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The dentin–enamel junction (DEJ) is the border where two different mineralized
structures – enamel and dentin – meet. The protein-rich DEJ, together with the
inner enamel region of mature teeth, is known to exhibit higher fracture toughness
and crack growth resistance than bulk phase enamel. However, an explanation for
this behavior has been hampered by the lack of compositional information for the
DEJ and the adjacent enamel organic matrix (EOM). We studied proteomes of the
DEJ and EOM of healthy human molars and compared them with dentin and
enamel proteomes from the same teeth. These tissues were cut out of tooth sections
by laser capture microdissection, proteins were extracted and cleaved by trypsin,
then processed by liquid chromatography coupled to tandem mass spectrometry to
analyze the proteome profiles of these tissues. This study identified 46 proteins in
DEJ and EOM. The proteins identified have a variety of functions, including cal-
cium ion-binding, formation of extracellular matrix, formation of cytoskeleton,
cytoskeletal protein binding, cell adhesion, and transport. Collagens were identified
as the most dominant proteins. Tissue-specific proteins, such as ameloblastin and
amelogenin, were also detected. Our findings reveal new insight into proteomics of
DEJ and EOM, highly mineralized tissues that are obviously difficult to analyze.
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Teeth are remarkably successful natural bioceramic
composite structures. They are composed of two unique
tissues: a hard outer layer of enamel, which resists wear
and acid attack; and dentin, which is a resilient internal
layer, more flexible than enamel, that provides fracture
resistance.

Mature enamel is a brittle material composed pre-
dominantly of carbonated calcium hydroxyapatite
(96%) with 3% water and 1% organic matrix (1). A
series of programed physiological and chemical events
are involved in enamel formation, including gene
expression, protein secretion, protein folding and
assembly, mineral growth, and protein degradation.
The extracellular matrix is continuously secreted during
enamel formation, resulting in production of minera-
lized matrix. The composition of the matrix varies dur-
ing the different stages of enamel mineralization, with
the matrix being rapidly degraded during the matura-
tion stage (when crystals grow mainly in width and
thickness), eventually being removed from the extracel-
lular space to allow completion of mineralization (2).
During maturation, massive protein-degradation
events occur simultaneously with the completion of

mineralization. These extracellular events transform
matrix, which contains approximately 30% mineral by
weight – the remainder being water and organic mate-
rial – into a highly organized structure that is almost
completely inorganic (3).

In contrast to enamel, tooth dentin is a collagenous
tissue that is traversed by dentinal tubules containing
cytoplasmic extensions of odontoblasts. It is a highly
mineralized tissue that forms the bulk of the tooth,
serving as a protective covering for the pulp as well as
a support for overlying enamel. In our previous studies,
we analyzed proteomics of human tooth dentin and
pulp (4, 5). We detected 140 (pulp/dentin) shared pro-
teins, 37 of which were not observed in plasma. We
suggested that these proteins might participate in the
unique pulp–dentin complex (5). On a weight basis,
mature dentin consists of approximately 70% mineral,
20% organic matrix, and 10% water (6, 7).

Interfaces between two dissimilar materials, such as
enamel and dentin, usually concentrate stresses and
enamel can delaminate. However, the dentin–enamel
junction (DEJ) is remarkably successful in transferring
applied loads from enamel to dentin (8). The DEJ is a
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complex and (until now) poorly defined structure,
which bridges enamel to the bulk of dentin. It can be
seen on sections as a scalloped line between the two
mineralized structures (9). Despite a human lifetime of
repeated masticatory, parafunctional, and occasional
impact loadings, enamel rarely separates from dentin.
Furthermore, the DEJ is highly damage tolerant.
Cracks that initiate in enamel are often deflected or
limited by the DEJ. Hence, most cracks do not con-
tinue to propagate into dentin and through the entire
tooth (10). It has been proposed that the crack-resis-
tance of the DEJ may originate from a gradation of
mechanical properties and the unique protein composi-
tion of this layer (10). The DEJ interface is thought to
represent the original position of the basement mem-
brane of ameloblasts and odontoblasts when they are
in contact in the embryological tooth bud. When
biomineralization starts, ameloblasts and odontoblasts
move away from each other in opposite directions,
leaving protein-rich matrices in their respective wakes.
These protein-rich matrices guide mineralization. Thus,
this optically distinct line is usually thought to repre-
sent an abrupt demarcation between these matrices
(10). The DEJ constitutes a biomimetic model of a
structure uniting dissimilar materials with a special mix
of proteins, which may define the unique properties of
the DEJ. Its composition includes collagen type I,
phosphorylated and non-phosphorylated proteins (e.g.
small leucine-rich proteoglycans), and some extracellu-
lar matrix molecules originating from blood serum.
Enzymes, metalloproteinases, and lipoproteins partici-
pate in DEJ formation (11).

Although the extracellular organic matrix of enamel is
largely removed during enamel maturation, a small
amount of protein (~1% wt) remains in enamel that forms
the enamel organic matrix (EOM), namely proteolyzed
fragments and an insoluble protein matrix distributed
along the dentinal surface (10, 12). The EOM layer is the
post-eruptive tissue of enamel that begins at the dentin
DEJ and extends 100–400 lm toward the outer tooth
surface (13). The relatively higher content of proteins,
together with less mineralization of the enamel region
closest to the thin DEJ layer, is believed to toughen the
inner enamel region and/or fills and stops cracks formed
within enamel (14). The EOM, together with proteins in
the DEJ, can be defined as an interphase region of func-
tionally graded properties, intermediate between those of
bulk phase enamel and those of dentine.

Laser capture microdissection (LCM) has helped
develop a high-end research and diagnostic technique
suitable for obtaining well-defined samples of precise
tissue areas for widespread genomic and proteomic
analyses. This method facilitates isolation of a pure
population of cells and tissues without an admixture of
various unintentional cells, simply by eliminating the
heterogeneous background. The LCM system repre-
sents a modified microscopic technique and allows
selection of cells within histological sections and their
contact-free laser-mediated catapult into a test tube.
The LCM-dissected tissues are subjected to protein
extraction, reduction, alkylation, and digestion,

followed by injection into a nano-liquid chromatogra-
phy coupled to tandem mass spectrometry (nLC-MS/
MS) system for chromatographic analysis and protein
identification (15–17).

Applications of LCM for the study of various oral tis-
sues have been reported in many recent investigations.
Laser capture microdissection was used for expression
analysis of human salivary glands and differences
between submandibular and labial glands were detected
(18). The common research of highly mineralized tooth
tissues is fraught with difficulties in preparing intact,
unfixed, undecalcified sections of highly mineralized
tissues, such as dentin, tooth cementum, and enamel. A
modified procedure of sectioning unfixed and undecalci-
fied frozen mouse mandibles was described to have been
used for dental hard tissue-associated cells (19). More
recently, use of LCM in oral biosciences has been thor-
oughly reviewed in a study by THENNAVAN et al. (20).

The main aim of this study was to identify proteins
in the precise structures of the DEJ and the surround-
ing EOM and to compare them with the proteins of
mature enamel and dentin tissues obtained from
healthy human third molars. To the best of our knowl-
edge, no study using LCM to investigate the DEJ and
EOM proteome has been presented until now.

Material and methods

Chemicals

Trypsin [tosyl phenylalanyl chloromethyl ketone (TPCK)-
treated from bovine pancreas, 13,500 units per mg],
ammonium bicarbonate, 2,2,2-trifluoroethanol (TFE),
dithiothreitol (DTT), and iodoacetic acid were obtained
from Sigma (St Louis, MO, USA). Acetonitrile LC-MS
Ultra Chromasolv and formic acid for mass spectrometry
came from Sigma. All solutions were prepared in MilliQ
water (Millipore, Bedford, MA, USA).

Sample preparation

Healthy and completely erupted permanent human third
molars with closed apexes (n = 6) were extracted for vari-
ous clinical reasons from adults of ages 18–24 yr; both
genders were represented equally. Some teeth were
extracted because of their anomalous positions (mesial or
distal inclination) or because of difficulties associated with
the process of their eruption. All teeth were extracted in a
dental clinic after acquiring patients’ informed consent
regarding donation of teeth for research and in accordance
with The Code of Ethics of the World Medical Associa-
tion for experiments involving humans.

The teeth were washed thoroughly with water, then
cementum and soft tissues were mechanically scraped off
with an iron spatula and the teeth were cleaned with
brushes. Each tooth was then cut horizontally (below the
level of enamel) and only the upper part (the crown) was
used for the experiment. The crowns were subsequently
cut into two sections, ~ 1-mm-thick, using a high-speed
drill (Dremel, Racine, WI, USA) with continual cooling
with water. Then each section was ground to a thickness
of ~ 70–100 lm. All sections were washed with water and
stored at �80°C for further processing.
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Laser capture microdissection

The ground sections of teeth were mounted with Tis-
sueTek glue (Sakura Finetek, AJ Alphen aan den Rijn, the
Netherlands) onto microscopic slides coated with poly-
ethylene naphthalene membrane (FrameSlides PET mem-
brane 1.4 mm; cat. no. 11505151; Leica Microsystems,
Wetzlar, Germany), and specific areas representing dentin,
enamel, and DEJ with surrounding EOM (for details see
Fig. 1) were dissected using an LMD6000 Laser Capture
Microdissection Microscope System (Leica Microsystems)
with 100 mW semiconductor blue pulse laser at 130%
power. We used the hand-guiding mode for cutting. The
dissected areas were ~ 40,000–200,000 lm2 for each sam-
ple. The collection tube contained 20 ll of pure water to
minimize electrostatic interactions. Six teeth were used for
the preparation of, in total, 12 tooth sections (two sections
from each tooth). Two samples of dentin, two samples of
DEJ + EOM, and two samples of enamel were taken from
each tooth section. This means that there were 72 samples
in total (24 samples of each tooth tissue type, namely
enamel, dentin, and DEJ with surrounding EOM).

The microdissected samples were captured into caps of
the microcentrifuge tubes and then immediately trans-
ferred into glass vials for further treatment.

Protein preparation and trypsin digestion

Two protein-extraction methods were used in this study,
and all 72 samples were divided equally into two groups
of 36 samples subjected to each protein-extraction method.

For the first extraction method (Method 1), the LCM
samples were swollen in 100 ll of 50 mM ammonium
bicarbonate, then heated at 105°C for 5 min. After cooling
to room temperature, 2 ll of trypsin-containing digestion
solution (50 mM ammonium bicarbonate, with trypsin at
a concentration 0.1 mg ml�1) was added and samples were
incubated at 37°C overnight. The next day, this process
(addition of 100 ll of 50 mM ammonium bicarbonate,

heating to 105°C for 5 min, and incubation with 2 ll of
digestion solution containing trypsin) was repeated once
again (overnight at 37°C).

The second extraction method (Method 2) was adapted
from a published protocol (16). Briefly, 200 ll of a mixture of
50 mM ammonium bicarbonate with TFE (1:1, v/v) was
added to a vial containing an LCM sample to initiate protein
extraction. The vial was incubated for 15 min at 90°C and
vortexed several times. Supernatant was concentrated to 10 ll
using a vacuum concentrator and then transferred to a glass
vial. In the next step, 1 ll of 100 mM DTT was added to the
solution and incubated for 15 min at 80°C to reduce the cys-
teine residues. Incubation was carried out for 30 min at room
temperature. In the next step, 1 ll of 200 mM iodoacetamide
was added to the solution and left for 30 min in the dark and
at room temperature. Finally, 45 ll of 50 mM ammonium
bicarbonate was added, as well as 100 ng of trypsin. Incuba-
tion was carried out with gentle mixing, using a thermomixer,
overnight at 37°C. Samples were treated with maximal care to
ensure minimal keratin contamination.

Finally, all the trypsin digests from both extraction
methods were processed using Stage Tips, C18 Empore
SPE Disks from Sigma (21). The resulting extracts were
concentrated in a vacuum centrifuge to dry out. Dried
extracts were stored at �80°C before analysis.

Analysis of peptide digests with nLC-MS/MS, and
protein identification

Dried protein digests were dissolved in 20 ll of 1% formic
acid, centrifuged, and the supernatant was transferred to
inserts in vials.

The nano-LC apparatus used for analysis of protein
digests was Proxeon Easy-nLC (Proxeon, Odense, Den-
mark) coupled to a MaXis Q-TOF (quadrupole–time of
flight) mass spectrometer with ultra-high resolution (Bruker
Daltonics, Bremen, Germany) by a nanoelectrosprayer.
The nLC-MS/MS instruments were controlled with software

A

C D

B

Fig. 1. Photographs of tooth sections obtained from a laser microdissection microscope. (A, C) View before laser microdissection
of the tooth samples. (B, D) The same sections as in A and C, respectively, after procession. d, dentin; dej, dentin-enamel junc-
tion; e, enamel; eom, enamel organic matrix. Scale bars = 400 lm. Dotted areas indicate the area where the enamel, dentin–
enamel junction, and dentin samples were taken.

114 J�agr et al.

http://www.ncbi.nlm.nih.gov/nuccore/LMD6000


packages HYSTAR 3.2 and OTOFCONTROL 3.4 (Bruker Dal-
tonics). Data were collected and analyzed using software
packages PROTEINSCAPE 3.0.0.446 and DATAANALYSIS 4.2 (Bru-
ker Daltonics). Ten microliters of peptide mixture was
injected into an NS-AC-12-dp3 BioSphere C18 column (par-
ticle size, 3 lm, pore size, 12 nm, length, 200 mm, inner
diameter, 75 lm) that contained an NS-MP-10 BioSphere
C18 pre-column (particle size: 5 lm, pore size: 12 nm,
length: 20 mm, inner diameter: 100 lm), both obtained
from NanoSeparations (Nieuwkoop, the Netherlands).

Separation of peptides was achieved via a linear gradi-
ent between mobile phase A (water) and mobile phase B
(acetonitrile), both containing 0.1% (v/v) formic acid. The
separation was started with gradient elution from 5% to
7% mobile phase B in 5 min, followed by gradient elution
to 30% mobile phase B at 180 min. The next step was gra-
dient elution to 50% mobile phase B in 10 min, and then
a gradient to 100% mobile phase B in 10 min was used.
Finally, the column was eluted with 100% mobile phase B
for 20 min. Equilibration before the subsequent run was
achieved by washing the column with 3 ll of 5% mobile
phase B for 5 min. The flow rate was 0.2 ll min�1, and
the column was held at ambient temperature (25°C).

Online nano-electrospray ionization (easy nano-ESI) in
the positive mode was used. The ESI voltage was set at
+4.5 kV with spectra rate 3 Hz. Operating conditions were:
drying gas (N2), 4 l min�1; drying gas temperature, 180°C;
and nebulizer pressure, 100 kPa. Experiments were per-
formed by scanning from 50 to 2,200 mass-to-charge ratio
(m/z). The reference ion used (internal mass lock) was a
monocharged ion of C24H19F36N3O6P3 (m/z = 1221.9906).
For MS/MS analyses, auto MS/MS with active exclusion
(after 1 spectrum and release after 0.3 min) was set on. All
LC-MS/MS analyses were performed in duplicate as in the
previous study (22). Data were processed using PROTEIN-

SCAPE software (ver. 3.0.0.446). Proteins were identified
by correlating tandem mass spectra to the UniProt
human database using the MASCOT search engine (ver. 2.3.0,
www.matrixscience.com). Database searches were per-
formed, as described in our previous study, with the taxon-
omy restricted to Homo sapiens to remove protein
identification redundancy (23). Briefly, trypsin (or semit-
rypsin) was chosen as an enzyme parameter. Three missed
cleavages were allowed, and an initial peptide mass toler-
ance of �15.0 ppm was used for MS analysis and of
�0.03 Da for MS/MS analysis. The following variable mod-
ifications were considered: carbamidomethylation of cys-
teine; carboxymethylation of cysteine; oxidation of
methionine; and hydroxylation of lysine and proline. Only
significant hits (MASCOT score of ≥ 80 for proteins) were
accepted. The Peptide Decoy option was selected during the
data-search process to remove false-positive results.

Statistics

Cluster analysis was used to identify differences in protein
composition between the dental tissues (DEJ + EOM,
enamel and dentin) of individual samples investigated with
respect to their gender and biological variation.

Results

Tooth sections were obtained from healthy third-molar
teeth (n = 6). Two sections were prepared from each
tooth. Each section was used for preparation of six

micro-samples by LCM (two samples of dentin, two
samples of DEJ + EOM, and two samples of enamel)
(Fig. 1). The total number of samples was 72. We
observed that the tooth sections did not need to be
demineralized before LCM for distinct sections of
DEJ + EOM, enamel, and dentin to be cut. Repeated
laser cutting with prolonged time was successful in cut-
ting samples of area 40,000–200,000 lm2. The samples
were randomized and processed as described in the
Material and methods. Proteins were extracted using
two different and independent methods. Most proteins
were extracted by both methods, but some proteins
could be detected only when extracted using one of the
two methods. Thus, use of two different extraction
methods was able to expand the list of proteins
detected in samples of DEJ + EOM, enamel, and
dentin.

A total of 46 proteins were detected in DEJ + EOM
samples (Table 1, Table S1). These proteins have a
variety of functions. Their functions in biological pro-
cesses were categorized according to the classification
system used in the public database (available at http://
www.hprd.org). The majority of the proteins identified
in our research (Figs 2 and 3) were mainly involved in
cell growth and/or in the maintenance of DEJ + EOM
(37.0%). Other, most significant, functions were cell
communication and signal transduction (23.9%), pro-
tein metabolism (13.0%), and metabolism and energy
pathways (6.5%). In addition, other protein functional
groups were related to regulation and nucleic acid
metabolism (4.3%), immune response (4.3%), and
transport (2.2%). Some proteins were not character-
ized by the database or had an unknown function
(8.7%).

Proteins in enamel and dentin were also investigated
through the protocol described for DEJ + EOM tis-
sues. We were able to detect 207 proteins in dentin
samples and 49 proteins in enamel samples (Tables S2
and S3). There were 15 proteins detected in all tissues
(DEJ + EOM, enamel, and dentin). These proteins
were primarily collagens. Moreover, in this study we
observed 15 other proteins [isoform 3 of collagen
alpha-1(II) chain (COL2A1), suprabasin isoform 1 pre-
cursor (SBSN), desmoglein-1 (DSG1), cystatin-A
(CSTA), calmodulin-like protein 3 (CALML3), polyu-
biquitin-C (UBC), caspase-14 (CASP14), galectin-7
(LGALS7B), isoform 1 of transcriptional regulator
ATRX (ATRX), isoform 3 of collagen alpha-1(XXII)
chain (COL22A1), thioredoxin (TXN), two isoforms of
AMELX (isoforms 1 and 3 of amelogenin, X isoform),
prothrombin (fragment) (F2), and isoform 1 of peroxi-
somal proliferator-activated receptor A-interacting
complex 285 kDa protein (PRIC285)] present solely in
DEJ + EOM samples. These proteins were not detected
in the enamel and dentin (Fig. 2).

Discussion

The DEJ and surrounding areas have been studied
using many different physical techniques or biochemical
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approaches. Thus, high-resolution electron microscopy
was used to investigate the relationship between human
enamel and dentin crystals at the DEJ (24). Raman
microelectroscopy was used to study changes in the
mechanical properties and chemical composition of
DEJ in irradiated teeth (25). The use of scanning elec-
tron microscopy enabled discovery of a novel organic
protein containing enamel matrix with 100–400 lm
thickness, which extended from the DEJ into the cuspal
enamel (13). Similarly, in the crowns of human teeth, a
200- to 300-lm zone of resilient (less mineralized and
elastic) dentin has been found beneath enamel in DEJ
using scanning electron microscopy (26). The biologic
characteristics of the DEJ layer were also comprehen-
sively studied using light-microscopy immunohisto-
chemistry and also by immunoelectron microscopy
(27). The DEJ region is an area of high local concen-
tration of enzymes (matrix metalloproteinases and their
inhibitors) that are involved in the degradation of
extracellular matrix components. Also, growth factors
and their binding proteins are stored in this region. The
DEJ region may be involved in tissue metabolism,
allowing selective cleavage of matrix components by
proteases, thus liberating and activating the stored
growth factors and generating potentially bioactive
fragments that may exert their effects at a location
some distance from the DEJ (27).

It is a fact that all the previously mentioned methods
and techniques used for DEJ investigations are only
indirect. It is not possible to directly isolate and pick
up distinct and well-defined cells or tissue areas from
teeth, which would facilitate their further proteomic
analysis. The repertory of methods and tools for speci-
fic analyses of tissue-bound cell populations was con-
siderably enriched by the introduction of LCM (28).
The principles of LCM predetermines this method to
be successfully used in dental proteomics. It is used for
isolation of small pieces of cells and tissues, often min-
eralized, and for further proteomic study of these
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Fig. 2. Proportional Venn diagrams showing the distribution
of 236 total proteins identified in dentin–enamel junc-
tion + enamel organic matrix (DEJ + EOM), enamel, and
dentin.

Proteins in dentin–enamel junction 117



samples. In this way, LCM – together with the LC-
MS/MS technique – was successfully used to study pro-
teins associated with dental cementum formation in
mouse teeth (29). Laser capture microdissection was
also utilized in comprehensive analyses of gene expres-
sion in mouse junctional epithelium and oral gingival
epithelium to search for specific genetic markers of
junctional epithelium, which attaches to tooth enamel
at the dentogingival junction (30). Another study used
the LCM technique to perform microdissection and iso-
lation of selected regions of untreated mineralized
bovine dentin (31).

The DEJ and EOM protein composition has previ-
ously been studied using different techniques, varying
from immunofluorescent confocal microscopy (32),
scanning electron microscopy, and confocal Raman
spectroscopy (13) to gel electrophoresis associated with
immunoblotting and mass spectrometry identification
(33, 34). Proteins identified in DEJ and EOM using
these techniques are discussed later in this section.

The use of LCM enabled us to study small areas of
interest, such as the DEJ layer with the surrounding
EOM, which have microscale dimensions. In combina-
tion with highly effective MS/MS techniques, we were
able to investigate the proteomic composition of this
highly mineralized layer with unique features, which
still remains underestimated.

We applied two independent methods of extraction
to isolate proteins from the highly mineralized tissues.
Method 1 was based on direct protein digestion with
trypsin followed by boiling the sample to denature pro-
teins and repeating this step to obtain a higher yield of
peptides and proteins. This method is simple and suit-
able for small LCM samples. Method 2 was somewhat
different: heating the sample in trifluoroacetic acid
caused effective demineralization sufficient to allow pro-
tein extraction; proteins were then reduced, alkylated,
and cleaved by trypsin (16). It was of additional benefit
that additional peptides could be revealed using
Method 2. Combining the results obtained from these
two methods enabled us to identify a total of 46 pro-
teins in DEJ + EOM samples (Table 1). We also tried
another protein-extraction method –extraction of pro-
teins to 8 M urea solution (29). However, this method

afforded a significantly lower yield in protein numbers
(data not shown).

Database searching using two different enzyme
search parameters (trypsin vs. semitrypsin) extended the
total number of proteins and peptides detected. Using
trypsin and semitrypsin as enzyme parameters enabled
us to detect 40 and 41 proteins, respectively, and in
combination, a total of 46 proteins were detected
(Table 1).

No statistically important differences in protein com-
position in individual samples were observed, probably
because of the small number of teeth used in this study.

The number of proteins found in DEJ + EOM sam-
ples represent the most extensive list of human
DEJ + EOM proteins presented so far. Figure 3 dis-
plays pie charts of all the proteins identified from all
the experiments. The molecular functions of these pro-
teins are very broad and include calcium ion binding
[isoform 1 of annexin A2 (ANXA2), CALML3,
calmodulin-like protein 5 (CALML5), filaggrin-2
(FLG2), proteins S100-A7, -A8, and -A9 (S100A7,
S100A8, and S100A9, respectively)], cell adhesion mole-
cule activity [zinc-alpha-2-glycoprotein (AZGP1),
DSG1, junction plakoglobin (JUP), LGALS7B, osteo-
modulin (OMD)], formation of the extracellular matrix
[isoform 2 of ameloblastin (AMBN), AMELX (iso-
forms 1 and 3), biglycan (BGN), collagen alpha-1(I)
chain (COL1A1), collagen alpha-2(I) chain (COL1A2),
COL2A1, isoform 1 of collagen alpha-1(III) chain
(COL3A1), collagen alpha-2(V) chain (COL5A2), colla-
gen, type XI, alpha 2 (COL11A2), isoform 3 of colla-
gen alpha-1(XXII) chain (COL22A1), and vitronectin
(VTN)], protease inhibitor activity [cystatin-A (CSTA),
isoform HMW of kininogen-1 (KNG1)] catalytic activ-
ity [TXN, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)], and proteins with unknown functions [hor-
nerin (HRNR), PRIC285, suprabasin isoform 1 precur-
sor (SBSN)]. As expected, the biological processes in
which proteins from mineralized tissues are involved
are mainly cell growth and/or maintenance [AMBN,
AMELX (isoforms 1 and 3), BGN, COL1A1,
COL1A2, COL2A1, COL3A1, COL5A2, COL11A2,
COL22A1, isoform 1 of dynein heavy chain 12, axone-
mal (DNAH12), DSG1, isoform DPI of desmoplakin

Fig. 3. Distribution of molecular functions and biological processes of proteins found in the dentin-enamel junction. The func-
tions of proteins were categorized according to the classification system used in the public database (http://www.hprd.org).
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(DSP), LGALS7B, OMD, VTN), cell communication/
signal transduction [alpha-2-HS-glycoprotein (AHSG),
ANXA2), CALML3, CALML5, FLG2, JUP, S100A7,
pigment epithelium-derived factor (SERPINF1),
S100A8, S100A9, 75 kDa protein (TGFBI)], and pro-
tein metabolism [CASP14, CSTA, F2, heat shock pro-
tein beta-1 (HSPB1), KNG1, UBC] (Fig. 3). These
findings demonstrate the ability of the methodology
used in this work to investigate simultaneously a large
number of proteins.

The DEJ region represents an area of biological
activity resulting from the presence of a high local con-
centration of enzymes involved in the degradation of
extracellular matrix components, in combination with
the storage of growth factors and their binding proteins
in this region. They may be involved in tissue metabo-
lism by allowing selective cleavage of matrix compo-
nents by the proteases, thus liberating and activating
the stored growth factors and generating potentially
bioactive fragments that may exert their effects at a
location somewhat distant from the DEJ (27).

The DEJ is a protein-rich, fibril-reinforced bond,
which is mineralized to a moderate degree. We have
observed that the DEJ is rich in collagen type I
(COL1A1 and COL1A2). Collagens type I are among
the most abundant proteins in humans (35). They have
also been detected in various human teeth tissues, such
as dentin, tooth pulp, or dental cementum (4, 5, 36).
Other types of collagen (type III and V) are scarce but
present (11). Also, collagen type IV was observed in the
DEJ region (33). The EOM associated with the DEJ
revealed enrichment of collagen type VII and matrix
metalloproteinase-20 (MMP-20) (32, 34). We have also
detected the presence of collagen type II (COL2A1), col-
lagen type III (COL3A1), collagen type V (COL5A2),
collagen type XI (COL11A2), and even the quite rare
collagen type XXII (COL22A1). Deposition of crystal-
lites occurs within the collagen gap regions, along the
collagen fibril network, leading to bridging of inter-col-
lagen spaces. The nucleation and growth of crystals are
promoted and developed with the help of a series of non-
collagenous proteins, namely, phosphorylated proteins
(e.g. dentin sialoprotein and dentin phosphoprotein),
which play crucial roles in the mineralization process
during tooth formation and DEJ formation (11).

The functionally largest group of proteins identified
in this study was a group of proteins responsible for
cell growth and/or maintenance (all collagens identified
in this study, DSP, DSG1, BGN, DNAH12,
LGALS7B, AMBN, OMD, and AMELX). The second
largest group of proteins comprises proteins involved in
cell communication and signal transduction (CALML5,
S100A7, SERPINF1, JUP, CSTA, S100A9, FLG2,
AHSG, S100A8, CALML3, TGFBI, and ANXA2).
These findings provide information about the protein
composition of the DEJ layer. The identified proteins
are responsible for the unique functional and mechani-
cal features of the DEJ layer joining two different tis-
sues (enamel and dentin).

We have reported a group of 15 proteins, which were
exclusively detected in the DEJ + EOM samples and

were not detected in enamel or dentin (Table 1). How-
ever, 10 of these proteins (COL2A1, SBSN, DSG1,
CALML3, CASP14, LGALS7B, TXN, two isoforms of
AMELX, and F2) were observed in enamel or dentin
in previous studies (1, 4). The remaining five proteins
(COL22A1, CSTA, UBC, ATRX, and PRIC285) were
previously detected in various parts of the body of
humans or animals by other researchers but were not
detected in dental tissues. Hence, some of these proteins
are further discussed with respect to their possible func-
tions in the DEJ layer.

Cystatins are thiol proteinase inhibitors, present
ubiquitously in living organisms, including humans.
Many studies have reported a variation in cystatin
levels in different diseases, such as cancer, and it has
been suggested that cystatins play a pivotal role in a
variety of pathological conditions (37). The roles of
cystatins in saliva have been investigated in several
studies (38–40). Cystatin is an important saliva compo-
nent. Several forms of cystatins (cystatin SA-III, cys-
tatin SA, and cystatin SN) have been identified in
whole saliva (40). Together with other saliva proteins,
such as S100-A9 protein, statherin, and acidic proline-
rich protein, cystatin strongly adsorbs to the tooth sur-
face to form the acquired enamel pellicle (38). The
acquired enamel pellicle is an oral, fluid-derived protein
layer that protects teeth from enamel demineralization
and abrasion. Individual, ethnic, and gender variations
in the ability of salivary proteins to form pellicles under
experimental conditions have been studied (39) and
have revealed differences in the protective effects
between healthy young Scandinavians and young non-
Scandinavians. Slightly more of the SN-isoform of S-
type cystatin was found in pooled parotid saliva from
non-Scandinavian subjects showing highest protection
of teeth. Cystatins in acquired enamel pellicle could
play an important role in individual susceptibility to
dental caries (41, 42). Exposure of tooth surfaces to
acids causes enamel demineralization, which may lead
to development of dental carious or non-carious
lesions. The whole of saliva contains protective agents.
Changes in the saliva proteome profile of human volun-
teers after exposure to acids were studied (41) and an
increased abundance was observed of some proteins in
acquired enamel pellicle. Among them, cystatin B was
increased 20- and 13-fold after exposure to citric and
lactic acid, respectively (41). Analysis of the composi-
tion of saliva and in vitro acquired enamel pellicle
revealed a statistically significant correlation between
the quantity of cystatin SN, and cystatin S (together
with lipocalin and acidic proline-rich proteins) in sam-
ples from the caries-free group of subjects in compar-
ison with the caries-susceptible group (42). There is no
evidence in the literature for the presence of CSTA in
enamel or dentin and its expression by ameloblasts or
odontoblasts. Our observation of CSTA in the
DEJ + EOM region is therefore surprising. The role of
CSTA in this tissue remains unknown and is worthy of
further investigation.

Collagen type XXII is a member of fibril-associated
collagens. It is a specific component of tissue junctions
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as this extracellular matrix protein is present only at
tissue junctions (43). It is predominantly found in the
heart and skeletal muscle of human tissue and to a les-
ser extent in cartilage and skin in mice. It has been
identified in specific tissue junctions, namely the
myotendinous junctions that present the major site of
muscle force transmission to tendons (44). The role of
collagen type XXII in the DEJ and/or EOM is
unknown but it can be anticipated that its function in
the DEJ might be similar to that exerted in other speci-
fic tissue junctions.

The importance of the DEJ for the correct function
of the tooth and enamel entity during mastication of
food can be demonstrated in patients undergoing radio-
therapy. Patients with oral cancer are often subjected
to radiotherapy, and an observed adverse effect of this
procedure is increased susceptibility to oral diseases
with dental lesions differing in location, appearance,
and progression. The process may be initiated by an
enamel shear fracture and continue to deeper parts of
the tooth (45). MCGUIRE et al. (46) demonstrated a
direct link between radiation and dentition breakdown
and a significant correlation of tooth-level radiation
dose with the severity of individual tooth breakdown.
Radiotherapy can cause total delamination of enamel
from dentine. Simulated radiotherapy produced an
increase in the stiffness of enamel and dentine near the
DEJ. Increased stiffness is speculated to be a result of
the radiation-induced decrease in the protein content,
with the percentage reduction much greater in enamel
sites (25). MCGUIRE et al. (46) compared teeth
extracted from oral patients treated with radiotherapy
with those extracted from a control group of healthy
subjects. Changes in MMP-20 expression and activity
were observed. Matrix metalloproteinase-20 is a radia-
tion-resistant component of mature tooth crowns
enriched in DEJ. MCGUIRE et al. (46) deduced that
MMP-20 catalyzed the degradation of organic matrix
at the DEJ site, leading to enamel delamination associ-
ated with oral cancer radiotherapy. Another protein in
the DEJ that is affected by high-dose radiotherapy is
collagen type IV. Reduced level of this protein was
observed after exposure to ˃60 Gray irradiation.
Because collagen type IV forms a network structure
and has a propensity to stabilize the dermal–epidermal
junction, it can be proposed that lower abundance of
collagen type IV in the DEJ after tooth irradiation can
explain its lower fracture toughness, lower crack propa-
gation resistance, and instability (33). Changes in the
mechanical properties and chemical composition could
potentially contribute to biomechanical failure of the
DEJ, leading to enamel delamination that occurs in the
post-radiotherapy phase.

Surprisingly, we did not find any MMP-20 or collagen
type IV in the DEJ layer in this study, perhaps because
of limitations of our methodological approach in com-
parison with more common proteomic approaches (gel
electrophoresis analysis of proteins followed by western
blotting). The techniques used in this study can suffi-
ciently degrade proteins and render them hardly detect-
able by mass spectrometry, whereby they are not also

suitable for western blotting or gel electrophoresis analy-
sis. This also demonstrates the limits of the data obtained
by combination of LCM and mass spectrometry, which
provides only a partial view on the composition of
enamel, dentin, and DEJ + EOM.

In conclusion, more work must be carried out to elu-
cidate the functional roles of the proteins identified in
this study in the unique DEJ layer and the adjacent
EOM region. This might provide a better understand-
ing of adverse radiotherapy-induced effects on tooth
structure, and improved preventive and restorative
treatments for oral cancer patients.
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