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The dento-gingival junction comprises multiple epithelia including the junctional
epithelium (JE), which is the most coronally-located structural element of the
dento-gingival junction that demarcates external from internal periodontal
environments. After tooth eruption into the oral cavity, a specialized basal
lamina is formed that provides firm attachment of the JE to the enamel. This
attachment prevents microbial species and oral debris from entering subjacent
periodontal tissues. Here we discuss the expression of certain JE adhesion
molecules and enamel proteins that maintain the health of the dento-gingival
junction but that are perturbed in the pathogenesis of periodontitis. We also
consider how evolutionary processes have influenced the development of the
JE as a specialized adhesion that is well-suited for protection of the dento-
gingival junction. A detailed understanding of the biology of the JE will deepen
current models of dento-gingival adhesion, potentially clarify inter-patient
variability of susceptibility to periodontitis and help to identify new roles of
enamel proteins in periodontal regeneration.
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1. Introduction

Teeth are one of the few tissues of mammals that penetrate protective epithelial layers. The

sites at which teeth penetrate epithelia are potential entry points into deeper connective tissues

for invasive and destructive microbial species, as seen in periodontitis and chronic systemic

infections. Cognizant of the importance of the dento-gingival junction’s sealing function

around teeth for human health, we consider here the epithelia of the junction and how they

have evolved to provide the first line of defense against infections of deeper periodontal tissues.

Gingival epithelia include oral epithelium (OE), sulcular epithelium (SE), and junctional

epithelium (JE). Preservation of the attachment of the dento-gingival junction to teeth is

particularly dependent on the integrity of the SE and the JE, which - unlike the OE - are

non-keratinized. By means of its keratinized surface, the OE provides a physical barrier

against the entry of microorganisms from the oral cavity. The SE plays an important role

in immune surveillance at the gingival sulcus. The most coronal portion of the dento-

gingival junction that attaches to the root surface is comprised by the JE, which separates

external from internal environments and prevents the disruption and degradation of

deeper periodontal tissues by debris and microbial species. The attachment of the JE to
01 frontiersin.org
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tooth surfaces is mediated by hemidesmosomes, the internal basal

lamina and the cuticle. This structural complex provides a front-

line defense against infections of the dento-gingival junction. In

contrast to the OE and SE, the JE exhibits large intercellular

spaces that may facilitate bacterial entry. This possible weak

point in the overall integrity of the adhesive domains of the

dento-gingival junction is countered by various innate defense

mechanisms that include emigrating polymorphonuclear

leukocytes, the rapid turnover of JE cells and the outward flow of

gingival crevicular fluid that helps to clear microbial biofilms.

One of the high prevalence diseases prominently associated with

JE dysfunction is periodontitis, an inflammatory disease driven by

dysbiotic microbial biofilms that is a major cause of tooth loss

because of progressive destruction of periodontal connective tissues

(1). The initiation and rate of progression of periodontitis depends

on the balance between bacterial species in biofilms, the immune

status of the individual, environmental factors, oral hygiene habits,

smoking, alcohol use, myriad genetic determinants and the

functional and structural integrity of the JE. While the exact roles

of the JE in the pathogenesis of periodontitis are not well-defined,

it is known that marginal periodontitis lesions involve progressive
FIGURE 1

General morphological and molecular features of the junctional epithelium. Th
keratinized. It has two distinct interfaces, one with gingival connective tissue (e
(internal basal lamina, IBL). Both interfaces employ hemidesmosomal adh
intermediate filaments. In the EBL, typical basal lamina components (e.g., Pe
while in the IBL only LAM332 has been located. The nature and composition
has not been determined in much detail (left side of schematic).
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and apically-directed detachment of the JE from the enamel and

the conversion of the JE to a periodontal pocket epithelium. Below

we describe the main structural characteristics of the JE including

its expression of specific adhesion molecules and the role of the JE

in maintaining the dento-gingival junction.
1.1. Structural characteristics of the JE

The JE (Figure 1) is a specialized epithelium thatmediates adhesion

of the marginal gingiva to the surfaces of erupted teeth and dental

implants (2). The JE originates from the odontogenic epithelium

although it is not known whether those cellular elements that derive

from the odontogenic epithelium are maintained in the JE over the

organism’s lifetime (3). The JE is classified as a stratified squamous

epithelium and JE cell populations are uniformly arranged as layers

aligned parallel to the root surface and exhibit wide intercellular

spaces (4) While there are multiple layers of JE cells in the coronal

portion of the attachment, the JE tapers apically (to 1 to 3 cell layers

thick). There is no keratinizing epithelial cell layer towards the base of

the gingival sulcus and in the interdental col. While the absence of
e JE is – like sulcular epithelium (SE) but unlike oral epithelium (OE) – non-
xternal basal lamina, EBL) and another with the mineralized tooth surface
esion complexes containing Plectin, BPAG1e and BPAG2 along with
rlecan, Nidogen, Type IV Collagen) are present (right side of schematic),
of the Dental “cuticle”, i.e the equivalent of the basal lamina at the IBL,
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keratinizationmay compromise innate defensemechanisms that protect

againstmicroorganisms and theirmetabolites, the rapid turnover of cells

in the JE facilitates rapid repair and helps tomaintain the integrity of the

dento-gingival junction.

Two distinct basal laminae form at JE interfaces: the external

basal lamina (EBL) connects JE cells to the underlying connective

tissue while the internal basal lamina (IBL) attaches JE cells to the

mineralized tooth surface, which in health is enamel. While some

morphological aspects of the EBL and IBL are similar, their

biochemical composition is quite different. The IBL is devoid of

prominent components of typical basal laminae such as type IV

collagen, perlecan and nidogen, for example (5). The structure and

function of the EBL and IBL are influenced by the structure,

physiological functions, chemical composition and mechanical

properties of the tissue with which they contact. The detailed

mechanisms that enable formation and regeneration of the JE are

not well-defined (6) and because of the deficiencies of current cell

culture systems for modeling JE and defining regulatory

mechanisms, the molecular determinants of JE formation will

likely provide considerable scope for investigation in the future.
1.2. Adhesion molecules

Integrins are heterodimeric cell adhesion receptors that mediate

interactions between cells and extracellular matrix ligands, such as

fibronectin and collagens. Integrins mediate inside-out and outside-

in signaling from the extracellular matrix to the cell in a two-way

process that regulates gene expression, cell proliferation, and cell

migration. Integrins localize to the plasma membranes of JE cells

where they interact with the IBL and EBL. In the IBL of the JE the

α6ß4 integrin, which is enriched in hemidesmosomes, binds to

laminin 332 (LAM332) to form a molecular adhesion complex (7).

While the expression repertoire of integrins in healthy JE differs

somewhat from basal cells in the OE, the JE does express some

integrins that are similar to those expressed by keratinocytes in the

oral mucosa and skin during wound re-epithelialization. Alterations

in those integrins might influence periodontal tissue integrity.

Besides, αvß6 integrin in JE may control periodontal inflammation

via TGFß1 activation (8). Integrins and matrix molecules should

regulate re-epithelialization during wound healing (8).

In addition to LAM332, other proteins that are not commonly

found in basement membranes (e.g., type VIII collagen, versican,

tenascin C) are present at the JE-tooth interface. In addition to

E-cadherins that mediate intercellular adhesion in the JE, certain

molecules such as Lymphocyte function antigen-3 and

intercellular adhesion molecule-1 (ICAM-1 or CD54) are cell

adhesion molecules that mediate the adhesion of JE cells to

mineralized tissue surface.
1.3. Enamel matrix proteins

Amelotin (AMTN), odontogenic ameloblast-associated (ODAM)

and secretory calcium-binding phosphoprotein proline-glutamine

rich 1 (SCPPPQ1), together with LAM332 are involved in the
Frontiers in Dental Medicine 03
supramolecular organization of the IBL and likely contribute to its

adhesive capacity (9). Several additional genes, all located within

the secreted calcium-binding phosphoprotein (SCPP) gene cluster,

may also be involved in the fusion of reduced enamel epithelium

with oral epithelium during JE morphogenesis (10). AMTN is a

secreted protein expressed by ameloblasts during the maturation

stage of enamel formation and exhibits very limited sequence

similarity to other enamel proteins (11–13). AMTN expression

persists in JE, which is similar to ODAM (13). AMTN in JE is

restricted to the cell/mineral interface while ODAM is localized in

pericellular zones of the JE (10, 14). As AMTN localizes to the

basal lamina, degradation of AMTM could weaken the attachment

of JE to tooth surfaces, thereby potentially increasing local

susceptibility to marginal periodontitis lesions (15). Indeed,

exposure to trypsin-like proteases and incubation with

periodontopathic bacteria indicate that all constituents of the basal

lamina, except SCPPPQ1, are rapidly degraded (9). Proteolytic

enzymes, often produced by periodontal pathogens, can degrade

AMTN, ODAM and LAM332 as constituents of the adhesive IBL,

suggesting that this degradation could contribute to dento-gingival

attachment loss and progression of periodontal disease (9).

Further, the localization and expression patterns of AMTN,

ODAM and follicular dendritic cell-secreted protein (FDC-SP)

may be modified at inflamed sites and especially at the

internal basal lamina. The expression of FDC-SP and AMTN

were increased in the JE of P. gingivalis-infected mice at early

stages of inflammation but were decreased at sites of severe

inflammation (13) while ODAM expression was increased at

early stages and advanced stages of inflammation. In contrast,

the expression of AMTN, ODAM and FDC-SP in A.

actinomycetemcomitans-infected mice was not changed

compared with non-infected control mice (13). In the human

gingival tissues, AMTN was detected at the surface of the

sulcular epithelium and JE in the non-inflamed and inflamed

gingiva, and the localization did not change in the process of

inflammation. ODAM and FDC-SP were more widely detected

at the sulcular epithelium and JE in the non-inflamed gingiva.

In the inflamed gingiva, localization of ODAM and FDC-SP

was spread into the gingival epithelium compared with

AMTN (13). These results suggested that AMTN, ODAM and

FDC-SP were changed during inflammatory process,

indicating that these proteins might play an important role

during the inflammation process in periodontitis (13).

In addition to these enamel proteins, odontogenesis-associated

phosphoprotein (ODAPH) is a separate, recently discovered

enamel matrix protein that is detectable at the maturation stage

of amelogenesis and is also a component of the IBL in the JE

(16). Currently the adhesive function of ODAPH in the adhesive

function of the dento-gingival junction is not defined.
1.4. Molecular interactions in the internal
basal lamina of the JE

Previous studies indicated interactions between laminins and

enamel matrix proteins (17), which motivated our conduct of
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larger-scale protein-protein interaction screens using the Yeast-

two-hybrid system (Figure 2). Collectively, 17 proteins that are

known or suspected to be involved in enamel formation and/or

maturation were examined in this screen. These proteins include

the well-known enamel proteins Amelogenin (AMEL),

Ameloblastin (AMBN), Enamelin (ENAM), Kallikrein 4 (KLK4),

along with the more recently identified proteins AMTN, ODAM,

FDC-SP, SCPPPQ1 and ODAPH, calcium- and pH-regulating

proteins CTRC and CAR6, LAM332 subunits, as well as proteins

that are coded within the “enamel gene cluster” (Wdr72, CABS1,

PRR27). Mutations in these genes are associated with

developmental defects of enamel (18, 19), but no particular

function, especially within the context of dento-gingival

attachment, has been assigned to any of these proteins.

Our Yeast-2-hybrid protein interaction screen suggests several

salient points (Figure 2):

1. Some proteins tend to interact with multiple other proteins

(e.g., AMEL, ODAM, FDC-SP and SCPP), while other

proteins do not appear to interact with many (or any) other

proteins in this panel (e.g., LAMA3, Car6, KLK4).

2. The LAM332 subunits beta and gamma (Lamb3, Lamc2) only

interact with a select number of enamel proteins, notably

ODAM, AMEL, SCPPPQ1, and AMBN and FDCSP only

interact with the Lamb3 subunit. The Lama3 subunit does

not appear to interact with any enamel proteins, presumably
FIGURE 2

Protein Interaction Matrix determined by Yeast-two-Hybrid (Y2H)
technology as described (16). Various constructs containing the listed
proteins as Bait (left) or Prey (top) have been used. Dark blue squares
indicate blue yeast growth on quadruple selection media, suggesting
strong interaction. Light blue squares indicate blue yeast growth on
triple selection media, suggesting weak interactions. All interactions
were observed in both Bait-Prey and Prey-Bait combinations, except
the interactions of Scpppq1 with Ctrc and Car6, which was only
observed when Ctrc and Car6 were used as Bait and Scpppq1 as Prey,
but not when Scpppq1 was used as bait and ctrc/Car6 as prey. These
interactions require further confirmation.
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because it engages primarily with the α6ß4 integrin, thereby

possibly providing a connection with the hemidesmosome.

3. The interactions between enamel proteins found in the IBL are

complex and likely involve many proteins (and possibly their

proteolytic products) to form a three-dimensional network

that specifically and dynamically mediates attachment of the

gingiva to teeth.

Based on the results from this screen we tested various combinations

of Laminin subunits and enamel proteins for their ability to mediate

epithelial cell attachment to several solid surfaces. We found that

only the combination of SCPPPQ1 and LAM332 can robustly

increase adhesion strength and accelerate cell attachment to tissue

culture plastic, hydroxyapatite and titanium surfaces (20). This is

the first (and currently only) functional study of the molecules

present in the IBL but will likely lead to more detailed

investigations and hopefully a more detailed understanding of the

molecular mechanisms of dento-gingival attachment at the IBL

interface and possibly interfaces with dental implants. Indeed, the

discovery of SCPPPQ1/LAM332-mediated cell attachment is a

promising first step toward the design of new materials with

improved attachment properties and toward solving the

“percutaneous device dilemma” (21). Conceivably, this enhanced

attachment is the result of increased density of hemidesmosomal

attachment complexes (22) but further details are needed.

Whether the previously reported SoxF-regulated formation of

hemidesmosomal plaques (23) is affected by SCPPPQ1/LAM332 is

not known.
1.5. Evolutionary aspects and lessons from
animal models

Earlier phylogenetic comparisons that sought to clarify the

evolutionary origin of the JE focused on structures that provide a

“seal” against bacterial invasion of the dento-gingival junction.

Analyses of the dentition in fish and reptiles and certain features

observed in mammals have shown, perhaps not surprisingly, that

the evolution of the dento-gingival junction and the JE is

associated with specific physiological and mechanical needs (24,

25). The presence or absence of specific enamel-derived adhesion

molecules (e.g., ODAM) is associated with specific structural

features of the JE (26). Further, and as described at the outset of

this review, it appears that the JE in part is derived from

odontogenic (likely reduced enamel) epithelium and that the JE

remains intact for a relatively long time after formation (7, 27).

Several animal models have been used to study the structural

features of the JE. Rodents have been extensively used because of

their rapid reproduction rate, economic husbandry, and the

opportunity for precise genetic manipulations. Since incisors in

rodents show the distinct feature of continuous eruption with

enamel forming only on the labial side, the study of the JE in

mice has focused largely on molar teeth. These studies

demonstrate distinct features of the JE since the expression

pattern of adhesion molecules in JE differs from OE and SE (28).

As surgical procedures are difficult to perform in mice because of

their small size, larger animal models have been used to
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investigate the cellular and molecular dynamics of the JE. Studies in

dogs (29, 30), pigs (31) and non-human primates (32) have been

particularly informative. Collectively, this research has revealed

the intricate histological and immunological characteristics of the

JE (6) and has underlined the importance of the developmental

origins of the JE from multiple stem cell populations (33), which

also operates during JE regeneration (34).

The evolution of the JE is likely constrained by two main

determinants:

1. There is an important need to maintain a firm attachment at

the most coronal part of the dento-gingival junction to isolate

and protect underlying periodontal structures.

2. There is a need for effective immune surveillance in the gingival

sulcus, which is facilitated by the permeable junctions between

SE cells.

Animal models show that cell populations in the JE undergo rapid

turnover, which enables distinction between JE, SE and OE and has

helped to identify discrete progenitor cell populations involved in

the maintenance of JE structure. Taken together, research from

the past several decades indicates three distinct functions for oral

epithelia that are associated with distinct structural

characteristics: a) the OE provides an impermeable keratinized

epithelial barrier, b) the SE enables enhanced immune

surveillance, and c) the JE anchors the gingival tissue to the

tooth, thereby isolating and protecting the underlying

periodontal attachment apparatus.

From a molecular perspective and as described above, discrete

protein repertoires are produced by cells of the reduced enamel

epithelium and are located in the IBL between JE cells and the

tooth surface. The next challenge will be to define the hetero-

multimeric interactions between these proteins, including LAM332,

integrins and components of the hemidesomosomal attachment

apparatus. Recent data indicate that a complex consisting of

SCPPPQ1 and LAM332 can accelerate and strengthen the adhesion

of junctional epithelial cells to a variety of biologically relevant

materials (20). Future progress will likely be facilitated by using

primary JE cell cultures obtained from human tissues.
2. Conclusions

The JE is a complex, multifunctional structure that seals the

dento-gingival junction around the necks of the teeth and

prevents uncontrolled invasion of oral microorganisms. The

complex structure of the adhesion complex of the JE to the tooth

indicates its unique role in providing attachment of epithelial

tissue to acellular mineralized tissue (such as enamel) and likely

other materials that are widely used in transepithelial oral

implants (e.g., titanium). The complex composition of the IBL as

a specialized biological interface is currently being unraveled. The

recently described ability of a Lam332/SCPPPQ1 complex to

accelerate and strengthen adhesion of epithelial cells to solid

surfaces may only be part of the overall adhesion mechanism.

The ability to promote hydroxyapatite mineralization that has
Frontiers in Dental Medicine 05
been documented for other proteins in the IBL such as AMTN

(35) and ODAM (36) may play another important role in

“anchoring” the multiprotein complex to the mineralized tooth

surface. The specific roles of IBL proteins, individual or as part

of multiprotein complexes, is an exciting new avenue to

understand the mechanisms of dento-gingival attachment and to

develop novel preventive and therapeutic strategies for

periodontal diseases. As expression of enamel matrix proteins at

the JE is likely altered at inflamed sites, these proteins may

provide resistance to inflammation-associated degradation of the

dento-gingival junction. Future research may focus on defining

the cell adhesion molecules expressed in JE and whether their

degradation contributes to susceptibility to periodontitis.

Identifying the role of enamel proteins in regenerating of JE

could provide new approaches for periodontal regenerative

treatments.
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