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Summary 

Amelogenin (AMEL) is the most abundant protein in developing enamel. Proper processing 

and function is crucial for normal enamel development, as illustrated in AMEL gene knock out 

mice that have hypoplastic enamel.  The main goal of this master thesis is to give an overview 

of amelogenin function and significance for normal enamel development with particular 

emphasis to celiac disease associated developmental enamel defects. Untreated celiac 

children have increased anti-gliadin and anti-AMEL antibodies presumably due to structural 

homologies. Thus, anti-gliadin antibodies may cross-react with AMEL and disturb normal 

enamel production. Approximately 40% of all celiacs have developmental enamel defects 

(DED). We will review the role amelogenin has in amelogenesis, and how celiac disease 

associated immune response to gliadin may cross-react to different AMEL peptides. We have 

illustrated this with an experiment that is part of a PhD degree project performed at the 

Institute of Oral Biology at the University of Oslo. Protein dot blots was used to detect IgA 

anti-AMEL immune reactivity in blood or serum from untreated celiac disease children. In 

particular, whether the anti-AMEL immune response included reactivity to the leucin rich 

amelogenin peptide (LRAP), suggested to be an important signaling peptide. 

Introduction 

Enamel and enamel development 

Enamel is the hardest substance in the human body, and contains the highest percentage of 

minerals – 96% minerals and 4% water and organic materials. The primary mineral is 

hydroxyapatite (HAP). During enamel development, the enamel matrix is composed of enamel 

matrix proteins released from the ameloblasts.  Enamel development is a dynamic process 

which has been divided into four stages based on AMEL production: the presecretory, 
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secretory, transition and the maturation stage (1). The enamel organs consists of the outer 

enamel epithelium, stellate reticulum, stratum intermedium and the inner enamel epithelium 

where ectodermal derived ameloblasts cells secrete enamel matrix proteins (amelogenin) and 

proteinases as soon as dentin is made (2). Matrix mineralization starts immediate thereafter 

and produces organized mineral ribbons with its characteristic rod and interrod pattern (1).  

Predentin from odontoblasts induce inner epithelium cells near the dentin enamel 

junction (DEJ), to become pre-ameloblasts that elongates and further matures into post 

mitotic, closely aligned secretory ameloblast (3). 

In the secretory stage, ameloblasts have high synthetic and secretory activity. They are long 

columnar cells with a Tomes’ process at the enamel producing apical end. The enamel matrix 

proteins are simultaneously secreted from all ameloblasts within a row. The ribbons of enamel 

crystals elongate from the apical front (3). While secreting large amounts of enamel matrix 

protein, the ameloblasts move away from the DEJ, so that the enamel layer can thicken. The 

main structural proteins secreted by ameloblasts include amelogenin (AMELX), enamelin 

(ENAM), ameloblastin (AMBN), amelotin, and the proteinases matrix metalloproteinase-20 

(MMP-20, previously named enamelysin) and kallikrein-4 (KLK-4) (4). AMELX, ENAM and 

AMBN proteins may contribute to the appositional enamel thickness growth, whereas 

MMP20/Enamelysin and KLK-4 is involved in the post secretory processing and degradation 

of these enamel proteins.  

The transition stage is between the secretory and the maturation stage. Prior to when the 

enamel layer reaches its full thickness, ameloblasts retract their Tomes’ process, and secrete 

a final coating of aprismatic enamel before transitioning into shorter cuboid maturation post 

secretory  cells (1) with reduced secretory activity of other types of proteins.   
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The primitive enamel contain enamel fluid and matrix proteins that must be removed in 

order to produce mature enamel which take place in the maturation stage.  The enamel 

crystals grow in the maturation stage as matrix proteins and enamel fluid are removed. 

Kallikrein related pepsidase-4 (KLK4) secreted from the post secretory ameloblasts, degrades 

the accumulated protein matrix, and their activities harden the enamel layer (1). 

 

Amelogenin 

The hydrophobic,  25 kDa large Amelogenin is the most abundant enamel matrix protein in 

enamel formation (3) (5). About 90% of the amelogenin is expressed from the human X 

chromosome, but a minor proportion (10%) is expressed from the Y chromosome in males (6). 

Salido et. al. concludes that both the X- and Y-linked amelogenin (AMELX/AMELY) are 

transcriptional active during male enamel formation, and that these undergo alterative 

splicing resulting in a Y-derived mRNA that is different from X-derived mRNA (7). Still, the 

amount of AMELY made from the Y-linked amelogenin is so small that it can not compensate 

for fault in the AMELX-gene. AMELX is therefore the dominating AMEL protein produced and 

therefore the most interesting protein to examine. AMEL is heterogeneous in enamel matrix 

due to enzymatic processing and alternative splicing.  LRAP and tyrosin-rich amelogenin 

peptide (TRAP) are examples of such cleavage products that serve separate functions. 
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Structural properties of Amelogenin 

Amelogenin has a hydrophilic and a hydrophobic terminus, which gives AMEL the ability to 

assemble in different ways depending on surrounding matrix conditions. Although most 

structural studies uses animal AMEL, sequence and enamel structural homology make these 

studies of interest for human amelogenesis. 

The Amelogenin sequence is usually divided into three amino acid domains (6): 

 

Amino terminal domain – The N-terminal domain with a hydrophobic tyrosine-rich region. 

Central domain – A prolin-rich region with a central hydrophobic core. 

Carboxy terminal domain – The hydrophilic C-terminal domain at the end of the protein. 

 

Several studies have shown that the N- and C-terminal regions are highly conserved in 

mammalian species and may therefore be of outmost importance in the enamel 

development and mineralization process. (6) The alternative spliced product, the leucin-rich 

amelogenin peptide (LRAP) where the N- and C-termini has been fused, was originally 

isolated from developing enamel (8).  

Amelogenin auto-assembles to form nanospheres as the hydrophobic core in the central 

domain forms a dense central area surrounded by hydrophilic N- and C-terminals where the 

latter binds directly to hydroxy apatite (HAP) crystals (5). Although amelogenin may self-

aggregate in a pH-dependent manner forming different macrostructures as nanospheres, 

nanochains, oligomers, micro- and nano-ribbons, the function of these macrostructures is 

less known. In vitro studies by Ruan and Moradian-Oldak revealed that hydrophobic forces in 

the histidine-rich central area regulated N-terminus intermolecular forces to produce 

oligomers that was the basic substructure for nanosphere formation (9). 
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The C-terminal may be the most critical domain initial in amelogenesis, as it binds HAP with 

high affinity and induce HAP crystallization. It is then quickly cleaved to allow crystal growth 

as cleaved amelogenin has a low affinity to the HAP-crystals (9).  

 

The histidine-rich amelogenin may also stabilize pH in the enamel fluid as histidine is capable 

of absorbing hydrogen ions and thereby buffering the matrix pH that controls amelogenin 

assembling (10).  

 

LRAP – Its role and structure 
 
The human leucine-rich amelogenin peptide (LRAP) is a 58 amino acid long product of 

alternatively spliced amelogenin. This protein contains the first 32 N-terminus and the last 26 

C-terminus amino acids from amelogenin (11). Although LRAP is the second most abundant 

amelogenin protein, its role in  amelogenesis is still not clarified. It appears to be more 

involved in controlling enamel matrix protein production than in HAP-crystallization. This is 

illustrated in the amelogenin-promotor driven, LRAP over-expressing murine models where 

LRAP induced strong amelogenin, MMP-20, ENAM and AMBN mRNA expression but reduced 

amelogenin secretion, and loss of cell polarity and Tomes’ process in the secretory stage, 

leading to premature ameloblast maturation and reduced enamel matrix thickness (12), but 

with normal enamel structure (13).  Moreover, LRAP over-expression could not rescue 

amelogenesis in amelogenin gene-deficient mice with amelogenesis imperfecta (14). LRAP 

may, therefore, not have any direct structural role in enamel mineralization (14). However, 

LRAP has identical aa sequence to the N-terminal and C-terminal domains of full length 

amelogenin. These parts are  essential for proper enamel mineral formation (15).  LRAP self-

assemblies in vitro similar to amelogenin, interacts with HAP via C-terminus and may regulates 
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HAP crystallization (16). Moreover, phosphorylated LRAP (serine # 16) promoted mineral 

formation, and non-phosphorylated LRAP increased crystal length and organization in the 

murine ameloblast like cell line LS8 (17). However, additional studies are needed to clarify 

whether LRAP predominantly regulate gene expression and ameloblast differentiation and/or 

is directly involved in HAP-crystallization during human tooth formation (12). LRAP may also 

be involved in periodontal repair mechanisms as exogenous LRAP increased amelogenin 

protein synthesis, reduced notch protein expression which then induce Wnt mediated 

cementogenesis and osteogenesis in human ameloblast lineage cells (16).   

 

Enamel defects in celiac disease 
 
The typical celiac disease induced DED has distinct time-synchronized areas of hypoplastic 

enamel related to time of enamel mineralization. When celiac disease is diagnosed, it is 

cured by  gluten free diet, which also  reduces anti-tTG and anti-gliadin antibody production 

and normal amelogenesis reoccurs. Although such celiac associated DED may be influenced 

by severe malnutrition, new studies has revealed that immunological mechanism may also 

be involved (18) (19). Aine et al. graded the DED-structural defects in four grades (Table 1, 

Figure 1) (19).  
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Grade 0  No defect Fig. 1 
Grade I Defect in enamel color.   

Single or multiple cream, yellow or brown opacities with 
clearly defined or diffuse margins; in addition a part or the 
entire surface of enamel is without glaze 

a 

Grade II Slight structural defects.  
Enamel surface rough, filled with horizontal grooves or shallow 
pits; light opacities and discoloration may be found; in addition 
a part or the entire surface of enamel is without glaze 

b 

Grade III Evident structural defects. 
A part or the entire surface of enamel rough and filled with 
deep horizontal grooves which vary in width or have large 
vertical pits; large opacities of different colors or strong 
discoloration may be in combination. 

c 

Grade IV Severe structural defects.  
The shape of the tooth changed: the tips of cusps are sharp-
pointed and/or the incisal edges are unevenly thinned and 
rough; the thinning of the enamel material is easily detectable 
and the margins of the lesions are well defined; the lesion may 
be strongly discolored 

d 

Table  1 - Aines Classification of systematic and chronological enamel defects (18). 
Severity from I-IV. (18) 

Figure 1- Aines classification of dental enamel defects. Severity from I-IV. 

 a= Fig 1; b=fig. 2; c= fig. 3; d=fig. 4 in table 1(18) 
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Pathophysiology of Celiac Disease and the structural properties of gliadin 
 
Coeliac disease is the most common autoimmune response to wheat proteins, affecting 1-2% 

of the caucasoid populations (which includes Europe, North and South America, the Arabic 

region, India, Pakistan and probably northern parts of China) (10). Accumulating more people 

are being diagnosed with CD, despite its variable clinical presentation. Coeliac disease (CD) is 

defined as a heightened immunologic responsiveness to ingested gluten (from wheat, rye or 

barley) in genetically susceptible individuals, leading to tissue damage (11). CD is a life-long- 

autoimmune disorder that primarily affects the upper small-intestine. CD occurs almost 

exclusively in patients who express MHC class II HLA-DQ2.5 and/or HLA-DQ8 molecules (12). 

The small intestinal CD-diseased mucosa is histologically characterized by various degrees of 

intra-epithelial lymphocytosis, crypt hyperplasia and villous atrophy (8). Classic celiac 

symptoms is gastrointestinal discomfort as abdominal distention, chronic diarrhea, 

malabsorption and loss of appetite. However, it has become more common with more 

extraintestinal symptoms as “brain fog”, fatigue, or no self-reported symptoms.  

 

Celiac disease is traditionally described as a malabsorption syndrome during childhood that 

affect the small intestine. More recent studies have suggested a bigger variety in symptoms, 

including several extraintestinal symptoms (20). This can be gluten induced extraintestinal 

autoimmunity, such as gluten ataxia (GA) and dermatitis herpetiformis (DH), or secondary to 

celiac disease induced chronic intestinal inflammation and malabsorption, such as anemia and 

reduced bone density (20).  Gluten ataxia is one of the most common neurological 

manifestations of gluten related disorders (21). Experimental studies suggested that IgG anti- 

gliadin antibody cross-react with cerebellar Purkinje cells (22). Like TG2 in CD and TG3 in DH, 
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antibodies to the brain variant of transglutaminase, TG6, has been shown to be involved in 

GA. Another gluten induced celiac disease associated autoimmune disease is DH, where the 

patients produce IgA to the epidermal transglutaminase TG3. Approximately 60% of the DH-

patients have additional celiac disease, and these patients produce IgA to both TG2 and TG3  

(23). The mild cognitive degradations often reported by untreated celiac patients, referred to 

as “brain fog”, is a neurological effect of gluten ingestion in celiac disease (24). This may either 

be due to intestinal inflammation mediated increased serum cytokine concentrations that 

may induce central nervous inflammation . However there has been multiple reports on B-cell 

auto reactivity to neuronal autoantigens such as Synapsin 1 and gangliosides in CD patients 

with neurological extra-intestinal manifestations. The pathogenic role and clinical relevance 

of these antibodies are still unclear (23). 

 

CD is dependent on the interaction between genes, gluten and environmental influences (13). 

In addition to gluten ingestion, the patients must express HLA DQ2.5 and/or HLA-DQ8.  Gluten 

protein in enriched in glutamine and proline and are poorly digested in the human upper 

gastrointestinal tract. Gluten consists of gluteins and gliadin where the former is of particularly 

important in the pathogenesis of CD. Alfa Gliadin contain a 33 amino acid long polypeptide 

that is resistant to degradation by intestinal luminal and brush border endopeptidases. Gliadin 

peptides binds to the chemokine receptor CXCR3 and induces Zonulin release that loosen 

enterocytic  tight junctions leading to increased permeability and the “leaky gut syndrome” 

(25). CXCR3 receptor seems to be overexpressed in CD patients. Gliadin may also induce 

increased enterocytic IL-15 production that triggers intraepithelial lymphocytes (IEL) mitosis 

and NKG2D-receptor expression. Enterocytic MIC-A may bind to IEL NKG2D-receptor and 
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induce IEL-mediated enterocytic lysis, increased epithelial turnover, crypt cell hyperplasia and 

villous atrophy, which are the histological characteristics of celiac disease.  

The autoimmune immune reaction take place in the lamina propria.  The enzyme tissue 

transglutaminase (tTG or TG2) bind undigested gliadin peptides, like the 33 aa alfa-gliadin 

peptide by deaminating glutamine. The tTG-deamidated gliadin complex is the autoantigen in 

celiac disease. B-cell that bind this complex by affinity to activated tTG may engulf the complex 

and present both peptides from tTG and gliadin in its HLA-DQ groove. Deamidated gliadin has 

high binding affinity to HLA-DQ2.5 and DQ8, the two dominating celiac diseases associated 

HLA-DQ molecules. Gliadin-reacting T cells, which we all have in lamina propria, may then 

provide T cell help to these autoreactive B-cells. The T cells react to gliadin fragments 

presented in context with HLA-DQ2.5/8 and provides T cell help to  tTG specific B-cell that is 

instructed to produce mucosal IgA antibodies to tTG although the immune system believes it 

help the B cell to produce IgA to deamidated gliadin. Thus, the autoimmune reaction is driven 

by gluten consummation due to gliadin-tTG complex formation. In addition, Antigen 

presenting cells, like macrophages or dendritic cells, expressing HLA-DQ2.5 and/or DQ8 will 

also present deamidated gliadin to CD4+ T cells which then produce inflammatory cytokines 

like interferon-𝛄 (INF-𝛄). These cytokines contribute to the general inflammatory reaction. 

The gliadin specific CD4+ T cells also stimulates B-cells to produce antibodies to tTG and to 

deamidated gliadin, which is used to diagnose patients with untreated CD.   
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Figure 2 - The picture shows how gliadin is presented by an antigen-representing cell in the 
small intestine. https://www.the-scientist.com/features/the-celiac-surge-31438 

 

Gliadin/Amelogenin similarity 
 
Gliadins have an unusual amino-acid composition, with high glutamine, proline and leucine 

content that share amino acid sequence similarities with amelogenin, and to a lesser extent 

to ameloblastin (26). Amelogenin has many QPQ and QPQP repetitive motifs also found in 

known gliadin B-cell epitopes (15). Thus, anti-gliadin antibodies may cross-react to 

amelogenin and potentially  affect enamel development.  

Untreated CD patients have increased IgA and IgG anti-gliadin antibody serum titers, although 

it is not disease specific (15). Previous studies at Institute of Oral Biology revealed that 

although both IgA and IgG anti-gliadin antibodies cross-reacted to human recombinant 

amelogenin, only serum IgA and not the IgG anti amelogenin titers was significantly increased 

in the CD patients when compared to non-CD children suspected to have celiac disease (19).  
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Structural properties of gliadin 
 
Gliadins are a complex family of highly hydrophobic proteins in wheat gluten. Monomeric 

gliadin is the water-soluble component of gluten, whereas glutenin is the insoluble polymeric 

part. Monomeric gliadin may polymerize and form intramolecular disulfide bonds. The 𝝰/𝝱, 𝝲 

and 𝞈 type gliadins are very similar and toxic to CD patients (15). The 𝝰-, and 𝝱-gliadins are 

so similar that they are grouped as 𝝰-gliadins. They contain a relatively composition of 

cysteine methionine, but few glutamine, proline and phenylalanine residues (16). Digestion of 

𝝰2-gliadin produce a 25-mer (p31-p55) and digestion-resistant 33-mer (p57-p89) peptide 

from the N-terminal region. This 33 amino acid large 𝝰-gliadin fragment contain six 

overlapping copies of three different HLA-DQ2-restricted T cell epitopes and is the main 

immunotoxic peptide in CD patients  (16).  However, its native aa-sequence do not contain 

any HLA-DQ2.5 restricted epitopes but because it complexes with active tTG through glutamin 

(Q) deamidation (to glutamic acid, E), it acquires strong binding affinity to HLA-DQ2.5. This 

complex is the main autoantigen in CD as tTG specific B-cells may phagocytose the complex 

and present both gliadin and tTG derived peptides to CD4+ T-helper, thus explaining how 

gliadin consummation may drive IgA-anti-tTG autoantibody production as most peoples have 

gliadin specific T cells that normally stimulate IgA anti-gliadin production. The 𝝰-gliadin 33-

mer peptide reaches lamina propria and complexes with the active tTG enzyme where Q 

(glutamine) is deamidated to E (glutamic acid) which then produce the HLA-DQ2.5 binding 

peptide sequences that drive celiac disease. 
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Figure 3 - AA., Balakireva AV & Zamyatnin. Properties of Gluten Intolerance: Gluten 
Structure, Evolution, Pathogenicity and Detoxification Capabilities. Nutrients. 2016, 8(10). 

 

Material and methods 

Study population 

Serum were from severely diseased celiac children that had more than 10 times higher IgA 

anti-tTG  titers than upper normal limit, sent to the university hospital (senior medical officer, 

Vidar Bosnes, OUS, blood bank, Ullevål sykehus, Oslo, Norway) for anti-endomycium testing 

as required for being diagnosed with CD without small intestinal biopsy.  The serum samples 

were stored at -20 0C until used. Blood samples were drawn from untreated celiac children 

during their gastroscopic intestinal biopsy procedures (median age 8, Department of 

Pediatrics, Drammen Hospital, Norway). Both blood samples and jejunal biopsy specimens 

were sent to the laboratory at the Institute of Oral Biology, University of Oslo, for immune 

histochemical evaluation and CD diagnostics (18).  
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Dot blot experiments 
 
250 nanogram human recombinant Amelogenin (rhA, 250µg/µl), 500 µg and 250 µg Leucine 

rich amelogenin protein (LRAP; 500 µg/µl and 250 µg/µl), and one microliter 10% bovine 

serum albumin (BSA, as negative control), were applied to a nitrocellulose membrane.  The 

membrane was then blocked in 3% BSA in TNT for 30 minutes and then incubated on a shaker 

with 2 ml 1/30 diluted serum or 1/10 diluted blood at 4ºC over night. After being washed with 

TNT, the membrane was incubated with 1,5 ml alkaline phosphatase-conjugated goat anti-

rabbit IgA (SouthernBiotech, Birmingham, Alamaba, USA) on a shaker under aluminum foil in 

room temperature for 30 min. Then the membrane was washed with TNT, before 1,4 ml of 

NBT/BCIP was applied to the membrane as substrate and incubated under aluminum foil for 

approximately 10 minutes before stopped by rinsing the membranes in distilled water.  

The membranes were digitally photographed. Both the original membranes and the digital 

photographs were used to score staining intensity from 0 to 3, using rhAMEL as positive 

control.  

 

Methodological considerations 

Several titration experiments were used to optimize  blood, serum, rhAMEL, LRAP and 

secondary antibody (sAB) concentrations. The dot-membrane had 0,45 micron pore size which 

is recommended for macromolecules/ peptides larger than 15kDa. LRAP has a molecular 

weight of 6,79 kDa and making it, theoretically too small for this membrane. However, LRAP 

dotted membranes was tested with ponceau protein staining which revealed bound protein. 

LRAP was diluted in PBS, and rhA was used as a positive control. The 0,45 micron membrane 

was therefore used  in further dot blot test. 
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LRAP tested with Ponceau staining 
 1                   2                        3                        4 

 
        500 µg         250 µg             125 µg               250 µg 
        LRAP            LRAP                LRAP.                 rhA 

1 µL dots with LRAP and rhA diluted in PBS. 
 

Figure 4 - Dot blot membrane tested with Ponceau staining on LRAP and rhAMEL174. 

 

 

Results 
 
The majority (92%) of untreated celiac children with high IgA anti-tTG antibodies titers 

(n=24) reacted to dot blotted rhA. Celiac children (n=11) that reacted to epitopes in the LRAP 

region (peptide epitope mapping at the Institute of Oral Biology, University of Oslo) had IgA 

anti-rhAMEL (Table 2), but only six of them had detectable IgA to dot blotted LRAP, even 

though 3,7 times more LRAP than rhA had been dot blotted (both in weight and molarity due 

to LRAP’s lower molecular weight).  
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Table 2 - Membranes dot blotted with AMEL (250µg) and LRAP (500µg and 250µg). Negative 
scores are based on no staining (0) and positive scores by staining intensity (1-3). All 
membranes comes from severely diseased celiac children.   

 

 

 

 

 

 

 

 

 

Table 3   IgA anti-AMEL dot blot reaction 
Serum (AB) 
Dilution 
Volume 

AMEL
/LRAP 

sAB 
Dilution 
Volume 

Amount and volume of 
AMEL/LRAP 

Dotblot 
 
     1        2        3         4 

Staining  
(0-3) 

Sources 
of error 

S9 
(1/30) 
1,1 mL 

AmelX
rhA174 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 125 µg AMEL (1 µL) 
3. 62,5 µg AMEL (1 µL) 
4. 31,25 µg AMEL (1 µL) 
5. 10% BSA/TNT (1 µL) 

 

1) 3 
2) 3 
3) 2 
4) 1 
5) 0 
 

12 min 
substrate 
incubatio
n 

S14 
(1/30) 
1 mL 

AmelX 
rhA174 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 125 µg AMEL (1 µL) 
3. 62,5 µg AMEL (1 µL) 
4. 10% BSA/TNT (1 µL)  

1) 3 
2) 2 
3) 0 
4) 0 
 

 

S10 
(1/30) 
1 mL 

AmelX 
rhA174 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 125 µg AMEL (1 µL) 
3. 62,5 µg AMEL (1 µL) 
4. 10% BSA/TNT (1 µL)  

1) 2 
2) 1 
3) 0 
4) 0 
 

 

 
 
 

Serum/blood 
sample 

AMELX 
250µg 

LRAP 
500µg /250µg 

S1 Pos. Neg. 
S14 Pos. Neg. 
B22 Pos. Neg. 
B44 Pos. Pos. 
B46 Pos. Pos. 
B38 Pos. Pos. 
B52 Pos. Pos. 
T546 Pos. Pos. 
B23 Pos. Neg. 
B42 Pos. Neg. 
B85 Pos. Pos. 

Table 3 – IgA reactivity to AMELX rhA174. 10% BSA in TNT was used as negative control. Whereas serum 
9 had strong IgA anti-recombinant human amelogenin (AMEL) reactivity visualized on serial diluted AMEL. 
Serum 14 reacted only to 250 µg and 125 µg AMEL, and serum 10 to 250 µg AMEL, only.  
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Table 4    IgA anti-LRAP dot blot reaction 
 

 

 

Discussion  
 
The etiological explanation for celiac disease associated DED has historically focused on the 

intestinal lesion with its villous atrophy induced malabsorption and malnutrition. However, 

celiac disease is now recognized as an autoimmune disease characterized by autoantibodies 

to the enzyme transglutaminase-2 also named tissue type transglutaminase (tTG). Moreover, 

celiac patients may suffer from extra-intestinal autoimmune diseases such dermatitis 

herpetiformis (DH) and cerebellar ataxia (CA). Whereas the former is a celiac disease 

associated gluten driven autoimmune skin disease characterized by autoantibodies to the 

dermal transglutaminase-3, the latter appear to be the result of IgG anti-gliadin cross-reactive 

autoantibodies reacting to large cerebellar purkinje cells leading to cerebellar atrophy, if not 

Serum (AB) 
Dilution 
Volume 

AMEL
/LRAP 

sAB 
Dilution 
Volume 

Amount and volume of 
AMEL/LRAP 

Dotblot 
 
        1          2         3       4 

Staining  
(0-3) 

Sources 
of error 

Blood 46 
(1/10) 
1 mL 

AmelX 
rhA174

/LRAP 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 500 µg LRAP (1 µL) 
3. 250 µg LRAP (1 µL) 
4. 10% BSA/TNT (1 µL) 

 

 

1) 3 
2) 1 
3) 1 
4) 0 
 

 

Blood 38 
(1/10) 
1 mL 

AmelX 
rhA174

/LRAP 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 500 µg LRAP (1 µL) 
3. 250 µg LRAP (1 µL) 
4. 10% BSA/TNT (1 µL) 

 1) 3 
2) 1 
3) 1 
4) 0 
 

 

Blood 23 
(1/10) 
1 mL 

AmelX 
rhA174

/LRAP 

No. 700 
(1/5000) 
1,5 mL 

1. 250 µg AMEL (1 µL) 
2. 500 µg LRAP (1 µL) 
3. 250 µg LRAP (1 µL) 
4. 10% BSA/TNT (1 µL) 

 

 

1) 3 
2) 0 
3) 0 
4) 0 
 

Substrate 
reaction 
stopped 
after 6 
min 

Table 4. IgA reactivity to LRAP. rhAMEL as positive and 10% BSA as negative controls. Whereas B46, 
B38 and B23 showed strong IgA anti-AMEL staining (250 µg), only B46 and B38 had any LRAP staining 
on 500/250µg dotted LRAP, whereas B23 had no LRAP staining. 
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treated early with gluten free diet. Similar phenomenon may also take place in celiac disease 

associated DED. Ongoing research at the institute of oral biology in Oslo (UiO) has shown that 

untreated CD children have increased IgA and IgG immunoglobulin reactivity to amelogenin 

during amelogenesis (18), which may interfere with amelogenesis. Thus, such etiology  may 

explain why only some untreated celiac children have severe DED, as the consequences of 

such autoantibodies would depend on which amelogenin epitopes that were involved and 

how critical this is for amelogenin function. There are several amino acid sequence 

homologies between human gliadin and amelogenin (26). 

 

The alternatively spliced amelogenin variant, LRAP consist of the first 31aa N-terminal and the 

26aa C-terminal part of 174 rhAMEL.  Similar to amelogenin, LRAP may form nanospheres 

through N-N terminal interaction, which may promote mineral formation (17). An 

immunological response to this area could interfere with such nanosphere formation.  

However, LRAP may have a more important role in amelogenesis as a signaling molecule as it 

upregulates amelogenin m180 mRNA, MMP-20, ENAM and AMBN (12) and induce ameloblast 

maturation. An immunological response towards LRAP may therefore interfere with many 

aspects of enamel development. However, there were no evidence for any particular immune 

reaction to LRAP as the IgA immune reactivity was considerably stronger to dot-blotted 

rhAMEL than to LRAP. This suggested that much of the IgA-anti Amelogenin reactivity is 

directed to the central amelogenin region (aa32-aa147) not included in LRAP. However, six of 

the 11 preselected blood samples reacted to LRAP and two of these samples had high immune 

reactivity to the N- terminal region in epitope mapping (Petronijevic et. al., unpublished). The 

weak IgA anti-LRAP immune reactivity,  despite strong epitope reactivity to LRAP epitopes, 

may indicate that LRAP did not bind to the membrane as well as full-length amelogenin did 
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due to inappropriate size. Alternatively, epitope mapping used linear 12aa peptides that most 

presumably expose different epitopes than the tridimensional spotted LRAP on the 

nitrocellulose membrane. Finally, even full-length amelogenin may expose different C-, and 

N-terminal epitopes than LRAP spotted on the membrane, which may produce false negative 

LRAP reaction in our case. 

The hydrophobic central region is important for amelogenin protein function as this part is 

responsible for oligomerization prior to amelogenin nanosphere formation. Antibody binding 

to central AMEL region might disturb normal oligomerization and thereby nanosphere 

formation impairing AMEL function and normal enamel development. Amelogenin is most 

homolog to gliadin in the central region and this is where anti-gliadin cross-reactive anti-

amelogenin antibodies predominantly would bind. This may partly explain why the IgA anti-

LRAP immune reactivity was considerably lower than that against rhAMEL. 

The IgA antibody to LRAP in a subgroup of patients illustrated that there is an ongoing immune 

reaction to amelogenin N- and C- terminal. Although LRAP may regulate HAP crystal formation 

depending on its phosphorylation status (17), earlier studies by Chen et. al. 2003 did not find 

any crucial function for LRAP in normal murine enamel development as  LRAP overexpression 

could not compensate for the lack of amelogenin in knock out mice with amelogenesis 

imperfecta. Thus, full-length amelogenin appears to be the dominating structural important 

amelogenin protein in enamel development (14).  The LRAP and amelogenin N-terminal is 

crucial for proper molecule function as N-N terminal interaction induce amelogenin 

nanosphere formation, important for HAP-crystallization. LRAP may predominantly function 

as a signaling molecule in tooth development as it can enhance pulp cell proliferation (27), 

something rhA174 amelogenin could not. 
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Ongoing research with epitope mapping at the institute of oral biology in Oslo confirmed IgA 

antibody reaction to central region peptides consistent with our dot blot results (Petronijevic 

et. al., unpublished). 

 

Wheat-derived proteins Amelogenin* Homology 
 

Residues 
 

Residues Residues (n) I (%) S (%) 

α/β Gliadin† (25–113) 
 

(66–156) 92 35.9 55.4 

(27–139) 
 

(64–171) 113 31.9 51.3 

(24–114) 
 

(75–167) 95 34.7 55.8 

(23–82) 
 

(119–180) 64 41.3 60.4 

γ Gliadin‡ (16–116) 
 

(66–168) 104 37.5 56.7 

(55–170) 
 

(67–180) 120 38.3 53.3 

(31–153) 
 

(60–168) 123 37.4 56.9 

(50–170) 
 

(43–168) 128 34.4 59.4 

33-mer§ (4–32) 
 

(125–153) 30 50.0 63.3 

(7–32) 
 

(121–144) 26 57.7 65.4 

(1–32) 
 

(140–172) 33 42.4 54.5 

(8–29) 
 

(116–137) 22 50.0 44.8 

Table 5 - Amino acid sequence homologies between segments of human amelogenin and 
gliadins, adapted  from Munoz et. al. 2012. 

 “Representative local alignments between proteins, obtained using the LALIGN program, are 
shown; the end residues for each aligned segment are shown in parentheses and the 
corresponding overlapping residues are indicated (n). Homology values are expressed as per 
cent identity (I) and per cent similarity (S; amino acid identity plus conservative amino acid 
replacements). 
*p|Q99217, 191 residues. 
†sp|P02863, 286 residues. 
‡sp|P21292, 302 residues; full-length proteins are referred. 
§Immunodominant peptide that contains T epitopes 
(LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF).” 
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Conclusion 

We have shown autoimmune reaction against recombinant human amelogenin 174 from 

severely CD diseased children.  However, the patients had lower IgA-immune reactivity to 

dot blotted LRAP than to full length, rhAMEL174, suggesting that main IgA anti-amelogenin 

reactivity  is to central region epitopes. If celiac disease associated DED is due to IgA anti-

gliadin cross-reactivity to amelogenin, LRAP may not be the main antigens as it apparently 

have less direct influence on proper enamel production than full length AMEL. However, we 

cannot exclude the possibility that IgA immune reaction to epitopes in LRAP prevents its 

signaling function and thereby interferes with normal enamelization in a subgroup of 

patients. To examine a putative causality between IgA anti-amelogenin antibodies and celiac 

disease DED, one has to compare serum samples from CD children with and without severe 

DED. 
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