reactive oxygen intermediates 
RT-PCR reverse transcriptase polymerase chain reaction 
SSC standard saline citrate 
ssDNA single-stranded DNA 
ssRNA single-stranded RNA 
Tf transferrin 
TfR-1 transferrin receptor 1 
TfR-2 transferrin receptor 2 
UTP uridine-triphosphate 
UTR untranslated region 
vWF von Willebrand factor 
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INTRODUCTION 
 

Iron is one of the key elements for body homeostasis. Because of its redox-ability it 

participates in many chemical reactions such as DNA synthesis, transporting oxygen 

and electrons, and cellular respiration.  The same properties, that makes iron essential 

for normal growth and development, makes it toxic as normal cellular tolerance is 

exceeded (Papanikolaou & Pantopoulos, 2005). Because mammals have no active 

system to excrete excess iron from the body the regulation of iron absorption from the 

intestine is crucial for maintaining the body iron homeostasis. 

 In recent years there have been some major advantages in the field of iron 

metabolism. They include the discoveries of the HFE gene, series of transmembrane 

iron transporters or cotransporters (e.g. DMT1, ferroportin-1, hephaestin, and transferrin 

receptor-2) and two iron regulatory proteins, hepcidin and hemojuvelin (Feder et al., 

1996b; Fleming et al., 1997; Kawabata et al., 1999; Vulpe et al., 1999; Donovan et al., 

2000; Krause et al., 2000; Papanikolaou et al., 2004). 

Hereditary hemochromatosis (HH) consists of a group of genetically and 

clinically heterogeneous disorders caused by excess iron content in the body. The 

majority of HH cases are caused by a mutation in a gene encoding HFE protein. HFE-

related HH is a late-onset disease affecting predominantly men (Olynyk et al., 1999; 

Beutler et al., 2002; Britton et al., 2002). Juvenile hemochromatosis (JH) is a rare form 

of HH caused by mutations in hemojuvelin or hepcidin (HAMP) genes (Roetto et al., 

1999; Roetto et al., 2003). In contrast to HFE-related HH, juvenile hemochromatosis is 

an early-onset disease that affects both sexes equally (Camaschella et al., 2002). The 

symptoms of JH are severe and, if not treated, may lead to death before age of 30. HJV 

gene is likely to be a main causative gene in JH, and several mutations in it have been 

reported to cause the disease (Huang et al., 2004; Lanzara et al., 2004; Lee et al., 2004b; 

Janosi et al., 2005). A recent study based on the RT-PCR analysis reported hemojuvelin 

expression to be wider in murine tissues than in human being expressed virtually in all 

tissues (Rodriguez Martinez et al., 2004). In the present study we set out to investigate 

HJV mRNA and protein expression and distribution at cellular level in adult murine 

tissues using in situ hybridization and immunohistochemistry.       
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REVIEW OF THE LITERATURE 

 

1. Iron homeostasis 

 

1.1 General 

 

Iron is an essential nutrient for vast majority of organisms from Arachea to man. It has a 

fundamental role in many vital biochemical activities being important for the formation 

of hemoglobin, myoglobin and such substances as the cytochromes, cytochrome 

oxidase, peroxidase and catalase (Aisen et al., 2001). These heme-compounds constitute 

a significant fraction of cellular iron. The most prevalent fraction of non-heme iron are 

iron-sulphur clusters, such as 2Fe-2S, 3-Fe-4S or 4Fe-4S, in metalloproteinases (Beinert 

et al., 1997).  The ability of iron to form two principal oxidation states, the ferrous 

(Fe2+) and the ferric (Fe3+), in aqueous solutions makes it capable to form a variety of 

coordination complexes with organic ligands in dynamic and flexible mode. Though, 

iron has an essential role, when present in excess, it poses a threat to cells and tissues 

(Emerit et al., 2001; Papanikolaou & Pantopoulos, 2005). This is based on the character 

of iron to readily participate in oxidation-reduction reactions and formation of reactive 

oxygen intermediates (ROIs) (Halliwell & Gutteridge, 1990). The dual-challenge of 

body to maintain enough iron for essential compounds but avoid excess iron overload 

requires advanced system to regulate body iron homeostasis. Abnormalities of iron 

homeostasis are common and include deficiency, overload and maldistribution 

(Fleming, 2005). Common features of pathological iron deficiency include anaemia, 

growth arrest, abnormal behaviour and cognitive dysfunction (Prasad & Prasad, 1991), 

while excessive iron may lead to other severe manifestations such as fibrosis and 

cirrhosis of the liver, hepatocellular cancer, cardiac diseases, endocrine abnormalities, 

immune system dysfunction and neurodegenerative disorders (Bacon & Britton, 1989; 

Cecchetti et al., 1991; Yaouanq, 1995; Sipe et al., 2002; Weiss, 2002).         
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1.2 Iron distribution 

 

The total quantity of iron in the body averages 3-5 g which is about 45-55 mg per 

kilogram of body weight in adult woman and man respectively. The iron distribution in 

the body is illustrated in figure 1. The majority of the body iron content (~65 %) is in 

the form of hemoglobin in the red blood cells (Ponka, 1997; Andrews et al., 1999; 

Guyton & Hall, 2000). About 5 % is in the form of myoglobin and other heme-

compounds. The main stores of iron in the body are the reticuloendothelial macrophages 

and liver hepatocytes. In these supplies 15-30 % of iron is stored in a form of insoluble 

ferritin and its degradation product hemosiderin (Fraga & Oteiza, 2002; Papanikolaou & 

Pantopoulos, 2005).  

A healthy individual absorbs approximately 1-2 mg iron per day from the diet. 

This iron uptake is enough to compensate for the iron loss by sloughed mucosal cells 

and desquamation. Additional quantities of iron are lost whenever bleeding occurs. In 

addition, women physiologically loose iron from the blood with the menstrual flow and 

during pregnancy. Erythroid cells are the major consumers of iron requiring 

approximately 20-25 mg iron per day for erythrocyte production in the bone marrow 

(Hentze et al., 2004). This need of iron derives mainly from the continuous destruction 

of the red blood cells by the reticuloendothelial macrophages. Plasma iron pool which 

consists of transferrin-bound iron (~3 mg) is very dynamic and undergoes over ten 

times daily recycling (Jandl & Katz, 1961; Guyton & Hall, 2000; Papanikolaou & 

Pantopoulos, 2005). In the plasma, transferrin molecule delivers iron to receiver tissue 

where it binds to a transferrin receptor (TfR-1 or TfR-2) and is ingested into the cell by 

endocytosis. 

 

            

1.3 Iron absorption 

 

Total iron content in the body is mainly regulated by controlling the level of absorption 

from the diet (Anderson, 1996). Nearly all of the dietary iron absorption occurs in the 

duodenum and upper jejunum (Anderson, 1996; Lombard et al., 1997). Iron can be 

taken up either as ionic iron or as heme, depending on the composition of diet (Conrad 
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& Umbreit, 2002). Mature enterocytes in the duodenum are specialized in absorbing 

both ionic and heme iron from the diet. Before iron get into the bloodstream it has to 

across two membranes: the apical membrane that faces into the lumen of the intestine 

and the basolateral membrane. Intestinal iron uptake can be divided to steps including 

1) apical uptake, 2) intracellular storage or transcellular trafficking, and 3) basolateral 

release. In all the steps iron requires molecular carriers and transporters.  

 

 

Liver
~1000 mg

Other cells
and tissues
e.g. myoglobin

~400 mg

Bone marrow
~300 mg

Red blood cells
~1800 mg

Reticuloendothelial
macrophages

~600 mg

Plasma

(Fe ) -Tf
3+

2

~3 mg

Iron intake

Duodenum
~1-2 mg/day

Iron loss

Sloughed mucosal cells
and desquamation

~1-2 mg/day

20-25 mg/
day

 
 

Figure 1. Normal iron distribution according to Hentze et al. (2004). Values indicated 
in the picture are approximate and significant person-to-person variation occurs.  
 

Inorganic iron is present in the diet as either the reduced ferrous form (Fe2+) or 

oxidised ferric form (Fe3+). A lower pH at upper parts of the duodenum favours 

absorption of ferrous iron whereas in lower parts of the duodenum and upper parts of 

the jejunum ferrous iron is readily oxidised and forms insoluble ferric complexes (Miret 

et al., 2003).  

In the apical membrane, ionic iron can be transported into the absorptive 

enterocyte via divalent metal transporter 1 (DMT1) or the integrin-mobilferrin pathway 

(IMP) (Fig 2). DMT1 (previously Nramp2 and DCT1) was the first discovered 

mammalian iron transporter (Fleming et al., 1997; Gunshin et al., 1997). It transports 

ferrous iron (Fe2+) and other divalent metals through the apical membrane into the 

 

 

11



enterocyte in a proton coupled pathway and is likely to require a pH gradient (Gunshin 

et al., 1997; Andrews, 1999b; Garrick et al., 2003). DMT1 transports only ferrous iron 

whereas inorganic dietary iron is mainly in ferric form. Duodenal cytochrome b (DcytB) 

reduces ferric iron to ferrous form that can be absorbed via DMT1 (McKie et al., 2001). 

The integrin-mobilferrin pathway is likely to present another iron transport mechanism 

across the apical membrane in duodenal enterocytes (Conrad & Umbreit, 2002). IMP is 

specific for transport of ferric iron and the associated proteins are mobilferrin, which is 

a homologue to calreticulin, and adhesion protein β3 integrin. The integrin part is likely 

to locate in the apical membrane transporting iron from the lumen and serving a 

docking place for the soluble mobilferrin (Conrad et al., 1993). Together with flavin 

monooxygenase these proteins form a macromolecular complex paraferritin, which 

functions as a ferrireductase. Umbreit and colleagues have also postulated that DMT1 

would be a part of this complex (Umbreit et al., 2002). However, there is no further 

results to support this theory.  

In Western countries over half of the dietary iron is derived from heme, though 

world-wide it represents only 10–15% of dietary iron (Skikne & Baynes, 1994; 

Fleming, 2005). It may provide as much as one-third to one-half of absorbed dietary 

iron in iron-replete subjects due to its much higher bioavailability compared to the non-

heme iron pool. Heme is split from globin in the intestinal lumen and reputedly 

transported as intact iron porfyrin across the brush border (Uc et al., 2004). Even though 

it has been proposed that mechanism by which heme iron enters into the enterocyte 

involves specific heme transporter or receptor, no duodenal heme importer has been 

identified to date (Brissot et al., 2004). After internalization the ferrous iron is either 

released by heme oxygenase and further reduced in a complex comprised of mobilferrin 

and paraferritin or transported as intact porfyrin to the plasma (Uzel & Conrad, 1998; 

Fleming, 2005) (Fig 2). 

On the basolateral membrane iron is transported to the plasma via basolateral 

transporter ferroportin1 (also known as Ireg1 and MTP1) (Abboud & Haile, 2000; 

Donovan et al., 2000; McKie et al., 2000). In order to function, ferroportin1 needs an 

accessory protein, hepaestin, that acts as a ferroxidase (Vulpe et al., 1999; Chen et al., 

2004). In the plasma, iron circulates bound to transferrin (Tf) and there are several Tf-

dependent iron uptake mechanisms that can transport diferric-Tf via transferrin 

receptors (Kawabata et al., 1999; Kozyraki et al., 2001; Cheng et al., 2004) (Fig 2). 

 

 

12



 

                        
 

Figure 2. Three separate pathways have been presented for uptake of dietary iron. The 
best characterized pathway is via divalent metal transporter (DMT1) for ferrous iron 
(Fe2+). Integrin-mobilferrin pathway has been postulated to transport ferric iron (Fe3+). 
Heme-iron is thought to enter to the enterocyte via specific heme-receptor. Ferrous iron 
is stored as ferritin or transported to the circulation via Ferroportin1. Figure kindly 
provided by Jokke Hannuksela, MD, PhD, University of Oulu (Hannuksela, 2004).   
 

 

1.4 Maintenance of body iron homeostasis 

 

Because there are no active mechanism to excrete excess iron from the body, iron intake 

must be tightly regulated by the physiological demands. Indeed, iron absorption from 

the intestine is a strictly controlled process. In normal conditions only approximately 10 

% of dietary iron is absorbed, and in iron deficiency uptake of iron is usually increased 

and in iron overload it is decreased (Conrad & Umbreit, 2002). 
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Body iron homeostasis and intestinal iron absorption is regulated at least on 

three levels. The first, dietary regulator, was described already in 1950 when it was 

noticed that after a dietary iron bolus, absorptive enterocytes are resistant in acquiring 

additional iron for several days (Stewart et al., 1950). This observable fact also called as 

mucosal clock is most likely based on accumulation of intracellular iron which in turn 



down-regulates the expression of DMT1 in a IRE-IRP-mediated manner (Frazer & 

Anderson, 2003). The RNA motifs called iron responsive elements (IREs) were first 

described over 15 years ago in several genes involved in iron metabolism (Hentze et al., 

1987; Casey et al., 1988; Haile et al., 1989). The iron-dependent regulation of these 

genes are carried out through the action of iron regulatory proteins 1 and 2 (IRP1 and 

IRP2) (Eisenstein, 2000). IREs have been found in untranslated regions (UTR) in 5’-

UTR of ferroportin and erythroid aminolevulinic acid synthase and in 3’-UTR of TfR. 

In the case of ferroportin, binding of IRP blocks the translation, and synthesis of 

ferroportin is halted. In contrast to ferroportin, binding of IRPs in 3’-UTR IRE of TfR 

stabilizes the mRNA, translation proceeds and TfR is synthesized. According to a recent 

study it seems that IRP2 is the main IRP operating in normoxic conditions (3 to 6% 

oxygen) whereas IRP1 operates in a high-oxygen environment (Meyron-Holtz et al., 

2004). Thus, IRP1 acts as both an oxygen sensor and an iron sensor.             

The systemic regulation of iron homeostasis has been a very interesting 

scientific topic over the past few years. The second signal, so called stores regulator, 

controls iron uptake in response to body iron stores. Discovery of novel genes for 

transferrin receptor 2, hepcidin and hemojuvelin have extended the view of this 

complex system. The stores regulator communicates between body iron stores (e.g. the 

liver, skeletal muscle and blood) and intestine. This regulation is crucial and 

dysfunctions may lead to severe iron accumulation or deficiency.  

The third signal regulating iron absorption passes the information from 

hematopoietic bone marrow to intestine. This erythroid regulator modulates iron 

absorption in a response to erytropoiesis. It has been shown that the erythroid regulator 

overrides the stores regulator in cases when hematopoietic demands are not met (Trenor 

et al., 2000). For this reason, disorders with ineffective erythropoiesis (e.g. thalassemia 

syndromes, congenital dyserythropoietic anemias, or atransferrinemia) are often 

connected to pathological iron accumulation. Other signals regulating iron absorption 

have been postulated according to the fact that iron homeostasis is also altered in 

response to hypoxia and inflammation.          

 Until recently the main theory behind the regulation of iron absorption was 

based on the hemochromatosis protein HFE which is located in immature cryptal 

enterocytes (Feder et al., 1996b; Parkkila et al., 2001). HFE is a 343-amino acid 

glycoprotein that has similarities to MHC class I molecules. Despite its structural 
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similarities to proteins involved in immunity, HFE has been believed to function in 

sensing the body iron status in immature cryptal enterocytes. It forms a high-affinity 

complex with transferrin receptor 1 (TfR1), which overlaps the binding site of 

transferrin (Tf) (Parkkila et al., 1997; Feder et al., 1998; Lebron et al., 1998; Bennett et 

al., 2000). This has been shown to enhance TfR1-mediated Tf-bound iron intake into 

immature cryptal enterocytes. This iron forms a labile iron pool which may inform the 

cell about the body iron status. According to this labile iron pool differentiating 

enterocytes can modulate their iron absorption capability to meet the demands of body 

iron homeostasis. The crypt-modelling theory is supported by studies showing that iron 

uptake from the plasma transferrin in to the duodenal crypt cells is impaired in HFE 

knock-out mice compared with control mice (Trinder et al., 2002). However, recently 

published studies disagree with the duodenal crypt-modelling theory and instead 

suggest that the critical site of HFE would not be in crypt cells but in liver hepatocytes 

(Ahmad et al., 2002; Muckenthaler et al., 2003; Nicolas et al., 2003; Zhang et al., 2004). 

In all these recent studies HFE expression is connected to novel iron regulatory protein 

hepcidin. Hepcidin is a small, (20 to 25 amino acids) disulfide-bonded peptide with 

antimicrobial activity. Since its discovery in 2000, the role of this iron hormone has 

been extensively studied (Krause et al., 2000). Hepcidin is expressed predominantly in 

the liver and it has been postulated to be the master iron regulatory hormone (Nicolas et 

al., 2002c; Ganz, 2003). Several studies support this suggestion. Pigeon and co-workers 

first showed that hepcidin expression is increased in mice with dietary iron overload 

(Pigeon et al., 2001). Other studies have demonstrated that hepcidin acts as a negative 

regulator and its mutations lead to hemochromatosis-like phenotype (Nicolas et al., 

2001). Soon after, the link between hepcidin and hereditary hemochromatosis (HH) was 

recognized and mutations in a gene encoding hepcidin were showed to result in juvenile 

type HH (Roetto et al., 2003). Transgenic animal models confirmed the role of hepcidin 

as a negative regulator: mice with hepcidin overexpression developed a severe form of 

iron-deficiency anaemia (Nicolas et al., 2002a). Moreover, it seems that hepcidin is 

likely to act as an universal mediator since its expression is modulated by all previously 

mentioned factors that regulate intestinal iron absorption (Nicolas et al., 2002b). In the 

most recent study Nemeth and co-workers showed that the body iron concentration 

modulates the secretion of hepcidin, which in turn controls the concentration of iron 

transport protein ferroportin on the cell surface inducing its internalization and 
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degradation (Nemeth et al., 2004). However, it still remains unknown whether the other 

iron regulatory proteins (e.g. HFE, hemojuvelin and TfR2) are connected to hepcidin or 

are they functioning on their own.               

 

 

1.5 Iron toxicity 

 

Iron toxicity is coherently illustrated in iron overload diseases like hereditary 

hemochromatosis. The capability of iron to form free-radicals has been shown to be the 

major course for the damage of cell components (Henle et al., 1996; McCord, 1998; 

Fraga & Oteiza, 2002). Iron toxicity is most often related to chronic iron overload and 

can be associated to primary hemochromatosis, high dietary iron intake or frequent 

blood transfusions. In rare cases acute iron poisoning has been observed, and it has  

usually been related to hepatoxicity (Tenenbein, 2001).  

The efficiency of iron to drive one-electron reactions makes it capable to 

catalyze the generation of noxious radicals at cellular and extracellular level. The iron 

toxicity is principally based on the Fenton and Haber-Weiss chemistry. Both non-

chelated ferrous iron and diverse forms of chelated ferrous iron can catalyze this 

reaction. Several reductants can catalyze reaction where ferric iron (Fe2+) and molecular 

oxygen (O2) form ferrous iron (Fe3+) and superoxide anion (O2
-). Two superoxide 

anions can dismutate yielding oxygen and hydrogen peroxide (Fig 3 A). In 

Fenton/Haber-Weiss reaction iron takes part in formation of hydroxyl radicals (OH·) 

from superoxide and hydrogen peroxide collectively known as reactive oxygen species 

(ROIs) (Halliwell & Gutteridge, 1990) (Fig 3 B). Ferric iron can also catalyze 

generation of organic reactive species such as peroxyl (ROO·), alkoxyl (RO·), thiyl (RS) 

or thiyl-peroxyl (RSOO·) radicals (Fig 3 C). Formation of free oxygen radicals in iron-

catalyzed reactions is in normal circumstances restricted by negligible availability of 

“free” iron. However, increased generation of superoxide can favour iron release from 

ferritin and other proteins, and hydrogen peroxide can even degrade heme from heme-

proteins to release iron (Halliwell & Gutteridge, 1999). Interestingly, heme precursors 

(delta-aminolevulinic acid, porphyrins) and even heme iron may also catalyze formation 

of radicals via formation of oxoferryl intermediates (Ryter & Tyrrell, 2000).  
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Fe + O Fe + O
2+ 3+ -

2 2

O + O + 2H O + H O2 2 2 2 2

- - +

Fe + H O Fe + OH + OH·
2+ 3+ -

2 2

Fe + O · Fe + O
3+ - 2+

2 2

H O + O · O + OH + OH·2 2 2 2

- -Fe

Fenton

Net reaction: Haber-Weiss

A

B

C

Fe + ROOH Fe + OH + RO·
2+ 3+ -

Fe + ROOH Fe + H + ROO·
3+ 2+ +

RSH + OH· RS· + H O2

RSH + ROO· RS· + ROOH

RS· + O ROO·2

 
 

Figure 3. A) Iron mediated formation of hydrogen peroxide. B) Free radical formation 
in iron catalyzed Fenton/Haber-Weiss -reaction. C) Iron catalyzed formation of free-
radicals.    

 

The generation of free-radicals is known to cause oxidation of proteins, peroxidation of 

membrane lipids and lipoproteins and modifications of nucleic acids. Oxidative stress is 

caused when a generation of free oxygen radicals exceeds the endogenous antioxidant 

defence, and molecules become targets for oxidative modification. Damages in cellular 

components may cause profound defects at cellular and tissue level leading to the cell 

death, tissue necrosis and degenerative diseases or cell phenotype changes and cancer 

formation (Bacon & Britton, 1989; Halliwell & Gutteridge, 1990; McCord, 1998; 

Pietrangelo, 2002; Pietrangelo et al., 2002; Ischiropoulos & Beckman, 2003).  

 

 

2. Hereditary hemochromatosis 

 

2.1 General 

 

Hereditary hemochromatosis (HH) is the most common autosomal recessive 

genetic disease in populations of European ancestry, affecting approximately 1/300 in 

the Western and Northern European population (Merryweather-Clarke et al., 1997).      

It is a genetically heterogenous group of disorders affecting iron homeostasis 
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characterized by increased gastrointestinal iron absorption and resultant tissue iron 

deposition. Excessive iron may induce cell injury and pathological involvement of 

internal organs, such as the liver, pancreas, and heart (Parkkila et al., 2001).  

Hereditary hemochromatosis was first described in 1865 by Trousseau who 

reported a patient with liver cirrhosis, diabetes mellitus, and bronze skin pigmentation 

(Trousseau, 1865).  By 1977 Simon and colleagues had described HH as autosomal 

recessive disease and identified the linkage with HLA-A3 region on the short arm of 

chromosome 6 (Simon et al., 1977). Feder et al identified the gene, called HLA-H (later 

HFE), in 1996 and localized it to locus 6q21.3 (Feder et al., 1996a). The same authors 

described two mutations in the gene, C282Y and H63D, which accounted for 83 % of 

the 178 cases of HH included in their study. Homozygosity for mutation C282Y is the 

most common mutation found in HH, and is present in more than 90 % of North 

European patients with HH and more than 80 % of North American patients (Cazzola, 

2002). Also mutation H63D is distributed world-wide, with the highest frequency 

among Basques (Merryweather-Clarke et al., 1997). Mutations in HFE gene cause so 

called adult-type HH and it is also named type 1 or HFE-related HH. The symptomatic 

organ disease is usually diagnosed during the fourth or fifth decade of life, and the rate 

of iron accumulation is usually mild or moderate at the time of diagnosis. In most cases, 

the more detailed diagnostics is started after a clinical suspicion that is based on clinical 

symptoms or occasional finding of increased transferrin saturation or serum ferritin 

level in laboratory tests. The classic triad of liver cirrhosis, diabetes mellitus, and 

bronze skin pigmentation is rare in adult-type HH.  

During past few years there have been major advantages in a field of HH 

research. New genes associated to HH have been identified and the nomenclature of the 

disease has been under changes. Currently Online Mendelian Inheritance of Man 

(OMIM) database lists four types of HH, each caused by mutations in different genes 

(Table 1). The phenotype of type 3 HH related to mutations in transferrin receptor-2 

(TfR2) gene is similar to HFE-related HH. Both HFE and TfR2 mutations present a 

milder adult-type HH, whereas phenotype of type 2 or juvenile hemochromatosis is 

more severe and the onset of the disease is earlier in a life. The type 4 HH or 

ferroportin-related iron overload is a clinically distinct disorder from other types of HH 

and it shows autosomal dominant pattern of inheritance (Njajou et al., 2001).                   
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 Table 1. Types of hereditary hemochromatosis1 

 
HFE-related 

HH 
Juvenile HH 

TfR2-Related 

HH 

Ferroportin 

related Iron 

overload 

OMIM classification Type 1 Type 2A Type 2B Type 3 Type 4 

Implicated gene and 

its location 

HFE, 

6p21.3 

HJV, 

1q21 

HAMP, 

19p13.1 

TfR2, 

7q22 

SCL40A1, 

2q32 

Gene product HFE Hemojuvelin Hepcidin 

Transferrin 

receptor 2 Ferroportin 1 

Transmission Autosomal 

recessive 

Autosomal 

recessive 

Autosomal 

recessive 

Autosomal 

recessive 

Autosomal 

dominant 

Decade of onset of 

symptomatic organ 

disease 4th or 5th 2nd or 3rd 2nd or 3rd 4th or 5th 4th or 5th 

 
1 According to Online Mendelian Inheritance of Man (OMIM, provided by McKusick-
Nathans Institute for Genetic Medicine, Johns Hopkins University (Baltimore, MD) and 
National Center for Biotechnology Information, National Library of Medicine 
(Bethesda, MD)) 
 

Although the prevalence of HFE mutations is high, the clinical penetrance has been 

shown unlikely to exceed 50% among C282Y homozygotes. Therefore the 

investigations have been focused on determining the genetic and environmental 

modifiers contributing to the iron overload of HH and thus to the clinical penetrance of 

the disease (Burke et al., 2000; Waalen et al., 2005). Digenic inheritance of HH has 

been under focus and relation between different types of HH has been explored. 

Hemojuvelin has been considered as a potential genetic modifier for penetrance of HFE-

related HH, but only a few reports supporting this theory have been presented. In a 

cohort study of 310 homozygous HFE C282Y patients, nine subjects were found with 

an additional HJV missense mutation in heterozygous form (Le Gac et al., 2004).  Also 

abnormally high indices of iron status were found in C282Y/H63D heterozygous 

subjects who carried N196K HJV mutation (Biasiotto et al., 2004). In contrast, results 

from two studies showed that heterozygosity for HJV I222N and HFE C282Y mutations 

may not promote increased iron accumulation and C282Y homozygous patients with 

clinical HH have no higher prevalence for coding mutations of HJV (Barton et al., 2004; 

 

 

19



Lee et al., 2004a). Juvenile hemochromatosis patients with either wild-type or mutant 

HFE alleles had no difference in clinical outcome of the disease (Kelly et al., 1998; 

Rivard et al., 2000; De Gobbi et al., 2002). This suggests that HJV and HAMP 

mutations override the effects of mutations in HFE gene. Even though both HJV and 

hepcidin have been proposed as potential modifiers in HFE-associated HH, these cases 

are only minority and cannot explain the diverse penetrance of HFE mutations.  

The expression of the phenotype depends on a complex interplay of genetic and 

epigenetic factors, age and sex, and environmental aspects, such as diet and blood loss 

(Bothwell & MacPhail, 1998; Bomford, 2002). As an environmental factor, alcohol 

consumption has been associated with increased serum iron and ferritin levels as well as 

increased levels of iron in the liver (Fletcher et al., 2002; Scotet et al., 2003; Waalen et 

al., 2005). Both chronic alcohol use and increased iron levels induce hepatic lipid 

peroxidation and may have additive hepatotoxic effects (Niemela et al., 1999).  

The excessive iron overload in the body can prejudice several organs. Most 

commonly damage occurs in the liver, endocrine organs, joints and heart. The array of 

the symptoms that occurs depends on the rate of iron accumulation and the stage of the 

disease. In an adult-type HH where the rate of iron accumulation is moderate or slow 

the most common symptoms in the early stage of the disease are joint involvements like 

arthralgia or arthritis, chronic fatigue, decrease of libido, lethargy and hepatomegaly 

(Franchini & Veneri, 2005). In the later stages of the disease the classic triad of the 

findings including the liver cirrhosis, diabetes mellitus and bronze skin colour may 

occur. The risk of hepatocellular carcinoma (HCC) is also increased in patients with 

progressed disease, varying in different studies, being up to 200-fold (Kowdley, 2004). 

In a Swedish population-based study that attempted to examine the risk for HCC among 

patients with HH, the overall standardized incidence ratio of HCC in that population 

was 1.7 (Elmberg et al., 2003). Juvenile hemochromatosis is more severe and the rate of 

iron accumulation may be rapid. Damages are often manifested in the heart and 

endocrine organs, but liver cirrhosis and joint involvements may also occur 

(Camaschella et al., 2002). Juvenile hemochromatosis is described in more detail in the 

next chapter.   
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2.2 Juvenile hemochromatosis 

 

Juvenile or type 2 hereditary hemochromatosis (JH) is a recessively inherited disorder 

characterized with iron accumulation in several organs. In contrast to the much more 

common type of hereditary hemochromatosis that results from mutations of the HFE 

gene, JH is an early-onset disorder affecting both sexes equally (Lamon et al., 1979). 

Clinical outcome of JH may result in variable combination of hypogonadism, 

cardiomyopathy, liver cirrhosis, diabetes, arthropathies and skin pigmentation (Cazzola 

et al., 1983; Camaschella et al., 2002). Symptoms of JH are severe, and if not treated, 

cardiac failure quintessentially may lead to death before age of 30. 

JH is genetically heterogeneous and associated with two distinguished 

chromosomal loci. Most patients have mutations in chromosome 1q, but there are rare 

cases in whom mutations have been mapped to a gene encoding hepcidin (HAMP) in 

the chromosome 19 (Roetto et al., 1999; Roetto et al., 2003). Recently Papanikolaou et 

al described the gene associated to 1q-linked JH (Papanikolaou et al., 2004). The locus 

1q21 contains a gene called HJV (previously designated as HFE2), which is probably 

the main causative gene in JH. Interestingly, a recent study proposed that JH is not a 

distinct monogenic disorder invariably due to defective hemojuvelin or hepcidin, but it 

may be genetically linked to the adult-onset form of HH (Pietrangelo et al., 2005). In 

their report, Pietrangelo et al. described two siblings representing JH with combined 

mutations of HFE (C282Y/H63D compound heterozygosity) and TfR 2 (Q317X 

homozygosity). Separately these mutations manifest adult-type HH. This is an 

interesting observation, though it is likely that it explains only minority of cases.        
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Juvenile hemochromatosis was described for the first time as a distinct clinical 

disorder in 1979. Lamon and co-workers illustrated a young woman patient with 

problems presenting heart failure, insulin-dependent diabetes, hepatomegaly and 

secondary amenorrhea, and they also described other 52 patients with symptomatic 

onset of idiopathic hemochromatosis (IH) before age of 30 (Lamon et al., 1979). The 

phenotypic form of JH shares several features with adult HH, but in JH both 

hypogonadism and cardiomyopathy are prominent symptoms. Representative features 

of JH were described as abdominal pain during the first decade of life, hypogonadism 

during the second and cardiac disease during the third decade of life (Cazzola et al., 



1983; De Gobbi et al., 2002). Cardiomyopathy is usually manifested by 

tachyarrythmias, including atrial fibrillation, and also cardiac failure that becomes 

refractory to medication (Cox & Halsall, 2002). Lethal ventricular arrhythmias often 

occur suddenly. In some cases heart transplantation can be successfully carried out to 

save the patient (Jensen et al., 1993; Kelly et al., 1998). Hypogonadism caused by 

hemochromatosis may be due to hypothalamic, pituitary, or gonadal dysfunction or to a 

combination of these (Siminoski et al., 1990; Bhansali et al., 1992; Piperno et al., 1992; 

Duranteau et al., 1993; Oerter et al., 1993). It is typically manifested by infantilism or 

occasionally by secondary hypogonadism following on delayed or incomplete puberty 

(Tweed & Roland, 1998). Liver cirrhosis and especially fibrosis have been also 

documented in patients with JH, but conceivably the pituitary cells and the heart 

myocytes are more vulnerable to iron toxicity in young subjects, as seen also in 

thalassemia major patients (Olivieri & Brittenham, 1997). Other explanation for 

increased pituitary and heart toxicity may be linked to the rapid rate of iron 

accumulation (Camaschella et al., 2002), that is markedly greater in JH than in adult-

type HH and causes earlier toxicity (Cazzola et al., 1983; Cazzola et al., 1998). The 

rapid accumulation exceeds even the protective effect of menses in young females seen 

in HFE-related hemochromatosis and developing hypogonadotropic amenorrhea further 

increases the iron overload.  

The diagnosis of JH in the early stage of the disease is important, since iron 

depletion by repeated venesections can prevent organ damage and all disease 

manifestations (Camaschella, 1998). The diagnostic criteria of JH are based on age at 

presentation, clinical complications, and severity of iron overload. As there may be 

some overlapping between the late appearance of JH and early detection of other HH 

types, age alone is not a sufficient criterion (Adams et al., 1997; Girelli et al., 2002). 

Prevalence of hypogonadism and cardiomyopathy are strong indications of JH. 

Comparison of iron parameters indicates that JH is characterized by the most severe 

degree of iron overload (Cox & Halsall, 2002). Even though the main causative 

mutations in JH have been identified, molecular tests are available only for detecting 

other HH mutations. HFE testing can exclude or detect only the mutations causing the 

major form of the adult-type HH, and heterozygosity for C282Y, H63D and S65C, and 

even homozygosity for H63D have been observed in patients with JH (Kelly et al., 

1998; Rivard et al., 2000; De Gobbi et al., 2002). In spite of these diagnostic problems, 
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early diagnosis of JH is critical since irreversible findings such as cardiomyopathy, 

diabetes mellitus and cirrhosis of the liver denotes poor prognosis.   

There have been no systematic study on the prevalence of JH but sporadic cases 

have been reported world-wide. The majority of cases originate from Greece, Italy and 

Saguenay-Lac-Saint-Jean, a geographically very isolated area of Quebec in Canada 

(Papanikolaou et al., 2001; Rivard et al., 2003; Lanzara et al., 2004; Pissia et al., 2004). 

In the same areas HFE-related hemochromatosis seems to be rather rare: the prevalence 

of C282Y mutation in hemochromatosis patients is 64 % in Italy and only 39 % in 

Greece, whereas it is 80-100% in Western European populations (Carella et al., 1997; 

Piperno et al., 1998; Brissot et al., 1999; Papanikolaou et al., 2001; Papanikolaou et al., 

2004).  

 The severe manifestation of the juvenile type of hemochromatosis has raised 

hypotheses that proteins affected in JH would be linked or be parts of so called 

erythroid regulator (Andrews, 1999a; De Gobbi et al., 2002). As discussed earlier, the 

erythroid regulator has stronger effect on iron metabolism than a so called stores 

regulator. This could describe the differences in severity of JH and classical HFE-

related HH. The latter disease probably results from a defect in the stores regulator.  

 

 

3. Hemojuvelin 

 

3.1 HJV gene and hemojuvelin protein 
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The major causative gene behind the juvenile hemochromatosis has been under 

intensive investigation since it was recognized that HFE gene was not mutated in 

patients with JH. Hepcidin was identified to be a key regulatory protein in iron 

homeostasis, but though hepcidin was found to be mutated in JH it explained only 

minority of the cases (Parkkila et al., 2001; Roetto et al., 2003). The 1q locus was 

mapped in 1999 in families of Italian descent, but the responsible gene remained elusive 

until recently (Roetto et al., 1999). Papanikolaou et al reported the positional cloning of 

the locus associated with JH and the identification of a new gene crucial to iron 

metabolism (Papanikolaou et al., 2004). Causal mutations in an anonymous gene 



LOC148738, now named HJV, was identified in JH families predominantly of Greek 

origin. HJV is a 2.6-kb gene and it is predicted to be transcribed into five alternatively 

spliced isoforms (Fig 4.). The full-length protein from the longest transcript is 426 

amino acids and two smaller are 313 and 200 amino acids transcribed from the 

transcript 2 and three other transcripts respectively. Hemojuvelin has been proposed to 

be a transmembrane protein having a putative integrin ligand Arg-Gly-Asp (RGD) 

motif, GPI-anchor and a partial von Willebrand factor type D domain, but also its role 

as a secreted hormone has been hypothesized. The hemojuvelin isoform of 426 amino 

acids shares considerable sequence similarity with the repulsive guidance molecules 

(RGMs) of human, chicken and mouse. Repulsive guidance molecules constitute a 

novel family of genes potentially involved in neuronal development (Monnier et al., 

2002; Niederkofler et al., 2004).  
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Figure 4. Five alternatively spliced transcripts of HJV (Papanikolaou et al., 2004). 
Transcript 1 produces the full-length protein of 426 amino acids. The protein product of 
transctipt 2 and transcripts 3 to 5 are 313 and 200 amino acids respectively. The 
uppermost drawing shows the longest open reading frame with the protein domains (SP, 
signal peptide; RGD, putative integrin ligand domain; vWF, partial von Willebrandt 
factor; TM, transmembrane domain). 
 

 

A northern blot analysis of HJV expression in human tissues indicated that the main 

expression site of HJV would be in skeletal muscle, liver and heart (Papanikolaou et al., 
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2004). A recent report based on RT-PCR analysis showed a slightly wider distribution 

pattern for human HJV mRNA than observed in earlier studies (Rodriguez Martinez et 

al., 2004). The data also indicated that murine HJV has even wider distribution being 

expressed virtually in all tissues. Krijt et al compared, using quantitative real-time 

polymerase chain reaction, expression of Hamp and HJV in the mouse liver after 

iron,erythropoietin, or lipopolysaccharide (LPS) treatment, as well as during fetal and 

postnatal development (Krijt et al., 2004).They showed that iron overload has no effect 

on HJV mRNA levels in the liver. In contrast, the results indicated that HJV mRNA 

expression could be down-regulated during inflammation.  However, the protein 

structure of hemojuvelin still remains unknown and there are no studies yet available in 

animal or cellular models of hemojuvelin function. 

 

  

3.2 Hemojuvelin in juvenile hemochromatosis 

 

Most of the information about JH is based on the genetic data derived from the 

patients. Since the gene responsible for the chromosome 1q-linked form of 

hemochromatosis was cloned, several mutations in HJV causing juvenile 

hemochromatosis have been identified (Huang et al., 2004; Lanzara et al., 2004; Lee et 

al., 2004b; Papanikolaou et al., 2004; Janosi et al., 2005).  Most mutations generate 

premature termination codons or are missense substitutions affecting conserved amino 

acid residues (Fig 5). In contrast to HFE-related HH in which most of the patients are 

homozygous or compound heterozygous for the common C282Y and H63D mutations, 

the mutations of the HJV gene are mainly private (Lanzara et al., 2004). One mutation 

in the HJV gene, G320V, was indicated to account for two-thirds of the mutations in 

Greek and French families and, because of founder effect and inbreeding, all cases of 

JH in Saguenay-Lac-Jean in Canada (Lanzara et al., 2004; Papanikolaou et al., 2004). 

Italian families predominantly have their own spectrum of mutations.  
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Many of the missense mutations mark domains important for the protein 

function; several mutations occur within von Willebrand factor domain and putative 

integrin ligand (RGD) motif.  A novel mutation presented by Jánosi et al. extends the 

mutation spectrum of the HJV (Janosi et al., 2005). They identified a nonsense mutation 

G66X of the HJV gene causing severe JH. The mutation is located upstream from the 



initiation codons of transcripts 2-5 of hemojuvelin, which indicates that it is unlikely 

that polypeptides of these transcripts are capable of complementing the deficiency of the 

full-length transcript. 
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Figure 5. Schematic presentation of the mutations in hemojuvelin protein. Conserved 
amino acid domains are indicated (SP, signal peptide; RGD, putative integrin ligand 
domain; vWF, partial von Willebrandt factor; TM, transmembrane domain).    
 

 

Since mutations in genes encoding both hemojuvelin and hepcidin set off same 

phenotype, the relationship between these two proteins has been one focus of the 

investigations. The observation that HJV-related JH patients have no measurable 

urinary hepcidin has led to speculations of functional relationship of hepcidin and 

hemojuvelin (Papanikolaou et al., 2004). Based on the finding that hemojuvelin and 

hepcidin are expressed mainly in same tissues and mutated hemojuvelin has an 

inhibitory effect on hepcidin expression, Lanzara and co-workers postulated that 

hemojuvelin might even represent a receptor for hepcidin (Lanzara et al., 2004).  

The severity of the symptoms, poor prognosis if not diagnosed early and indistinct 

diagnostic criteria make JH a challenging clinical problem in the field of iron 

homeostasis. Past few years have opened new avenues to study and brought answers to 

some questions. Still, the field is broad and many questions remain unresolved.              

 

      

 

 

 

26



4. Principles of In situ hybridization method 

 

In situ hybridization (ISH) is a specific method to detect nucleic acid sequences within 

cells by hybridizing a labelled RNA or cDNA probe to target transcript in a tissue 

sample (Gall & Pardue, 1969; John et al., 1969). It was first introduced in 1969 and 

since then it has been an important tool for determining mRNA expression within 

tissues. A major advantage of ISH is its sensitivity and specificity. ISH is able to detect 

small quantities of mRNA as well as slight variations in mRNA levels between cells. 

Comparing to other molecular biology techniques, which are largely based on nucleic 

acids extracted from homogenized tissue samples, ISH is advantageous allowing 

localization and visualization of target nucleic acids sequences within morphologically 

identifiable cells or cellular structures. The protocol of ISH is described in Figure 6.   

In situ hybridization experiments can be performed using either longer DNA or 

RNA probes or short oligonucleotides. Complementary RNA probes are widely used for 

ISH because they have been demonstrated to be more specific and sensitive than cDNA 

probes and oligonucleotides (Cox et al., 1984). RNA probes (also called riboprobes) are 

from 200 to 1000 nucleotides long single-stranded cRNA probes. Because of their size 

RNA probes can be synthesized to obtain high specificity (Wilson et al., 1997). Ability 

to form stable hybrids and having little or no reannealing reaction during hybridization 

are also advantages of RNA probes. Both specific antisense and non-specific control 

sense probes can be synthesized by utilizing SP6, T7 or T3 phage transcription RNA 

polymerase promoters.  RNA probes have higher tendency to bind non-selectively to 

tissue sections than DNA probes. This source of background can be minimized by 

treating specimens with acetic anhydride and triethanolamine (Hayashi et al., 1978). 

Another problem of RNA probes is their proclivity to easily degrade by RNases; hence 

strictly RNase-free precautions are necessary during the protocol.   

Both radioactive and non-radioactive compounds can be used for labelling ISH 

probes. Most commonly used radioactive isotopes are 33P, 32P and 35S. 33P labelled 

probes are commonly considered better since they result in lower background and 

higher resolution as compared to 35S labelled RNA probes (Durrant et al., 1995). Non-

radioactively labelled probes can also be used. The most often used non-isotopic labels 

are digoxigenin and biotin. The sensitivity of the non-isotopic labels is generally not as 
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high as radiolabelled probes, but their advantages are better stability and shorter 

processing times (Looi & Cheah, 1992).  

Visualizing the radioactive signal is based on the photographic process in which 

specimen slides are emulsified with autoradiographic nuclear emulsion (Blundell & 

Rotblat, 1951; Brady & Finlan, 1990). An autoradiographic emulsion is a dispersion of 

silver halide crystals in gelatine matrix. When emulsion is exposed to ionizing radiation 

or light, clusters of silver atoms are produced in a reaction where Ag+ ions are reduced 

to metallic silver. Since the silver clusters are not visible before developing they are 

called latent image centres. The latent image centres are developed and fixed by normal 

photographic procedures. The results are best seen using dark-field microscope where 

developed image centres are seen as white specks. When using light-field microscope 

the developed image centres can be seen as black specks.  

Though, ISH is an advantageous method in molecular biology there are several 

parameters to optimize in order to get good results. These include retention of tissue 

morphology, rendering tissue permeable to probe, retaining target mRNA within the 

tissue, effective penetration and binding of probes, and reduction of non-specific 

background (Cox et al., 1984).  
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Figure 6. Principles of ISH protocol. Specific antisense probe and control sense probe 
are synthesized and labelled using either radioactive or non-radioactive compounds. 
Probes are hybridized on tissue sections and the hybridized probes are detected using 
either autoradiography for radioactively labelled probes or direct fluorescence or 
antibody for non-radioactive probes. (Polak & McGee, 1990) 
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AIMS OF THE RESEARCH 
 

The specific aims of present study were: 

 

- To elucidate mRNA distribution of iron regulatory protein hemojuvelin 

in murine tissues 

- To investigate hemojuvelin protein expression in murine tissues 
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MATERIALS AND METHODS 
 

1. Tissue samples 

 

In order to study HJV mRNA expression in adult murine tissues, samples of the liver, 

brain, kidney, spleen, pancreas, heart, thymus, lung, stomach, duodenum, colon and 

skeletal muscle were obtained from adult Balb/c mice. Tissue sections were fixed in 

paraformaldehyde and embedded in paraffin.  

For immunohistochemistry tissue samples of the liver, brain, kidney, stomach, 

duodenum, colon, endometrium, heart, spleen, skeletal muscle and pancreas were 

obtained from female Balb/c mouse and fixed in formalin. All procedures were 

approved by the institutional animal care committee (University of Tampere). 

 

2. Cloning of the murine HJV cDNA 

 

To prepare cDNA template for HJV RNA probe we first created a plasmid construct. 

Rodriguez Martinez et al. (Rodriguez Martinez et al., 2004) have described HJV mRNA 

to be expressed in mouse blood, and thus, we used blood as a source for cDNA. cDNA 

sample was prepared in our laboratory as follows: Total RNA from mouse blood 

(pooled from 5 adult Balb/c mice) was prepared using TRIZOL reagent (Invitrogen 

Corp., Carlsbad, CA, USA). cDNA was synthesized from total poly(A) RNA using M-

MuLV reverse transcriptase (Finnzymes Oy, Espoo, Finland) with random primers (0.5 

mg/ml) according to the manufacturer’s instructions.    

A template for RNA probe was prepared by synthesizing a 455-bp cDNA by 

PCR from the cDNA sample. Template included nucleotides 945 to 1399 in the fourth 

exon corresponding to the amino acids 230-381(Papanikolaou et al., 2004). Template 

was chosen based on the information about human HJV mRNA splice variants 

(Papanikolaou et al., 2004), though, there is no information available whether mice have 

similar alternative splicing. The primers (Table 1) for amplifying mouse HJV were 

designed based on the published mouse HJV mRNA sequence (GenBank NM_027126) 
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using commercial Primer designer -software (Primer designer, version 1.01, Scientific 

and Educational Software).   

 

Table 2. Primer sequences. 

Purpose   Primer sequences (5’ – 3’) 

HJV 1. 5’-GGCTGAGGTGGACAATC-3’  (Sigma Genosys, UK) 

cDNA1 2. 5’-CAAGAAGACTCGGGCATC-3’ (Sigma Genosys, UK) 

  

Orientation2    1. 5’-CCATAGATACTGCCAGAAGG-3’ (Sigma Genosys, UK) 

  

2. 5’-CCTTCTGGCAGTATCTATGG-3’ (Sigma Genosys, UK) 

3. 5’-TAATACGACTCACTATAGGGCG-3’ (Sigma Genosys, UK) 

 
1 Primers for amplification of mouse HJV cDNA were prepared according to the 
published mouse HJV mRNA sequence (GenBank NM_027126).  
2 Primers 1 and 2 for verifying the orientation of the cloned PCR product were designed 
according to the mouse HJV sequence and primer 3 according to pGEM-T Easy Vector 
system sequence (Promega Corp., Madison, WI, USA).    
 

Amplification was performed using 2-3 ng of cDNA template and BD Advantage 2 

polymerase (BD Biosciences, San Jose, CA, USA) in a thermal cycler (Biometra, 

Göttingen, Germany) as follows:  

 

Denaturation  94 oC 1 min 

 30 cycles of 

Denaturation 94 oC 30 sec 

Annealing 55 oC 30 sec 

 Elongation 72 oC 1 min 30 sec 

Final extension 70 oC 10 min 

 

The PCR product was analyzed by electrophoresis on 1.0% agarose gel containing 0.1 

µg/ml ethidium bromide with DNA standard (GeneRuler™ 100bp DNA Ladder Plus, 

Fermentas Inc., USA). The amplification product was purified from agarose gel using 

GFXTM PCR DNA and Gel Band Purification kit (Amersham Biosciences, 

Buckinghamshire, UK). 
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The plasmid construct was prepared by ligating the PCR product into 

commercial pGEM-T Easy Vector (Promega Corp.) and transforming it into OneShotTM 

TOP10 chemically competent E.coli (Invitrogen Corp.,). Plasmid DNA was isolated 

using QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany).  

Because same template was used for transcribing both antisense and sense probe 

the sequences and the orientation of the cloned PCR product was verified using two 

complementary primers designed according to the mouse HJV sequence and one primer 

according to pGEM-T Easy Vector sequence (Promega Corp.) (Table 1). Amplification 

was performed using ReddyMix™ PCR Master Mix (Abgene House, UK) in a thermal 

cycler (Biometra) as follows: 

 

Denaturation  94 oC 2 min 

 30 cycles of 

Denaturation 94 oC 30 sec 

Annealing 60 oC 30 sec 

 Elongation 72 oC 1 min 30 sec 

Extension 72 oC 10 min 

 

The PCR product was analyzed by agarose gel electrophoresis as described above. 

 

 

3. In situ hybridization 

 

In situ hybridization was performed as described in earlier studies with slight 

modifications (Heikinheimo et al., 1994).  33P-labelled antisense riboprobe recognizing 

transcripts of the HJV gene was prepared by in vitro transcription using commercially 

available Riboprobe™ in vitro Transcription System (Promega Corp.). The plasmid was 

linearized with bacterial endonuclease Nco I (New England Biolabs Inc., Beverly, MA, 

USA) and transcribed in vitro with T7 RNA polymerase in the presence of [α-33P]-UTP 

(~2500 Ci/mmol, Amersham Life Sciences, Buckinghamshire, UK or Perkin Elmer Inc., 

Wellesley, MA, USA). Sense riboprobe for HJV was generated with Sp6 RNA 

polymerase after linearization with bacterial endonuclease Sal I (Fermentas Inc.). 
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Linearized vector was purified from enzymatic reaction using QIAquick Nucleotide 

Removal Kit (Qiagen) and ethanol precipitated in order to get enough concentrated 

products for in vitro transcription. In vitro transcription products were purified using 

QIAquick Nucleotide Removal Kit (Qiagen). 

 

Specimen slides were subjected to in situ hybridization as follows. 

 

1. In order to increase the probe penetration in to the specimen, the tissue 

sections (8µm) were permeabilized with proteinase K (10 µg/ml) in 0.05 M 

EDTA/0.1 M Tris-HCl (pH 8) at 37 oC for 90 minutes. Proteinase K treatment 

is a standard procedure particularly with paraffin sections. The treatment 

removes proteins that decrease probe penetration and accessibility (Lawrence 

& Singer, 1985).  

  

2. Autoradiography background was minimized by immersion in 0.1 M 

triethanolamine (pH 8) for 3 minutes and in a solution containing 0.25 % 

acetic anhydride (Applied Biosystems, Foster City, CA, USA) in 0.1 M 

triethanolamine (pH 8) for 10 minutes.  

 

 

3. The riboprobe produced by in vitro transcription  was diluted into a buffer 

containing 0.5 vol deionized formamide, 0.2 vol 50 % dextransulfate, 5 x 

Denhardt’s solution and 40 µg of Sheared Salmon Sperm DNA (Ambion Inc., 

Austin, TX, USA) in 10 mM Tris-HCl/1 mM EDTA/0.3 M NaCl. 

 

  

4. The sections were incubated with [α-33P]-labeled antisense or sense riboprobe 

in a total volume of 80 µl (specific activity ~1 x 106 cpm per slide). Tissue 

sections were covered with coverslips and incubated at 60 oC for 16-24 hours 

in a humid chamber.  
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5. After hybridization, coverslips were removed and slides were subjected to 

post-hybridization treatment. 

 

  

- Slides were washed at high-stringency by immersion in 4 x standard 

saline citrate (SSC) once for 20 minutes and five times for 5 minutes at 

room temperature (RT) to reduce non-specific background 

  

- Unhybridized, single-stranded riboprobe was removed by treatment with 

solution of RNase A (20 µg/ml) in 0.5 M NaCl/10 mM Tris-HCl/1 mM 

EDTA (pH 8) 

 

 

- High-stringency washes in SSC as follows: 

 

2 x SSC at RT two times for 5 minutes 

1 x SSC at RT for 10 minutes  

0.5 x SSC at RT for 10 minutes 

0.1 x SSC at 60 oC for 30 minutes.  

 

- The sections were dehydrated through graded concentrations of ethanol 

and air-dried.  

 

6. The slides were emulsified using Ilford K5 nuclear emulsion (ILFORD 

Imaging Corp., Cheshire, UK) for autoradiography. After 12 days, the slides 

were treated in Ilford Phenisol developer and counterstained with Mayer’s 

hematoxylin. 

  

7. The sections were analyzed and photographed with Zeiss Axioskop 40 light-

/darkfield microscope (Carl Zeiss, Göttingen, Germany).  
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4. Immunohistochemistry 

 

In the mouse tissues, the expression and localization of hemojuvelin was examined by 

immunoperoxidase staining method. We used the rabbit anti-mouse HJV antibody 

which has been produced and characterized earlier (Rodriguez Martinez et al., 2004). 

All experiments included control staining with non-immune normal rabbit serum (NRS) 

and peptide control staining. Peptide controls included preincubation of the primary 

antibody with the peptide against which it was generated (peptide control) for 1 hour. 

The staining was carried out using automated Lab Vision Autostainer 480 

(ImmunoVision Technologies Co.., Brisbane, CA, USA) and Power Vision+™ Poly-

HRP IHC Kit (ImmunoVision Technologies Co.) reagents according to the following 

protocol: 

 

1) Pretreatment of the sections with 0.05 % citraconic anhydride at 98 oC 

for 45 min.  

2) Rinsing the sections in wash buffer. 

3) Endogenous peroxidase was blocked with treatment in 3 % H2O2 in 

double-distilled water for 5 min and rinsing in wash buffer. 

4) Non-specific binding of the antibody was blocked using Universal IHC 

Blocking/Diluent for 30 min and specimen were rinsed in wash buffer. 

5) The sections were incubated for 30 min with the primary antibody (rabbit 

anti-mouse HJV) or NRS diluted 1:3000 in Universal IHC 

Blocking/Diluent. After 30 min, the sections were rinsed in wash buffer 

and soaked in buffer for 5 min, two times. 

6) The sections were incubated in Poly-HRP-conjugated anti-Rabbit IgG 

for 30 min and rinsed well with the wash buffer and soaked in the buffer 

for 5 min, two times 

7)   DAB (3,3’-diaminobenzidine) solution was prepared mixing one drop 

(33 µl) DAB solution A and one drop DAB solution B with double-

distilled water. The sections were incubated in DAB for 6 min. In tissues 

a chromogen solution DAB is converted by peroxidase (HRP) into 

insoluble deposit. 
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8)   Signal was enhanced with CuSO4 treatment for 5 min and the sections 

were rinsed in wash buffer. 

 

The sections were mounted in Entellan (Merck KgaA, Darmstadt, Germany). Finally 

the sections were examined and photographed with a Zeiss Axioscope 40 microscope 

(Carl Zeiss, Göttingen, Germany). 
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RESULTS  
 

1. Cloning of the murine HJV cDNA 

 

The murine HJV cDNA was amplified from the cDNA prepared from mice blood 

samples. Amplification with murine HJV-specific primers produced various bands 

when analyzed by agarose gel electrophoresis. However, the 455-bp band has been 

shown to represent the correct amplification product (Rodriguez Martinez et al., 2004). 

Agarose gel electrophoresis analysis of the obtained product is shown in Figure 7A. 

The cDNA template was cloned to pGEM-T Easy vector by TA-cloning and the 

results of the ligation and the direction of the template was verified by PCR using two 

complementary primers designed according to mouse HJV sequence and one primer 

according to the vector sequence, upstream from the template. When the template had 

right orientation 395-bp product was produced and when it had reverse orientation the 

product was 217-bp. The agarose gel electrophoresis analysis of the orientation of two 

samples is shown in Figure 7B. 

 

 
  

Figure 7. Agarose gel electrophoresis analysis of the amplified HJV cDNA template 
(A). Agarose gel electrophoresis analysis of the orientation of two HJV templates 
ligated to pGEM-T Easy vector (B). The 217-bp sized band represents reverse 
orientation of the cDNA in the vector, while the 395-bp band is in forward orientation.    
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The template plasmid was linearized using NcoI and SalI restriction enzymes. NcoI was 

used to produce antisense probe and SalI to produce sense probe. Figure 8A shows the 

agarose gel electrophoresis analysis after linearization. After linearization the samples 

were purified and ethanol-precipitated in order to concentrate the samples. The 

templates for in vitro transcription analyzed with agarose gel electrophoresis are shown 

in Figure 8B. 

 

 
 

Figure 8.  Duplicates of SalI and NcoI digested template plasmids are shown in panel 
A. Panel B shows the ethanol-precipitated cDNA templates for in vitro transcription.   

 

          

2. In situ hybridization 

 

HJV mRNA expression and localization detected by in situ hybridization are shown in 

Figure 9. On average the expression was low or moderate; no tissue showed high 

expression level.  

Low signal density was observed in the kidney. The positive signal was detected both in 

the cortex and medulla, but the most intense labelling was located to the cortical tubular 

cells. In the pancreas low signal density was detected in the exocrine cells. The brain 

tissue showed low signal density. The signal in the brain was not restricted to any 

particular cell type. HJV mRNA expression in the liver was low or moderate. 

Interestingly, signal was not restricted only to the hepatocytes, but moderate signal 

density was also observed in the sinusoidal walls. Very low signal density was detected 
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in the stomach and it was localized in the epithelial cells. However, other parts of the 

gastrointestinal tract including duodenum and colon showed negligible signal density.  

Tissues that were mainly negative or showed only negligible signal were the duodenum, 

colon, heart, spleen, thymus and lung. In the duodenum, colon, and spleen specimens 

relatively high background signal was detected which did not differ from the labelling 

with the control sense probe.  

    

3. Immunohistochemistry 

 

Immunohistochemical analysis demonstrated that hemojuvelin protein was detectable in 

the kidney, pancreas, endometrium and smooth muscle of the colon. The results of 

immunohistochemical staining are presented in Figures 10 and 11. In the kidney, 

staining was mainly restricted to the cortex tubular cells. In the endometrium, staining 

was restricted mainly to the endothelial cells which showed moderate signal density. 

Hemojuvelin protein was present in the exocrine cells of the pancreas; the endocrine 

cells showed no staining.  Moderate reaction was detected in the smooth muscle layer 

beneath the colonic mucosa, and the epithelial and mucosal cells were devoid of 

reactivity. The expression was not distributed uniformly in the smooth muscle tissue. It 

was restricted to colon, where only a few cells were positive. In the liver, stomach, 

duodenum, and brain staining did not differ markedly from the peptide control. 

However, these samples had higher staining density compared to non-immune normal 

rabbit serum -controls. The samples of the colon, spleen, thymus, ovario, submandibular 

gland, lung, skeletal muscle and heart were negative. 
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Figure 9.  In situ hybridization for HJV mRNA in adult mouse tissues.  
The hybridization results with antisense probe are shown in panels A – I. Cortex (A) 
and medulla (B) of the kidney show weak signal densities. In the brain (D), signal 
density is moderate and shows wide distribution. In the pancreas (C), the expression is 
located mainly in the exocrine cells. In the liver (E), the signal density is weak. The 
expression in the liver is located both in hepatocytes and sinusoidal cells which 
indicates HJV expression either in the blood or in the sinusoidal lining cells.  The 
expression in the stomach (F) and heart (G) is very weak. Hybridization signal in the 
thymus (I) is negligible. High background signal is observed in the spleen specimen (F). 
Original magnifications x 400 (A-I).  
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Figure 10. Distribution of immunoreactive HJV in adult mouse tissues using anti HJV 
antibody. Staining results with the antibody are shown in panels A, D, G, and J. 
The expression in the colon smooth muscle was moderate and restricted to some cells 
only (A). The other layers of the colonic wall remained negative (data not shown). In 
the endometrium, weak signal was detected in the epithelial cells (arrowheads in the 
panel D). In the brain (G), immunoreaction for HJV was weak and some reaction is also 
seen in the peptide control. However, a clear difference in signal density between HJV 
antibody and peptide control is seen. In the kidney (J), the strongest immunostaining 
reaction was seen in the cortex where it was restricted to tubular cells (small arrows). 
The negative reaction in the glomerular cells is indicated with arrowheads in panel 
G.The control immunostaining with NRS was negative in all cases (B, E, H, K). Peptide 
controls are shown in panels C, F, I, and L. 
Original magnifications x 200 (J-L), x 400 (A-I) 
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Figure 11.  Distribution of immunoreactive HJV in adult mouse tissues using anti-HJV 
antibody. Staining results with the antibody are shown in panels A, D, and G. 
The HJV immunoreaction in the pancreas (A) was moderate and located in exocrine 
cells (arrowheads), whereas endocrine cells remain negative (small arrows). Expression 
in the liver (D), duodenum (G), and stomach (data not shown) was very weak. The 
control immunostaining with NRS was negative in all cases (B, E, H). Peptide controls 
are shown in panels C, F, and I. Original magnifications x 200 (D-F), x 400 (A-C, G-I)    
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DISCUSSION 

 

Hemojuvelin (HJV) is a recently discovered protein which may play a role in the 

regulation of iron homeostasis. Mutations in HJV gene appear to result in iron 

accumulation in the body manifesting a severe iron overload disease called juvenile 

hemochromatosis. Since very little has been known about the localization of HJV, we 

set out to study its mRNA expression in several adult murine tissues by in situ 

hybridization and hemojuvelin protein distribution by immunohistochemistry. 

 

 

1. Expression and distribution of HJV mRNA and protein 

 

In general, the expression of HJV in mouse tissues has been shown to be wider than in 

human tissues. HJV distribution in humans has been reported in the skeletal muscle, 

liver and heart (Papanikolaou et al., 2004). According to the present and previous 

(Rodriguez Martinez et al., 2004) studies it seems apparent that HJV mRNA is 

expressed in the mouse brain, liver, pancreas and kidney. Also endometrium showed 

HJV expression in the present study detected by immunohistochemistry. Conversely, 

the HJV expression in the heart has shown variable results in mouse, while in human, it 

has been considered as a positive tissue. In this study, mouse heart tissue was found 

negative or only very weakly positive with both methods used. In addition, skeletal 

muscle has shown prominent expression for HJV in human (Papanikolaou et al., 2004), 

but the present immunohistochemical analysis showed no signal in mouse. Previous 

RT-PCR results have shown high HJV mRNA expression in the blood (Rodriguez 

Martinez et al., 2004). Therefore, one could expect that most tissues might show 

positive signal in RT-PCR because of contamination with blood cells. On the other 

hand, our present results suggest that HJV expression is generally absent in the 

lymphatic tissue. Based on that finding, it would be very interesting to analyze different 

groups of leukocytes such as granulocytes and monocytes for HJV expression. Positive 

signal in those cell types would partly explain the observed discrepancies between 

different studies.  
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1.1 Liver 

 

In the present study, both in situ hybridization and immunohistochemistry showed 

signal in the liver. The hepatocellular distribution of HJV was expected since liver has 

considered as one of the most important tissues for iron allocation (Krijt et al., 2004; 

Papanikolaou et al., 2004).  However, the overall signal density was low, suggesting 

that HJV may not play such an important physiological role in the liver. HJV expression 

was also detected by in situ hybridization in the liver sinusoids, which may contribute to 

HJV location in the Kupffer cells or in the blood. The previous RT-PCR study showed 

high expression of HJV in the blood (Rodriguez Martinez et al., 2004), yet there is no 

further information which cell types in the blood are the major source for the HJV 

expression. 

 

1.2 Pancreas 

 

HJV expression has not been studied previously in pancreas. The present in situ 

hybridization and immunohistochemistry analysis demonstrated moderate expression of 

HJV in the exocrine pancreatic cells. The endocrine cells were devoid of reaction in 

both studies. As described in literature pancreatic dysfunction is often related to iron 

accumulation in HH (Camaschella et al., 2002; Pietrangelo, 2004). Diabetes is the most 

often described clinical symptom caused by pancreatic dysfunction. These findings 

suggest that pancreatic endocrine cells may be more vulnerable to oxidative stress 

caused by iron accumulation and free-radical formation. It has been shown that in HFE-

related HH the excess iron results in pancreatic β-cell oxidant stress and decreased 

insulin secretory capacity secondary to β-cell apoptosis and desensitization of glucose-

induced insulin secretion (Cooksey et al., 2004). Even though HJV is not expressed in 

the pancreatic islet cells, the defect in HJV-modulated iron metabolism seems to result 

in an endocrine dysfunction. It remains to be studied, however, whether this reflects a 

functional defect in the pancreatic exocrine cells or in some other HJV-positive cell 

types.  
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1.3 Kidney 

 

Northern blot (Papanikolaou et al., 2004) and RT-PCR (Rodriguez Martinez et al., 

2004) analysis made with human tissues implied that HJV is not expressed in the human 

kidney. In contrast, the previous RT-PCR and Western blot analysis as well as the 

present in situ hybridization and immunohistochemical analysis show that HJV is 

expressed in the mouse kidney. The reaction is abutted on tubular cells of the cortex. 

These findings may suggest a specific role for HJV in mouse renal tubules. However, it 

remains unclear whether there is some substitutive system for the possible function of 

HJV in the human kidney or could the variation between these species expounded on 

e.g. different spliced isoforms.  

Though, iron homeostasis is mainly accepted to be controlled in the liver and  

gastrointestinal tract, recent studies have shown that the kidneys are also involved in 

iron metabolism (Gunshin et al., 1997; Ferguson et al., 2003; Wareing et al., 2003). 

Kulaksiz and co-workers localized the peptide hormone hepcidin in the kidney of three 

mammalian species (human, mouse, and rat) and the highest immunoreactivity was 

measured in the thick ascending limb of the cortex and in connecting tubules (Kulaksiz 

et al., 2005). They suggested that besides that hepcidin would be eliminated in the 

kidney it would also be produced as an intrinsic peptide in the epithelial tubule and duct 

cells of the kidney and might be released luminally into the urine, implicating a 

regulatory role for hepcidin in the kidney and/or urinary tract. Interestingly, these recent 

results correlate rather well with the localization of HJV in the present study. Since the 

connection between these two iron regulatory proteins has been suggested, it seems 

feasible that further investigations on the role of the kidney in iron homeostasis are 

needed. 

 

1.4 Brain 

 

HJV is homologous to a group of proteins called repulsive guidance molecules (RGM). 

In contrast to HJV, no other members of this group have been related to iron 

homeostasis but many of them have been connected to neuronal development (Monnier 

et al., 2002; Niederkofler et al., 2004; Oldekamp et al., 2004). The present study and the 
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previous RT-PCR and Western blot analysis showed moderate expression of HJV in the 

brain tissue. The expression was not localized by in situ hybridization or 

immunohistochemistry to any particular cell type but the reaction was found throughout 

the tissue. Since HJV is not expressed according to the previous results in the human 

brain tissue (Papanikolaou et al., 2004; Rodriguez Martinez et al., 2004), it is possible 

that mouse HJV could have some differential role in the brain in connection with other 

RGM homologues. Mouse RgmA and RgmB which are homologous for mouse HJV 

have been shown to be expressed in scattered cells throughout the brain of adult mouse 

(Schmidtmer & Engelkamp, 2004). However, strong labelling of the HJV homologues 

was observed in the restricted parts of the cerebellum.     

 

1.5 Summary of the results 

 

Overall, both methods used in the present study showed quite similar results and both 

agreed rather well with the results of previous RT-PCR and Western blot analyses 

(Rodriguez Martinez et al., 2004) (Table 3). The variation between the ISH and IHC 

results may be explained by the higher sensitivity of the in situ hybridization method. 

The RT-PCR method is the most sensitive of the methods used so far to detect HJV 

gene expression in mouse tissues and it has indeed shown the widest expression pattern 

of HJV.    

However, as discussed in the previous studies (Leboeuf et al., 1995; Fleming et al., 

2001; Rodriguez Martinez et al., 2004), the expression of iron regulatory proteins can 

be affected by several environmental and genetic factors, and it is thus obvious that 

some variation can be observed in the mRNA and protein expression in different mouse 

strains or colonies. Since very little is known about the regulation of HJV gene 

expression it is also possible that the variation between ISH and ICH could be explained 

by post-transcriptional regulation. Human hemojuvelin is transcribed as five spliced 

isoforms which produce protein products sized 200 to 426 aa (Papanikolaou et al., 

2004). It is not known whether murine hemojuvelin has this kind of splicing variation, 

but it could affect to results that were obtained in this study. 
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Table 3. Summary of the HJV distribution in mouse tissues and organs 

Tissue or organ In situ 

hybridization 

Immunohistochemistry RT-PCR* Western 

Blot* 

Stomach -/+ -/+ + - 

Colon - - + - 

Duodenum - -/+ + - 

Liver + -/+ + + 

Pancreas + ++ ND ND 

Kidney + + + + 

Spleen - - + - 

Thymus - - + - 

Lung - - + - 

Heart -/+ - + + 

Endometrium ND ++ ND ND 

Brain + -/+ + + 

Smooth muscle 

(colon)  

- + ND ND 

Skeletal muscle ND - ND + 

* The data adopted from previous study (Rodriguez Martinez et al., 2004). Scores in 
RT-PCR and Western blot: negative (-) or positive (+). Scores in in situ hybridization 
and immunohistochemistry: strong signal (+++), moderate signal (++), weak signal (+), 
very weak signal or only slight difference when compared with peptide control in IHC 
(-/+), no signal (-), not done (ND) 
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2. Methodological aspects of the in situ hybridization and 

immunohistochemistry 

 

2.1 In situ hybridization 

 

Even though in situ hybridization is an advantageous method providing a chance to 

detect and localize the gene expression at mRNA level in situ, still, in the worst case the 

resolution and reliability of the results may be poor. The treatment required to minimize 

the background and increase the penetration of the probe as well as the RNase and 

proteinase treatments may disturbe the tissue morphology quite significantly. 

Localization and visualization of target nucleic acid sequences within morphologically 

identifiable cells or cellular structures may become only a distant dream. However, 

when the reaction environment is optimized, in situ hybridization can come up to 

expectations. Especially in a situation when immunohistochemical analysis cannot be 

performed or the gene is known or expected to be expressed in spliced isoforms, in situ 

hybridization provides a sensitive analysis method. The present study, in which HJV 

expression was shown to be low in various tissues, in situ hybridization and 

immunohistochemistry offer results that support each other. In addition, combining two 

methods may provide important knowledge of differential expression of mRNA and 

protein of interest.      

Working with the radioactive label bring along its own challenges. Although the 

work with radioactive compounds is strictly controlled, they cause a redundant health 

risk. Rather poor tissue morphology combined with dark-field microscopy required for 

analysis can make identification of different cell types as well as cellular structures 

difficult. This problem might be solved by using non-radioactively labelled probes. 

Even though there has been a considerable improvement in specificity and sensitivity of 

the non-isotopic probes, the radioactive probes are still considered generally to be 

better. However, better stability of the probe and shorter processing times are great 

advantages of the non-radioactive probes, which allow better optimization of the 

protocol. When planning the present study, the better sensitivity and eminent knowledge 

of the technique within our collaborator group were the major advantages that favoured 

the choice of the radioactive label. 
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A problem that appeared in the present study was the high level of background. 

The background is not necessarily a huge problem when the expression of the gene is 

moderate or high. However, when the expression is low, the signal is easily lost or 

cannot be distinguished from the background. Typically several chemical functional 

groups in proteins (such as amine and carboxylate groups) are believed to induce this 

non-specific binding. A common solution for this is to treat the tissue slides with acetic 

anhydride and triethanolamine (Hayashi et al., 1978). Another way to decrease non-

specific probe binding is to saturate the binding sites on proteins by incubating tissue 

with prehybridization solution, which typically includes ficoll, bovine serum albumin, 

polyvinyl pyrrolidone, and nucleic acids. Since acetic anhydride and triethanolamine 

treatments were performed routinely in our protocol, incubation with prehybridization 

solution could have provided a better result in the present experiments which showed 

relatively high background signal.      

Overall, in situ hybridization is a method that requires substantial amount of 

optimization. However, when the demands of the method are met, the technique is 

sensitive and specific enough to detect a few mRNA molecules in a single cell, as well 

as slight variations in mRNA levels between the cells. 

 

2.2 Immunohistochemistry 

 

Immunohistochemistry is probably the most often used method for detecting gene 

expression at protein level in situ. Automated staining protocol enhances the quality and 

reliability of the results. However, there are still some problems to resolve. As seen in 

the present study, staining was not completely abolished by pre-incubating the affinity-

purified antibody with control peptide in all specimens. The solution for this problem 

may lie in the reaction environment, e.g. the citraconic anhydride treatment performed 

in the present study markedly improved the results. 

Overall, the immunohistochemistry method is usually not as sensitive as e.g. in 

situ hybridization. However, if good antibody is available, it provides a specific method 

to analyze gene expression and localization at protein level.             
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CONCLUSIONS 
 

 

- HJV is expressed in variable mouse tissues – not only in those classically 

considered the most important for iron allocation 

 

- Different expression pattern in mouse compared to human may indicate 

different role of HJV in mouse tissues or post-transcriptional or post-

translational regulation 

 

- Further studies are required to study 

 

- HJV expression in the blood and what cell type in blood expresses 

HJV 

 

- Pancreatic expression of HJV in human and mouse, and its possible 

function in endocrine cell dysfunction when mutated   

 

- HJV expression in the kidney and its possible connection to 

hepcidin 

 

- Whether other mammals e.g. mouse have same kind of splicing 

variants as human and if they are differentially expressed 

 

- Subcellular localization of HJV using immunofluorecense 
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